








214

fly ash obtained from Headwaters Resources in Underwood, ND. The average free-
shrinkage data for specimens in this series after 0, 30, 90, 180, and 365 days of drying
are presented in Table 4.68, and the average free-shrinkage curves are presented in
Figs. 4.43 and 4.44. The results of the Student’s t-test are presented in Tables 4.69
and 4.70. The expansion that occurred for this series of specimens varied from 33 to
63 pe. The results for this series are similar to results obtained in Set 3 for concrete
containing fly ash and limestone coarse aggregate, and indicate that shrinkage at all
ages is increased with increases in the fly ash content and decreases as the curing

period is increased from 7 to 14 days.

Table 4.68 — Summary of Free-Shrinkage Data for Program VI Set 4 (in microstrain)

Days of Control (0% FA) 20% Class FFA#3  40% Class F FA #3
Drying 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
Cure Cure Cure Cure Cure Cure
0 -63 -57 -50 -53 -33 -57
30 277 260 313 300 347 333
90 347 323 390 373 423 417
180 383 380 417 413 473 500
365 430 420 483 467 497 530

Figure 4.43 compares the shrinkage results for concrete containing 0, 20, or
40% volume replacements of cement with Class F fly ash through the first 30 days of
drying. As shown in Fig. 4.43, decreasing the curing period from 14 to 7 days results
in only a small increase in shrinkage compared to increasing the fly ash content from
0 to 20% (or from 20 to 40%). For specimens cured for 14 days, an increase in the
fly ash content from 0 to 20% resulted in an increase in shrinkage of 40 pe at 30 days.
Shrinkage increases by another 33 pe as the fly ash content is increased further from
20 to 40%. These differences are statistically significant at a = 0.1 and o = 0.2, and
the 73 pe difference in shrinkage between the control mixture (0% fly ash) and the
40% fly ash mixture is statistically significant at the highest level of confidence

(Table 4.69). Specimens cured for 7 days exhibited similar increases in shrinkage as
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the fly ash content is increased from 0 to 40%. As the curing period is increased from
7 to 14 days, shrinkage is reduced by 13 pe for the 40% fly ash mixture, 14 pe for the
20% fly ash mixture, and 17 pe for the control mixture after 30 days of drying.
Although consistent, only the 17 pe difference in shrinkage is statistically significant

(@=0.1).

Granite CA, Class F FA #3
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Fig. 4.43 — Free Shrinkage Test (ASTM C 157). Program VI Set 4. Average free-
shrinkage versus time through 30 days (drying only).
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Table 4.69 — Student’s t-test Results for Program VI Set 4 30-Day Free-Shrinkage
Data

30-Day Control 20% Class F 40% Class F
Free (0% FA) FA#3 FA#3
Shrink
r(':s)age 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
00 D&Y 277 90 Y N Y Y
14-Day | 260 -- Y 90 Y Y
7-Da 313 N N
20y DY L]
- 4
09 1D 347 Y

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, <907, “95”, and “Y”.

Figure 4.44 compares the long-term shrinkage results of concrete containing
Class F fly ash. The results obtained after one year of drying are qualitatively similar
to the early-age shrinkage results shown in Fig. 4.43. The addition of fly ash
increases shrinkage at all ages, and increasing the curing period from 7 to 14 days has
very little effect on the shrinkage behavior as none of these differences are
statistically significant (Table 4.70). For this series, the greatest shrinkage is
observed for the 40% fly ash mixture cured for 14 days, and the least shrinkage is
observed for the control mixture 14 days (for a total difference in shrinkage of 110
pe). For specimens cured for 14 days, an increase in the fly ash content from 0 to
20% resulted in a 47 pe increase in shrinkage at 365 days. A further increase in the
fly ash content from 20 to 40% resulted in an additional 63 pe increase in shrinkage.
These differences are statistically significant at o = 0.2 (Table 4.70). An increase in
the fly ash content from 0 to 20% and from 20 to 40% resulted in shrinkage increases
of 53 and 14 pe for the specimens cured for 7 days. The 53 pe increase in shrinkage

as the fly ash content is increased from 0 to 20% is statistically significant at a = 0.1.
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Fig. 4.44 — Free Shrinkage Test (ASTM C 157). Program VI Set 4. Average free-
shrinkage versus time through 30 days (drying only).

Table 4.70 — Student’s t-test Results for Program VI Set 4 365-Day Free Shrinkage
Data

365-Day Control 20% Class F 40% Class F
Free (0% FA) FA#3 FA#3
Shr(':Sage 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day

7-Day 430

N 90 80 95 95

14-Day 420 90 80 95 95

0%

7-Day 483 N N

-- N
1

7-Da 497 N
% 14 ey ] —

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”.

4.9.5 Program VI Set 5 (Slag Cement and Limestone Coarse Aggregate)

Program VI Set 5 compares the free shrinkage of mixtures containing 0, 30,

60, or 80% volume replacements of cement with Grade 120 slag cement (ground
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granulated blast furnace slag). The Set 5 evaluation includes two samples of Grade
120 slag obtained from Lafarge North America in Chicago, IL cast with limestone
coarse aggregate. Set 5 is divided into two different series. The first includes
mixtures containing with slag contents of 0, 30, and 60%, and the second includes
mixtures with 0, 60, and 80% slag contents. A summary of Program VI Set 5 is
presented in Table 4.71. Individual mixture proportions, plastic concrete properties,
and compressive strengths are given in Tables A.8 and A.14 in Appendix A.
Individual specimen free-shrinkage curves are presented in Figs. C.16 and C.37

through C.40 in Appendix C.

Table 4.71 — Program VI Set 5 Summary

Set Slag Cement Slag Cement Coarse
Number Content’ Sample No. Aggregate
5 0% (control) -- Limestone
5 G120 30% 1 Limestone
5 G120 60% 1 Limestone
5 G120 60% 2 Limestone
5 G120 80% 2 Limestone

"The slag cement contents are reported by volume of cementitious materials.

The average free-shrinkage data for Program VI Set 5 specimens containing
the first slag cement sample are presented in Table 4.72. Figures 4.45 and 4.46
compare the shrinkage results after 30 and 365 days of drying, respectively. As
shown in Table 4.72, the partial replacement of cement with slag cement results in
significantly less shrinkage at all ages. Shrinkage is reduced as the percentage
replacement of slag is increased and as the curing period is increased. Thus, the
greatest shrinkage is obtained for the control mixture (0% slag) cured for 7 days and
the least shrinkage is obtained for the 60% slag mixture cured for 14 days. This trend
remains consistent throughout the drying period, and is qualitatively similar to the

results obtained for concrete containing silica fume and limestone coarse aggregate.
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Table 4.72 — Summary of Free-Shrinkage Data for Program VI Set 5 (in microstrain)

Control 30% G120 60% G120
Days of (0% Slag Cement) Slag Cement #1 Slag Cement #1
Drying 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
Cure Cure Cure Cure Cure Cure
0 -43 -33 -40 -20 -47 -47
30 320 283 317 233 280 183
90 413 387 407 353 383 337
180 453 420 450 407 423 383
365 483 460 507 443 477 433

The use of high-volume percentage replacements of cement with Grade 120
slag cement greatly reduces the early-age shrinkage of concrete, as shown in Fig.
4.45. At 30 days, shrinkage ranges from 183 pe for the 60% volume replacement
mixture cured for 14 days, to 320 ue for the control (0% slag cement) cured for 7
days. The 30% slag mixture cured for 7 days exhibited the same shrinkage as the
control mixture cured for 7 days, but the 60% slag mixture cured for 7 days exhibited
the same shrinkage as the control mixture cured for 14 days. Significant reductions in
shrinkage are obtained as the curing period is increased from 7 to 14 days. For the
specimens cured for 14 days, an increase in the slag content from 0 to 30% reduces
shrinkage by 50 pe at 30 days. This reduction in shrinkage is statistically significant
at a = 0.05 (Table 4.73). A further increase in the slag content from 30 to 60%
reduces shrinkage by an additional 50 pe — making the total difference in shrinkage
between the control mixture and the 60% slag mixture 100 pe at 30 days. These
differences in shrinkage between the control mixture and the 60% slag mixtures and
between the 30 and 60% slag mixtures are statistically significant at the highest level

of confidence (Table 4.73).
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Limestone CA, Grade 120 Slag Cement #1
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Fig. 4.45 — Free Shrinkage Test (ASTM C 157). Program VI Set 5. Average free-
shrinkage versus time through 30 days (drying only).

Table 4.73 — Student’s t-test Results for Program VI Set 5 30-Day Free-Shrinkage
Data

30-Day Control 30% G120 60% G120
Free (0% Slag) Slag #1 Slag #1
Shr(':Sage 7.Day 14-Day 7-Day 14-Day 7-Day 14-Day

e 7Day [ 320 N Y 90 Y
14-Day | 283 95 N Y
7-Da 317 95 Y
30% y
14-Day | 233 95 95

s00, DV [ 280 e v

14-Day | 183

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”.
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Figure 4.46 compares the long-term shrinkage results for concrete with
limestone coarse aggregate containing 0, 30, or 60% volume replacements of cement
with Grade 120 slag cement. For mixtures cured for 14 days, an increase in the slag
content from 0 to 30% results in a decrease in shrinkage of about 20 pe for periods
greater than 90 days. A similar reduction in shrinkage is obtained with a further
increase in the slag content from 30 to 60%. After 365 days of drying, shrinkage
strains of 460, 443, and 433 ue are obtained for the concrete containing 0, 30, and
60% volume replacements of cement with Grade 120 slag cement. The 27 ue
difference in shrinkage between the control concrete and the 60% slag concrete is
significant at o = 0.1; the remaining differences, however, are not significant (Table
4.71).

Specimens cured for 7 days exhibited greater shrinkage than those cured for
14 days for each of the mixtures examined and throughout the drying period. After
365 days of drying, shrinkage strains of 483, 507, and 477 pe are obtained for the
concrete containing 0, 30, and 60% replacements of cement with slag. Only the
difference in shrinkage between the two slag mixtures is statistically significant (at o
= 0.2) (Table 4.74). Shrinkage strains of 460, 443, and 433 are obtained for the
mixtures containing 0, 30, and 60% slag for specimens cured for 14 days. In this
case, only the difference in shrinkage between the control mixture (0% slag cement)
and the mixture containing 60% slag is statistically significant (o = 0.1) (Table 4.74).
Increasing the curing period from 7 to 14 days has a much more significant effect on
the mixtures containing slag than for the control mixture. Reductions in shrinkage of
64 and 44 pe at 365 days are obtained for the mixtures containing 30 and 60% slag,
respectively, compared to only 23 ue for the control mixture. The differences in
shrinkage resulting from an increase in the curing period from 7 to 14 days for the
slag mixtures are statistically significant at a = 0.1, but the difference observed for the

control mixture is not significant (Table 4.74).
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Fig. 4.46 — Free Shrinkage Test (ASTM C 157). Program VI Set 5. Average free-
shrinkage versus time through 365 days (drying only).

Table 4.74 — Student’s t-test Results for Program VI Set 5 365-Day Free-Shrinkage
Data

365-Day Control 30% G120 60% G120
Free (0% Slag) Slag #1 Slag #1
Shr(':(sage 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day

7-Day 483
14-Day | 460

N N 80 N 95

Y N N 90

0%

7-Da 507
30% y
14-Da 443

95

---
s00, 1D 477

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”.

The significant reductions in shrinkage observed for first set of specimens
containing a partial replacement of cement with slag cement, especially at early ages,
prompted an additional comparison with 0, 60, and 80% volume replacements of

cement with a second sample of Grade 120 slag also from Lafarge North America.
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Average free-shrinkage data for these specimens throughout the entire drying period
are shown in Table 4.75. The results for this series are even more striking than for
the first as significant reductions in shrinkage are obtained with a high-volume
replacement of cement with slag cement. As in the first series, the differences are

greatest at early ages.

Table 4.75 — Summary of Program VI Set 5 Free-Shrinkage Data (in microstrain)

Control 60% G120 80% G120
Days of (0% Slag Cement) Slag Cement #2 Slag Cement #2
Drying 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
Cure Cure Cure Cure Cure Cure
0 -43 -33 -57 -57 -63 -80
30 320 283 193 163 73 47
90 413 387 323 320 283 227
180 453 420 387 377 370 333
365 483 460 413 393 390 383

The free-shrinkage results through 30 days of drying for concrete with 0, 60,
and 80% volume replacements of cement with slag cement are shown in Fig. 4.47.
Increasing the percentage replacement of cement with slag, and to a somewhat lesser
extent, increasing the curing period from 7 to 14 days reduces shrinkage. For
mixtures cured for 14 days, an increase in the slag content from 0 to 60% results in a
decrease in shrinkage of 120 ue at 30 days (compared to 100 pe at 30 days for the
specimens shown in Fig. 4.45). As the slag content is increased further from 60 to
80%, shrinkage decreases by an additional 116 pe. Similar decreases in shrinkage are
observed for the specimens cured for 7 days. For this series, increasing the curing
period from 7 to 14 days resulted in a reduction in shrinkage of 30 pe at 30 days
(compared to 97 pe for the specimens shown in Fig. 4.45) for the mixture containing
60% slag cement and a reduction in shrinkage of 26 pe for the 80% mixture.
Increasing the curing period resulted in a 37 pe reduction in shrinkage for the control

mixture. With the exception of these relatively small differences in shrinkage, all of
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the remaining differences are statistically significant at the highest level of confidence
(Table 4.76).

Limestone CA, Grade 120 Slag Cement #2

400

Free Shrinkage, Microstrain

20 25 30
Time, Days
—<&— Control 7-Day Cure —&— Control 14-Day Cure
—=—60% G120 Slag 7-Day Cure —l— 60% G120 Slag 14-Day Cure
—6— 80% G120 Slag 7-Day Cure —@— 80% G120 Slag 14-Day Cure

Fig. 4.47 — Free Shrinkage Test (ASTM C 157). Program VI Set 5. Average free-
shrinkage versus time through 30 days (drying only).

Table 4.76 — Student’s t-test Results for Program VI Set 5 30-Day Free-Shrinkage
Data

30-Day Control 60% G120 80% G120
Free (0% Slag) Slag #2 Slag #2
Shrink
r(':s)age 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
7Day | 320 90 Y Y Y

0%

14-Day | 283 Y Y

7-Day 193

-- N
—
7-D 73 80

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, <907, “95”, and “Y”.
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The free-shrinkage results after 365 days of drying are shown in Fig. 4.48.
For periods greater than 200 days, there is very little difference in shrinkage between
concrete containing either replacement level of slag cement. After 365 days of
drying, shrinkage values of 413 and 393 ue were obtained for the 60% slag mixtures
cured for 7 and 14 days, respectively. Increasing the replacement level to 80%
resulted in shrinkage values of 390 and 383 pe. None of the differences resulting
from increasing the curing period from 7 to 14 days are statistically significant (Table
4.77). The differences in shrinkage between the slag mixtures and the control
mixture, however, are statistically significant at the highest level for all of the

specimens cured for either 7 or 14 days.

Limestone CA, Grade 120 Slag Cement #2
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Fig. 4.48 — Free Shrinkage Test (ASTM C 157). Program VI Set 5. Average free-
shrinkage versus time through 365 days (drying only).
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Table 4.77 — Student’s t-test Results for Program VI Set 5 365-Day Free-Shrinkage
Data

365-Day Control 60% G120 80% G120
Free (0% Slag) Slag #2 Slag #2
Shrink
r(':s)age 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
00, 1-Day | 483 N Y Y Y Y
14-Day | 460 -- Y Y Y Y
7-Da 413 N 90 95
covs DY L]
s0ye DAY | 3% Y

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, <907, “95”, and “Y”.
4.9.6 Program VI Set 6 (Grade 120 Slag Cement and Limestone or Quartzite

Coarse Aggregate)

In the sixth set, two coarse aggregates, limestone and quartzite, were used in
conjunction with a 60% replacement of cement with Grade 120 slag cement. A
summary of Program VI Set 6 is presented in Table 4.78. The two batches containing
quartzite coarse aggregate have the same mixture proportions and the batch
containing limestone is also included in the previous set. Individual mixture
proportions, plastic concrete properties, and compressive strengths are given in Table
A.15 in Appendix A. Individual specimen free-shrinkage curves are presented in

Figs. C.41 through C.43 in Appendix C.

Table 4.78 — Program VI Set 6 Summary

Set Slag Cement Slag Cement Coarse
Number Content' Sample No. Aggregate
6 G120 60% 2 Limestone
6 G120 60% 2 Quartzite
6 G120 60% 2 Quartzite

"The slag cement contents are reported by volume of cementitious materials.
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The average free-shrinkage data for Program VI Set 6 specimens after 0, 30,
90, 180, and 365 days of drying are presented in Table 4.79. Initial expansion strains
varied between 37 and 60 pe with no trend apparent between the amount of
expansion and the length of the curing period or the coarse aggregate type. The
results shown in Table 4.79 indicate significantly increased early-age shrinkage for
the concrete containing quartzite compared to that containing limestone, although this
large initial difference is not maintained through the entire drying period. These
shrinkage results are qualitatively similar to the results obtained for specimens
containing granite and silica fume and supports the hypothesis that porous coarse

aggregate provides internal curing leading to reduced shrinkage.

Table 4.79 — Summary of Program VI Set 6 Free-Shrinkage Data (in microstrain)

60% G120 Slag #2 60% G120 Slag #2 60% G120 Slag #2
Days of Limestone CA Quartzite CA Quartzite CA-R
Drying 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
Cure Cure Cure Cure Cure Cure
0 -57 -57 -37 -53 -60 -53
30 193 163 330 247 307 247
90 323 320 377 320 393 333
180 387 377 410 367 407 360
365 413 393 437 373 420 377

The free-shrinkage results through the first 30 days of drying are presented in
Fig. 4.49 and the Student’s t-test results at 30 days are presented in Table 4.80. As
expected, the free-shrinkage curves for the two quartzite batches are very similar, and
the small differences at 30 days are not statistically significant (Table 4.80).
Immediately upon drying, these batches began shrinking rapidly, and after only 5
days, the shrinkage of the mixtures containing quartzite and cured for 7 days exceed
the limestone batch cured for 7 days by about 175 pe. This difference decreases to
about 125 pe at 30 days. For the specimens cured for 14 days, the largest difference

of 150 pe occurs on day 15 and decreases to about 80 pe at 30 days. For a given
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curing period, all of the differences observed between the limestone batch and the
quartzite batches are statistically significant at the highest level of confidence.
Increasing the curing period from 7 to 14 days reduced the 30-day shrinkage from
193 to 160 pe for the limestone batch and from 330 to 247 pe and 307 to 247 e for

the two batches containing quartzite.

400 60% Grade 120 Slag Cement #2

300

200

100

Free Shrinkage, Microstrain

'100 I I T T T

0 5 10 15 20 25 30
Time, Days

—A— Quartzite 7-Day Cure Quartzite 7-Day Cure (Repeated)
Quartzite 14-Day Cure (Repeated) —A— Quartzite 14-Day Cure
—H=—Limestone 7-Day Cure —l— Limestone 14-Day Cure

Fig. 4.49 — Free Shrinkage Test (ASTM C 157). Program VI Set 6. Average free-
shrinkage versus time through 30 days (drying only).
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Table 4.80 — Student’s t-test Results for Program IV Set 6 30-Day Free-Shrinkage
Data

30-Day Control 60% G120 60% G120
Free (0% Slag) Slag #2 Slag #2
Shrinkage Quartzite - R Quartzite Limestone
(pe) 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day

o 7-Day 307 90

Repeat  14-Day | 247

N 90 Y Y
Y N Y

7-Day 330

<= <=

. e
14-Day | 247 95
L TDay| 193 I

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, <“90”, “95”, and “Y”.

The free-shrinkage curves after one year of drying are presented in Fig. 4.50,
and the results of the Student’s t-test at 365 days are shown in Table 4.81. For
periods greater than approximately 125 days, the free-shrinkage curves for the
limestone mixtures (specimens cured for both 7 and 14 days) exceed the free-
shrinkage curves for the mixtures containing quartzite. The average shrinkage values
after one year of drying for the limestone mixtures are 413 and 393 ue for the
specimens cured for 7 and 14 days, respectively. This difference is not statistically
significant (Table 4.81). The free shrinkage of the two mixtures containing quartzite
and cured for 14 days is 373 and 377 ue at 365 days compared to 437 and 420 pe for
the specimens cured for 7 days.

These results are also qualitatively very similar to the results from Program III
where the use of a low-absorption coarse aggregate (i.e. quartzite or granite) led to
increased early-age shrinkage compared to concrete containing the relatively porous
limestone coarse aggregate. In this program, however, the difference in shrinkage is
much larger and is maintained throughout most of the test period. These results are
likely a result of the increased sensitivity of the slag mixtures to the length of the

curing period. This behavior is examined further in Section 4.9.9.
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Fig. 4.50 — Free Shrinkage Test (ASTM C 157). Program VI Set 6. Average free-
shrinkage versus time through 365 days (drying only).

Table 4.81 — Student’s t-test Results for Program VI Set 6 365-Day Free-Shrinkage
Data

365-Day Control 60% G120 60% G120
Free (0% Slag) Slag #2 Slag #2
Shrinkage  Quartzite - R Quartzite Limestone
(ue) 7- Day 14- Day 7- Day 14- Day 7-Day 14-Day

Q 7-Day 420 N N

Repeat  14-Day | 377

Y N
-Y8 80

7-Day 437

. L e
7-Day | 413 I
14-Day 393

Note: See the Table 4.4 note for an explanatlon of the terms “N”, “80”, “90”, “95”, and “Y.
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4.9.7 Program VI Set 7 (Grade 100 Slag Cement and Limestone or Granite
Coarse Aggregate)

Additional free-shrinkage testing with a second low absorption aggregate in
conjunction with slag cement is performed in Set 7 to verify the results obtained in
Set 6. For this set, two series of mixtures containing a 60% volume replacement of
cement with Grade 100 slag obtained from Holcim in Chicago, IL are evaluated.
Mixtures with limestone coarse aggregate are evaluated first and then compared to
mixture containing granite coarse aggregate. A summary of Program VI Set 7 is
shown in Table 4.82, and additional details are provided in Section 2.9.6.3.
Individual mixture designs, plastic concrete properties, and compressive strengths are
provided in Tables A.6 and A.16 in Appendix A. Individual specimen free-shrinkage
curves are presented in Figs. C.11, C.44, and C.45 in Appendix C.

Table 4.82 — Program VI Set 7 Summary

Set Slag Cement Slag Cement Coarse
Number Content’ Sample No. Aggregate
7 0% (control) -- Limestone
7 G100 60% 4 Limestone

7 G100 60% 4 Granite

"The slag cement contents are reported by volume of cementitious materials.

The average free-shrinkage data for the first series (limestone) of Program VI
Set 7 specimens after 0, 30, 90, 180, and 365 days are summarized in Table 4.83.
Expansion strains range from 13 to 43 e, and just as in the previous observations, no
apparent trend exists between the expansion values and the slag content or curing
time. The results for Sets 5 and 6 are qualitatively very similar to the results obtained
in Set 7. The addition of 60% slag cement results in a significant reduction in
shrinkage. In this case, however, increasing the curing period from 7 to 14 days also
results in even higher shrinkage reductions compared to the reductions observed for

the batches containing Grade 120 slag.
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Table 4.83 — Summary of Program VI Set 7 Free-Shrinkage Data for Specimens
Containing Limestone Coarse Aggregate (in microstrain)

Control 60% G100
Days of (0% Slag) Slag #4
Drying 7-Day 14-Day 7-Day 14-Day
Cure Cure Cure Cure
0 -43 -33 -13 -37
30 320 283 183 100
90 413 387 347 290
180 453 420 387 363
365 483 460 430 407

The early-age shrinkage results through 30 days of drying for the concretes
containing limestone are shown in Fig. 4.51. The control mixtures (0% slag cement)
have the most shrinkage throughout most of the drying period. The control mixture
cured for 7 days had a 30-day free shrinkage value of 320 pue, and increasing the
curing period from 7 to 14 days resulted in a 37 pe reduction in shrinkage to 283 pe.
This reduction in shrinkage is statistically significant at o = 0.1 (Table 4.84). For all
but the first few days, the free-shrinkage curve for the 60% slag mixture cured for 7
days is below both of the control shrinkage curves. At 30 days, the shrinkage for this
mixture is 183 pe. Increasing the curing period from 7 to 14 days results in a further
reduction in shrinkage, and after 30 days, the shrinkage strain for the 60% slag
mixture cured for 14 days is only 100 pe. The difference in shrinkage resulting from
this increase in the curing period is statistically significant at the highest level of
confidence. All of the differences observed between the shrinkage of the control

mixtures and the slag cement mixtures are also statistically significant at this level.
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Limestone CA, Grade 100 Slag Cement #4
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Fig. 4.51 — Free Shrinkage Test (ASTM C 157). Program VI Set 7. Average free-
shrinkage versus time through 30 days (drying only) for specimens containing
limestone coarse aggregate.

Table 4.84 — Student’s t-test Results for Program IV Set 7 30-Day Free-Shrinkage
Data for Specimens Containing Limestone Coarse Aggregate

30-Day Control 60% G100
Free (0% Slag) Slag #4
hrink
S r('SS)age 7-Day 14-Day 7-Day 14-Day
e Day [ 320 N % Y Y
7D 183 Y
s00s DAY I

Note: See the Table 4.4 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y”.

The effect of incorporating a 60% volume replacement of cement with Grade
100 slag cement on long-term shrinkage of concrete with limestone coarse aggregate
is shown in Fig. 4.52, where it can be seen that the relative order of shrinkage remains
the same as the order after 30 days of drying. For periods greater than approximately

150 days, a 60% slag replacement reduces shrinkage by approximately 60 pe for a
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given curing period. The control mixtures cured for 7 and 14 days exhibited free-
shrinkage values of 483 and 460 pe, respectively at 365 days. For this same period,
the concrete containing a 60% replacement of cement with slag cement cured for 7
and 14 days exhibited shrinkage values of 430 and 407 pe, respectively. Although
the trend is consistent, neither of these differences observed by increasing the curing
period from 7 to 14 days are statistically significant (Table 4.85). The remaining
differences in shrinkage between the control mixtures and the 60% slag mixtures are

significant at least at a = 0.1.

Limestone CA, Grade 100 Slag Cement #4
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Fig. 4.52 — Free Shrinkage Test (ASTM C 157). Program VI Set 7. Average free-
shrinkage versus time through 365 days (drying only) for specimens containing
limestone coarse aggregate.

Additional testing with granite, which has a significantly lower absorption
than the limestone (0.6% compared to between 2.5 and 3.0%), continues to indicate
that a portion of the reduced shrinkage observed in Sets 5 through 7 for the mixtures
containing slag may be due to the availability of water within the limestone pores,

which provides internal curing. Three additional batches were cast comparing a
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Table 4.85 — Student’s t-test Results for Program IV Set 7 365-Day Free-Shrinkage
Data for Specimens Containing Limestone Coarse Aggregate

365-Day Control 60% G100
Free (0% Slag) Slag #4
Shrink
r(':s)age 7-Day 14-Day 7-Day 14-Day
e Day | 430 TN N 95 95
i 4
s0vs D&Y 83 B N

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”.

limestone control mixture (0% slag cement) with granite and limestone mixtures
containing a 60% Grade 100 slag cement replacement of cement. All of the batches
in this series were cured for 14 days and the same sample of Grade 100 slag was used
(sample number 4).

The average free-shrinkage data for this second series of Program VI Set 7
specimens after 0, 30, 90, 180, and 365 days are summarized in Table 4.86. The
limestone mixture with 60% Grade 100 slag cement has the least shrinkage
throughout the drying period followed by the granite mixture with 60% slag cement,
and finally, the limestone control mixture. These results further support the
observation that the differences observed between mixtures containing limestone and
granite (or quartzite) are directly related to the ability of the porous aggregate to

provide internal curing.

The early-age shrinkage results for this series are shown in Fig. 4.53. The
least shrinkage throughout the drying period is for the limestone mixture with 60%
Grade 100 slag cement. At 16 days, the shrinkage of the granite mixture with 60%
Grade 100 slag cement equals and then drops below the shrinkage exhibited by the
limestone control mix. After 30 days of drying, the shrinkage of the limestone
mixture with 60% slag cement is the least (87 ), followed by the granite mixture

containing 60% slag cement (267 pg), and finally, the limestone control mixture with
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Table 4.86 — Summary of Program VI Set 7 Free-Shrinkage Data for Specimens
Containing Limestone or Granite Coarse Aggregate (in microstrain)

Days of Cor!trol (0% Slag) 600/_0 G120 Slag #4 60%0 GlQO Slag #4
Drying Limestone CA Limestone CA Granite CA
14-Day Cure 14-Day Cure 14-Day Cure
0 -17 =77 -43
30 317 87 267
90 410 273 360
180 453 327 380
365 443 340 390

100% portland cement (317 pe). The difference in shrinkage between the limestone

control mixture and the granite mixture is statistically significant at a = 0.05, but the

remaining differences are statistically significant at the highest level of confidence

(Table 4.87).

Grade 100 Slag Cement #4
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300
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—l— Limestone 60% G100 Slag 14-Day Cure

Free Shrinkage, Microstrain

5 10 15

Time, Days

20 25 30

Fig. 4.53 — Free Shrinkage Test (ASTM C 157). Program VI Set 7. Average free-
shrinkage versus time through 30 days (drying only) for specimens containing
limestone or granite coarse aggregate.



237

Table 4.87 — Student’s t-test Results for Program VI Set 7 30-Day Free-Shrinkage
Data for Specimens Containing Limestone or Granite Coarse Aggregate

30-Day

Eree Control 60% G100 Slag 60% G100
Shrinkage (0% Slag) #4 Limestone Slag #4
(e) 9 Limestone (LS) (LS) Granite (G)

006 (Ls) | 317 [N Y 95

60% (LS) 87 Y
60% (G) 267

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”.

The long-term shrinkage results through one year of drying are shown in Fig.
4.54, and the results of the statistical analysis are shown in Table 4.88. The limestone
control mixture has the highest shrinkage after 16 days, and for periods greater than
100 days, the difference in shrinkage between the control mixture and the granite
mixture containing 60% slag cement is about 50 pe. A further reduction of about 50
pe for the same time period is obtained for the limestone mixture containing 60% slag
cement. The ultimate shrinkage values for these mixtures are 443, 390, and 340 ue
for the limestone control and the granite and limestone mixtures containing 60% slag,
respectively. All of the differences observed at 365 days are statistically significant at
a = 0.02 (Table 4.88). Interestingly, the shrinkage for the mixture containing granite
appears to be stable after approximately 100 days, while the limestone mixture
containing 60% slag cement exhibits continued shrinkage through about 200 days.

These results are consistent with previous observations described in Section 4.9.6.
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Fig. 4.54 — Free Shrinkage Test (ASTM C 157). Program VI Set 7. Average free-
shrinkage versus time through 365 days (drying only) for specimens containing
limestone or granite coarse aggregate.

Table 4.88 — Student’s t-test Results for Program VI Set 7 365-Day Free-Shrinkage
Data for Specimens Containing Limestone or Granite Coarse Aggregate

365-Day o
Free Coontlm' 60% G100 Slag g0/, 3100 Slag
Shrinkage . (0% Slag) #4 Limestone #4 Granite (G)
(ue) Limestone (LS) (LS)

06(Ls) [ 45 [N v v

60% (LS) 340 Y
60% (G) 390

Note: See the Table 4.4 note for an explanation of the terms “N”, “807”, “90”, “95”, and “Y”.

4.9.8 Program VI Set 8 (Grade 100 Slag Cement and Granite Coarse
Aggregate)

Program VI Set 8 compares the shrinkage results for concrete with granite and
0, 30, or 60% volume replacements of cement with Grade 100 slag cement in

conjunction with curing periods of 7 and 14 days. The slag cement sample used in
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this set is from Holcim in Theodore, AL and is identified as slag sample number three
in Table 2.2. A summary of Set 8 is presented in Table 4.89. Individual mixture
proportions, plastic concrete properties, and compressive strengths are given in Table
A.18 in Appendix A. Individual specimen free-shrinkage curves are presented in

Figs. C.26, C.46, and C.47 in Appendix C.

Table 4.89 — Program VI 8 Summary

Set Slag Cement Slag Cement Coarse
Number Content’ Sample No. Aggregate

8 0% (control) -- Granite

8 G100 30% 3 Granite

8 G100 60% 3 Granite

"The slag cement contents are reported by volume of cementitious materials.

The average free-shrinkage data for the Program VI Set 8 specimens after 0,
30, 90, 180, and 365 days of drying are presented in Table 4.90. These mixtures
exhibited significant expansion during the curing period. The 30% slag mixtures and
the control mixture exhibited similar expansion values ranging only from 57 to 67 pe,
but the 60% slag mixtures had expansion strains of 113 and 107 pe for the specimens
cured for 7 and 14 days, respectively. As shown in Table 4.90, the addition of slag
results in a reduction in shrinkage at all ages provided that the specimens are cured
for 14 days. The addition of either 30 or 60% results in increased shrinkage
compared to the control mixture (0% slag cement) when they are only cured for 7
days.

Figure 4.55 presents the average free-shrinkage curves for the mixtures
containing granite coarse aggregate and slag cement through the first 30 days of
drying. At 30 days, shrinkage ranges from 190 pe for the 60% volume replacement
mixture cured for 14 days, to 303 pe for the 30% slag cement mixture cured for 7
days. Unlike the comparisons for mixtures containing limestone and slag described

in Set 5, when only cured for 7 days, the addition of slag (at either level of
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Table 4.90 — Summary of Free-Shrinkage Data for Program VI Set 8 (in microstrain)

Control 30% G100 60% G100
Days of (0% Slag Cement) Slag Cement #3 Slag Cement #3
Drying 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day

Cure Cure Cure Cure Cure Cure

0 -63 -57 -60 -67 -113 -107

30 277 260 303 230 287 190
90 347 323 333 303 317 263
180 383 380 353 330 347 313
365 430 420 403 377 383 347

replacement) to granite mixtures results in increased shrinkage at 30 days compared
to the control mixture. The 30 and 60% slag mixture cured for only 7 days exhibited
similar shrinkage behavior through the first 30 days ending with shrinkage values of
303 and 287 pe, respectively. When cured for 14 days, however, high-volume
percentage replacements of cement with slag cement can greatly reduce shrinkage,
especially at early ages when the majority of shrinkage occurs. For specimens cured
for 14 days, an increase in the slag cement content from 0 to 30% reduced shrinkage
30 pe from 260 to 230 ue at 30 days. A further increase in the slag content from 30
to 60% results in an additional 40 pe reduction in shrinkage. As shown in Table 4.91,
these differences in shrinkage are statistically significant at o = 0.1 and 0.05,
respectively. The difference in shrinkage between the control mixture and the 60%

slag cement mixture is significant at the highest level of confidence.
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Granite CA, Grade 100 Slag Cement #3
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Fig. 4.55 — Free Shrinkage Test (ASTM C 157). Program VI Set 8. Average free-
shrinkage versus time through 30 days (drying only).

Table 4.91 — Student’s t-test Results for Program VI Set 8 30-Day Free-Shrinkage
Data

30-Day Control 30% G100 60% G100
Free (0% Slag) Slag #3 Slag #3
hrink
S r(';'g)age 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
0% 7-Day 277 Y Y N Y
14-Day| 260 90 95 Y
w00 1D [ 303 90 Y
14-Day| 230 Y 95
7D 287 Y
s00 DY L]

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”.

The long-term shrinkage results are shown in Fig. 4.56. Although there is
some scatter in the data, it is clear that the long-term shrinkage results are not as
sensitive to the curing period as the early-age results for the concrete containing slag

cement. After about 80 days of drying, the shrinkage of the control mixture cured for
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7 days equals and then exceeds the shrinkage of both slag cement mixtures cured for
7 days. After 365 days, the control mixture cured for 7 days has the greatest
shrinkage (430 ue) followed closely by the control mixture cured for 14 days (420
pe). This small difference is not statistically significant (Table 4.92). The 60% slag
mixture cured for 14 days has the least shrinkage throughout the drying period with a
free-shrinkage value of 347 ue at 365 days. Reducing the curing period from 14 to 7
days results in a 36 pe increase in shrinkage to 383 pe at 365 days. This increase in
shrinkage is statistically significant at o = 0.2 (Table 4.92). A similar increase in
shrinkage of 26 ue (significant at o = 0.1) occurs as the curing period is decreased

from 14 to 7 days for the mixture containing a 30% replacement of cement with slag.

Granite CA, Grade 100 Slag Cement #3
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-150 - T T T 1 1 1 1
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Fig. 4.56 — Free Shrinkage Test (ASTM C 157). Program VI Set 8. Average free-
shrinkage versus time through 365 days (drying only).
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Table 4.92 — Student’s t-test Results for Program VI Set 8 365-Day Free-Shrinkage
Data

365-Day Control 30% G100 60% G100
Free (0% Slag) Slag #3 Slag #3
Shrink
r(':s)age 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
00 1Dy 430 N Y Y 95 Y
14-Day | 420 -- N 90 80 95
7-Da 403 90 80 Y
w00 1D L
sy DAY | 383 N s

Note: See the Table 4.4 note for an explanation of the terms “N”, “807, <907, “95”, and “Y”.

4.9.9 Program VI Set 9 (Oven-Dry versus Saturated-Surface Dry Aggregate
and Grade 100 Slag)

Program VI Sets 1 through 8 and Set 10 mixtures compare the free-shrinkage
behavior of mixtures in which the coarse aggregate moisture content at the time of
batching is saturated-surface-dry (SSD). The effect of internal curing is evaluated in
this set by comparing mixtures containing limestone that is either in an SSD or oven-
dry (OD) condition. For the mixtures cast with oven-dry coarse aggregate, the total
water content was adjusted to account for the absorption of the aggregate. Mixtures
containing 0 or 30% volume replacements of cement with Grade 100 slag cement in
conjunction with curing periods of 7 and 14 days are included in the evaluation. The
slag cement sample used in this set is from Holcim in Theodore, AL and is identified
as sample number 5 in Table 2.2. A summary of Program 9 is presented in Table
4.93. Individual mixture proportions, plastic concrete properties, and compressive
strengths are given in Table A.19 in Appendix A. Individual specimen free-shrinkage
curves are presented in Figs. C.48 through C.51 in Appendix C.

The average free-shrinkage data for the Program VI Set 9 specimens after 0,

30, 90, 180, and 365 days of drying is shown in Table 4.94. Expansion values ranged
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Table 4.93 — Program VI Set 9 Summary

Slag Cement Slag Cement Aggregate

Content’ Sample No. Condition”
G100 60% 5 Oven Dry
G100 60% 5 SSD

control (0%) -- SSD
control (0%) -- Oven Dry

"The slag cement contents are reported by volume of cementitious materials.
Set 9 compares free shrinkage of specimens cast with coarse aggregate in the saturated-
surface-dry (SSD) condition and specimens cast with oven-dried aggregate.

from 15 to 97 pe at the conclusion of the curing period. The results indicate that for
mixtures containing 60% Grade 100 slag, the use of oven-dry limestone leads to
slightly increased shrinkage compared to mixtures cast with SSD limestone. A
similar behavior occurs for the control batches when the difference in initial

expansion is considered in the evaluation.

Table 4.94 — Summary of Program VI Set 9 Free-Shrinkage Data (in microstrain)

Control (0% Slag Cement) 60% Grade 100 Slag Cement Sample No. 5
Days of SSD Coarse Oven-Dry Coarse SSD Coarse Oven-Dry Coarse
Drying Aggregate Aggregate Aggregate Aggregate
7-Day 14-Day 7-Day 14-Day 7-Day 14-Day 7-Day 14-Day
0 -15 -20 -87 -97 -47 -80 -47 -80
30 335 277 300 237 157 95 213 117
90 490 423 390 317 337 285 377 330
180 500 430 463 367 377 330 423 363
365 500 447 497 397 390 355 447 387

The effect of internal curing on shrinkage is shown in Figs. 4.57 and 4.58,
where control mixes, cured for 7 and 14 days, are compared with mixtures cast with
limestone that was either in an SSD or oven-dry condition at the time of casting. The
Student’s t-test results are presented in Tables 4.95 and 4.96. As shown in Fig. 4.57,
through 30 days, the mixtures cast with SSD limestone containing 60% Grade 100

slag cement exhibit less shrinkage than the corresponding mixtures cast with oven-
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dried limestone. At this point, the difference is 56 pe for the mixtures cured for 7
days and 22 pe for the mixtures cured for 14 days. These differences in shrinkage are
statistically significant at a confidence levels of a = 0.02 and 0.20, respectively (Table
4.95). Presumably the oven-dry limestone absorbed some water during the mixing
process, allowing a portion of that water to be available for internal curing once the
concrete hardened. All of the water added to bring the oven-dry aggregate to an SSD
condition, however, was probably not absorbed, resulting in an increased paste
content and w/cm, as well as less water available for internal curing compared to the
mixtures cast with SSD aggregate. These factors translated into slightly increased
shrinkage. Longer curing results in lower shrinkage in all cases, and as expected
based on previous sets, the control mixtures (0% slag cement) exhibited greater
shrinkage than the corresponding mixtures containing 60% slag cement.

The control mixtures (0% slag cement) exhibited somewhat similar behavior
through the first 30 days. In this case, however, the mixtures containing oven-dry
limestone had slightly lower shrinkage than the corresponding mixtures containing
SSD limestone. At 30 days, the differences in shrinkage were 35 pe for the mixtures
cured for 7 days, and 40 pe for the specimens cured for 14 days. These differences
should be tempered by the fact that the control mixtures containing SSD limestone
had relatively very little initial expansion. Immediately following the curing period,
the differences in expansion were 72 and 77 pe for the specimens cured for 7 and 14
days, respectively. This large difference in expansion makes up for the differences in
behavior observed between the control mixtures and the 60% slag mixtures
throughout the drying period. Some scatter exists in the data for the control mixture
containing oven-dry limestone, although in general, the same shrinkage behavior that

is observed after 30 days of drying is observed at the conclusion of the test.
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After 365 days of drying, the mixtures cast with SSD limestone and 60%
Grade 100 slag continue to exhibit less shrinkage than the corresponding mixtures
cast with oven-dried limestone. At 365 days, the differences in shrinkage are 57 and
32 pe for the mixtures cured for 7 and 14 days, respectively. The difference in
shrinkage for the 7-day specimens is statistically significant at o = 0.02, but the
difference observed between the specimens cured for 14 day is not significant (Table
4.56). The control mixtures cured exhibited a somewhat different behavior at 365
days, although as noted previously, these differences are primarily due to the large
initial expansions observed for the control specimens containing oven-dried
limestone. The control mixtures cured for 7 days exhibited the same shrinkage, but
for the mixtures cured for 14 days, the difference is 50 pe (statistically significant at o
= 0.2). In general, the control mixtures exhibited less shrinkage than the
corresponding mixtures containing 60% slag cement (with the exception of the
mixture containing oven-dried limestone cured for 14 days), and longer curing results

in lower shrinkage.
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Fig. 4.57 — Free Shrinkage Test (ASTM C 157). Program VI Set 9. Average free-shrinkage versus time through 30 days

(drying only).
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Fig. 4.58 — Free Shrinkage Test (ASTM C 157). Program VI Set 9. Average free-shrinkage versus time through 365 days
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Table 4.95 — Student’s t-test Results for Program VI Set 9 30-Day Free-Shrinkage

Data
30-Day Control (0% Slag Cement) 60% G100 Slag Cement Control
F
Sh rir:T(eage SSD Aggregate OD Aggregate SSD Aggregate OD Aggregate
(ne) 7-Day  14-Day | 7-Day  14-Day | 7-Day  14-Day | 7-Day = 14-Day
0% | 7-Day 335 80 N 95 Y Y Y Y
Slag
SSD | 14-Day 277 N 80 Y Y 95 Y
0% | 7-Day 300 Y Y Y Y Y
Slag
oD | 14-Day 237 Y Y 80 Y
60% | 7-Day 157 Y Y 95
Slag
SSD | 14-Day 95 80
60% | 7-Day 213 Y
Slag
OD | 14-Day 117

Table 4.96 — Student’s t-test Results for Program VI Set 9 365-Day Free-Shrinkage

Data
365-Day Control (0% Slag Cement) 60% G100 Slag Cement
Free
Shrinkage SSD Aggregate OD Aggregate SSD Aggregate OD Aggregate
(ue) 7-Day  14-Day | 7-Day  14-Day | 7-Day  14-Day | 7-Day = 14-Day
0% | 7-Day 500 90 95 N 80 90
Slag
SSD | 14-Day 447 90 95 N 90
0% | 7-Day 497 Y Y Y
Slag
oD | 14-Day 397 90
60% | 7-Day 390
Slag
SSD | 14-Day 355
60% | 7-Day 447
Slag
oD | 14-Day 387
Note: See the Table 4.4 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y”".
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4.9.10 Program VI Set 10 (Ternary Mixtures)

Program VI Set 10 compares the free-shrinkage of mixtures containing silica
fume and G120 slag cement at reduced paste contents. This set includes a total of
five batches, each with a w/cm ratio of 0.42 and a paste content of either 21.6%
[equivalent to 295 kg/m® (497 Ib/yd®) of cement at a w/c ratio of 0.42] or 20.0%
[equivalent to 272 kg/m3 (460 lb/yd3) of cement at a w/c ratio of 0.42]. Set 10
includes mixtures containing 0 or 6% volume replacements of cement with densified
silica fume and 0, 60, or 80% volume replacements of cement with Grade 120 slag
cement, all with limestone coarse aggregate and cured for 14 days. The Grade 120
slag cement was from Lafarge North America in Chicago, IL, and the densified silica
fume was obtained from Euclid Chemical Company. Both the silica fume and slag
are identified as sample number two. A summary of Program VI Set 10 is presented
in Table 4.97, and additional details are provided in Section 2.9.6.5. Individual
mixture designs, plastic concrete properties, and compressive strengths are provided
in Table A.7 and A.20 in Appendix A. Individual specimen free-shrinkage curves are
shown in Figs. C.52 and C.53 in Appendix C.

Table 4.97 — Program VI Set 10 Summary

. Silica Fume CIAYSER
Paste Content w/cm Ratio . Cement
Content’

Content
21.6 0.42 0% 0%
21.6 0.42 0% 60%
21.6 0.42 6% 60%
20.0 0.42 6% 60%
20.0 0.42 6% 80%

"The dry densified silica fume content in Program VI Set 10 (Sample 2) is reported by volume of
cementitious materials.

‘The slag cement in Program VI Set 10 is Grade 120 (Sample 2) and is reported by volume of
cementitious materials.
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The average free-shrinkage data for Program VI Set 10 specimens cured for
14 days after 0, 30, 90, 180, and 365 days of drying are summarized in Table 4.98.
The five mixtures listed in Table 4.98 are identified by their equivalent cement
content (497 or 460 1b/yd’) and by the volume replacements of cement with Grade
120 slag or silica fume or both. The control mixture contains 100% Type I/II
portland cement. The results of Set 10 confirm previous observations regarding the
effect of paste content, slag cement, and silica fume on free shrinkage. Shrinkage is
reduced as the paste content is reduced from 21.6 to 20.0%, and additions of slag
cement and silica fume (or both) reduce shrinkage. For this program, however, the
shrinkage behavior is more closely related to the paste content than to the mineral
admixture content. It should be noted that it was necessary to have at least 60% slag
cement and 6% silica fume at these lower paste content in order to maintain adequate

finishability and cohesiveness.

Table 4.98 — Summary of Program VI Set 10 Free-Shrinkage Data (in microstrain)

Days of B e | G | e
Dri’/ing 497 Control 60°g)IG120 Slag, Slag, Slag,
ag 6% SF 6% SF 6% SF
0 -10 .53 -50 70 27
30 290 123 140 90 93
90 383 297 303 237 250
180 407 370 360 280 323
365 420 397 397 313 353

Average free-shrinkage curves for each of the concrete mixtures through the
first 30 days are presented in Fig. 4.59. At 30 days, the control mix had a free-
shrinkage of 290 pe (150 pe more than the next closest mixture). The remaining
mixtures exhibited similar shrinkage behavior, although at 30 days, there is a slight
indication that the results for mixtures containing the mineral admixtures are

beginning to separate based on paste content. This trend becomes clearer for periods
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greater than about 40 days. The shrinkage values of the 21.6% paste (497) mixtures
at 30 days were 123 and 140 pe for the 60% slag cement mixture and the ternary
mixture, respectively. The 20.0% paste mixtures (460) exhibited the least shrinkage,
with values of only 90 and 93 pue after 30 days. With the exception of this small
difference, all of the other differences in shrinkage for these five batches are

statistically significant at least at o = 0.2 (Table 4.99).

400 ‘ Limestong CA, Gradq 120 Slag Cement #2, 14-Day Cure

—A— 497 - Control

—A— 497 - 60% G120 Slag, 6% SF
300 11 —A—497-60% G120 Slag

—@— 460 - 80% G120 Slag, 6% SF
—@— 460 - 60% G120 Slag, 6% SF

200

Free Shrinkage, Microstrain

0 5 10 15 20 25 30
Time, Days

Fig. 4.59 — Free Shrinkage Test (ASTM C 157). Program VI Set 10. Average free-
shrinkage versus time through 30 days (drying only).

The average free-shrinkage curves after one year of drying are shown in Fig.
4.60. The 460 ternary mixture containing 60% slag cement and 6% silica fume
exhibited the lowest long-term shrinkage (313 ue at 365 days). Increasing the slag
content to 80% while maintaining a paste content of 20.0% and a silica fume content
of 6% resulted in an increase in shrinkage of 40 pe for periods greater than about 175
days. This observation is contrary to the behavior observed in Set 5, where increasing
the slag content from 60 to 80% resulted in an additional reduction in shrinkage. At

365 days, the control mixture had the greatest free shrinkage of 420 pe (only 23 pe
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Table 4.99 — Student’s t-test Results for Program VI Set 10 30-Day Free-Shrinkage
Data

497 460 460
30-Day Free 497 497 60% 60% 80%
Shrinkage Control 60% G120 G120 G120
(ue) G120 Slag Slag, Slag, Slag,
6% SF 6% SF 6% SF
497 — Control 290 Y Y Y Y
— 0,
497 - 60% G120 123 30 v 95
Slag

497 - 60% G120

Slag, 6% SF 140 - Y

460 - 60% G120

Slag, 6% SF o0 N
460 — 80% G120 0
Slag, 6% SF

Note: See the Table 4.4 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y”.

greater than the other mixtures containing 21.6% cement paste, compared to the 150
pe difference observed at 30 days). The 21.6% paste (497) mixtures containing
mineral admixtures exhibited similar shrinkage throughout the entire drying period,
and at the conclusion of the test, both mixtures had shrinkage values of 397 pe at 365
days. The Student’s t-test results for the 365-day free-shrinkage data are presented in
Table 4.100, where it can be seen that the difference in shrinkage between the control
mixture and the 21.6% paste mixture containing 60% slag cement is statistically
significant at o = 0.2. The remaining differences between the five mixtures are

significant at o = 0.05 or 0.02.

4.9.11 Program VI Summary

Silica fume, Class F fly ash, and Grade 100 and Grade 120 slag cement at two
levels of replacement were evaluated in Program VI with limestone (2.5 to 3.0%
absorption), granite, and quartzite coarse aggregates (both with absorptions less than
0.6%). A total of ten sets examining two samples of silica fume, two samples of
Grade 120 slag, three sources of Grade 100 slag, and three samples of Class F fly ash

were used in conjunction with curing periods of 7 and 14 days.
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Limestone CA, Grade 120 Slag Cement #2, 14-Day Cure
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Fig. 4.60 — Free Shrinkage Test (ASTM C 157). Program VI Set 10. Average free-
shrinkage versus time through 365 days (drying only).

Table 4.100 — Student’s t-test Results for Program VI Set 10 365-Day Free-
Shrinkage Data

497 460 460
D
36|:5re eay 497 497 60% 60% 80%
. 60% G120 G120 G120
Shrink
r('”e)age Control  5120Slag Slag, Slag, Slag,
H 6% SF 6% SF 6% SF
497 — Control 420 Y Y
— [0)
497 - 60% G120 397 v 95
Slag
497 - 60% G120
Slag, 6% SF 397 Y

460 — 80% G120 353
Slag, 6% SF

460 — 60% G120

Note: See the Table 4.4 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y”".

The results of these comparisons indicate that when cast with a high-
absorption coarse aggregate, such as limestone, increasing the silica fume content

from 0 to 3% results in very little change in the shrinkage behavior for specimens



255

cured for 7 days. These mixtures exhibit reduced shrinkage at all ages when the
curing period is increased from 7 to 14 days or when the silica fume content is
doubled from 3 to 6%. For mixtures containing a low-absorption coarse aggregate,
such as granite, the addition of either 3 or 6% silica fume increases early-age
shrinkage if the specimens are only cured for 7 days but results in a moderate
reduction in long-term shrinkage. These specimens exhibit no statistically significant
change in early-age shrinkage and similar or only slightly reduced long-term
shrinkage when the curing period is increased from 7 to 14 days.

The addition of Class F fly ash results in increased early-age shrinkage
compared to the control mixtures for concrete cast with either a low or high-
absorption coarse aggregate and cured for either 7 or 14 days. The long-term
shrinkage results are somewhat inconsistent, but in no case did the addition of fly ash
reduce long-term shrinkage. Interestingly, an increase in the curing period from 7 to
14 days only had a small influence on the shrinkage behavior of the mixtures
containing fly ash. Work is currently underway at the University of Kansas to
determine the effect of even long curing periods on the free-shrinkage behavior of
concrete containing Class C and Class F fly ash.

The results for concrete containing either Grade 100 or Grade 120 slag cement
are qualitatively very similar to the results obtained for the silica fume mixtures.
When cast with a high-absorption coarse aggregate, increasing the slag content from
0 to 30% did not affect the shrinkage behavior when cured for 7 days. For this
mixture, significant reductions in both the short-term and long-term shrinkage are
obtained when the curing period is increased to 14 days. Increasing the slag content
further from 30 to 60 or even 80% results in a reduction in shrinkage at all ages,
regardless of the curing period length. For mixtures containing a low-absorption
coarse aggregate, the addition of 30 or 60% slag increased early-age shrinkage if the
specimens are cured for 7 days. These same mixtures exhibit slightly reduced long-
term shrinkage, and when they are cured for 14 days, both the early-age and long-

term shrinkage is reduced.



CHAPTER 5: LOW-CRACKING HIGH-PERFORMANCE CONCRETE
(LC-HPC) BRIDGE DECKS

5.1 GENERAL

This chapter details the development, construction, and preliminary
performance of the 14 low-cracking high-performance concrete (LC-HPC) bridge
decks built or planned in Kansas. The chapter is divided into four sections covering
(1) the specifications used for construction, (2) experiences with LC-HPC bridge
decks, (3) the crack density results based on initial crack surveys, and (4) the cost of
LC-HPC. The construction experiences and crack density evaluations presented in
this chapter is primarily limited to a discussion of the LC-HPC itself. A complete
discussion of the bridge design and construction experiences is presented by McLeod
et al. (2009).

The performance of the LC-HPC bridge decks is evaluated, in part, based on
comparisons with control decks that are similar to the bridges with LC-HPC decks.
Most of the control decks consist of two courses, a conventional subdeck covered
with a thin overlay containing 7% silica fume, and represent a non-low-cracking
high-performance deck that has been in use in Kansas for about ten years. In addition
to the silica-fume overlay decks, two single-course (monolithic) control decks are
included in the comparisons. To aid in the crack density and cost comparisons,
detailed descriptions of the specifications used to construct both the control and LC-
HPC decks are presented in Section 5.2. The experiences and lessons gained with
these specifications based on the construction of 13 LC-HPC decks, presented in
Section 5.3, indicate that the LC-HPC specifications can be readily implemented by
concrete suppliers and bridge contractors. The initial crack surveys indicate that the
LC-HPC decks exhibit significantly less cracking than the high-performance silica-

fume overlay decks used in Kansas.
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5.2 SPECIFICATIONS

One of the primary factors affecting the performance of both the control decks
and the low-cracking high-performance concrete (LC-HPC) decks are the
specifications that govern their construction. These specifications, which are the
focus of this section, direct the development of mixture designs and dictate
construction practices. The specifications are working documents that are changed
with some regularity to address everything from unanticipated difficulties to
emerging technologies. The balance of this section outlines the significant aspects
and changes to the specifications used for both the control decks and the LC-HPC
decks. Section 5.2.1 describes the requirements for subdecks and monolithic decks,
and Section 5.2.2 describes the requirements for silica fume overlays. The applicable

LC-HPC specifications are summarized in Section 5.2.3.

5.2.1 Control Bridge Subdecks and Control Monolithic Decks

The applicable concrete specifications for the control bridge subdecks and
monolithic decks in this study (let between September 24, 2004 and January 17,
2007) are Special Provisions 90M(P)-156-R5, R7, RS, and R9 and 90M(P)-91-R15.
These specifications cover a broad range of concrete applications with a wide range
of required compressive strengths. Out of that range, two grades of concrete were
specified for the bridges in this study: Grades 28 and 31 (Grade 4.0 and 4.5) [Grade
31 (4.5) was originally named Grade 30 (4.4)]. The maximum w/cm ratio for Grade
28 (4.0) concrete is 0.44, and the maximum w/cm ratio for Grade 31 (4.5) concrete is
0.40. The required design air content is 6.5 = 1.5%, and the maximum allowable
slump is 75 mm (3 in.) without the use of a water reducer and 175 mm (7 in.) with the
use of a water reducer.

The specifications allow the use of Types II, IP, [(PM), IS, and I(SM) portland

cement. Type I portland cement is allowed for bridge subdecks but not for bridge
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wearing surfaces. The minimum cement content for the 100% portland cement
concrete mixes in this study is 357 kg/m’ (602 Ib/yd’), corresponding to paste
contents of 27.1% and 25.6% for the Grade 28 (4.0) and Grade 31 (4.5) concretes,
respectively. Fly ash was not allowed for bridge decks constructed under 90M(P)-
156-R5 but that option was added in the seventh revision (R7) of the special
provisions. Class C fly ash is limited to 10% by weight of cement and Class F fly ash
is limited to 25% by weight of cement. Slag cement may be substituted for as much
as 35% (by weight) of the cement content, and beginning with 90M(P)-156-R8, Type
IS and Type I(SM) cements may also contain a partial replacement of fly ash.

Several requirements for the coarse, fine, and combined aggregates are
specified to provide a durable bridge deck. The individual gradation requirements for
four different sizes of coarse aggregate, in addition to the requirements for fine
aggregate, are shown in Table 5.1. The coarse aggregate, must have a minimum
soundness of 0.90, a maximum degradation of 40%, and a maximum absorption of
2.0%. The coarse-aggregate soundness is determined using AASHTO T 103
Procedure C, except that the aggregate is soaked for a period of 24 + 4 hours rather
than being saturated in a vacuum. Coarse aggregate degradation is determined with
the Los Angeles Abrasion Test (AASHTO T 96). Deleterious substances are limited
for both the fine and coarse aggregate.

In addition to the requirements for individual aggregates, the combined
aggregate must also meet specific soundness, degradation, and alkali-silica reactivity
requirements. The combined gradation must have a minimum soundness of 0.90 and
a maximum degradation of 50%. In addition, a wetting and drying test (KDOT
KTMR-23) is also required to determine the alkali-silica reactivity of the combined
gradation. The test consists of measuring concrete prisms as they are subjected to
alternating cycles of wetting and drying over a period of one year. The maximum

allowable expansion after 180 and 365 days is 0.050% and 0.070%, respectively. The
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Table 5.1 — Fine and Coarse Aggregate Gradation Requirements for Bridge Deck
Concrete

Cumulative Percent Retained Square-Mesh Sieves'
Type 250mm | 19.0mm 125mm 95mm @ 475mm 239mm 600 um
@ (3/4™) 2™ (3/8™) (No. 4) (No. 8) (No. 30)

CA-3 Chat 0-5 - - - 55-75 87-97 95-100

Siliceous Gravel
CA-4 or Crushed Stone 0 0 0-35 30-70 75-100 95-100 -

Siliceous Gravel

CA-5 or Crushed Stone 0 0-20 - 40-70 - 95-100 -

Siliceous Gravel,
CA-6  Chat, or Crushed 0 0-20 - - - 95-100 -
Stone

95mm | 475mm 239mm 118 mm 600 um 300 pm 150 pm
(3/8™) (No. 4) (No. 8) (No.16) (No.30) (No.50) (No. 100)

FA-A Fine Aggregate 0 0-10 0-27 15-55 40-77 70-93 90-100

"The maximum allowable percentage passing the 75 um (No. 200) is 2.5% for the coarse aggregate and
2.0% for the fine aggregate.

coarse aggregate to fine aggregate ratio is specified as 50:50 by weight although
adjustments to this ratio or the addition of other aggregates may be necessary to meet
the soundness, degradation, and wetting and drying requirements.

Some projects have additional project-specific specifications that are used to
either tighten the standard specifications or comply with local municipalities. Five of
the control bridges (numbers 3 through 7) in this study have an additional project-
specific specification (90M-7218) that required the coarse aggregate to meet
requirements set by the Kansas City Metro Materials Board.  This project
specification reduced the maximum degradation determined using the Los Angeles
abrasion test to 30%, down from 40%, and reduced the maximum absorption to 0.7%,
down from 2.0%. These requirements necessitated the use of imported granite or
quartzite rather than the locally available limestone.

The placement requirements defined in the applicable revisions of 90M(P)-
156 and 90M(P)-91 are the same for all of the control bridges in this study. These

specifications require fogging for all bridge deck placements immediately behind the
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tining operation. The maximum estimated evaporation rate during placement is 1.0
kg/m*/hr (0.2 1b/ft*/hr); additional measures such as fogging, windbreaks, or cooling
the concrete or its constituents must be used to maintain a satisfactory evaporation
rate during the entire placement operation. In addition to specifying the maximum
allowable evaporation rate, the time between mixing and placing the concrete is
limited to between one and one-and-a-half hours depending on the ambient air
temperature (shown in Table 5.2). Placement operations during cold weather must be
discontinued when the descending ambient air temperature reaches 4° C (40° F) and
may not resume until the ascending air temperature reaches 2° C (35° F).
Alternatively, placement operations may continue if the ambient air temperature is
greater than —7° C (20° F) and the concrete temperature is between 10° C (50° F) and
32° C (90° F).

Table 5.2 — Maximum Concrete Placement Time

Ambient Air Temperature, T Maximum _Concrete Set Retarder
°C (°F)" Placement Time (hours)
T < 24° (75°) 1.5 No
24° (75°) < T < 32°(90°) 1 No
24° (75°) < T < 32°(90°) 1.5 Yes
T >32°(90°) 1 No

"If the concrete temperature exceeds 32° C (90° F), placement must occur within 45 minutes.

Concrete consolidation is achieved using gang-mounted internal vibrators
identical to those specified for the LC-HPC decks (described in Section 5.2.3), but the
type of finisher (e.g., vibrating screed, single-drum roller, double-drum roller) is not
specified. The final surface texture is achieved by tining 3-mm (%s-in.) wide grooves
into the fresh concrete. Initial curing for the full-depth (monolithic) bridge is
achieved by applying a Type 1-D liquid membrane immediately following the tining

operation — liquid membranes are not allowed for bridge subdecks. Final curing is
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achieved with wet burlap and polyethylene sheeting for a period of seven days. If the
ambient air temperature is expected to fall below 4° C (40° F) at any point during the
seven-day curing period, the bridge surface must be covered with additional burlap,
blankets, straw, or covered and heated so that the temperature of the deck surface is

between 4° C (40° F) and 32° C (90° F).

5.2.2 Silica-Fume Overlays

The silica-fume overlay specifications applicable to the control bridges in this
study are Special Provisions 90M(P)-158-R10 and R11. No substantive differences
exist between these two special provision revisions. These provisions require a
maximum w/cm ratio of 0.37 and Type I/II, IP, or II portland cement with a minimum
cement content of 346 kg/m® (581 Ib/yd’). The minimum silica fume content is 26
kg/m’ (44 Ib/yd?), equal to 7% by weight of cementitious materials. The required air
content is 6.5 + 1.5%, and the designated target slump must be between 50 and 125
mm (2 and 5 in.). The resultant mix design has an approximate paste volume of
25.9% and requires the use of a high-range water reducer.

The maximum aggregate size is 12.5 mm (2 in.), and the coarse aggregate to
fine aggregate ratio is specified as 50:50 by weight. The coarse aggregate must have
a minimum soundness of 0.95 and a maximum degradation of 40% using the Los
Angeles Abrasion test (AASHTO T 96). There is no absorption requirement for
coarse aggregate, and the fine aggregate requirements only limit deleterious
substances. The fine aggregate (FA-A) gradation requirements are shown in Table
5.1, and the coarse aggregate (CA-7) requirements are provided in Table 5.3. The
project-specific specifications (90M-7218) for control bridges numbers 3 through 7
reduce the maximum degradation determined with the Los Angeles abrasion test to

30%, down from 40%, and introduce a maximum absorption of 0.7% for the CA-7.
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Table 5.3 — Gradation Requirements for Silica Fume Overlay Aggregate

Cumulative Percent Retained Square-Mesh Sieves'
Type 250mm | 19.0mm 125mm 95mm 4.75mm 239mm 1.18 mm
@ (3/14™) (V) (3/18™) (No. 4) (No. 8) (No. 16)
CA-7  Coarse Aggregate - 0 0-10 15-50 85-100 - -

"The maximum allowable percentage passing the 75 um (No. 200) is 2.5% for the CA-7.

The finishing and curing requirements for the silica-fume overlays have
changed significantly since the first Kansas silica-fume overlays were placed in 1990
when no special precautions were taken. Under current specifications, overlay
placement may commence only if the evaporation rate is below 1.0 kg/m*/hr (0.2
Ib/ft*/hr). This evaporation rate must be maintained during the entire placement, or
additional measures, such as fogging, windbreaks, or cooling the concrete or its
constituents, must be used to create and maintain a satisfactory evaporation rate.
After the concrete has been placed on the subdeck, the surface must be struck-off
with an oscillating or vibrating drum-roller screed within ten minutes. The final
surface texture is achieved by tining 3-mm (74-in.) grooves into the fresh concrete.

Fogging and the application of a precure material are required immediately
following strike-off and during the tining operation. Intermittent fogging is required
when the estimated evaporation rate is below 1.0 kg/m*hr (0.2 Ib/ft*/hr), and
continuous fogging is required when the estimated evaporation rate exceeds that
level. After the final surface texture is achieved, a Type 1-D liquid membrane must
be applied followed by wet burlap and polyethylene sheeting. Fogging must continue
until the wet burlap and polyethylene sheeting can be placed without damaging the
surface and must be kept continuously wet and in place for a period of seven days.

The weather limitations for silica fume overlays are similar to the
requirements for bridge subdecks. In cold weather, placement operations must stop
when the descending air temperature falls below 7° C (45° F). Placement operations

may not start or resume until the ascending air temperature reaches 5° C (40° F) and
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the nighttime temperatures are expected to exceed 2° C (35° F). The hot-weather
limitations for silica-fume overlays are the same as indicated for bridge subdecks and

monolithic decks in Section 5.2.1.

5.2.3 Low-Cracking High-Performance Concrete (LC-HPC) Specifications

The LC-HPC specifications are divided into three individual documents
covering the concrete, aggregate, and construction requirements. These specifications
are based on the Kansas Department of Transportation (KDOT) specifications for
bridge decks described in Section 5.2.1 with several significant changes. The LC-
HPC specifications have been modified a number of times during the course of the
project to improve the bridge decks based on experiences in the field, and to a lesser
extent, findings in the laboratory. In addition to these modifications, some deviations
from the specifications were allowed or required during construction of the decks.
These deviations are discussed individually for each bridge deck in Section 5.3.

The applicable specification numbers are provided for each LC-HPC bridge
deck in Table 5.4. The fourteenth bridge (denoted LC-HPC-14) is a City of Overland
Park, KS project with specifications nearly identical to those listed for LC-HPC-13.
The balance of this section provides a summary of the specifications. Additional
recommended changes to the concrete and aggregate specifications based on lessons
learned during construction are presented in Section 5.3.9.

Seven different revisions were made to the concrete specification during the
course of the project, but the majority of these revisions were minor. In fact, the only
major change was to reduce the cement content and w/C ratio. For the first two
revisions, the cement content was limited to between 310 and 334 kg/m’ (522 and
563 Ib/yd’), and the maximum specified w/c ratio was 0.45. It is important to point
out, however, that the maximum cement content used by the ready-mix suppliers for
the bridges constructed with this specification was 320 kg/m® (540 Ib/yd’). For

subsequent revisions of the specification (beginning with 90M-7295), the allowable
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LBC r-iit_jlgpec Concrete Aggregate  Construction

Number Specification Specification Specification
1 90M-7181 90M-7182 90M-7190
2 90M-7181 90M-7182 90M-7190
3 90M-7275 90M-7182 90M-7276
4 90M-7275 90M-7182 90M-7276
5 90M-7275 90M-7182 90M-7276
6 90M-7275 90M-7182 90M-7276
7 90M-7275 90M-7182 90M-7276
8 90M-7295 90M-7326 90M-7296
9 90M-7295 90M-7326 90M-7296
10 90M-7295 90M-7326 90M-7296
11 90M-7338 90M-7339 90M-7332
12 90P-5095 90P-5085 90M-5097
13 90M-7360 90M-7359 90M-7361
147 LCHPC-1 LCHPC-2 LCHPC-3

TLC-HPC-14 is a City of Overland Park, KS project.

cement content range was reduced to between 300 and 317 kg/m’ (500 and 535
Ib/yd’), and the maximum w/c ratio was reduced to 0.42. These reductions were
mandated to reduce concrete shrinkage (and cracking) through a reduction in the
cement-paste volume. This reduction resulted in some difficulties pumping the
concrete, and as a result, the w/C ratio was increased up to 0.44 or 0.45 for some of
the bridges. Individual details for each bridge are provided in Section 5.3.

The specifications for slump, air content, and concrete temperature have, for
the most part, remained unchanged. The designated slump is 36 to 75 mm (1% to 3

in.) with a maximum allowable slump of 100 mm (4 in.). Slump control in the field is

accomplished by withholding up to 10 L/m’ (2 gal/yd®) from the approved mixture
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design or by redosing the concrete with a water reducer. On Bridge 13, however, the
concrete supplier was required to add all of the water at the batch plant. The
designated air content is 8.0 = 1.0% with a minimum and maximum allowable air
content of 6.5 and 9.5%, respectively. The plastic concrete temperature was initially
limited to between 10° and 24° C (50° and 75° F), but the limits were changed
(beginning with 90M-7295) to match the format of the slump and air content
requirements. The new designated concrete temperature is 13° and 21° C (55° and
70° F) which may be up to 3° C (5° F) above or below this range with the approval of
the construction engineer. This encourages the ready-mix supplier to avoid
consistently supplying concrete at the limits of the allowable range.

Before the contractor is given permission to place concrete, a qualification
batch of at least 5 m® (6 yd®) is required to demonstrate that the concrete supplier is
capable of producing concrete that meets the specified plastic concrete properties.
The same ready-mix plant, equipment, and mixture design that are planned for the
bridge deck should be used for the qualification batch. The qualification batch must
meet the plastic concrete requirements and have adequate workability for use in the
bridge deck. To ensure that adequate time is available to make any necessary
changes to the mixture, the qualification batch must be successfully completed at
least 35 days prior to placement of the bridge deck.

The aggregate specification for the LC-HPC decks has undergone only small
revisions since the first version (90M-7182), and only consists of a few key
differences with current KDOT aggregate specifications (described in Section 5.3.1).
These differences are limited to combined gradation requirements and the maximum
allowable coarse aggregate absorption. The requirements for soundness, degradation,
limits on deleterious substances, and alkali-silica reactivity are unchanged. The

maximum coarse aggregate absorption is reduced from 2.0% to 0.7% — equaling the
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maximum coarse aggregate absorption required by the Kansas City Metro Materials
Board.

The largest difference between the aggregate requirements for LC-HPC decks
and standard KDOT decks involves the combined aggregate gradation limits and the
requirement to optimize the combined gradation. For typical KDOT bridge decks, the
coarse aggregate to fine aggregate ratio is specified as 50:50 by weight, the maximum
sized aggregate (MSA) is 19 mm (% in.), and each aggregate has individual gradation
requirements (shown in Tables 5.1 and 5.3). The aggregate requirements for LC-
HPC decks represent an entirely different approach. For these decks, the combined
aggregate gradation must be optimized (as discussed in Chapter 3) with a MSA of 25
mm (1 in.). While special attention is given to the combined aggregate gradation, the
specifications place no requirements on the individual aggregate gradations. The
current combined aggregate gradation limits for LC-HPC bridge decks and corral
rails are shown in Table 5.5. The combined aggregate gradation for the corral rails
has a MSA of 19 mm (% in.) to allow for the limited reinforcing steel cover. These
limits have undergone some minor changes since the first aggregate specification

(90M-7182).

Table 5.5 — Combined Aggregate Gradation Requirements for LC-HPC

Percent Retained on Individual Sieves — Square Mesh Sieves'

Usage | 250 | 190 [ 125 | 95 4.75 2.39 L8 cooum  300um 150 um

mm mm mm mm mm mm mm

(1™ | (34" (U2") (3/8") (No.4) (No.8) (No.16) (No.30) (No.50) (No.100)
Bridge f ¢ | 548 818 818 818 8-18 8-18 8-15 5-15 0-5
Decks
Corral 0 26 820 820 820 8-20 8-20 5-15 5-15 0-6
Rails

"The maximum allowable percentage passing the 75 pm (No. 200) is 2.5%.

The LC-HPC construction specification covers the concrete placement,
finishing, and curing requirements. The maximum estimated evaporation rate is

limited to 1.0 kg/m?*hr (0.2 Ib/ft*/hr), which must be monitored hourly. Adequate
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fogging is encouraged for any unanticipated delays, but is not considered in the
evaporation rate calculation. Additional measures, such as windbreaks, cooling of the
concrete or its constituents, or alternate placement times, must be used to maintain
satisfactory evaporation rates during the entire placement. The construction
specifications listed in Table 5.4 require fogging for all placements; however, this
requirement has been dropped for future revisions of the specifications due to an
inability of contractors to properly fog the air above the concrete. In most cases,
water from the fogging apparatus dripped onto the surface and was subsequently
worked into the concrete surface.

Temperature limitations for concrete placements are divided into cold and hot-
weather provisions. Placement operations during cold weather must be discontinued
when the descending ambient air temperature reaches 4° C (40° F) and may not
resume until the ascending air temperature reaches 2° C (35° F). Additionally,
placement operations may not begin if there is a chance that air temperatures will be
more than 25° C (14° F) below the temperature of the concrete during the first 24
hours. In hot weather when the ambient temperature is above 32° C (90° F), the
forms, reinforcing steel, and any other contact surfaces must be cooled to below 32°
C (90° F). In all cases, the concrete temperature must be maintained between 13° and
21° C (55° and 70° F) throughout the placement. With approval of the construction
engineer, the temperature of the concrete may be may be up to 3° C (5° F) above or
below these limits.

The first version of the construction specifications required placement with a
conveyor belt or concrete bucket and restricted placement with a pump to limited
circumstances. This requirement was amended for subsequent versions of the
specification (beginning with 90M-7296). For these revisions, placement using a
pump is acceptable if the contractor demonstrates that the approved concrete mixture

can be pumped at least 15 days prior to placing the deck. As an alternative, the
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contractor may demonstrate pump adequacy during the qualification slab (described
below). Upcoming construction specifications will explicitly require the same type
and size of pump for both the pump test and the actual bridge placement.

Concrete consolidation is achieved using gang-mounted internal vibrators
identical to those used for standard bridge deck placements. The surface should be
finished with a vibrating screed or a single-drum roller followed by a metal pan,
burlap drag, or both. If necessary, a bullfloat or fresno trowel may be used to remove
any local surface irregularities. Surface variations exceeding 3 mm (% in.) in 3 m (10
ft) on the deck after it has hardened must be corrected using a surface grinder to
achieve a plane surface after the curing period. The final surface texture is achieved
by grooving the hardened surface. Some versions of the construction specifications
required the entire surface ground regardless of surface variations although this
requirement was not always enforced for properly-finished surfaces.

Curing is achieved using two layers of wet burlap covered by soaker hoses
and polyethylene sheeting. The first layer of presoaked burlap must be applied within
10 minutes after strike-off, followed by a second layer within five minutes. The
burlap and concrete surface must be kept continuously wet for the entire 14-day
curing period. For the first two versions of the specification, the polyethylene
sheeting placement was required on the evening after the day of placement. This
provision was changed to require the sheeting to be placed within 12 hours of
concrete placement. The upcoming construction specification will also require that
the burlap to be pre-soaked for a minimum of 12 hours prior to placement on the fresh
concrete. This will ensure that all of the burlap is completely saturated prior to
placement on the deck.

Special precautions must be taken during the curing period when concrete is
placed in cold weather. Two conditions can trigger the cold weather curing

procedures. The first condition occurs if the ambient air temperature is expected to
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fall below 4° C (40° F) at any point during the fourteen-day curing period, and the
second condition occurs if the ambient air temperature is expected to fall more than
14° C (25° F) below the temperature of the concrete during the first 24 hours after
placement. These provisions require additional measures to be taken to ensure that
both the concrete and girder temperatures, as measured on the upper and lower
surfaces, are maintained between 13° and 24° C (55° and 75° F). This requires the
area underneath the deck to be enclosed and artificially heated during the cold
weather. Following the cold weather curing, the protective measures must be
removed such that the temperature of the concrete does not fall more than 14° C (25°
F) in 24 hours.

At the conclusion of the 14-day curing period, the polyethylene sheeting,
soaker hoses, and burlap are removed, and two coats of a curing membrane must be
applied to the concrete surface within 30 minutes. The curing membrane must be
protected for a period of 7 days, which allows the surface to dry slowly.

Before the contractor is given permission to place the LC-HPC bridge deck, a
qualification slab must be constructed to demonstrate that both the concrete supplier
and the contractor are able to adequately produce, place, finish, and cure the concrete.
The qualification slab should only be completed after the qualification batch is
accepted and between 15 and 45 days prior to placing the deck. The qualification
slab is 10 m (33 ft) long and has a width equal to the bridge deck. The slab serves as
a “dress rehearsal” for the actual placement. The same personnel, methods, ready-
mix plant, concrete mixture design, and equipment that are planned for use on the
deck must be used for the qualification slab. Acceptance of the qualification slab is
contingent upon demonstrating that the requirements for placement, consolidation,
finishing, curing, and concrete properties are satisfied. Consolidation is checked by

examining four cores taken from the slab shortly after construction.
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5.3 LC-HPC EXPERIENCES IN KANSAS

The project let date, bridge contractor, ready-mix supplier, and construction
date are shown in Table 5.6 for the 14 low-cracking high-performance (LC-HPC)
bridge decks in Kansas. These LC-HPC decks are concentrated in northeast Kansas,
as shown in Fig. 5.1. The individual bridge numbers are assigned and listed in the
order they were let. Twelve of these decks have been built, and the remaining two are
scheduled for spring 2009. As indicated in Table 5.6, the ninth LC-HPC bridge
(denoted LC-HPC-9) and the second phase of LC-HPC-12 are not complete (the deck
in Phase I of LC-HPC-12 was cast on 4/4/2008). The balance of this section
describes the experiences and lessons learned during construction of the qualification
batches, qualification slabs, and LC-HPC bridge decks. These experiences are
specifically related to LC-HPC and are presented in the order of construction,
although bridges let in multiple bridge contracts are presented together. McLeod et
al. (2009) presents a detailed description of the LC-HPC bridges specifically related
to the construction experiences. The results of the crack surveys for the bridges

surveyed to date are provided in Section 5.4.
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Table 5.6 — Project let date, bridge contractor, ready-mix supplier, and construction
date for the 14 Kansas LC-HPC bridge decks.

LC-HPC Project Let Bridge Ready Mix Construction
Bridge Number Date Contractor Supplier Date

1 9/15/2004 Clarkson Fordyce 11/2/2005
2 9/15/2004 Clarkson Fordyce 9/13/2006
3 8/17/2005 Clarkson Fordyce 11/13/2007
4 8/17/2005 Clarkson Fordyce 10/2/2007
5 8/17/2005 Clarkson Fordyce 11/14/2007
6 8/17/2005 Clarkson Fordyce 11/3/2007
7 10/19/2005 Capital CST 6/24/2006
8 7/19/2006 | AM Cohron O’Brien 10/3/2007
9 7/19/2006 United O’Brien -
10 7/19/2006 | AM Cohron O’Brien 5/17/2007
11 8/16/2006 King Mlife' cfi‘fnl\g;ca 6/9/2007
12 11/15/2006 | AM Cohron | Builder’s Choice | "ot 01!
13 1/17/2007 Beachner O’Brien 4/29/2008
14 3/26/2007 Pyramid Fordyce 5/31/08




272

CTT ehison

-------- e { {
Moy T Rlley /” Pottawatomie | Jackson i ‘;
| | b | T I
i | é. | ¥ | “Jefferson i :
\ £
———— - | I 5 i | ILea\renwnrlh KANSAS
| Ottawa H " * . |_ _ ____1 1 I _-.H_‘ CITY
i ! r ™ “}_‘ Shawnee |' [. |1 "-I;
i - . L. —=
| '_ | '_'-—-—.__|Wabaunsee| - \.--,. ™ .—-| _IIM —-'|
. [ | Geary | - -
[ ‘- I | TOPEKA I I]uuglas “T" Johnson [
1 Saline - Dickinson ! I I i
| , o e | | 36,14 |
i i - Morris —") | osage | : ) :
| k | e I i -E;nilin_-l_ Miami
' ! | | Lyon | | . I I
I R S — | | . i
Ott
NORTH | McPherson | Marion | S | 12 | I EWT |
: Chase | —= _ | :
| i i T = b
| | A I | hied 1 Anderson | Linn ‘
. ; ! |
| [ J J i
i i | | . { | 810,13 |
— S R S [ L | |
| T Harvey i i I | : . !
Reno o harwey e \ ;
| ‘ I ' Butl [ S T !_ ''''' ey 1
Hutchinson | : er I I Woodson | “Allen | Buurhun i
| H I ' .
b — ! | ! '
| ﬂ | Sedgwick ! I I 1 ! !
| I | R L) ':
: * | I Greenwood T -
! WICHITA Lo o
| | i
N — . ]

Fig. 5.1 — Locations of the Kansas LC-HPC Bridge Decks

5.3.1 LC-HPC Bridges1and 2

The first two LC-HPC concrete bridge decks let in Kansas (denoted LC-HPC-
1 and LC-HPC-2) are on Parallel Parkway and 34™ Street over 1-635 in Kansas City,
KS. These bridges were the first and third LC-HPC bridges constructed in Kansas.
W. A. Ellis Construction was awarded the project and subcontracted to Clarkson
Construction to complete the bridge construction. Fordyce Concrete, located
approximately 13.0 km (8.1 mi) from the two bridges, provided the ready-mix
concrete for both decks. The construction dates for the qualification batch,
qualification slabs, and LC-HPC bridges are shown in Table 5.7. As indicated, two
attempts were required to complete the qualification slab for LC-HPC-1 due to
inadequate preparation by the ready-mix supplier. In general, the construction of

these decks went smoothly and improved as construction progressed. The complete
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concrete mixture designs, aggregate gradations, plastic concrete test results, and

compressive strength test results are provided in Appendix D.

Table 5.7 — Construction Dates for LC-HPC-1 and 2

Date
Item Constructed Completed
Qualification Batch (Trial Batch) 6/20/05

Qualification Slab (Trial Slab) for LC-HPC-1 Attempt 1 7/29/05
Qualification Slab (Trial Slab) for LC-HPC-1 Attempt 2 9/8/05

LC-HPC-1 Placement 1 10/14/05
LC-HPC-1 Placement 2 11/2/05
Qualification Slab (Trial Slab) for LC-HPC-2 5/24/06
LC-HPC-2 9/13/06

The concrete for LC-HPC-1 and 2 was designed with a cement content of 320
kg/m® (540 Ib/yd’) and a w/c ratio of 0.45. The corresponding paste content for this
mixture was 24.6%, well below the 27% maximum recommended by Lindquist et al.
(2005). A Type A/F mid-range water reducer (lignosulfonate-based) was selected to
obtain the desired workability. Three granite coarse aggregates and natural Kansas
River sand were selected to meet the combined aggregate gradation specified in
Section 5.2.3. The approved combined gradation (used for both the qualification
batch and the LC-HPC-1 qualification slab) is shown in Fig. 5.2. Following
successful completion of the qualification slab, the ready-mix supplier reordered
additional aggregate to complete the project. These gradations differed from the
original gradations and when they were combined using the same blend, they did not
meet the specification (as shown in Fig. 5.2), although the coarseness and workability
factors plotted on the modified coarseness factor chart for the approved gradation and
the actual gradation are both near the center of Zone II (Fig. 5.3). Based on the

aggregate specification, the combined aggregate gradation should have been re-
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optimized to account for the “as-delivered” gradations. This small difference in the
combined gradation, however, did not appear to affect the ability of the contractor to

place or finish the concrete.

30%
© o o 8 38

< oS0 2 2 2 2 2 2 2 - 25%
T
- 20% @
(@]
D
=
- 15% 4
)
Q
- 10% S
D
o

- 5%

0%

100 0.01

Sieve Opening (mm)

— — Maximum — — Minimum — -@- — KU Mix Optimum
—@— Original Gradation —#&—— Actual Gradation

Fig. 5.2 — Original approved design gradation used for the qualification batch and the
first qualification slab and the actual gradation used for the second qualification slab
and bridges LC-HPC-1 and 2.

Compared with the optimum gradation (calculated using KU Mix), both the
originally approved gradation and the actual gradation appear slightly gap-graded
with significant deficiencies on the 2.36-mm and 1.18-mm (No. 8 and No. 16) sieves.
Despite this fact, both of the mixtures pumped easily — at one point with a slump as
low as 25 mm (1 in.). The only difficulty encountered for this concrete was getting
the concrete from the ready-mix truck into the pump hopper. As a result, the
contractor built a dirt ramp, similar to the steel and timber ramp shown in Fig. 5.4,
which made the chute angle steeper and allowed the concrete to flow easily from the

ready mix truck to the pump. The balance of this section outlines the concrete-related
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experiences for the qualification batch, qualification slabs, and the LC-HPC bridge
decks.

45%
— Zone Ill
Zone IV / .-

Laemn T - 40%
/ AZOhelI —'_,,"' | §
» \e x
3 ’Q ." /mk 35% g
s
- 30% J!
"8
e
- 25% 3
J

\ \ ] ] 20%

100% 80% 60% 40% 20% 0%

Coarseness Factor (CF)

® KU Mix Optimum @ Original Gradation A Actual Gradation

Fig. 5.3 — Modified Coarseness Factor Chart for the approved design gradation and
the actual gradation used for the LC-HPC-1 and 2 placements.

Fig. 5.4 — Example of a ramp used by ready-mix trucks to increase the chute angle
and facilitate unloading the relatively low-slump LC-HPC.
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Qualification Batch — The qualification batch (originally called a trial batch)
for LC-HPC-1 was performed on June 20, 2005 without KU personnel onsite. The
plastic properties met the specifications for slump and air content [63 mm (2.5 in.)
and 6.5%, respectively], but no measures were taken to control the concrete
temperature. As a result, the temperature was 32° C (89° F), well above the
maximum allowable temperature of 24° C (75° F). Despite the high concrete
temperature, the out-of-specification concrete was accepted after a brief discussion of
the temperature requirements.

Qualification Slab for LC-HPC-1 — The first qualification slab was
attempted in late July when daytime temperatures regularly exceeded 32° C (90° F).
Chilled water was used to control the concrete temperature, but the supplier was
unable to lower the temperature below 26° C (78° F), and the placement was canceled
after the rejection of two ready-mix trucks. This experience came at a considerable
cost to the contractor and reinforced the importance of successfully completing all of
requirements for the qualification batch prior to placing the qualification slab. It is
reasonable to assume that concrete temperatures would not have been an issue had the
supplier been required to address this issue at the qualification batch.

The qualification slab was completed successfully on the second attempt in
early September when chilled water was sufficient to control concrete temperatures.
A telescopic belt conveyor was used to place the concrete due to the low paste
content of the LC-HPC mixture and, more importantly, the lack of previous
experience with the mixture. Concrete was tested from the truck prior to placement
by the conveyor. The four ready-mix trucks required to complete the placement had
an average air content of 8.3% and a slump of 95 mm (3.75 in.). The concrete
temperatures ranged from 19.4° C (67° F) to 21.7° C (71° F). The burlap placement

rate was slow although in general, the placement went smoothly.
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The specifications require concrete placement using a conveyor or bucket
unless the contractor demonstrates prior to the deck construction that the mixture is
pumpable. After working with the LC-HPC during the qualification slab, the
contractor successfully test pumped 0.75 m’ (1.0 yd*) of LC-HPC on September 30,
2005. While this small demonstration worked for these two bridge decks, it does not
ensure that any pump would capably handle the volume of concrete required for an
entire placement. Three factors should be simulated during the test: First, the pump
should be positioned and tested with the steepest boom angle expected on the bridge
deck. Second, the concrete should be tested before and after the pump to establish the
amount of air loss expected through the pump, and finally, the same pump and
discharge hose fixtures that are tested should be used on the bridge deck. It is unclear
and unlikely that these factors were considered during this test.

LC-HPC-1 — The first bridge (LC-HPC-1) consisted of two full-length
partial-width placements due to the considerable width of the deck. The placements
occurred in mid-October and early November and did not require chilled water or ice
to control concrete temperatures. For both placements, concrete testing was
performed at the point of deposit on the bridge deck after placement through the
pump. Air loss was minimized using a bladder valve (Fig. 5.5) for the first
placement, although the amount of air lost through the pump was not established
during the placement of LC-HPC-1 or 2.

The LC-HPC pumped and finished well throughout the two placements. For
the first placement, not all of the burlap was not initially saturated, and the placement
rate was slow at times, mostly due to delays in the finishing operation. Some of the
delays early in the placement resulted from difficulties in finishing the surface with a
metal-pan finisher attached to the back of the single-drum roller screed. At times, the
pan tore the surface requiring the use of a bullfloat to correct the surface

irregularities. The pan was removed and the surface was finished exclusively with
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_ SRR
Fig. 5.5 — Bladder valve used to restrict and stop concrete flow through the concrete
pump. The bladder valve works by compressing the discharge hose to restrict flow of
the concrete.

-

ol

the single-drum roller screed and bullfloat. Burlap placement was generally within
approximately 3 m (9.8 ft) of the finishing operation.

A summary of the plastic concrete properties for both LC-HPC-1 placements
are shown in Table 5.8. For the first placement, the air content varied from 6.0% to
11.5% with an average of 7.9%, and concrete slump values ranged from 65 to 165
mm (2.5 to 6.5 in.) with an average of 95 mm (3.75 in.). For the second placement,
slump values ranged from 65 to 110 mm (2.5 to 4.25 in.) with and average of 85 mm
(3.25 in.), and air contents ranged from a low of 3.0 to a high of 9.0% with an average
of 7.8%. No measures were taken to control concrete temperatures, which ranged
from 16.0° to 22.0° C (61° to 72° F) for the first placement and from 19.0° to 21.0° C
(66° to 70° F) for the second placement. Following the second placement, the bridge
superintendent opined that he preferred working with optimized concrete with a
cement content of 320 kg/m3 (540 1b/yd3) compared to the traditional mixture with a
cement content of 357 kg/m’ (602 1b/yd>).
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Table 5.8 — Summary of Plastic Concrete Properties for LC-HPC-1

Plastic Property

Bridge : : :
Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
105-304 LC-HPC-1 Average 19.8° (68°) 7.9 95 (3.75) 2251 (140.5)
First (South) Placement Minimum 16.0° (61°) 6.0 65 (2.5) 2188 (136.6)
Maximum 22.0° (72°) 11.5 165 (6.5) 2276 (142.1)
105-304 LC-HPC-1 Average 20.1° (68°) 7.8 85(3.25) 2238 (139.7)
Second (North) Placement | Minimum 19.0° (66°) 3.0 65 (2.5) 2193 (136.9)
Maximum 21.0° (70°) 9.0 110 (4.25) 2354 (146.9)

Qualification Slab for LC-HPC-2 — The qualification slab for LC-HPC-2
was placed on May 24, 2006 again using a pump. The concrete placement and
finishing went smoothly, and the burlap placement was within 10 minutes after the
deck was struck off and within 3 m (9.8 ft) of the roller screed. Concrete temperature
was controlled using chilled water and ice which limited the concrete temperatures to
between 19° C (66° F) and 22° C (72° F). The water content for the first ready-mix
truck was not adjusted to account for the ice and was subsequently rejected. The
three remaining trucks met the specifications for air content, but the slump ranged
from 100 to 140 mm (4 to 5.5 in.) with an average of 115 mm (4.5 in.) measured after
the pump. The pump used for this placement was not fitted with a bladder valve
(shown in Fig. 5.5) or any other means of limiting air loss, but for this placement, no
difficulties were encountered maintaining adequate and stable air contents.

LC-HPC-2 — The second bridge constructed (LC-HPC-2) and final bridge in
this contract was completed on September 13, 2006. A summary of the plastic
concrete properties for LC-HPC-2 is shown in Table 5.9. Air loss for this placement
was limited with a bladder valve attached to the discharge hose (Fig. 5.5). Chilled
water and a 17% replacement of mix water with bagged ice [24 kg/m’® (40 Ib/yd*)]
was used to control concrete temperatures, which ranged from 16.1° C (61° F) to

20.6° C (69° F). Slump values ranged from 35 to 100 mm (3 to 4 in.) with and
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average of 75 mm (3 in.), and air contents ranged from 7.0 to 8.5% with an average of
7.7%. Placement and finishing operations went well throughout the placement with
only minor adjustments required for the burlap positioning. This experience clearly
highlighted the importance of experience for the contractor. The placement and

finishing operations improved with each successive placement.

Table 5.9 — Summary of Plastic Concrete Properties for LC-HPC- 2

Plastic Property
Bridge - . .
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft3)
105-310 LC-HPC-2 Average 19.2° (67°) 7.7 75 (3.0) -
Deck Minimum 16.1° (61°) 7.0 35(1.25) -
Maximum 20.6° (69°) 8.5 100 (4.0) -

A significant amount of surface scaling was observed in both the north and
south gutters of LC-HPC-2 approximately 7 months after construction. The scaling
(ASTM C 672 Rating 2 and shown in Fig. 5.6) occurred over approximately two 0.5
m (1.6 ft) wide strips running the length of the bridge. Some aggregate was exposed,
but the depth of the scaling did not exceed 2 mm (0.08 in.). A small amount of
scaling next to a traffic signal base was also observed in control-1/2. It is difficult to
identify the exact cause, but it is possible that runoff curing water in the gutters or
excessive hand finishing may have contributed. In some cases in the Kansas City
area, this type of scaling, known as “mortar flaking,” has been observed for concretes
containing granite coarse aggregate. The defects are aesthetic in nature and do not
represent a significant threat to long-term durability. Scaling of this magnitude has
not been observed on any of the other LC-HPC decks.

Summary — The LC-HPC pumped and finished well despite not fully meeting
the combined aggregate gradation specification, and the ready-mix supplier was able

to consistently produce and supply LC-HPC that met the requirements for concrete
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temperature, slump, and air content. Several issues were addressed prior to

construction of the decks during the qualification batch and qualification slab further

Fig. 5.6 — Typical scaling observed in the gutter areas of LC-HPC-2

proving their value. The compressive strengths for the LC-HPC-1 and 2 placements
are shown in Fig. 5.7.

The same mixture design was used for each placement [320 kg/m’ (540
1b/yd®) of cement with a w/c ratio of 0.45], but considerable variation exists between
the strengths of these placements. The compressive strength of the bridge deck
placements varied from 31.7 to 35.9 MPa (4600 to 5210 psi) for the lab-cured
specimens and from 27.8 to 33.8 MPa (4030 to 4900 psi) for the field-cured

specimens.

5.3.2 LC-HPC-7: County Road 150 over US-75

The seventh LC-HPC bridge let and the second LC-HPC bridge constructed is
located north of Topeka, KS on County Road 150 over US-75. Koss Construction
was awarded the project and subcontracted to Capital Construction to construct the
bridge. Concrete Supply of Topeka, located 30.6 km (19.0 mi) south of the bridge,

provided the concrete. The completion dates for the qualification batch, qualification
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Fig. 5.7 — Compressive Strengths for the qualification batch (QB), qualification slab
(QS), and LC-HPC-1 (1a and 1b) and LC-HPC-2 (2) bridge placements.

slab, and LC-HPC-7 are shown in Table 5.10, and the concrete mixture
designs, aggregate gradations, plastic concrete test results, and compressive strength

test results are provided in Appendix D.

Table 5.10 — Construction Dates for LC-HPC-7

Item Constructed Cor[rzzite d
Qualification Batch (Trial Batch) 5/31/06
Qualification Slab (Trial Slab) 6/8/06
Bridge Deck 6/24/06

The concrete mixture design for this project was based on the design used for
LC-HPC-1 with two notable differences. First, a water reducer was not required to
obtain the desired slump [between 35 and 100 mm (1.5 and 4 in.)], and second, only
three aggregates (compared to four) were required to meet the gradation limits
described in Section 5.2.3. The aggregates were selected and combined using KU

Mix and included two granite coarse aggregates and natural Kansas River sand. The
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cement content was held constant at 320 kg/m’ (540 Ib/yd®), but three different wi/c
ratios (and water contents) were used during the course of the project in order to
adjust the mixture workability. The w/c ratios were 0.45, 0.43, and 0.41. A reduction
in the w/C ratio was obtained by reducing the water content and replacing the water
with an equal volume of aggregate. In addition to a reduction in the slump, this
approach resulted in a reduction in the cement-paste volume from 24.6% to 23.3% as
the wi/c ratio was reduced from 0.45 to 0.41.

The qualification batch and qualification slab were used by the ready-mix
supplier to practice techniques rather than to demonstrate proficiency. Instead of trial
batching prior to qualifying the mixture on May 31, 2006, the supplier used the
qualification batch to practice and qualify the mixture simultaneously. Separating the
two processes requires the supplier to produce LC-HPC that meets the specifications
a minimum of two times prior to construction of the qualification slab. Originally,
the qualification batch and qualification slab were called the trial batch and trial slab.
To help avoid ambiguity, these names were changed to qualification batch and
qualification slab for future lettings as a result of this experience. The name change
did not affect the intent or the purpose of these placements, but it did serve to remind
the contractor and ready-mix supplier of their importance.

Qualification Batch — Three consecutive qualification batches were
performed by the ready-mix supplier before the slump, air content, and temperature
met the concrete specifications. The third batch had a slump of 95 mm (3.75 in.), an
air content of 6.5%, and a concrete temperature of 23° C (73° F). This mixture, with
a W/c ratio of 0.45, did not require the use of a water reducer or superplasticizer to
obtain the desired slump. This raised some concern regarding the actual water
content of the mixture, but further investigation into the proportions did not reveal
any inconsistencies. A comparison of the compressive strengths gives some

indication that the actual w/c ratio may be higher than 0.45 (a brief summary of the
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compressive strengths obtained for this project is provided at the end of this section).
Concrete temperature was controlled using a 37% replacement of mix water with
bagged ice [47 kg/m’ (80 Ib/yd*)] added manually to the ready-mix trucks.

The qualification batch met the minimum requirements set forth in the
specifications and the experience was quite useful to both the ready-mix supplier and
the inspectors. As mentioned previously, however, the supplier used the qualification
batch both to develop and to qualify the mixture simultaneously. The intent of the
specification is to qualify the batch by demonstrating the ability to produce LC-HPC
based on previous trial batches. This ensures that the supplier has produced LC-HPC
a minimum of two times and minimizes the chances that out-of-specification concrete
will affect the contractor’s ability to finish and complete the qualification slab.

Qualification Slab — The concrete delivered for the qualification slab met the
plastic concrete specifications and pumped well, but the delivery was often delayed.
This impeded the contractor’s ability to place, cover, and finish the concrete in a
timely fashion. The delays were primarily a result of two factors: First, the ready-
mix supplier changed the w/c ratio from 0.45 to 0.41 and then back to 0.43 to make
slump adjustments and provide flexibility if additional water was needed to increase
the slump at the construction site. In addition, the supplier only had enough ice on
hand to complete the slab if none of the trucks were rejected. As a result, only one
truck was sent at a time after acceptance testing was performed on the previous truck.
Despite these delays, both the contractor and supplier made significant progress that
would have otherwise had to be accomplished on the bridge deck. The KDOT project
manager agreed by saying “This proves the value of the [qualification] slab. You can
see how much the contractor learned from the beginning to the end of the slab.”

The practice of withholding water and using reduced w/c ratios is allowed, if
not encouraged, by specifications that allow water to be withheld at the ready-mix

plant [up to 10 L/m’ (2 gal/yd®) in this case] and set a maximum (and no minimum)
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w/c ratio. In this particular case, the supplier withheld as much as 13 L/m’ (2.6
gal/yd®) of water resulting in a w/c ratio of 0.41. The ability to adjust the water
content provides flexibility to the contractor but defeats the purpose of qualifying a
specific concrete mixture. In addition, reduced w/c ratios may lead to increased
cracking due to the reduced tensile creep capacity associated with higher strength
concrete. The upcoming specifications do not allow any water to be withheld and
specify both a minimum and maximum w/c ratio.

It should be added that no problems were encountered maintaining consistent
or adequate air contents during concrete placement. An “S-Hook™ attached to the end
of the pump hose (shown in Fig. 5.8) confined the plastic concrete and prevented
significant air loss as the concrete was pumped. A 1.0% loss in air was observed

from one truck that was sampled and tested both before and after being pumped.

Fig. 5.8 — “S-Hook” fitted to the end of the pump discharge hose used to limit air loss
through the pump.

LC-HPC Bridge Deck — Many of the problems that resulted in delays during
the qualification slab were addressed prior to construction of the bridge deck. The

w/c ratio was increased permanently to 0.45 to match the qualified batch, and the
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supplier ordered plenty of ice to complete the entire deck. A summary of the plastic
concrete test results from samples taken on the deck following placement is given in
Table 5.11. The air contents measured varied from 6.5% to 10.5% with an average of
8.0%. Only one sample, with an air content of 10.5%, was outside of the specified
range (6.5 to 9.5%), but fortunately, this concrete was placed in the west abutment
and not the deck. Concrete slump values were consistently high throughout the
placement. Eleven of the 23 samples had a slump greater than 75 mm (3 in.), and
five of the samples exceeded the specified limit of 100 mm (4 in.). The slump varied
from 55 mm (2.25 in.) to 150 mm (6 in.) with an average of 95 mm (3.75 in.).
Concrete temperatures dropped throughout the deck placement from a high of 24° C
(75° F) to a low of 20° C (68° F). A 37% replacement of mix water with ice [47
kg/m® (80 Ib/yd’)] was used throughout the placement to maintain satisfactory

concrete temperatures.

Table 5.11 — Summary of Plastic Concrete Properties for LC-HPC-7

Plastic PropertyT
Bridge - . .
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft5)
43-33 LC-HPC-7 Average 21.9° (71°) 8.0 95 (3.75) 2221 (138.6)
Entire Deck Minimum 20° (68°) 6.5 55(2.25) 2148 (134.1)
Maximum 24° (75°) 10.5 150 (6) 2292 (143.1)

"Test results are from samples taken directly from the bridge deck following placement by pump.

With the exception of the first four trucks, all of the test samples were taken
from the deck after the concrete was placed. This method ensures that the test results
accurately represent the as-placed concrete, but it does not prevent out-of-
specification concrete from being placed in the deck. This problem can be addressed
by visually inspecting the concrete from each truck as it is placed into the pump
hopper from each ready-mix truck and holding back any trucks that do not appear to

meet the specifications.
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The average 28-day compressive strength for lab-cured specimens is 26.1
MPa (3790 psi) compared to an average of 35.1 and 31.7 MPa (5090 and 4600 psi)
for the LC-HPC-1 and LC-HPC-2 placements, respectively. Part of this difference is
due to the absence of a water reducer in the LC-HPC-7 mixture (which typically
increases strength), but may also indicate that LC-HPC-7 was cast with a w/C ratio

greater than 0.45.

5.3.3 LC-HPC Bridges 10 and 8: E 1800 Road and E 1350 Road over US-69

The eighth, ninth, and tenth LC-HPC bridges let are located along US-69 in
Linn County, KS. Unlike the other Kansas LC-HPC bridges, which have steel
girders, LC-HPC-8 and 10 have prestressed girders. These two bridges were
constructed in mid to late 2007, but the last bridge (LC-HPC-9), a steel-girder bridge,
is not scheduled for completion until the spring of 2009. Bridges 8 and 10 are located
north of Pleasanton, KS on East 1350 Road and East 1800 Road over US-69,
respectively. Koss Construction was awarded the project and subcontracted A.M.
Cohron for the bridges. O’Brien Ready-Mix provided the concrete using a mobile
ready-mix plant located 8.2 km (5.1 mi) from LC-HPC-8 and 16.9 km (10.5 mi) from
LC-HPC-10. The dates for the qualification batch, qualification slabs, and LC-HPC
bridge placements are shown in Table 5.12, and the concrete mixture designs,
aggregate gradations, plastic concrete test results, and compressive strength test
results are provided in Appendix D.

LC-HPC-8 and 10 were the first bridges cast with concrete under new
specifications that contained a lower paste content than LC-HPC-1, 2, and 7. This
concrete had a w/c ratio of 0.42, down from 0.45, and a cement content of 317 kg/m’
(535 Ib/yd®), down from 320 kg/m’ (540 Ib/yd®’). These changes resulted in a
reduction in the cement-paste volume from 24.6 (used on the first LC-HPC bridges)

to 23.3%. KU Mix was used to optimize the combined gradation using a total of four
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Table 5.12 — Construction Dates for LC-HPC-8 and 10

Item Constructed Coragfzte d
Qualification Batch 4/11/07
Qualification Slab for LC-HPC-10 4/26/07
LC-HPC-10 5/17/07
Qualification Slab for LC-HPC-8 9/26/07
LC-HPC-8 10/3/07

aggregates: two granite coarse aggregates and two natural sands. In addition, these
decks have corral railings, as opposed to jersey barriers, which require a maximum
sized aggregate (MSA) of 19.0 mm (%-in.) instead of the 25.0 mm (1-in.) MSA used
for the deck. The ready-mix supplier carefully selected four aggregates for the bridge
deck and used the three smallest for the corral rails. The ready-mix supplier used ice
to control the concrete temperature for the bridge placements and a Type A water-
reducer (lignosulfonate-based) to maintain adequate workability.

Qualification Batch — The qualification batch was completed on April 11,
2007, over one month prior to the construction of LC-HPC-10. This batch
successfully met the specifications and was qualified without any adjustments or
additional batches. In this case, the ready-mix supplier prepared for the qualification
batch by trial batching. The slump, air content, and concrete temperature for the
qualified batch were 40 mm (1.50 in.), 8.6%, and 18° C (65° F), respectively. A total
of 5.0 L/m’ (1.0 gal/yd®) of water was withheld from the original mixture design to
obtain the desired slump. For the remaining placements, the supplier planned to
increase the water-reducer dosage and continue to withhold a portion of the mix
water. The supplier planned to add a portion of the withheld water in the field and

hold the water-reducer dosage constant. No measures were required to control the
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temperature of the qualification batch, but the supplier anticipated the need for a
partial replacement of mix water with ice for the bridge placement.

Quialification Slab for LC-HPC-10 — The concrete delivered for the LC-
HPC-10 qualification slab met the plastic concrete specifications and pumped
adequately. The reduced paste content mixture appeared slightly more difficult to
pump than the concrete used for LC-HPC-1, 2, and 7. Delivery of the four trucks
required to complete the placement was slow because the ready-mix supplier first
tested each truck at the batch plant, and a new load was only batched after the
previous load was accepted at the site. This practice resulted in delays of between 18
and 36 minutes between each truck that unnecessarily slowed down the contractor’s
ability to place concrete.

Three of the four trucks were placed smoothly. An “S-Hook™ similar to the
one shown in Fig. 5.8 was used to control air loss. For one of the trucks, additional
water reducer was added at the site at the request of the pump operator, which
increased the slump from 70 mm (2.75 in.) to 130 mm (5 in.). The average slump, air
content, and concrete temperature for the as-placed concrete was 90 mm (3.50 in.),
8.7%, and 20.8° C (70° F), respectively.

LC-HPC-10 — Adequate preparation by the material supplier leading up to the
deck placement played an important role in the successful delivery of LC-HPC, but
construction of the deck was plagued with significant delays finishing and covering
the plastic concrete. Concrete from the first truck was tested for slump and
temperature at the truck discharge, but the air content was measured at the point of
deposit on the bridge deck. The slump and air met the specification with values of 70
mm (2.75 in.) and 16° C (61° F), respectively, but the air content was low (5.5%). By
this time, the second truck had been batched and sent to the site with the same
admixture dosages, producing a measured air content of only 4.9%. Additional air

entraining agent was added at the site, but the air content increased to only 5.1% and
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further delayed placement. Based on the results from these two trucks, the admixture
dosages were adjusted, and concrete from the third truck arrived with an air content
of 11.1% and a slump of 125 mm (5.0 in.). The air content was retested at 8% and
placed in the deck after approximately 20 minutes. The majority of the remaining
trucks met the specifications for slump and air content.

The qualified mixture was designed with a w/c ratio of 0.42, but the
specifications allow as much as 10 L/m’ (2 gal/yd®) to be withheld and added back as
necessary. For this placement, the water content was adjusted for nearly every truck
delivered to the site. This practice resulted in some differences between the design
and actual w/c ratio and paste content for the bridge deck. The w/c ratio ranged from
0.40 to 0.42 with an average of 0.41, and the cement-paste volume ranged from 23.0
to 23.4% with an average of 23.2%. These changes in the w/C ratio and paste volume

are shown in Fig. 5.9.
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Fig. 5.9 — Cement paste volume and w/C ratio versus the cumulative volume of
concrete delivered for LC-HPC-10. Each data point represents one ready-mix truck.
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A summary of the plastic concrete test results from samples taken on the deck
following placement is given in Table 5.13. Air contents varied from 5.1% to 9.2%
with an average of 7.3%, and slumps varied from 45 mm (1.75 in.) to 125 mm (5 in.)
with an average of 80 mm (3.25 in.). Three samples out of 19 had air contents lower
than 6.5%, although two of these were placed in the east abutment, and only two of
the 32 samples for slump exceeded the 100 mm (4 in.) maximum. Concrete
temperatures increased through the placement from 15.6° C (60° F) to 22.2° C (72°
F). The first four ready-mix trucks contained a 27% replacement of water with ice
[36 kg/m’ (60 Ib/yd?)], which was reduced to 20% [27 kg/m® (45 Ib/yd’)] for the

remainder of the deck.

Table 5.13 —Summary of Plastic Concrete Properties for LC-HPC-10

Plastic Property"
Bridge - . .
Temperature,  Air Content, Slump, Unit Weight,
C (F) % mm (in.) kg/m?® (Ib/ft5)
54-60 LC-HPC-10 Average 18.6° (66°) 7.3 80 (3.25) 2212 (138.1)
Deck Minimum 15.6° (60°) 5.1 45 (1.75) 2149 (134.2)
Maximum |  22.2° (72°) 9.2 125 (5) 2276 (142.1)

"Test results are from samples taken directly from the point of discharge on the deck.

Qualification Slab for LC-HPC-8 — A second qualification slab was
required prior to the construction of LC-HPC-8 due to the construction delays that
occurred during the placement of LC-HPC-10. These delays were related to finishing
and covering the deck rather than the LC-HPC, and as a result, a second qualification
batch was not required. For this placement, samples were taken before and after the
pump, which indicated an air loss of 1%. The average slump, air content, and
temperature measured after the pump were 45 mm (1.75 in.), 7.0%, and 18.7° C (66°
F), respectively.

LC-HPC-8 — By the time of this bridge placement, the ready-mix supplier

had satisfactorily produced LC-HPC on four occasions and the contractor was
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preparing for the fourth placement. The ready-mix supplier continued to initially
withhold water from each truck and then add a portion of the water back at the jobsite
to increase workability. The ready-mix supplier held out between 10 L/m® (2 gal/yd?)
and 2.5 L/m’ (0.5 gal/yd’). As a result, the w/c ratio varied between 0.39 to 0.41 with
an average of 0.40, and the paste content varied between 22.6 and 23.2% with an
average of 22.9%. The w/c ratios and paste contents for each ready-mix truck are
plotted in Fig. 5.10. The ready-mix supplier was able to produce concrete that met
the specifications, but for some for some of the batches, the w/c ratio was much lower
than intended by the specification. For future versions of the concrete specification,

none of the design water content may be withheld from the mixture.
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Fig. 5.10 — Cement paste volume and w/c ratio versus the cumulative volume of
concrete delivered for LC-HPC-8. Each data point represents one ready-mix truck.

A summary of the plastic concrete test results from samples taken following
placement through the pump is shown in Table 5.14. Air contents varied from 5.7%
to 10.2% with an average of 7.9%, and slumps varied from 25 mm (1 in.) to 75 mm (3

in.) with an average of 50 mm (2 in.). The first truck was tested before and after
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placement on the deck and the air loss (limited using an “S-Hook™) was 0.6%. Ice
was used to control concrete temperatures, which increased throughout the placement
from 15.0° C (59° F) to a high of 22.8° C (73° F). The first 16 trucks contained a
27% replacement of water with ice [36 kg/m’ (60 1b/yd?)], which was increased first
to 36% [47 kg/m’ (80 1b/yd®)] and then again to 45% [59 kg/m’ (100 Ib/yd*)].

Table 5.14 —Summary of Plastic Concrete Properties for LC-HPC-8

Plastic Property"
Bridge : - ;
Temperature,  Air Content, Slump, Unit Weight,
C (F) % mm (in.) kg/m?® (Ib/ft3)
54-53 LC-HPC-8 Average 19.5° (67°) 7.9 50 (2) 2264 (141.3)
Deck Minimum 15.0° (59°) 5.7 25(1) 2194 (137.0)
Maximum | 22.8°(73°) 10.2 75 (3) 2321 (144.9)

"Test results are from samples taken directly from the point of discharge on the deck.

Summary —The ready-mix supplier was able to provide concrete that met the
specifications by first withholding water and then adding a portion of that water back.
This required a significant amount of work at the jobsite and, at times, unnecessarily
reduced the w/c ratio. The pump seized on one occasion, but for the most part, the
concrete pumped adequately. Air lost through the pump was limited to between 0.6
and 1.0% using an “S-Hook”. The contractor had a difficult time finishing and
covering the plastic concrete with wet burlap during the placement of LC-HPC-10,
but made significantly improvement during the construction of LC-HPC-8.

The compressive strengths for these placements are shown in Fig. 5.11.
Compressive strengths measured at 28 days ranged from 28.2 MPa (4090 psi) to 32.6
MPa (4730 psi) for the lab-cured specimens and from 29.9 to 31.6 MPa (4340 and
4590 psi) for the field-cured specimens.
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Fig. 5.11 — Compressive Strengths for the qualification batch (QB), qualification
slabs (QS-8 and 10), and LC-HPC-8 (8) and LC-HPC-10 (10) bridge placements.

5.34 LC-HPC Bridge 11: K-96 over K&O Railway

The eleventh LC-HPC bridge let and the fifth LC-HPC bridge constructed is
located in Hutchinson, KS on US-50 just east of K-96 over the K&O railroad tracks.
Koss Construction was awarded the project and King Construction was subcontracted
to construct the bridge. Mid-America Redi-Mix, located only 6.0 km (3.7 mi) from
the bridge, provided the LC-HPC. The concrete mix design, individual aggregate
gradations, combined gradation, plastic concrete test results, and compressive
strength test results are provided in Appendix D. A summary of the dates for the
qualification batches, qualification slab, and bridge construction are given in Table
5.15. A total of four qualification batches were required prior to the bridge placement
before the contractor was allowed to proceed with the bridge deck placement.

A summary of the qualification batches, qualification slab, and bridge deck
placement are provided next. For this bridge, however, it is important to first discuss
the working relationships between the ready-mix supplier and Kansas Department of

Transportation (KDOT) officials. Unlike any of the other LC-HPC bridges, KDOT
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Table 5.15 — Construction Dates for LC-HPC-11

Item Constructed Cor[rzzite d
Qualification Batch 1 5/22/07
Qualification Batch 2 5/23/07
Qualification Slab 5/25/07
Qualification Batch 3 6/6/07
Qualification Batch 4 6/7/07
Bridge Deck 6/9/07

representatives took ownership and control over the LC-HPC mixture design. The
mixture design required four aggregates to meet the combined aggregate gradation
specification and had a w/c ratio of 0.42, cement content of 317 kg/m’ (535 Ib/yd?),
and included a Type A/F mid-range water reducer (lignosulfonate-based). This
arrangement worked well due to the inexperience of the ready-mix producer in
working with optimized aggregate gradations.

Qualification Batch — The first qualification batch served as a trial batch to
determine the proper admixture dosage rates. The slump and air content were out-of-
specification, although adequate temperature control was maintained using a partial
replacement of mix water with ice. For the second batch, the admixture dosages were
adjusted to obtain an adequate slump and air content, but no temperature control
measures were taken and the concrete temperature exceeded 24° C (75° F). The
placement of the qualification slab was allowed to proceed despite the first two
unsuccessful qualification batch attempts.

Quialification Slab — Several issues were encountered with the LC-HPC
during the qualification slab, further reinforcing the importance of only qualifying a
batch that meets all of the specification requirements. Temperature control was

obtained by replacing 36% of the mix water with ice [47 kg/m® (80 Ib/yd*)]. Only
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one out of the six trucks arrived with concrete that met the specifications for concrete
temperature, slump, and air content, and despite the short haul time, the inconsistent
and often out-of-specification concrete made construction of the slab disjointed. The
relatively short qualification slab requires a consistent supply of concrete for the
contractor to gain quality experience placing, finishing, and covering the concrete in a
timely fashion. Following the qualification slab, two additional qualification batches
were required to give the ready-mix supplier additional experience consistently
producing LC-HPC that meets the concrete specification.

In addition to delays resulting from out-of-specification concrete, large coarse
aggregate particles and excessive air loss through the pump contributed to difficulties.
The contractor initially began pumping the concrete without any means to limit air
loss through the pump, which resulted in a 4.5% loss in air as the concrete was
pumped. The contractor fitted the hose end with an elbow (shown in Fig. 5.12),
which reduced the air loss to a much more manageable level of only 1%. In addition,
large coarse aggregate particles (an example of which is shown in Fig. 5.13) caused
difficulties pumping the concrete. As a result of these large aggregate particles and
the favorable access to the deck, the decision was made to use a conveyor for the

actual bridge placement.
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Fig. 5.12 — Elbow fitted to the end of the pump hose to limit air lose through the
pump.

Fig. 5.13 — Example of a large coarse aggregate particle taken from the LC-HPC
likely resulting in pumping difficulties.

LC-HPC Bridge Deck — A summary of the plastic concrete test results is
shown in Table 5.16. With the exception of one truck, the concrete samples for
testing were taken prior to placement on the deck. As mentioned previously, a

conveyor was used to place the concrete. The conveyor was positioned with about a
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3.7 m (12 ft) drop through an elephant trunk to the bridge deck (shown in Fig. 5.14).
The trunk provided little, if any, confinement to the concrete and the resulting air loss
was 2.4%. Air contents for samples taken at the ready-mix truck varied from 6.0 to
9.2% with an average of 7.8%. Using the average air content and assuming a uniform
loss of 2.4% air, the average air content for the deck was only 5.4%. The slump
varied from 55 to 100 mm (2.25 to 4 in.) with an average of 80 mm (3 in.). Ice was
used to limit concrete temperatures, which increased slightly from 14.7° C (59° F) to
18.0° C (64° F) as the ambient temperature increased during the placement. Finally,

the average 27-day compressive strength was 32.3 MPa (4680 psi).

Table 5.16 —Summary of Plastic Concrete Properties for LC-HPC-11

Plastic Property"
Bridge : : :
Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
78-119 LC-HPC-11 Average 15.8° (60°) 7.8 80 (3) 2278 (142.2)
Deck Minimum 14.7° (59°) 6.0 55(2.25) 2235 (139.5)
Maximum 18.0° (64°) 9.2 100 (4) 2317 (144.6)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
One load was tested before and after placement and a 2.4% reduction in the air content was observed.
The average air content is reduced to 5.4% with this reduction included.

As with LC-HPC-1 and 7, this bridge emphasizes that the contractor should
not be permitted to proceed with the qualification slab before producing a
qualification batch that meets all of the specified plastic concrete properties. In
addition, concrete test samples should be taken from the point of deposit on the
bridge deck, or if that is not possible, comparative samples taken before and after
placement should be used at the beginning of the placement to establish the air loss.
To help minimize these losses, concrete should not be allowed to free-fall more than
1.5 m (5 ft) and concrete pump discharge hoses should be fitted with a bladder valve,

elbow, or S-Hook attached to the end of the hose.
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Fig. 5.14 — Typical conveyor drop for LC-HPC-11

5.3.5 LC-HPC Bridges 3 through 6: 1-435 Project

The second contract group, containing four LC-HPC bridges, was awarded to
Clarkson Construction Company, and Fordyce Concrete, located approximately 27
km (16.8 mi) from the project, was contracted to provide the concrete. Clarkson and
Fordyce successfully completed LC-HPC-1 and 2 in late 2005 and 2006. Due to the
success of these placements, only one qualification batch and one qualification slab
were scheduled for the four bridges. Four placements were included in the original
contract, but three were removed at the request of the contractor prior to the
placement of any concrete. The construction of these bridges occurred over a two-
month period, from the end of September to the middle of November, 2007. A
complete listing of these dates is provided in Table 5.17.

The concrete mixture design proposed for this project was based on the
mixture previously used by Fordyce for LC-HPC-1 and 2 with three important
distinctions: First, the cement content was reduced from 320 to 317 kg/m® (540 to
535 Ib/yd’), and second, the w/c ratio was reduced from 0.45 to 0.42. These two

changes reduced the paste content from 24.6% to 23.4% and represented the most
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Table 5.17 — Construction Dates for LC-HPC-3 through 6

Item Constructed Cor[rzgtlzte d
Qualification Batch 6/7/07
Qualification Slab 9/14/07
LC-HPC-4 Placement 1 9/29/07
LC-HPC-4 Placement 2 10/2/07
LC-HPC-6 11/3/07
LC-HPC-3 11/13/07
LC-HPC-5 11/14/07

recent laboratory findings to reduce concrete shrinkage (see Section 4.4). In addition,
these changes were already used successfully for LC-HPC-8§, 10, and 11. It should be
noted that these two changes were made voluntarily by the supplier and were not
required (at the time) by the concrete specification. The last change centered on
adjusting the combined aggregate gradation to meet the aggregate specification for
each sieve. As discussed in Section 5.3.1, the combined aggregate gradation for LC-
HPC-1 and 2 was gap-graded and did not have a minimum of 8% percent retained on
the 2.36-mm (No. 8) sieve. Ensuring that gradation satisfied this criterion was
deemed critical due to the further reduction in the paste content for these bridges
compared to the first two LC-HPC bridges.

Two aggregate blends incorporating the same four aggregates were proposed
as alternatives to the blend utilized in LC-HPC-1 and 2. The four aggregates
included: two granite coarse aggregates, coarse manufactured sand, and natural river
sand. The manufactured sand (crushed granite) was selected to fill in the missing
intermediate sieves [2.36-mm and 1.18-mm (No. 8 and No. 16)] because comparable
natural coarse sands were either unavailable or uneconomical. Manufactured sand

was not used on LC-HPC-1 and 2. The first mixture, designed using KU Mix,
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incorporated 33.1% (by weight) manufactured sand, compared to 13.0% for the
alternate mixture designed by the ready-mix supplier. The complete blends for both
mixtures are provided in Table 5.18. There were some concerns that the
manufactured sand may result in difficulties pumping and finishing the concrete due
to the angular nature of the sand. As a result of these discussions, both of the

mixtures were used (and evaluated) for the qualification batch and qualification slab.

Table 5.18 — Proposed Aggregate Blends for LC-HPC-3 through 6

KU Mix Alternate

Aggregate Name Blend Mix Blend

Granite — 25 mm (1.0 in.) Maximum Aggregate Size 23.9% 22.0%
Granite — 19 mm (% in.) Maximum Aggregate Size 25.6% 29.0%
Manufactured (crushed granite) Coarse Sand 33.1% 13.0%
Natural River Sand 17.4% 36.0%

The combined aggregate gradations for the two proposed mixtures, titled KU
Mix and alternate mix, are shown in Figs. 5.15 and 5.16, and the modified coarseness
factor chart (MCFC) is shown in Fig. 5.17. The optimum gradations (calculated
using KU Mix), approved design gradations, and the actual as-delivered gradations
are shown for both mixtures. The approved design gradations are based on gradations
provided by the supplier to qualify the mixture. The supplier only had enough
material stockpiled to complete the qualification batch and qualification slab so
additional aggregate was ordered prior to the construction of the first bridge deck,
LC-HPC-4. The newly delivered aggregate arrived with different gradations, but was
combined using the originally approved blends. With the new aggregate gradations,
the actual combined gradations were significantly finer than the design gradations
and nearly shifted into Zone IV of the MCFC. The actual KU Mix gradation had
excess material retained on both the 0.15-mm (No. 100) sieve and the pan, and the

actual alternate gradation had excess material retained on the 0.15-mm (No. 100)
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sieve. Despite this fact, placement proceeded without accounting for the “as-

delivered” gradations.
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Fig. 5.15 — Combined Design Gradation (used for the qualification batch and slab)
and Combined Actual Gradation (used for the LC-HPC bridges).
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Unfortunately, difficulties pumping and finishing the concrete, which became
apparent only after the placement of the qualification slab (some of which resulted
because of changes in the pumping equipment), resulted in a number of changes to
the mixture throughout the project to provide more workability and pumpability. Part
of these difficulties resulted from the angular manufactured sand and from over-
estimated free-surface moistures (F.S.M.) of the manufactured sand. The ready-mix
supplier stockpiled the manufactured sand next to a lightweight aggregate bin that
was continuously saturated. As a result, it was difficult (or impossible) to both
accurately measure the moisture content and ensure uniformity throughout the
stockpile. The reported free-surface moisture for the manufactured sand varied from
a 3.9% all the way to 7.1% throughout the placement of these decks. In retrospect,
most of the readings were considered to be overestimates of the true moisture content.
The mixture designed using KU Mix was affected the most by over-estimated free
surface moistures due to the relatively high percentage included in the mixture.
Details of the mixtures used for each placement are provided in Table 5.19. The
complete concrete mixture designs, aggregate gradations, plastic concrete test results,

and compressive strength test results are provided in Appendix D.

Table 5.19 — Construction Dates for LC-HPC-3 through 6

Item Constructed I\gi;tig;e WI/C Ratio I\gz?]léfliglj\rﬂe'd R\:avdautu?:;r
Qualification Batch Both 0.42 -- Mid-RangeJr
Qualification Slab Both 0.42 - Mid-Range'
LC-HPC-4 Placement 1 | KU Mix 0.42 6.5-7.1% Mid-RangeJr
LC-HPC-4 Placement 2 | Alternate 0.42 4.0% Mid—RangeT
LC-HPC-6 Alternate 0.45 5.8% High—Rangei
LC-HPC-3 Alternate 0.45 3.9- 45% | High-Range*
LC-HPC-5 Alternate | 0.42 —0.45 4.5% High-Range:t

TType A/F lignosulfonate-based mid-range water reducer.
Type A/F polycarboxylate-based high-range water reducer.
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Qualification Batch — The KU Mix mixture design and the alternative
mixture design were batched and evaluated on June 7, 2007. A 49% replacement of
water with ice [65 kg/m® (110 1b/yd®)] was used with chilled water to control the
concrete temperature. A summary of the plastic concrete properties after a 27 minute
simulated haul is shown in Table 5.20. The KU Mix had a temperature of 21.7° C
(71° F), an air content of 9.6%, and a slump of 100 mm (4 in.). The slump actually
increased from 90 mm (3.5 in.) to 100 mm (4 in.) during the simulated haul as the ice
melted. The batch exceeded the maximum allowable air content of 9.5%, but despite
this fact, the batch was accepted in order “to limit the amount of concrete wasted.”
The supplier and transportation officials were satisfied with the mixture and deemed
it suitable for use in the qualification slab.

In addition to the KU Mix, the supplier batched the alternate mixture in an
attempt to quantify the effect of the manufactured sand on the workability of the two
proposed mixtures. The KU mixture contained 33.1% manufactured sand (by weight)
compared to only 13.0% for the alternate mixture. The alternate mixture was batched
with the same air entraining agent and mid-range water reducer dosage as the
qualified KU Mix. The air content was nearly identical, but the slump was 25 mm (1
in.) greater. The slump for this batch clearly did not meet the concrete specification
although once again, the results were accepted. This comparison appeared to indicate
that the increased percentage of the angular manufactured sand reduced the
workability of the mixtures, but the difference was not significant enough to
distinguish between the two mixtures in a practical sense, and the decision was made
to again test both mixtures at the qualification slab.

Qualification Slab — The qualification slab was completed successfully on
September 14, 2007. No significant construction-related issues arose during the
placement, finishing, or covering operations, and following examination of several

cores taken from the slab to assess consolidation, the contractor was given permission
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Table 5.20 —Summary of Plastic Concrete Properties for the Qualification Batch of
LC-HPC-3 through 6

Plastic Property"
Qe et [EEeh Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft5)
KU Mix 21.7° (71°) 9.6 100 (4) 2175 (135.8)
Alternate Mix 22.2° (72°) 9.5 125 (5) 2207 (137.8)

"Test results are from samples taken directly from the ready-mix truck after a 27 min. simulated haul.

to proceed with the bridge deck placements. As discussed previously, the
qualification slab was placed using two mixtures: the KU Mix containing 33.1%
manufactured sand and an alternate mixture containing only 13.0% manufactured
sand. The mixtures were evaluated side-by-side for pumpability and finishability and
the KU Mix was selected for use in the bridge deck placements. The increased
percentage of manufactured sand did not appear to adversely affect the concrete’s
plastic properties.

The first two ready-mix trucks contained the alternate mixture and the
remaining two trucks contained the mixture designed using KU Mix. Concrete was
placed using a relatively small pump without a fixture attached to the discharge hose
to limit air loss (e.g. bladder valve or “S-Hook”). The plastic concrete test results for
the four trucks are provided in Table 5.21. The first and third trucks were tested
before and after placement through the pump to determine the effect of pumping on
the air content, and in both cases, the air content actually increased by 1% for the
alternate mixture and 0.1% for the mixture designed using KU Mix. The slumps,
measured before placement in the slab, were 70 and 55 mm (2.75 and 2.25 in.) for the
alternate mixture and 40 and 35 mm (1.5 in.) for the KU Mix. Concrete temperatures
were controlled using ice and chilled water and did not exceed 19.4° C (67° F). The
different slumps of the two mixtures made a direct comparison difficult; however,

both of the mixtures pumped and finished well, and in the judgment of the contractor,
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KDOT officials, and KU personnel, the mixture designed using KU Mix was more

than suited for use in the upcoming bridge decks.

Table 5.21 —Summary of Plastic Concrete Properties for the Qualification Slab of
LC-HPC-3 through 6

Plastic Property"
Quellineien Sl Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
Truck #1: Alternate Mix, Out of Truck 18.5° (65°) 7.0 70 (2.75) 2220 (138.6)
Truck #1: Alternate Mix, After Pump 18.0° (64°) 8.0 70 (2.75) 2222 (138.7)
Truck #2: Alternate Mix, Out of Truck 17.0° (63°) 7.0 55(2.25) 2226 (139.0)
Truck #3: KU Mix, Out of Truck 17.0° (63°) 6.9 40 (1.5) 2232 (139.3)
Truck #3: KU Mix, After Pump 19.5° (67°) 7.0 45 (1.75) 2218 (138.5)
Truck #4: KU Mix, Out of Truck 16.5° (62°) 5.6 35(1.5) 2274 (142.0)

LC-HPC-4 Bridge Deck — The first bridge cast in this four bridge series was
originally planned as one placement scheduled for September 29, 2007. The
placement began as scheduled, but an electrical outage at the ready-mix plant halted
construction approximately one-third of the way through the placement. While this
outage ultimately stopped the placement, the ready-mix producer was not able to
consistently supply concrete that met the specifications, and the contractor was not
able to effectively pump the LC-HPC. Just prior to the electrical outage, the
contractor and ready-mix supplier made the decision to switch from the KU Mix to
the alternate mixture to reduce the quantity of manufactured sand — which they
deemed the problem.

A number of factors contributed to the difficulties that occurred during the
first LC-HPC-4 placement. First, a different and much larger pump was used for the
bridge placement than was used for the qualification slab. For conventional concrete
with relatively high paste contents and slumps, switching between pumps is generally
not a concern; this is not the case for the low paste volume LC-HPC. Smaller pumps

operate at higher pressures with smaller stroke lengths compared to larger pumps.
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The KU Mix pumped adequately with the high pressure smaller pump used for the
qualification slab, but when a much larger pump was used to reach the elevated
bridge placement, the mixture pumped poorly. The contractor was allowed to
proceed with the bridge placement and the mixture designed using KU Mix
(containing 33.1% manufactured sand) was selected based on the successful
completion of the qualification slab. A clear lesson is that any changes to approved
and qualified materials or equipment should have been tested and reapproved prior to
any bridge placements.

In addition to using a different pump, the ready-mix supplier consistently had
a difficult time meeting the specifications for slump and air content. The first two
trucks were delivered to the site with slumps of 30 and 18 mm (1.25 and 0.75 in.) and
air contents of 7.8 and 6.8% measured directly from the truck. These two batches
pumped and finished poorly. The admixture dosages were adjusted for the third truck
which arrived with a slump of 100 mm (4 in.) and an air content of 10.4%, well above
the maximum allowable air content of 9.5%. This truck was rejected, and problems
continued throughout the placement. The ready-mix supplier found that as the slump
was increased to between 75 and 100 mm (3 and 4 in.) by adding more mid-range
water reducer, the air content also increased — often above the maximum allowed.
After struggling with the mixture designed using KU Mix, the decision was made to
switch to the alternate mixture containing only 13.0% manufactured sand. Before this
mixture could be batched, however, a power outage occurred at the ready-mix plant
forcing the end of placement operations. Two trucks with air contents of 11.6 and
10.6% were accepted before shutting down to reach a header placed in the negative
moment region.

Part of the problem in obtaining consistent plastic concrete properties likely
resulted from an over-estimated free-surface moisture of the manufactured sand. The

ready-mix supplier stockpiled the sand next to a lightweight aggregate pile that was
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continuously saturated. The reported free-surface moisture for the manufactured sand
appears to have been over-estimated at 7.1% for the first truck, which was reduced
slightly to 6.5% for the remaining 16 trucks. This moisture content was reduced
further to 4.0% for the second LC-HPC-4 placement cast only three days later. If the
correct moisture content of the manufactured sand had been only 4.0% on the first
placement, the actual w/c ratio for the first placement would have been 0.37
compared to the design w/c ratio of 0.42.

The average plastic properties for samples taken directly from the ready-mix
truck prior to placement on the deck for the first LC-HPC-4 placement are presented
in Table 5.22. The first truck was tested before and after pumping to establish the
slump and air content changes through the pump. The slump was unchanged while
the air content dropped by 0.8%. A bladder valve (similar to the one shown in Fig.
5.8) was used to limit air loss. Air contents ranged from 6.8% to 11.6% with an
average of 8.7% (7.9% with the 0.8% air loss removed), and slump values ranged
from 20 to 105 mm (0.75 to 4.25 in.) with an average of 50 mm (2 in.). Concrete

temperatures were controlled using chilled water and ice.

Table 5.22 —Summary of Plastic Concrete Properties for LC-HPC-4 Placement 1

Plastic Property"
Bridge - . .
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft5)
46-339 LC-HPC-4 Average - 8.7 50 (2) 2202 (137.4)
Placement 1 Minimum -- 6.8 20 (0.75) 2116 (132.1)
Maximum - 11.6 105 (4.25) 2255 (140.8)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
One load was tested before and after placement through the pump and a 0.8% reduction in the air
content was observed.

The bridge deck was completed with a second placement on 10/2/07 — three
days after the first placement was halted. For this placement, the contractor did not

use a bladder valve to limit air loss through the pump. Prior to moving forward with
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the second placement, 3.1 m’ (4 yd®) of the alternate mixture was pumped with the
same type and size of pump required to complete the bridge deck. The concrete used
to test the pump arrived with a slump of 100 mm (4 in.) and an air content of 11.4%.
The concrete pumped well and gave the contractor and ready-mix supplier confidence
to move forward with the deck placement despite the high air content and slump
values. The actual deck placement went smoothly with only a few small delays at the
beginning and end of the deck. The concrete pumped well for the entire placement,
and the ready-mix supplier was able to consistently produce concrete that met the
specifications for nearly the entire deck.

The first truck was tested before and after placement on the deck, indicating a
2.0% air was loss through the pump. This was significantly higher than occurred for
the first placement, where only 0.8% air was lost, due to the absence of any measures
used to restrict concrete flow and limit air loss. Acceptance testing for the remaining
concrete occurred prior to placement on the deck. All of the slumps met the
specifications, but three trucks with slightly elevated air contents (9.6, 9.8, and
10.4%) were placed in the deck because it was assumed that the concrete would lose
2.0% air through the pump. There was some confusion among the inspectors as to
whether or not these trucks should be accepted, and no attention was given to trucks
with concrete near the low end of the specification.

A summary of the plastic properties for the second LC-HPC-4 placement is
presented in Table 5.23. Slumps ranged from 135 to 100 mm (1.5 to 4 in.) with an
average of 80 mm (3 in.), and air contents ranged from 7.2% to 10.4% with an
average of 8.8%. The average air content decreases to 6.8% when the 2.0% air loss is
subtracted. Concrete temperatures were again controlled using chilled water and ice.
Temperatures ranged from 15.0° to 21.7° C (64° to 71° F) with an average
temperature of 17.5° C (64° F). A 28% replacement of mix water with ice [48 kg/m’
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(80 Ib/yd*)] was used for the first several trucks, which was reduced to 21% [36
kg/m® (60 1b/yd®)] and finally to 14% [24 kg/m® (40 1b/yd?)].

Table 5.23 —Summary of Plastic Concrete Properties for LC-HPC-4 Placement 2

Plastic Property"
Bridge : - ;
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft3)
46-339 LC-HPC-4 Average 17.5° (64°) 8.8 80 (3) 2210 (137.9)
Placement 2 Minimum 15.0° (59°) 7.2 35(1.5) 2164 (135.1)
Maximum | 21.7° (71°) 10.4 100 (4) 2260 (141.1)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
One load was tested before and after the pump and a 2.0% reduction in the air content was observed.

LC-HPC-6 Bridge Deck — The second bridge in this project was constructed
in early November when no measures were needed to limit the plastic concrete
temperatures, but the deck and girders were covered and heated to ensure that their
temperatures never fell below 4.4° C (40° F) during the 14-day curing period. The
alternate concrete mixture was used for the placement with two significant changes:
First, the w/c ratio was increased from 0.42 to 0.45, and second, a Type A/F high-
range water reducer (polycarboxylate-based) replaced the mid-range water reducer
(lignosulfonate-based). The free-surface moisture content of the manufactured sand
was set at 5.8% for the entire placement, compared to 6.5% and 4.0% for the first and
second LC-HPC-4 placements, respectively. These changes did not appear to
improve the plastic properties of the concrete.

The majority of concrete testing was performed on concrete taken directly
from the ready-mix truck prior to placement on the deck. Concrete from two ready-
mix trucks was tested before and after placement on the deck to establish the amount
of air lost through the pump. A bladder valve was attached to the discharge hose and
limited air loss to 0.6% and 1.4% when measured on the deck, but when the pump
boom was positioned straight up and down, the air loss increased to 2.9%. Of the

tests performed directly from the ready-mix trucks, 12 of the 27 slump tests and 9 of
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the 15 air tests did not meet the specifications. All of these tests exceeded the
maximum allowable limits [100 mm (4 in.) slump and 9.5% air]. Many of these loads
were placed in the deck, but a few were set aside for several minutes and then placed
in the deck without retesting.

The plastic concrete properties for LC-HPC-6 are summarized in Table 5.24.
Slumps ranged from 60 to 140 mm (2.25 to 5.5 in.) with an average of 95 mm (3.75
in.), and air contents measured directly at the truck ranged from 7.5 to 11.5% with an
average value of 9.5%. Concrete temperatures ranged from 15.3° to 17.8° C (52° to
64° F) with an average of 15.3° C (60° F). When the average air loss through the
pump is subtracted from the average air content, the expected “as-placed” air content

reduces to 8.5%.

Table 5.24 —Summary of Plastic Concrete Properties for LC-HPC-6

Plastic Property"
Bridge - . .
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft3)
46-340 LC-HPC-6 Average 15.3° (60°) 9.5 95 (3.75) -
Unit 2 Minimum 11.1°(52°) 7.5 60 (2.25) --
Maximum | 17.8° (64°) 11.5 140 (5.5) -

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
Two loads were tested before and after the pump, and on average, a 1.0% reduction in the air content
was observed.

LC-HPC-3 Bridge Deck — The third LC-HPC deck in this project was cast on
11/13/07 with clear guidelines for concrete testing and acceptance. The rule was
simple: no concrete with a slump greater than 100 mm (4 in.) or an air content greater
than 9.5% would be placed in the deck. All concrete was sampled from the ready-
mix truck prior to placement on the deck to ensure that no out-of-specification
concrete was placed in the deck. Concrete that did not meet the specifications for
slump would be rejected or set aside and retested prior to placement. Concrete with

an air content that exceeded 9.5% was either tested on the deck after pumping or set
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aside and retested after several minutes. A total of five trucks with either a high air
content, high slump, or both were set aside, retested, and subsequently placed into the
deck. The establishment of these guidelines eliminated the ambiguity that existed on
the three previous placements and gave inspectors a clear procedure to follow.

The alternate concrete mixture used for the LC-HPC-6 placement, with a w/c
ratio of 0.45, was also used for this placement. The concrete surface was somewhat
difficult to finish and required considerable work with a bullfloat to remove surface
irregularities. Air loss through the pump was limited to 1.6%, 1.1%, and 1.5% using
a bladder valve for three trucks tested before and after placement.

The average plastic concrete properties for LC-HPC-3 are shown in Table
5.25. All of the concrete placed in the deck met the specifications for slump with
values ranging from 45 to 100 mm (1.75 to 4 in.). Four trucks with slumps greater
than 100 mm (4 in.) were set aside for 10 to 20 minutes and retested prior to
placement in the deck. Air content values ranged from 6.5% to 10.5% with an
average of 8.7% (7.3% when the average air loss through the pump is subtracted).
One truck with an air content of 12.0% was allowed to sit for 10 minutes and retested.
The air content dropped 2.8% to 9.2%, and the concrete was placed in the deck. The
last two ready-mix trucks tested had air contents of 10.5% and 10.0% and were
allowed to be placed in the deck. The concrete load with an air content of 10.5% was
retested on the deck and found to be 9.0%. The second truck was assumed to behave
similarly and was not retested.

LC-HPC-5 Bridge Deck — The last bridge in this project, LC-HPC-5, was
cast one day following LC-HPC-3. No measures were taken to control the concrete
temperature, although as with LC-HPC-3 and 6, the deck and girders were covered
and periodically heated to ensure that their temperatures never dropped below 4.4° C
(40° F) during the 14-day curing period. The concrete mixture initially selected for

this placement was the same as the concrete used for the LC-HPC-4 Placement 2
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Table 5.25 —Summary of Plastic Concrete Properties for LC-HPC-3

Plastic Property"
Bridge : . .
Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
46-338 LC-HPC-3 Average 14.3° (58°) 8.7 85(3.25) --
Deck Minimum 11.1°(52°) 6.5 45 (1.75) --
Maximum 16.7° (62°) 10.5 100 (4) --

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
Three loads were tested before and after the pump, and on average, a 1.4% reduction in the air content
was observed reducing the average air content expected on the deck to 7.3%.

except that a polycarboxylate-based high-range water reducer was used instead of a
lignosulfonate-based mid-range water reducer. For this placement, the alternate
mixture was used in conjunction with a w/c ratio of 0.42, but the w/c ratio was
increased from 0.42 to 0.45 during the placement due to problems pumping the lower
w/c ratio mixture. The free-surface moisture content of the manufactured sand was
set at 4.5% for the entire placement.

Concrete was tested at the ready-mix truck prior to placement on the deck. As
with many of the other placements, the first truck was tested before and after
pumping to establish the air content lost during placement. Air loss for concrete
taken from the first truck was limited to 0.6% with the use of a bladder valve. The
plastic concrete test results met the specifications for all but three of the ready-mix
trucks. The plastic concrete properties are summarized in Table 5.26. Slumps ranged
from 50 to 100 mm (2 to 4 in.) with an average of 80 mm (3 in.), and air contents
measured directly at the truck ranged from 6.8 to 10.3% with an average value of
8.7%. When the 0.6% air loss is subtracted from the average air content, the
approximate air content expected in the deck is decreased to 8.1%. Concrete
temperatures ranged from 13.9° to 17.8° C (57° to 71° F) with an average of 15.9° C
(61° F).
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Table 5.26 —Summary of Plastic Concrete Properties for LC-HPC-5

Plastic Property"
Bridge : . .
Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
46-340 LC-HPC-5 Average 17.5° (61°) 8.7 80 (3) 2236 (139.6)
Unit 1 Minimum 15.0° (57°) 6.8 50 (2) 2181 (136.1)
Maximum 17.8° (64°) 10.3 100 (4) 2294 (143.2)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
One load was tested before and after the pump, and a 0.6% reduction in the air content was observed,
reducing the average air content expected on the deck to 8.1%.

The plastic concrete test results were consistent throughout the placement;
however, the contractor continued to have difficulties pumping the LC-HPC with a
w/c ratio of 0.42. The pump seized on three separate occasions while the first seven
trucks were being unloaded. These problems resulted in several delays that, at one
point, resulted in ready-mix trucks waiting to begin discharge for 45 minutes or more.
The supplier began to add 2.5 kg/m’ (0.5 gal/yd®) of water to the next seven trucks in
an effort to improve the pumpability and avoid any additional delays. Shortly
thereafter, the design w/c ratio was increased 0.42 to 0.43 to provide a clear record of
the mixtures used in the deck. The 0.43 w/c ratio mixture did not appear to pump any
easier, and the design w/C ratio was again increased to 0.45 — matching the w/cC ratio
of LC-HPC-3 and 6. Increasing the w/c ratio from 0.42 to 0.45 increased the paste
content from 23.4% to 24.4%, and made the concrete more pumpable. The paste
content and W/c ratio are plotted for each ready-mix truck in Fig. 5.18.

Summary — Several challenges related to the LC-HPC were faced during the
construction of LC-HPC-3 through 6. Adjustments were made throughout the project
to address these issues, and in the process, several important lessons were learned.
For these bridges, the most critical aspect was the ability, or inability, to adequately
pump the mixture. These issues should be addressed during the qualification slab;

however, for this project, a different pump was used for the qualification slab than for
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Fig. 5.18 — Cement paste volume and w/C ratio versus the cumulative volume of
concrete delivered for LC-HPC-5. Each data point represents one ready-mix truck.

the bridge placements. A small pump, which operates at much higher pressures,
pumped the concrete without any problem during the qualification slab. A much
larger pump that operates at lower pressures was required to reach the elevated bridge
decks. The large pump had a difficult time pumping the mixture originally planned
for this series of LC-HPC decks.

The original mixture, with a w/c ratio of 0.42 designed using KU Mix, relied
on a large percentage of manufactured sand (crushed granite) to fill in the middle
aggregate sizes. This angular sand increased particle interference and reduced both
the workability and pumpability of the mixture. Overestimated free-surface
moistures of the manufactured sand compounded the difficulties — especially for the
mixture designed using KU Mix that contained a much larger proportion of the
manufactured sand. After the first placement, the ready-mix supplier switched to an
alternate mixture with a w/C ratio of 0.42 that less than half the quantity of

manufactured sand. The alternate mixture pumped adequately, but the decision was



317

made to increase the w/C ratio to 0.45 and replace the lignosulfonate-based mid-range
water reducer with a more efficient polycarboxylate high-range water reducer. These
two changes improved both the workability and pumpability of the mixture for LC-
HPC-6 and LC-HPC-3. The w/c ratio was briefly dropped to 0.42 for the last bridge,
LC-HPC-5, but the mixture again pumped poorly, and the w/c ratio was increased
back to 0.45.

The 28-day compressive strengths for the four LC-HPC bridges are shown in
Fig. 5.19. The cylinders cast for LC-HPC-4 (Placement 2) and LC-HPC-5 have wi/c
ratios of 0.42. A mid-range water reducer (MRWR) was used for LC-HPC-4 and a
high-range water reducer (HRWR) was used for LC-HPC-5. The HRWR more
efficiently deflocculates cement particles, which results in increased compressive
strengths compared to concretes containing a MRWR. The difference in water
reducers accounts for at least part of the 10.9 MPa (1580 psi) difference in strength
observed for the two concrete mixtures. The remaining two bridge decks, LC-HPC-3
and 6, were cast with a 0.45 w/c ratio and a HRWR. The compressive strengths for
these decks were 40.3 and 41.3 MPa (5850 and 5990 psi), respectively. These
strengths are higher than the strengths observed for the three LC-HPC-1 and 2
placements, also cast with a w/c ratio of 0.45 and a MRWR. Compressive strengths

for the earlier placements ranged from 31.7 to 35.9 MPa (4600 to 5210 psi).

5.3.6 LC-HPC Bridge 14: Metcalf over Indian Creek

The final LC-HPC bridge let to date is located in Overland Park, KS on
Metcalf Ave. over Indian Creek and is a city project rather than a Kansas Department
of Transportation (KDOT) project. Pyramid Construction was awarded the project
and Fordyce provided the concrete. By the end of the project, Fordyce Concrete had
provided the ready-mix concrete for seven of the 14 LC-HPC bridges. Fordyce
concrete is located approximately 29 km (18.0 mi) from the bridge location. The

individual aggregate gradations, combined gradation, plastic concrete test results, and
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Fig. 5.19 — Compressive Strengths for LC-HPC-3 through 6

compressive strength test results are provided in Appendix D. A summary of the
completion dates for the qualification batch, qualification slab, and the three bridge

placements are shown in Table 5.27.

Table 5.27 — Construction Dates for LC-HPC-14

Item Constructed Coragigte d
Qualification Slab 11/13/2007
LC-HPC-14 Placement 1 12/19/2007
LC-HPC-14 Placement 2 5/2/2008
LC-HPC-14 Placement 3 5/21/08

As indicated in Table 5.27, the ready-mix supplier was not required to
complete a qualification batch since the same ready-mix supplier was producing
concrete for LC-HPC-3 through 6 at approximately the same time. The concrete
mixture originally planned for LC-HPC-14 was the alternate mixture (used for LC-

HPC-4 and 5 described in Section 5.3.5) with a w/c ratio of 0.42 and a cement content
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of 317 kg/m’ (535 Ib/yd’) incorporating a Type A/F high-range water reducer
(polycarboxylate-based). The same combined aggregate gradation with excess
material on the 0.15-mm (No. 100) sieve (Fig. 5.16) that plots near Zone IV on the
modified coarseness factor chart (Fig. 5.17) was used throughout the project. A
number of the same difficulties encountered in the previous bridges were encountered
in LC-HPC-14. Following suspension of a first attempted placement on 11/19/07 due
to a blown gasket on the pump, the w/c ratio was increased to 0.45 and a conveyor
was used for the remaining placements. A summary of the qualification slab and the
three bridge placements is provided next.

Qualification Slab — The qualification slab was completed successfully on
November 13, 2007. The ready-mix supplier delivered the alternate LC-HPC mixture
with a w/c ratio of 0.45 rather than 0.42. The contractor was able to finish and cover
the slab in a timely fashion without any difficulties. Following placement of the
mixture with a w/c ratio of 0.45, additional concrete was ordered with a w/c ratio of
0.42. The slump and air content for this concrete was 75 mm (3 in.) and 7.4%,
respectively.  Both mixtures pumped and finished easily with no significant
difference between the two. The decision was made to move forward with the first
bridge placement using the mixture with a w/cC ratio of 0.42.

LC-HPC-14 Deck Placements — The first attempt at the first placement for
LC-HPC-14 occurred on November 19, 2007, but the placement was halted due to a
number of problems, including out-of-specification concrete and significant
difficulties pumping the concrete. These difficulties began immediately. Several
ready-mix trucks arrived with air contents and slumps that exceeded the maximum
values when measured from samples taken directly from the trucks. These trucks
were set aside, and after 15 minutes, concrete from most of these trucks met the
specifications. One truck was rejected. The accepted concrete was placed and tested

on the deck where it was determined that approximately 2% air and 25 mm (1 in.) of
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slump were lost through the pump. No measures (e.g. bladder valve or “S-Hook™)
were taken to limit the air loss. Due to these large variations that were a function of
the concrete testing location, the acceptance testing was moved to the pump
discharge.

Concrete from the trucks that were allowed to sit began to become difficult to
pump. The difficulties were compounded as pumping delays began to cause several
trucks to lineup waiting to discharge. By the time concrete from these trucks was
being placed, the concrete was not workable and eventually the pump blew a gasket.
By the time the gasket was replaced, the pump lines were clogged and the placement
was cancelled. As a result, the contractor removed the deck (but not the end-wall)
concrete and re-placed a portion of the reinforcing steel.

The second attempt at the first placement was completed successfully on
December 19, 2007 using a conveyor rather than a pump. In addition to that change,
the w/c ratio was increased from 0.42 to 0.45 and concrete with slumps of up to 125
mm (5 in.) was accepted. The conveyor was positioned so that the concrete dropped
approximately 4 m (13.1 ft), which resulted in an air loss of between 2 and 2.5%. In
general, the placement went smoothly with the exception of two problems that may
result in increased cracking. First, the contractor spent a considerable amount of time
finishing the concrete surface with a bullfloat. This increased the amount of time
before the surface was covered with wet burlap by at least 10 minutes throughout
most of the placement. In addition, the contractor used water from the fogging
system to aid finishing the deck surface. The second problem involved over-heating
the supporting girders during the curing period. Several heaters were placed beneath
the deck to ensure that both the concrete deck and the steel girder temperatures were
maintained between 12.8° and 21.1° C (55° and 70° F) throughout the curing period

(as required by the specifications). These requirements were met for the entire curing
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period, except for the day of placement when air temperatures measured under the
deck, next to the girders, rose as high as 29.4° C (85° F).

A summary of the plastic concrete properties is presented in Table 5.28.
Slumps ranged from 45 to 135 mm (1.75 to 5.25 in.) with an average of 95 mm (3.75
in.), and air contents measured directly at the truck ranged from 7.8 to 9.7% with an
average value of 8.7%. When the 2 to 2.5% air loss is subtracted from the average air
content, the estimated average air content for concrete in the deck is between 6.2 and
6.7%. No measures were necessary to control concrete temperatures, which ranged
from 15.6° to 20.6° C (60° to 69° F) with an average of 18.1° C (65° F). Twenty-
eight day compressive strengths measured for 12 lab-cured cylinders varied from 27.3

to 34.7 MPa (3960 to 5030 psi) with an average of 30.6 MPa (4440 psi).

Table 5.28 — Summary of Plastic Concrete Properties for LC-HPC-14 Placement 1

Plastic Property"
Bridge - . .
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft3)
LC-HPC-14 Average 18.1° (65°) 8.7 95 (3.75) 2237 (139.7)
Placement 1 Minimum 15.6° (60°) 7.8 45 (1.75) 2188 (136.6)
Maximum |  20.6° (69°) 9.7 135 (5.25) 2274 (142.0)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
Air loss resulting from the conveyor drop was estimated at 2 to 2.5%, making the average air content
6.2 to 6.7%.

The second placement was completed the following May, again using a
conveyor for placement. The first placement (adjacent to the second placement) was
completely closed to traffic for slightly under 72 hours due to concerns that increased
settlement cracking would result due to traffic vibrations. For this placement, a
double-drum (rather than single-drum) roller screed, metal-pan drag, and a burlap
drag were used to finish the concrete surface. Bullfloating was mainly limited to the

north end of the deck where the finishing operations were delayed due to an
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insufficient quantity of concrete early in the placement. In general, the finished deck
was covered more quickly than for the first placement.

It was clear from the second placement that Overland Park officials were
influenced by the contractor to accept concrete with slumps that exceeded the
maximum slump of 100 mm (4 in.). The contractor used the first failed attempt at the
first placement as justification for the need to use elevated slumps [which often
exceeded 100 mm (4 in.)]. All of the LC-HPC-14 placements will be monitored
closely for increased settlement cracking compared to the other placement due to the
increased potential resulting from high slumps.

A summary of the plastic concrete properties is presented in Table 5.29. The
concrete was sampled directly from the ready-mix trucks. Two samples were tested
at the truck and after placement on the deck, and the resulting air loss was 1.4% and
2.4%. For the samples taken directly from the truck, slumps ranged from 65 to 150
mm (2.5 to 6 in.) with an average of 110 mm (4.25 in.), and air contents ranged from
7.0 to 11.0% with an average value of 9.8%. When the 1.9% average air loss is
subtracted from the average air content, the estimated average air content for concrete
in the deck is 7.9%. A partial replacement of mix water with ice and chilled water
was used to control concrete temperatures. The temperature ranged from 17.2° to
18.3° C (63° to 65° F) with an average of 18.1° C (65° F). Twenty-eight day
compressive strengths measured for eight lab-cured cylinders varied from 19.2 to
33.1 MPa (2790 to 4800 psi) with an average of 25.6 MPa (3710 psi).

The third and final placement was completed on May 21, 2008. A conveyor
was used to place the concrete and a double-drum roller screed, followed by a metal-
pan drag and a bullfloat or burlap drag, was used to finish the concrete surface.
Initially, a bullfloat was used to finish the surface but was later replaced with a burlap
drag. The concrete surface finished easily, although this was attributed to slumps

which were never measured below 110 mm (4.25 in.).
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Table 5.29 —Summary of Plastic Concrete Properties for LC-HPC-14 Placement 2

Plastic Property"
Bridge Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
LC-HPC-14 Average 17.9° (64°) 9.8 110 (4.25) 2213 (138.1)
Placement 2 Minimum | 17.2° (63°) 7.0 65 (2.5) 2157 (134.7)
Maximum |  18.3° (65°) 11.0 150 (6) 2284 (142.6)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
The average air loss resulting from the conveyor drop was measured at 1.9%, making the average air
content 7.9%.

A portion of the mix water [5 L/m’ (1 gal/yd®)] was initially withheld from the
mixture, although in nearly every case, the water was added back to the truck prior to
discharge. For this placement, the ready-mix trucks were required to use extended
chutes to reach the conveyor hopper. Only half of this length was used for the other
LC-HPC bridge placements. As a result, the chute angle was shallow which required
high-slump concrete to adequately discharge the concrete. An elevated approach (as
shown in Fig. 5.4) would have provided the necessary chute angle, but the contractor
was more interested in using high-slump concrete. Elevated slumps are of particular
concern for this bridge deck because the reinforcement was not firmly supported on
the formwork. This could potentially result in increased settlement cracking as the
reinforcing shifts during placement.

A summary of the plastic concrete properties is presented in Table 5.30. As
with the other placements, concrete testing was performed prior to placement on the
deck and two samples were tested to establish the air loss resulting from placement.
The air losses for these two samples were 0.5% and 1.2%. For the samples taken
directly from the truck, slumps ranged from 110 to 165 mm (4.25 to 6.5 in.) with an
average of 130 mm (5.25 in.), and air contents ranged from 9.5 to 10.5% with an
average value of 9.9%. When the average air loss of 0.9% is subtracted from the
average air content, the estimated average air content for concrete in the deck is 9.0%.

Ice and chilled water was used to control concrete temperatures, which ranged from
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16.7° to 19.4° C (62° to 67° F) with an average of 18.3° C (65° F). Twenty-eight day
compressive strengths measured for eight lab-cured cylinders varied from 25.4 to

28.3 MPa (3680 to 4100 psi) with an average of 26.4 MPa (3830 psi).

Table 5.30 —Summary of Plastic Concrete Properties for LC-HPC-14 Placement 3

Plastic Property"
Bridge Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
LC-HPC-14 Average 18.3° (65°) 9.9 130 (5.25) 2195 (137.1)
Placement 3 Minimum 16.7° (62°) 9.5 110 (4.25) 2165 (135.1)
Maximum 19.4° (67°) 10.5 165 (6.5) 2215 (138.3)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
The average air loss resulting from the conveyor drop was measured at 0.9%, making the average air
content 9.0%.

5.3.7 LC-HPC Bridge 12: K-130 over Neosho River Unit 2

The twelfth LC-HPC bridge let (and constructed) is located southeast of
Emporia near Hartford, KS on K-130 over the Neosho River. A. M. Cohron
Construction was awarded the project and Builder’s Choice Concrete, a subsidiary of
Concrete Supply of Topeka (CST), provided the concrete. Concrete Supply of
Topeka provided the concrete for LC-HPC-7 (discussed in Section 5.3.2). Builder’s
Choice 1is located in Emporia, KS approximately 31 km (19.3 mi) from the bridge
location. The individual aggregate gradations, combined gradation, plastic concrete
test results, and compressive strength test results are provided in Appendix D. This
bridge, in addition to Control-12, is being constructed in two phases. The first phase
was completed on April 4, 2008, and phase two is anticipated for spring 2009. A
summary of the completion dates for the qualification batch, qualification slab, and
phase one of the bridge construction are given in Table 5.31.

Based on the concrete specifications governing the construction of this bridge,
the maximum w/c ratio and cement content was specified as 0.42 and 317 kg/m® (535

Ib/yd?), respectively. At times, this mixture has been difficult to place and finish,



325

Table 5.31 — Construction Dates for LC-HPC-12

Item Constructed Cor[rzg:gte d
Qualification Batch 3/24/2008
Qualification Slab 3/28/2008
Bridge Deck — Phase | 4/4/2008
Bridge Deck — Phase 11 --

especially compared to mixtures with a w/c ratio of 0.45 and a cement content of 320
kg/m® (540 Ib/yd?). For this reason, the cement content and w/c ratio for LC-HPC-12
were increased to 320 kg/m’ (540 1b/yd®) and 0.44, respectively. A Type A
mid-range water reducer (lignosulfonate-based) was selected by the ready-mix
supplier to obtain the desired workability. Adjustments to the slump were made by
adjusting the water reducer dosage, and no water was withheld from the mixture. A
total of three aggregates (two crushed granite coarse aggregates and natural sand)
were required to meet the combined aggregate gradation requirements.

Qualification Batch — The qualification batch was completed successfully
with one batch on March 24, 2008. Plastic concrete tests were performed before and
after the 45-minute simulated haul. Initially the slump, air content, and concrete
temperature were 115 mm (4.5 in.), 10.5%, and 17.2° C (63° F), respectively.
Following the simulated haul, the slump and air content dropped to 100 mm (4 in.)
and 8%, respectively, and the concrete temperature increased slightly to 18.3° C (65°
F). Performing tests on the concrete before the simulated haul gives the ready-mix
supplier an indication of how the haul time affects the concrete and what the target
values for slump, air content, and temperature should be immediately after batching.
In addition to testing the plastic concrete, the contractor placed the concrete in a small

form to test the workability and finishability of the mixture. This provided the



326

contractor one additional opportunity to work with the concrete and provide feedback
to the ready-mix supplier prior to construction of the qualification slab.

Qualification Slab — Two concrete buckets were used to place the
qualification slab, unlike any of the previous LC-HPC placements, which utilized
either a conveyor or a pump. No special measures were needed to control concrete
temperatures, which ranged from 13.3° to 14.8° C (56° to 59° F) for the four trucks
required to complete the placement. The ready-mix supplier had no troubles
providing concrete that met the specifications for air content, but three of the four
trucks arrived with elevated slumps. Concrete from the first three trucks arrived with
slumps of 110, 135, and 150 mm (4.25, 5.25, and 6 in.). These trucks were set aside
for 15 to 30 minutes and retested, but the slump values decreased by no more than 15
mm (%2 in.) due to the low concrete temperatures. Concrete from the first truck was
placed in the deck with a slump 95 mm (3.75 in.), but the second and third trucks
were rejected. Concrete from the second truck was later accepted to keep
construction moving, and the last two trucks met the specifications with slumps of 70
and 85 mm (2.75 and 3.25 in.), respectively. No entrained air was lost during the
placement process, and air contents at the time of placement ranged from 7.5 to 8.5%
with an average of 7.9%.

It is necessary and prudent to reject ready-mix trucks that do not meet the
specifications — especially for batches performed prior to the bridge deck placement.
Based on experiences with contractors, ready-mix suppliers, and inspectors, it is clear
that concrete is rarely rejected. This is mainly due to the wide range of acceptable
values for slump and air content and the limited number of tests that are performed on
the plastic concrete. For this placement, however, one out of the two trucks that
arrived with elevated slumps was rejected and the other was allowed into the deck.
This strategy sends a clear message to the supplier, and at the same time, does not

significantly impede construction.
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LC-HPC Bridge Deck — A summary of the plastic concrete test results is
shown in Table 5.32. The first two trucks were adjusted in the field to meet the
specifications, but concrete from the remaining trucks met the requirements for
slump, air content, and concrete temperature. The average values for slump, air
content, and concrete temperature were 70 mm (2.75 in.), 7.4%, and 14.5° C (58° F).
Concrete samples for these tests were taken from the back of the ready-mix truck, but
as mentioned previously, no air was lost during placement with the bucket. A metal
pan attached to the back of the single-roller screed finished the concrete surface
without any trouble. This simple operation allowed the contractor to quickly cover
the concrete surface after strike-off. The average compressive strength based on two

sets of three cylinders each was 31.5 MPa (4570 psi).

Table 5.32 —Summary of Plastic Concrete Properties for LC-HPC-12

Plastic Property"
Bridge : : ;
Temperature,  Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) kg/m?® (Ib/ft3)
56-57 LC-HPC-12 Average 14.5° (58°) 7.4 70 (2.75) 2259 (141.0)
Deck Minimum 11.9° (53°) 6.2 45 (1.75) 2235 (139.5)
Maximum | 19.6° (67°) 8.1 90 (3.5) 2299 (143.5)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
No loss in the air content was observed after placement on the deck.

5.3.8 LC-HPC Bridge 13: Northbound US-69 over BNSF Railway

The thirteenth LC-HPC bridge is located on US-69 in Linn County, KS. Koss
Construction was awarded the project and subcontracted with Beachner Construction
to construct the bridge and O’Brien Ready-Mix to supply the concrete. The
construction dates for the qualification slab and the bridge deck are shown in Table
5.33. A qualification batch was not required due to the considerable experience of

O’Brien Ready Mix on LC-HPC-8 and 10. The individual aggregate gradations,
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combined gradation, plastic concrete test results, and compressive strength test results

are provided in Appendix D.

Table 5.33 — Construction Dates for LC-HPC-13

Item Constructed Cor[r)lgfgte d
Qualification Batch --
Qualification Slab 4/16/08
Bridge Deck 4/29/08

The mixture design was based on the LC-HPC-12 mixture with a design w/c
ratio of 0.44 and a cement content of 320 kg/m’ (540 Ib/yd®). The cement content
was later reduced to 317 kg/m’ (535 Ib/yd’) following completion of the qualification
slab to help limit the concrete slump. Additional details are provided with the
discussion of the qualification slab. A total of three aggregates [crushed granite
coarse aggregate, coarse natural sand (i.e., pea gravel), and natural sand)] were
required to meet the combined aggregate gradation requirements.

Qualification Slab — The qualification slab was placed on April 16, 2008
using a pump fitted with a bladder valve (shown in Fig. 5.5). No measures were
taken to control concrete temperatures, which ranged at the high-end of the allowable
limit from 23.3° to 23.9° C (74° to 75° F) for the four trucks required to complete the
placement. The ready-mix supplier had some difficulties supplying concrete that met
the specifications. The first two trucks arrived with 7.5 L/m’ (1.5 gal/yd3) of water
withheld from the mixture and a Type A mid-range water reducer (lignosulfonate
based). The slump for concrete taken from these trucks met the specification, but the
air contents were low (5.7 and 6.0%). For the following two trucks, no water was
withheld and the water-reducer dosage was reduced to zero. Slump values for these

trucks increased to over 100 mm (4 in.) while the air content remained low. The
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average slump and air content values for samples taken following placement were
115 mm (4.5 in.) and 6.2%, respectively.

Following completion of the qualification slab, the ready-mix supplier was
asked to modify the mixture so that the slump could be maintained below 100 mm (4
in.) with no water withheld from the mixture. The ready-mix supplier achieved this
goal by cutting the cement content from 320 to 317 kg/m’ (540 to 535 Ib/yd’) while
maintaining the w/c ratio at 0.44. This was the second LC-HPC bridge (after LC-
HPC-7) that did not require a water reducer to consistently maintain workable
concrete with slumps between 40 and 100 mm (1.5 and 4 in.).

LC-HPC Bridge Deck — A summary of the plastic concrete test results is
shown in Table 5.34. Concrete from the first three trucks were sampled and tested
directly from the ready-mix truck prior to placement on the deck. Based on three
samples taken before and after the pump, air loss through the pump was limited to an
average of 1.1% using a bladder valve. Concrete slump values were consistent
throughout the placement with only one sample exceeding 100 mm (4 in.). The
average values for slump, air content, and concrete temperature were 75 mm (3 in.),
8.1%, and 20.4° C (69° F). The samples for these tests were taken from the deck after
placement with the pump. Concrete for this placement finished smoothly using a
single roller from a double-drum roller screed with a pan drag supplemented by a
bullfloat. A bridge-wide burlap drag mounted on a work bridge was used for a
portion of the deck, but was removed because it tended to work ponded water into the
concrete surface. Twenty-nine day compressive strengths measured for six lab-cured
cylinders varied from 23.4 to 32.5 MPa (3390 to 4710 psi) with an average of 29.5
MPa (4280 psi).
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Table 5.34 —Summary of Plastic Concrete Properties for LC-HPC-13

Plastic Property"
Bridge : . .
Temperature, Air Content, Slump, Unit Weight,
°C (°F) % mm (in.) ka/m® (Ib/ft3)
54-66 LC-HPC-13 Average 20.4° (69°) 8.1 75 (3) 2266 (141.5)
Deck Minimum 15.9° (61°) 6.8 45 (1.75) 2195 (137.0)
Maximum 22.1° (72°) 9.5 125 (5) 2317 (144.6)

"Test results are from samples taken directly from the ready-mix truck prior to placement on the deck.
Samples from three trucks were tested before and after the pump, and an average air content reduction
of 1.1% was observed.

5.3.9 Summary of Lessons Learned

This section presents a summary of the lessons learned during the construction
of LC-HPC-1 through 14, and in many cases, indicated how these lessons will be
incorporated into future versions of the specifications to further improve bridge
performance. As described in Sections 5.3.1 through 5.3.8, the majority of these
experiences were positive, resulting in the successful completion of 12 LC-HPC
bridge decks. The long-term performance of these decks will be measured over a
period of several years; however, as described in the next section, the early-age
cracking results indicate clearly that these specifications have reduced the level of
cracking. The focus of this report is limited specifically to experiences with the
concrete and aggregate. A complete discussion of the construction experiences and
the associated lessons learned is provided by McLeod et al. (2009).

The construction of the LC-HPC decks generally begins with the selection of
aggregates. This crucial step is necessary to ensure that the low paste volume LC-
HPC is pumpable, placeable, and finishable. KU Mix has been used successfully on a
number of occasions to both select and optimize the aggregate required to meet the
combined gradation specifications. Natural fine and coarse sands selected to meet

these requirements greatly aid the pumpability of these mixtures. On the other hand,
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angular manufactured sands, in addition to excessively elongated aggregate particles,
can impede the ability of the contractor to place concrete.

Careful consideration should be given to selecting and optimizing the
aggregate blend so that the combined gradation meets the specification throughout the
entire project. If necessary, the mixture should be re-optimized to account for “as-
delivered” aggregate gradations and the mixture should be tested to ensure, at a
minimum, that the mixture is placeable. In addition to changing aggregate
gradations, special attention must be given to determining the free surface moisture
contents of the aggregate before and during concrete placement. Aggregate
stockpiles should be protected from radical changes in moisture contents and properly
mixed to ensure reasonable uniformity. The quality control plan, required by the
specifications, should include provisions to account for these important factors.

Concrete mixtures with design w/c ratios of 0.44 and 0.45 with cement
contents of 317 or 320 kg/m® (535 or 540 Ib/yd’) have consistently pumped and
finished well, while some of the placements cast with a design w/c ratio of 0.42 and a
cement content of 317 kg/m’® (535 Ib/yd’) have been difficult to place. A number of
factors have contributed to these difficulties, including withholding a portion of the
design mix water and overestimating the aggregate free surface moisture. Based on
these experiences, future LC-HPC specifications will require as-batched w/c ratios of
0.43 to 0.45 and all of the design water to be added at the plant. Reduced w/c ratios
increase concrete strengths with a concurrent reduction in the tensile creep capacity.

Twenty-eight day compressive strengths for the LC-HPC placements are
shown in Fig. 5.20. For the lab-cured specimens, the compressive strengths vary
from 28.2 MPa (4090 psi) to 44.0 MPa (6380 psi) for specimens cast with a design
w/c ratio of 0.42 and from 25.6 MPa (3710 psi) to 41.3 MPa (5990 psi) for specimens
cast with a design w/C ratio of 0.45. Part of these differences in compressive

strengths is due to the use of different water reducers. The compressive strength of
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cylinders cast during the construction of LC-HPC-4 and LC-HPC-5 highlights this
difference. The LC-HPC-5 mixture, which was cast with a high-range water reducer
(HRWR), had a compressive strength that was 10.9 MPa (1580 psi) greater than the
LC-HPC-4 mixture, which contained a mid-range water reducer. Cylinders for both
of these decks were cast with a w/c ratio of 0.42. Increased compressive strengths
reduce tensile creep of concrete and increase the potential for cracking. Mixtures
specified with a w/c ratio of 0.44 and a cement content of 320 kg/m’ (540 Ib/yd’) may
not require a HRWR to obtain a 75 mm (3 in.) slump.

In many cases, part of the problem with high slumps is based on requests from
the contractor. Often, a slump of 100 mm (4 in.), the maximum allowed under the
current specification, is set as the target slump, rather than the desired range of 40 to
75 mm (1.5 to 3 in.). Based on the experiences through the first 14 bridge
however, these high slumps are not necessary to adequately place and finish LC-HPC.
The maximum allowable slump for future versions of the specification will be 90 mm
(3.5 in.) to help minimize settlement cracking while still maintaining placeable and
finishable concrete. It is imperative that inspectors recognize the importance of
limiting slump to ensure that proper enforcement is maintained throughout the
placement.

A clear understanding of the testing schedule and how out-of-specification
concrete will be handled should be established prior to placement of the qualification
slab. Changes to the concrete properties resulting from the placement method should
be considered — especially if the acceptance testing is performed on concrete taken
directly from the back of the ready-mix truck. These changes are most easily
accounted for by sampling concrete before and after placement. To minimize
changes in concrete properties, two additional changes are planned for the upcoming
specifications. First, if a pump is used for placement, a bladder valve or “S-Hook”

must be fitted to the discharge hose. Typical air losses through a pump fitted with a
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bladder valve or “S-Hook” are at or below 1.5%. If a conveyor or bucket is used for
placement, the maximum drop will be limited to 1.5 m (5 ft).

Finally, it is necessary that the same equipment used to place and finish the
qualification slab as used to place and finish the bridge deck. This includes the same
pump or conveyor and minimizes the potential for problems pumping or finishing the
concrete during deck placement. Any changes to the concrete mixture design or
aggregate gradations, other than re-optimizing the aggregate gradation based on the
gradations of the as-delivered aggregates, should be accompanied by additional
testing to ensure that the concrete remains placeable and finishable. In some cases, a
qualification slab may not be necessary for experienced crews. However, the ability
to adequately place and finish the concrete must be demonstrated prior to the actual

deck placement.

54 CRACK SURVEY RESULTS AND EVALUATION

The performance of low-cracking high-performance concrete (LC-HPC)
bridge decks is evaluated based on crack densities obtained in the field. These crack
densities are compared to crack densities obtained for control decks surveyed as a
part of this study and to data collected for other Kansas decks by Schmidt and Darwin
1995, Miller and Darwin 2000, and Lindquist et al. 2005. In addition, the influence
of individual variables related to the deck age, deck type, and material properties are
analyzed by comparing variables from these categories with measured crack densities
from this study and previous studies. The influence of bridge design parameters and
environmental conditions is covered by McLeod et al. (2009).

The balance of this section is divided into four parts. Section 5.4.1 examines
the effect of age on bridge deck cracking, while Sections 5.4.2 and 5.4.3 compare the
performance of LC-HPC decks with their associated control decks. Section 5.4.4
examines the influence of material properties on crack densities. The results

presented in Sections 5.4.2 through 5.4.4 are presented two ways, using raw crack
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density data and projected crack density data. The raw crack density data is based on
the most recent crack survey for each placement, and the projected crack density
represents the expected level of cracking at 78 months (62 years). A discussion of
the age-correction procedure is provided in Section 5.4.1.

A total of seven LC-HPC and seven control bridges have been surveyed to
date. Results for these bridges are separated into four categories based on the type of
superstructure. All seven of the monolithic LC-HPC decks are supported by steel
girders, while the control decks make up the remaining three categories: five silica-
fume overlay decks supported by steel girders (SFO), one monolithic deck supported
by steel girders (MONO), and one monolithic deck supported by prestressed girders
(MONO/PS). The crack density data and bridge data used as the basis of the

comparisons that follow are presented in Table D.9.

5.4.1 Bridge Deck Cracking Versus Bridge Age

The crack density results for the 14 bridge decks surveyed to date are plotted
versus bridge age in Fig. 5.21. At the time of the survey, the bridge decks varied in
age from 5 to 37 months with an average age of 16 months. For bridge decks
containing two separate placements, the age is calculated as the difference between
the survey date and the date of the last concrete placement. Data points connected by
lines indicate bridges that have been surveyed on two or three separate occasions.
These results represent the crack density for the entire deck surface, with the
exception of two bridges (LC-HPC-4 and Control-7), which have points plotted for
each placement. The deck for LC-HPC-4 has two partial length placements with
different concrete mixture designs (discussed in Section 5.3.5), and Control-7 consists
of two partial-width placements that were constructed nearly six months apart. The
crack densities for the eight control decks show substantial scatter with values that

range from 0.000 m/m” to 0.665 m/m”. The converse is true for the LC-HPC decks,
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which have much lower crack density values that range from only 0.007 to 0.063
m/m’.

As shown in Fig. 5.21, the LC-HPC crack densities for the three decks
surveyed on more than one occasion increase gradually over time. The average
cracking rate for these bridge decks is 0.00111 m/m*/month. For the five control
decks surveyed multiple times, the crack density values increase rapidly following the
first survey with an average cracking rate of 0.01373 m/m*month. For the two
control decks surveyed three times, the cracking rate drops significantly following the
second survey and the crack density appears to stabilize. Additional surveys are
needed to fully assess the long-term performance of these decks, but surveys
performed after 12 to 24 months appear to provide a better assessment of deck

performance.

0.70

— A LCHPC
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NE —&— Control (MONO)
g 0.50 || —=m— control (MONO/PS)
2 040 1
(2}
C
S 0.30
X
g ’
O
36 42

Bridge Age, months

Fig. 5.21 — Crack density of bridge decks versus bridge age for all LC-HPC and
control decks included in the analysis. Data points connected by lines indicate the
same bridge surveyed more than once.
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A summary of the individual cracking rates for the seven bridges surveyed
more than once is provided in Table 5.35. These rates are compared to the cracking
rates obtained by Lindquist et al. (2005) for monolithic (MONO) and silica-fume
overlay (SFO) decks supported by steel-girders. The study by Lindquist et al. (2005)
included a total of 14 monolithic decks and 20 silica-fume overlay decks that were
surveyed two or three times. At the time of the surveys, these monolithic decks
ranged in age from 12 to 220 months with an average age of 111 months, and the
silica-fume overlay decks ranged in age from 4 to 142 months with an average age of
54 months. The cracking rates for these bridge types were calculated as 0.00125 and
0.00284 m/m*/month for the monolithic and silica-fume overlay bridges, respectively.
As shown in Table 5.35, these rates appear to provide a good estimation of the LC-
HPC decks, but significantly underestimate the cracking rate obtained for the control

decks.

Table 5.35 —Summary of Cracking Rates for Bridges Surveyed Multiple Times

Cracking Rate, m/m*month
Bridge IRl Between Between Lindquist .
Type Average Difference,

Surveys Surveys Rate' et al. o

1&2 28&3 (2005) 0

LC-HPC-1 MONO 0.00157 0.00054 0.00103 0.00125 18
LC-HPC-2 MONO 0.00107 - 0.00107 0.00125 14

LC-HPC-7 MONO 0.00124 - 0.00124 0.00125 1
Control-1/2 SFO 0.00709 0.00074 0.00374 0.00284 -32
Control-7 (East) SFO 0.01714 - 0.01714 0.00284 -504
Control-7 (West) SFO 0.00365 - 0.00365 0.00284 -29
Control-11 SFO 0.02968 - 0.02698 0.00284 -945
Control-Alt MONO 0.01109 -0.00100 0.00595 0.00125 -374

"The average rate of cracking is calculated as the slope of the linear regression line calculated for each
deck.

For comparison purposes, the crack density results plotted versus bridge age

in Fig. 5.21 are plotted again in Fig. 5.22 along with the monolithic deck results from
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Lindquist et al. (2005). It is clear that while these monolithic decks represent a much
wider range in ages, the LC-HPC concrete decks are performing at a level

approximately equal to or exceeding the best performing monolithic decks surveyed

in Kansas.
1.20
N 1.00 -
é o
0.80 -
g 0.60 ?
8 | =
S 0.40 s DN
I
020 5 2 o— —
® M/é—g
0007 T T T T T T T T T

0 24 48 72 96 120 144 168 192 216 240 264
Bridge Age, months

—A— LC-HPC —@— Control (SFO)
—&— Control (MONO) —a— Control (MONO/PS)
¢ Lindquist et al. (2005)

Fig. 5.22 — Crack density versus bridge age for the LC-HPC, control decks, and
monolithic control decks surveyed by Lindquist et al. (2005). Observations
connected by lines indicate the same bridge surveyed more than once.

5.4.2 Individual LC-HPC Crack Density Results

This section presents a bridge-by-bridge comparison of the crack densities and
projected crack densities for the seven LC-HPC decks and their corresponding control
decks. To do this, the individual crack densities are compared for each placement
based on both the most recent survey results and the projected crack densities at 78
months (6 years). These projected crack densities are calculated using the cracking
rates obtained by Lindquist et al. (2005) and shown in Table 5.35. Using these rates,

the raw crack densities are adjusted to an age of 78 months, the average age at the
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time of the survey for all of bridges evaluated by Lindquist et al. (2005). These
adjustments represent an age correction that helps to limit differences in deck
performance due to age and provides an estimate of future performance. For bridges
surveyed on more than one occasion (shown in Table 5.35), the projected crack
density (or age-corrected crack density) is calculated by taking the average of the
individual projected crack densities obtained for each survey.

A summary of the eleven decks included in the comparison is provided in
Table 5.36. As indicated, the control decks for LC-HPC-5 and LC-HPC-6 have not
been completed. These comparisons provide an initial evaluation of the LC-HPC
decks, although clearly, additional surveys are needed to fully assess the long-term
performance of these decks and the reliability of the cracking rates used to project
crack densities. All of the control decks shown in Figs. 5.21 and 5.22 are not
discussed in this section because they do not correspond to one of the LC-HPC decks

for which crack data has been obtained.

Table 5.36 — LC-HPC and Corresponding Control Decks Surveyed to Date

LC-HPC Deck Control Deck
LEHPC Control-1/2
LC-HPC-2
LC-HPC-3 Control-3
LC-HPC-4
LC-HPC-5 Control-4
LC-HPC-6
LC-HPC-7 Control-7

5.4.2.1 LC-HPC-1and 2 Crack Density Results

The crack density results for LC-HPC-1, LC-HPC-2, and Control-1/2 are
shown in Figs. 5.23 through 5.25. The results for LC-HPC-1 and Control-1/2 include
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three separate surveys performed over a 32-month period following construction.
The results for LC-HPC-2 include two surveys performed over a 21-month period.
Based on crack density results taken at similar ages (18 to 21 months), the control
deck has more than three times the cracking of either of the LC-HPC decks. When
the age-corrected crack densities are considered, the control deck has two times the
level of cracking in the LC-HPC decks.

The crack density of LC-HPC-1 increases from 0.007 m/m” after only five
months to 0.034 m/m?” after 31 months (Fig. 5.23). Age-corrected values, indicated
for each survey with by the vertical lines, range from 0.093 to 0.103 m/m’ with an
average of 0.098 m/m>. Crack densities for the two individual LC-HPC-1 placements
are also given for each survey. The first placement exhibits more cracking than the
second placement for all three surveys. The average age-corrected values for
placements one and two are 0.109 and 0.086 m/m’, respectively.

The crack density results for LC-HPC-2 are shown in Fig. 5.24 and include
two surveys performed 7 and 21 months after deck construction. Crack densities
increase from 0.014 m/m” at 7 months to 0.029 m/m” at 21 months. The second crack
density survey value (0.029 m/m? at 21 months) is similar to the crack density of LC-
HPC-1 measured at a similar age (0.027 m/m” at 18 months). The individual age-
corrected crack densities for the two LC-HPC-2 surveys vary by only 0.002 m/m’
with an average age-corrected value of 0.102 m/m*. This age-corrected crack density
is nearly identical to the age-corrected crack density for LC-HPC-1 (0.098 m/m?).

The survey results for Control-1/2, which also consists of two separate
placements, are shown in Fig. 5.25. The measured crack densities for the bridge deck
increase rapidly from no cracking after five months to 0.099 m/m” after 31 months.
This value is similar to the projected crack density value at 78 months for both LC-
HPC-1 and 2. The average age-corrected crack density is 0.232 m/m* — more than
twice the projected crack densities for LC-HPC-1 and 2.
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Fig. 5.23 — Crack density values for LC-HPC-1 and LC-HPC-1 placements.
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Fig. 5.24 — Age-corrected and uncorrected crack density values for LC-HPC-2
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Fig. 5.25 — Age-corrected and uncorrected crack density values for Control-1/2

5.4.2.2 LC-HPC-3 through 6 Crack Density Results

The crack density results for LC-HPC-3 through 6 and Control-3 and 4 are
shown in Figs. 5.26 and 5.27. These bridges have each been surveyed once between
seven and 10 months after construction. The results are preliminary, especially given
the rapid increase in cracking observed for Control-1/2. Construction for two of the
control bridges (Control-5 and 6) is schedule for fall 2008.

As discussed in Section 5.3.5, two different w/c ratios (and paste contents)
were used for the four LC-HPC bridges in this group. The first bridge, LC-HPC-4,
was completed in two placements — both with w/c ratios of 0.42. The wi/c ratio for the
next two bridges constructed (LC-HPC-6 and 3) was increased to 0.45 due to
difficulties pumping, finishing, and maintaining consistent plastic concrete properties.
The w/c ratio for the last bridge (LC-HPC-5) ranged from 0.42 to 0.45. In addition to
increasing the w/c ratio following the construction of LC-HPC-4, the type of water

reducer was changed from a lignosulfonate-based mid-range water reducer (MRWR)
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to a polycarboxylate-based high-range water reducer (HRWR). Interestingly, the
concrete cast for LC-HPC-4 with a less efficient MRWR and a 0.42 w/c ratio had the
lowest compressive strength compared to the other concrete placements cast with a
HRWR and a 0.45 wic ratio.

The crack density for LC-HPC-3 (shown in Fig. 5.26), measured only seven
months after construction, is 0.032 m/m? compared to a crack density of 0.037 m/m*
for Control-3 at 10 months. These results do not indicate a significant difference in
performance, but this difference is expected to increase over the next few years. The
age-corrected crack densities are 0.122 and 0.229 m/m’ for the LC-HPC deck and
control deck, respectively.

The crack density results for LC-HPC-4 through 6 and Control-4 are shown in
Fig. 5.27. The two LC-HPC-4 placements, cast with a w/C ratio of 0.42, have crack
densities of 0.004 and 0.018 m/m”>. The LC-HPC-5 placement, with w/C ratios
ranging from 0.42 to 0.45, has a crack density of 0.059 m/m* and LC-HPC-6, with a
w/c ratio of 0.45, has a crack density of 0.063 m/m?. The crack density of the single
control deck in this group completed to date is 0.050 m/m”>. The projected age-
corrected crack densities for the LC-HPC decks range from 0.090 to 0.153 m/m’
compared to 0.252 for the control deck.

The difficulties involved in placing and finishing the 0.42 w/c ratio concrete
used for LC-HPC-4 has not translated into more cracking. In fact, it appears that the
reduced wic ratio (and paste content) and the use of a MRWR may ultimately result in
less cracking compared to the LC-HPC decks cast with a w/c ratio of 0.45 and a
HRWR. The fifth and sixth LC-HPC bridges have more cracking than any of the
other LC-HPC bridges surveyed to date. It is difficult to ascertain the exact cause of
this increased cracking; however, some difficulties were identified during the two
placements. For LC-HPC-6, the concrete slump frequently exceeded 100 mm (4 in.),

and the average slump of 95 mm (3.75 in.) was near the maximum allowable slump
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of 100 mm (4 in.). For LC-HPC-5, difficulties pumping the concrete and changes to
the mixture design resulted in long delays in finishing and covering the deck with

moist burlap.
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Fig. 5.26 — Crack density values for LC-HPC-3 and Control-3
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Fig. 5.27 — Crack density values for LC-HPC-4, Control 4, LC-HPC-5 and 6
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5.4.2.3 LC-HPC-7 Crack Density Results

The crack density results for LC-HPC-7 and Control-7 are shown in Fig. 5.28.
The results include data from two surveys performed over a 28-month period
following construction. The control bridge consists of two placements, which are not
presented together due to the large difference in the placement dates and crack
densities. Unlike the first two group of bridges (discussed in Sections 5.4.2.1 and
5.4.2.2), the same contractor was not responsible for the construction of LC-HPC-7
and Control-7.

The crack density of LC-HPC-7 increases from 0.003 m/m” 11 months after
construction to 0.019 m/m” after 24 months (Fig. 5.28). The corresponding age-
corrected values are 0.087 and 0.086 m/m’, respectively, with an average of 0.086
m/m’. These values are less than the crack densities obtained for LC-HPC-1 and 2.
The crack density for the east Control-7 placement is much higher — increasing
rapidly from 0.293 m/m” at 16 months to 0.476 m/m” at 27 months. Considerable
variation exists between the age-corrected values for these two surveys due to the
rapid increase in crack density that occurs between 11 and 22 months. These values
vary from 0.468 to 0.621 m/m” for the first and second surveys, respectively. The
west placement, constructed over five months after the east placement, has
significantly less cracking with measured values of 0.030 and 0.069 m/m” at 16 and
27 months, respectively. The age-corrected crack densities for the west placement are

0.221 and 0.229 m/m* with an average of 0.225 m/m”.
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Fig. 5.28 — Crack density results for LC-HPC-7 and Control-7

5.4.3 Influence of Bridge Deck Type

Mean age-corrected and uncorrected crack densities are shown as a function
of bridge deck type in Fig. 5.29. A total of four different bridge types have been
surveyed to date, but only the LC-HPC decks and the control decks with a silica fume
overlay (SFO) include more than one bridge. The Student’s t-test (described in
Section 4.2) is used to determine whether the differences between the two samples
represent actual differences between populations. The results indicate clearly that the
current high-performance silica-fume overlay decks used in Kansas have significantly
more cracking than the LC-HPC decks.

The mean uncorrected crack density for the LC-HPC decks is 0.032 m/m’
compared to 0.233 m/m” for the silica fume overlays. The difference in crack
densities for these placements is significant at oo = 0.1 (Table 5.37). This difference
increases (due to the difference in cracking rates) slightly for the age-corrected crack

densities, which are 0.113 and 0.358 m/m” for the LC-HPC and silica fume overlay
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decks, respectively. Lindquist et al. (2005) reported a mean age-corrected crack
density of 0.499 m/m” for bridges containing silica fume overlays and 0.328 m/m? for
conventional monolithic decks. When the effect of cracking on corrosion is
considered, these results support the use of LC-HPC decks to improve bridge deck

performance and long-term durability.
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Fig. 5.29 — Age-corrected and uncorrected crack density values for the entire LC-
HPC-1 deck and individual placements.

Table 5.37 — Student’s t-test for average crack density versus bridge deck type [both
age-corrected and uncorrected data (Fig. 5.29)]

Mean Crack Density (m/m?) | Statistical
Group 1 Group 2 Group 1 Group 2 Difference
LC-HPC Control (SFO) 0.032 0.233 90
LC-HPC Control (SFO) 0.113%* 0.358* Y

*Indicates average age-corrected crack density data rather than uncorrected data.

Note: For the results of the Student’s t-tests, “°Y” indicates a statistical difference between the two
samples at a confidence level of a = 0.02 (98%). “N” indicates that there is no statistical difference at
the lowest confidence level, o = 0.2 (80%). Statistical differences at confidence levels at, but not
exceeding a = 0.2, 0.1, and 0.05 are indicated by “80”, “90”, and “95,” respectively.
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544 INFLUENCE OF MATERIAL PROPERTIES

Bridge deck survey data gathered for monolithic bridge decks in Kansas since
the early 1990s by Schmitt and Darwin (1995), Miller and Darwin (2000), and
Lindquist et al. (2005) are included with the data obtained in this study to increase the
sample size and provide additional data that can be used to evaluate LC-HPC. This
section examines the influence of five material-related variables on conventional
monolithic decks typically used in Kansas and monolithic decks cast with LC-HPC.
The variables evaluated include water content, cement content, cement-paste volume,
compressive strength, and slump. Material properties for bridges in each of these
categories are compared with the age-corrected crack densities and the differences
between categories are tested for statistical significance using the Student’s t-test.
The uncorrected crack density results calculated with the most recent survey results
are also included.

The results obtained from the previous surveys include a total of 16
monolithic decks, representing 35 individual placements. One conventional
monolithic deck (alternate control) surveyed as a part of the current study brings the
total number of conventional monolithic decks to 17. Fourteen of these bridges have
been surveyed two or more times. As discussed previously, seven LC-HPC decks,
representing nine individual placements have been surveyed. The number of LC-
HPC placements included in the analysis of each variable is either eight or nine
depending on the data available. The results show large amounts of scatter due to the
myriad factors contributing to cracking, and for this reason, histograms are used
(similar to the one shown in Fig. 5.29) to identify trends. Each category represents a
range of values for the variable being considered and is defined by the midpoint of

that range.



349

5.4.4.1 Water Content

The mean age-corrected crack densities (and uncorrected crack densities) are
shown as a function of water content for individual monolithic placements in Fig.
5.30. Water content values for the conventional monolithic placements range from
143 to 167 kg/m® (241 to 281 Ib/yd®) with categories ranging from 147 to 165 kg/m’
(248 to 278 Ib/yd*). For the LC-HPC placements, the water content values are either
133 or 144 kg/m® (224 or 243 Ib/yd®). These water contents also correspond to a
reduction in the w/c ratio from 0.45 to 0.42. A total of eight LC-HPC placements and
34 monolithic placements are included in the comparison. The water content for the
first LC-HPC-5 placement varied throughout the placement and is not included in the
comparison.

The relationship between cracking and water content (Fig. 5.30) is clear: an
increase in the water content results in an increase in crack density. This increase is
most noticeable for mixtures with water contents that exceed the 147 kg/m® (248
Ib/yd®) category. Only a small difference in crack density (0.012 m/m?) is observed
between the two LC-HPC categories, which is not statistically significant (Table
5.38). For the conventional placements, an increase in the water content from 147 to
165 kg/m® (248 to 278 Ib/yd’) increases crack density from 0.142 to 0.733 m/m’.
This increase is statistically significant at the highest level of confidence (Table 5.38).
The uncorrected crack density data, also shown in Fig. 5.30, has an identical trend.

Due to the small number of placements in the first LC-HPC category [133
kg/m® (224 1b/yd®)], many of the differences in crack density are not statistically
significant (Table 5.38). The crack density for placements in the second LC-HPC
category [144 kg/m’ (243 1b/yd3)], however, is statistically lower than the crack
densities for placements in both the 156 and 165 kg/m’ (263 and 278 Ib/yd’)
categories (Table 5.38).
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Fig. 5.30 — Mean age-corrected and uncorrected crack density values versus water
content.

Table 5.38 — Student’s t-test for mean age-corrected crack density versus water
content (Fig. 5.30)

Water Content, kg/m? (Ib/yd®) Me%nrg?(eécr)gf;ted Statistical
Group 1 Group 2 Group 1 Group 2 Difference
133 (224)* 144 (243)* 0.097 0.109 N
133 (224)* 147 (248) 0.097 0.142 N
133 (224)* 156 (263) 0.097 0.369 N
133 (224)* 165 (278) 0.097 0.733 Y
144 (243)* 147 (248) 0.109 0.142 N
144 (243)* 156 (263) 0.109 0.369 80
144 (243)* 165 (278) 0.109 0.733 Y
147 (248) 156 (263) 0.142 0.369 95
147 (248) 165 (278) 0.142 0.733 Y
156 (263) 165 (278) 0.369 0.733 90

Note: See the Table 5.37 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y™.
*Indicates categories containing LC-HPC placements.
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It is difficult to draw significant conclusions regarding the LC-HPC
placements given the small sample size, but in terms of cracking, reducing the water
content from 144 to 133 kg/m’ (243 to 224 Ib/yd’) does not appear to play a
significant role. In fact, the results do not indicate a significant increase in crack
density until the water content is increased beyond the 147 kg/m’ (248 Ib/yd’)
category (Table 5.38). Based on these results, it is clear that emphasis should be
placed on selecting a water content that enables the contractor to adequately place,
finish, and cover the concrete in a timely fashion. Selecting a water content of 144
kg/m’® (243 1b/yd’) also enables the ready-mix supplier to use a lower water-reducer
dosage. These mixtures tend to have reduced compressive strengths (due to more

flocculated cement particles) leading to increased creep and reduced cracking.

5.4.4.2 Cement Content

For conventional monolithic placements, cement contents include 357 kg/m’
(602 Ib/yd?), 359 kg/m® (605 Ib/yd?), and 379 kg/m’ (639 Ib/yd®). The cement
content for the LC-HPC placements is either 317 or 320 kg/m’ (535 or 540 Ib/yd?).
All nine LC-HPC placements and 33 conventional monolithic placements are
included in the comparison.

The mean age-corrected crack density (and uncorrected crack density) for
individual placements is shown as a function of cement content in Fig. 5.31. For the
LC-HPC placements, an increase in the cement content from 317 to 320 kg/m® (535
to 540 Ib/yd’) results in a slight reduction in the crack density from 0.123 to 0.096
m/m’. The reduction in crack density is statistically significant at o = 0.20 (Table
5.39). For the conventional monolithic placements, the mean age-corrected crack
density is 0.183 and 0.168 m/m* for cement contents of 357 and 359 kg/m’ (602 and
605 1b/yd?), which increases sharply to 0.691 m/m?” as the cement content is increased
to 379 kg/m’ (639 Ib/yd’). The small difference in crack density between the 357 and
359 kg/m® (602 and 605 Ib/yd®) categories is not statistically significant, but the
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increase in crack density observed for placements with cement contents of 379 kg/m’

(639 lb/yd3 ) is significant at the highest level of confidence (Table 5.39).
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Fig. 5.31 — Mean age-corrected and uncorrected crack density values versus cement
content for monolithic placements.

Table 5.39 — Student’s t-test for mean age-corrected crack density versus cement
content (Fig. 5.31)

Cement Content, kg/m® (Ib/yd®) Me%nrg?(e&%gf;tw Statistical
Group 1 Group 2 Group 1 Group 2 Difference
317 (535)* 320 (540)* 0.123 0.096 80
317 (535)* 357 (602) 0.123 0.183 80
317 (535)* 359 (605) 0.123 0.168 N
317 (535)* 379 (639) 0.123 0.691 Y
320 (540)* 357 (602) 0.096 0.183 90
320 (540)* 359 (605) 0.096 0.168 N
320 (540)* 379 (639) 0.096 0.691 Y
357 (602) 359 (605) 0.183 0.168 N
357 (602) 379 (639) 0.183 0.691 Y
359 (605) 379 (639) 0.168 0.691 Y

Note: See the Table 5.37 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”".
*Indicates categories containing LC-HPC placements.
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The LC-HPC bridge decks with a cement content of 317 kg/m’ (535 Ib/yd®)
included in this comparison are LC-HPC-3 through 6. The concrete for these decks
was difficult to pump due in part to the low cement content, but additional factors
discussed in Section 5.3.5 also contributed. Three additional LC-HPC bridges were
cast with a cement content of 317 kg/m’ (535 Ib/yd®) but have yet to be surveyed.
These surveys will be invaluable in further evaluating the effect of cement content on
cracking for bridge cast with significantly reduced paste contents. It is clear,
however, that the ability to place, finish, and cover the concrete quickly is more
important than reducing the cement content from 320 to 317 kg/m® (540 to 535
Ib/yd?).

5.4.4.3 Percent Volume of Water and Cement

The percentage volume of water and cement in the concrete mixture is the
constituent that undergoes the majority of the shrinkage so it comes as no surprise
that this volume has a strong influence on the level of cracking observed in bridge
decks. The mean age-corrected crack density (and uncorrected crack density) is
shown as a function of paste volume in Fig. 5.32. The paste volume for the LC-HPC
placements range from only 23.4 to 24.6% and are grouped together in one category.
For the conventional monolithic placements, the paste volume ranges from 25.7 to
28.8% with categories of 26, 27, 28, and 29%. All nine of the LC-HPC placements
surveyed to date and 34 monolithic placements are included in the comparison.

The highest crack densities occur for placements with the largest volume of
cement paste. For the conventional monolithic placements, the mean age-corrected
crack density is 0.684 and 0.733 m/m” for paste volumes of 28 and 29%, respectively.
Crack densities decrease considerably to 0.192 and 0.163 m/m’ as the paste volume
decreases to 26 and 27%, respectively. As the paste volume is reduced further for the

LC-HPC placements, the mean age-corrected crack density decreases to 0.111 m/m?.
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Many of the differences observed between categories are statistically significant

(Table 5.40).
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Fig. 5.32 — Mean age-corrected and uncorrected crack density values versus percent
volume of water and cement for monolithic placements.

Table 5.40 — Student’s t-test for mean age-corrected crack density versus percent
volume of water and cement (Fig. 5.32)

Paste Volume, % Me%nrgiegé?gf;ted SFatisticaI
Group 1 Group 2 Group 1 Group 2 Difference
23,24, 25% 26 0.111 0.192 Y
23,24, 25% 27 0.111 0.163 N
23,24, 25% 28 0.111 0.684 Y
23,24, 25% 29 0.111 0.733 Y
26 27 0.192 0.163 N
26 28 0.192 0.684 Y
26 29 0.192 0.733 Y
27 28 0.163 0.684 Y
27 29 0.163 0.733 Y
28 29 0.684 0.733 N

Note: See the Table 5.37 note for an explanation of the terms “N”, “807, “90”, “95”, and “Y”".
*Indicates categories containing LC-HPC placements.
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5.4.4.4 Compressive Strength

Mean age-corrected (and uncorrected) crack density for individual placements
is shown as a function of compressive strength in Fig. 5.33. The compressive
strengths are based on cylinders cast in the field during deck placement and cured in
the laboratory for the balance of 28 days (cylinders for the first LC-HPC placement
were only cured for 27 days). For the LC-HPC placements, compressive strength
varies from 26.1 to 44.0 MPa (3790 to 6380 psi) with two categories: greater than or
less than 31 MPa (5.0 ksi). For the conventional monolithic placements, compressive
strength varies from 28.8 to 51.2 MPa (4170 to 7430 psi) with categories ranging
from 31 to 45 MPa (4.5 to 6.5 ksi). A total of eight LC-HPC placements and 30
monolithic placements are included in the comparison.

The relationship between compressive strength and cracking is clear for both
the LC-HPC placements and the conventional monolithic placements. For the LC-
HPC placements, the mean age-corrected crack density increases from 0.094 m/m’
for placements in the first category [<34.5 MPa (5.0 ksi)] to 0.132 m/m’® for
placements in the second category [>34.5 MPa (5.0 ksi)]. This increase in crack
density is significant at o = 0.02 (Table 5.41). An even larger difference is observed
for the conventional monolithic decks, where the mean age-corrected crack density
increases from 0.157 m/m” to 0.493 m/m? as the compressive strength increases from
31.0 to 44.8 MPa (4.5 to 6.5 ksi). This increase is significant at the highest level of
confidence, o = 0.05 (Table 5.41).



356

~ L00
= O Uncorrected
S 0.80 H Age-Corrected
=
[ 060 0.488 0.493
C
g 0.40 0283
i 0.235 0.258
g 0.20 0.094 0.132 0.157
S 0.024 ?ﬁ-
0.00 =l | | |

<345(5.0) >345(5.0) 31.0(45 37.9(55) 44.8(6.5)
LC-HPC  LC-HPC

Compressive Strength, MPa (ksi)

Number of
Placements 4) 4) (1) (13) (10)
Number of
Surveys ®) (6) (13) (27) (23)

Fig. 5.33 — Mean age-corrected and uncorrected crack density values versus
measured air content for monolithic placements.

Table 5.41 - Student’s t-test for mean age-corrected crack density versus
compressive strength (Fig. 5.33)
Compressive Strength, MPa (ksi) Me%nraé:?(eg;%rs;f;ted SFatisticaI
Group 1 Group 2 Group 1 Group 2 Difference
<34.5(5.0)* >34.5(5.0)* 0.094 0.132 Y
<34.5(5.0)* 31.0 (4.5) 0.094 0.157 N
<34.5(5.0)* 379 (5.5) 0.094 0.258 80
<34.5(5.0)* 44.8 (6.5) 0.094 0.493 95
>34.5(5.0)* 31.0 (4.5) 0.132 0.157 N
>34.5(5.0)* 379 (5.5) 0.132 0.258 N
>34.5(5.0)* 44.8 (6.5) 0.132 0.493 90
31.0 (4.5) 379 (5.5) 0.157 0.258 N
31.0 (4.5) 44.8 (6.5) 0.157 0.493 95
37.9 (5.5) 44.8 (6.5) 0.258 0.493 95

Note: See the Table 5.37 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y”".
*Indicates categories containing LC-HPC placements.
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Limiting compressive strengths is recognized by many researchers as a way to
limit the amount of cracking. Krauss and Rogalla recommend 28-day compressive
strengths between 21 and 28 MPa (3000 and 4000 psi). Lower compressive strengths
coincide with higher levels of creeps which can alleviate some of the tensile stresses
that result in cracking. It should be pointed out that three of the four placements in
the second category [>34.5 (5.0)] were cast with a high-range water reducer (HRWR)
and a 0.45 w/c ratio. The four placements in the first category [<34.5 (5.0)] were
either cast without a water reducer or with a mid-range water reducer and w/cC ratios
of 0.42 or 0.45. High-range water reducers should be used with caution only when

absolutely necessary to achieve a slump of 75 mm (3 in.).

5445 Slump

Concrete slump, in addition to bar size and top cover depth, has long been
recognized as a key controller of settlement cracking (Dakhil, Cady, and Carrier
1975). Lindquist et al. (2005) examined 31 monolithic placements, cast primarily
without water reducers, with slumps that ranged from 40 to 75 mm (1.5 to 3 in.). As
a result, the slump for these placements was mainly a function of the water content —
a key factor influencing crack density (Fig. 5.30). Using the technique of dummy
variables, the influence of water content on crack density was removed helping to
isolate the influence of slump. Crack density was found to increase from 0.11 to 0.22
m/m” as the slump increased from 40 to 75 mm (1.5 to 3 in.).

Due to the low paste content in LC-HPC, the majority of placements (16 of
18) in this study were cast with a water reducer to achieve the desired workability.
This key difference makes a direct comparison impossible. For the LC-HPC
placements, the influence of slump on crack density is shown in Fig. 5.34. The
average slump values vary from 55 to 95 mm (2.25 to 3.75 in.) and are separated into
three categories: 50 mm (2.5 in.), 75 mm (3 in.), and 90 mm (3.5 in.). Only one

placement (LC-HPC-4 placement 1) falls into the first category and is therefore
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excluded from the comparison. For the placements in the remaining two categories,
there is a slight increase in crack density from 0.023 to 0.031 m/m” as the slump
increases from 75 to 90 mm (3 to 3.5 in.) for the uncorrected data, but a significant
difference is not observed for the age-corrected values, 0.112 and 0.116 m/m?,

respectively (Table 5.42).
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Fig. 5.34 — Mean age-corrected and uncorrected crack density values versus slump
for monolithic placements.

Table 5.42 — Student’s t-test for mean age-corrected crack density versus slump (Fig.
5.34)

Slump, mm (in.) Mean Age-Corrected o

P ' Crack Density SF?}}IStlcal

Group 1 Group 2 Group 1 Group 2 ifference
76 (3.0) 89 (3.5) 0.112 0.116 N

Note: See the Table 5.37 note for an explanation of the terms “N”, “80”, “90”, “95”, and “Y”".
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55 LC-HPC COSTS

The relative cost of low-cracking high-performance concrete (LC-HPC)
compared to similar control decks is a significant factor contributing to the feasibility
of implementing future LC-HPC bridge decks. A discussion of these costs for the 14
Kansas decks and their corresponding control decks is provided in this section. The
awarded contract cost for the LC-HPC and control concrete, reported on a cubic
meter and a cubic yard basis for each deck, includes the concrete material costs,
placement operations, and all falsework and forming that is required for elements
above the beam seat. These costs include the barrier rails. The reinforcing steel and
the qualification slabs (for the LC-HPC bridges) are separate bid items that are not
included individually in the bridge deck concrete costs. It should be noted, however,
that the reinforcing steel required for the qualification slab is included in the cost of
the slab. The relative cost of the qualification slabs compared to the LC-HPC bridge
decks is addressed separately.

All of the bridges (and control bridges) in this study, with the exception of
LC-HPC-14, were let in larger contracts awarded to the lowest overall project bidder.
The contract price awarded for each bridge is the focus of this section, but it should
be noted that the lowest overall bidder did not necessarily have the lowest concrete
bid. Eight of the 14 LC-HPC bridges and eight of the 12 control bridges were
awarded to contractors with both the lowest overall project bid and the lowest
concrete bid. The number of bids for each project varied from as many as six for the
alternate control bridge to only one for LC-HPC-11. These bid metrics are provided
for each of the bridges in Appendix E.

The standard high-performance bridge deck used in Kansas consists of a
concrete subdeck protected by a silica-fume overlay. The subdeck and silica-fume
overlay are listed as a separate bid items, but for this comparison, the two are

combined to provide a reasonable cost comparison between the two protection
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systems. The silica-fume overlay bid quantity, bid on a square meter or square yard
basis, is converted to a volume using the overlay thickness and added to the cost of
the subdeck. Two of the control bridges (Control-8/10 and Control-Alt) are
monolithic decks located on low traffic-volume roads that do not have silica-fume
overlays. The alternate control deck (denoted Control-Alt) is not specifically paired
with a corresponding LC-HPC deck.

The bridges built in this study can be divided into two groups: those built in
urban areas and those built in rural areas. Standard bridges built in urban areas are
generally more expensive due to a number of factors. In the Kansas City Area, for
example, union wages in addition to tighter material restrictions mandated by the
Kansas City Metro Materials Board result in higher costs. Control bridges 3 through
7 and 14 fall under the jurisdiction of the Metro Materials Board, which most notably,
require the use of a coarse aggregate with an absorption of less than 0.5% (compared
to 0.7% in the LC-HPC specification). Granite or quartzite is imported to meet this
specification, and for the control decks specific to this study, the same granite that
was used for all of the LC-HPC decks (except LC-HPC-11) was used for the control
decks. The rural control decks do not have a similar restriction, and as a result, are
generally less expensive than their associated LC-HPC decks.

The awarded contract cost and range of bids, in dollars per cubic meter and
dollars per cubic yard, are shown in Figs. 5.35 for urban bridges built in the Kansas
City Metropolitan or Topeka areas. The first two bridges, LC-HPC-1 and 2, with
concrete costs of $1,800 and $1,600/m’ ($1,376 and $1,223/yd3), respectively, are
significantly more expensive than Control-1/2. The costs of these first two bridges
include a large amount of speculation regarding the risk associated with these new
decks. In fact, the range of bids for these two decks [$1,303 and $1,471/m’ ($996 and
$1,124/yd’) for LC-HPC-1 and 2, respectively)] is nearly as large as the winning bids.

Interestingly, the subcontractor responsible for constructing LC-HPC-1 and 2 was
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awarded the contract for LC-HPC-3 through 6 before LC-HPC-1 and 2 were
constructed. For these four decks, the price varied from $746 to $914/m’ (8570 to
$699/yd’) compared to $795 to $858/m’ ($608 to $656/yd’) for the control decks.
The significant reduction in the cost for these LC-HPC decks and the close proximity
in cost to their associated control decks indicate very little difference in cost between
the two high-performance deck types. Different contractors in significantly different
markets were awarded the contracts for Control-7 and LC-HPC-7. This may at least
partly explain why the control deck was $198/m® ($152/yd’) more expensive than the
corresponding LC-HPC deck, $750 versus $948/m’ ($573 versus $725/yd’). The cost
of the LC-HPC-14 deck concrete is the third highest among urban bridge at $825/m’
($1,079/yd?), and LC-HPC-14 was not part of a significantly larger project. With the
exception of the first two decks, the concrete costs for the LC-HPC decks compared

to the control decks are very similar.
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Fig. 5.35 — Awarded concrete cost and range of non-wining bids for low-cracking
high-performance concrete and their associated concrete for control bridges built in
the Kansas City metropolitan or Topeka areas (urban areas).
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The cost of the LC-HPC and the associated control bridges built in rural areas
is shown in Fig. 5.36. The control decks for this series of decks utilize locally
available limestone that is less expensive than the imported granite or quartzite
required for the control decks in the Kansas City Metropolitan area. As a result, all of
the rural control decks are less expensive than their paired LC-HPC decks, which
require the higher cost aggregate. In addition to the less restrictive requirements on
the coarse aggregate, Control-8/10 and the alternate control are monolithic decks
without silica fume overlays. LC-HPC-8 and 10, both constructed with prestressed
girders, are the two least expensive LC-HPC decks in the study at $655 and $665/m’
($501 and $508/yd®), respectively. The cost for Control-8/10 is slightly less at
$485/m> ($371/yd*). Bridges LC-HPC-9 and Control-9 were awarded to the same
contractor under the same project as LC-HPC-8 and 10 and Control-8/10. The costs
for these two decks was $925 and $662/m’ ($707 and 506/yd’), respectively. Part of
the reason these bridges are more expensive is due to the increased costs associated
with spanning a river as compared to a highway. LC-HPC-11 and Control-11 were
awarded to different contractors in different counties, and in addition, LC-HPC-11
was bid on by only one contractor. The contract containing LC-HPC-12 was awarded
to the same contractor that was awarded LC-HPC-11. Interestingly, the bid for LC-

HPC-12 was let prior to construction of LC-HPC-11 and was still considerably less.
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Fig. 5.36 — Awarded concrete cost and range of non-wining bids for low-cracking

high-performance concrete and the associated concrete for control bridges built in
rural areas.

The qualification slab is required for LC-HPC decks to ensure that the ready-
mix supplier and contractor can adequately produce, place, finish, and cure the LC-
HPC and must be completed prior to placing the bridge deck. The qualification slab
requirement has been waived for some bridges in multiple bridge contracts, and in the
future, the slab may not be necessary for construction crews with considerable
experience successfully placing LC-HPC bridge decks. For the near future, however,
the qualification slab will remain an integral part of the specifications and will remain
part of the cost for these decks.

The awarded contract cost and range of bids, in dollars per cubic meter and
dollars per cubic yard, for the LC-HPC used in the qualification slab and the bridge
deck is shown in Fig. 5.37. The unit cost of the qualification slab concrete either

equals or exceeds the cost of the deck concrete. With the exception of LC-HPC-1 and
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2, the difference in the awarded costs for the qualification slab and bridge concrete
varies from $0 to $645/m® (0 to $493/yd’) with an average cost of $386/m’
($295/yd®). Most of the difference in these costs is likely a result of the fixed
mobilization costs and the cost of the reinforcing steel. As noted previously, the
qualification slab cost includes the reinforcing steel while the bridge deck cost does
not. Perhaps a more meaningful evaluation of the qualification slab cost is provided
in Fig. 5.38, which presents the total cost of the qualification slab. The first two slabs
cost nearly $150,000 each, although this cost decreased significantly for the
remaining qualification slabs, which ranged in cost from $26,250 to $43,453 with an

average of $33,619.
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Fig. 5.37 — Unit costs of the qualification slab compared to the LC-HPC deck
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CHAPTER 6: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 SUMMARY

Bridge deck cracking is well documented and often studied, and while there is
much agreement on practices that contribute to cracking, there are still many
questions that exist, especially with regard to the implementation of techniques to
reduce cracking in the field. This study bridges that gap through the development and
implementation of low-cracking high-performance concrete (LC-HPC). The study is
divided into three parts covering (1) the development of an aggregate optimization
program entitled KU Mix, (2) a comprehensive evaluation of the shrinkage properties
of LC-HPC candidate mixtures, and (3) the development, construction, and
preliminary evaluation of 14 LC-HPC bridge decks constructed in Kansas.

An optimized aggregate gradation has little or no effect on concrete shrinkage
or cracking by itself, but for concrete with a low volume of cement paste, such as LC-
HPC, an optimized combined gradation is essential in maintaining good
characteristics in the plastic concrete. The KU Mix design methodology for
determining an optimized combined gradation uses the percent retained chart and the
Modified Coarseness Factor Chart (MCFC). The process begins by developing an
ideal gradation that plots as a “haystack” on the percent retained chart and falls in the
center of the optimum region on the MCFC. The optimum blend of a particular set of
aggregates is then determined by performing a series of least-squared minimization
calculations using the ideal gradation as a model for the actual blended gradation. A
Microsoft® Excel spreadsheet enhanced with Visual Basic for Applications is

available to perform the KU Mix optimization at www.iri.ku.edu.

The second portion of the study involves evaluating the effect of paste
content, water-cementitious material ratio, aggregate type, mineral admixture type

and content, cement type and fineness, shrinkage reducing admixture, and the
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duration of curing on the free-shrinkage characteristics of concrete mixtures in the
laboratory using the “Standard Test Method for Length Change of Hardened
Hydraulic Cement Mortar and Concrete,” ASTM C 157. Performance is evaluated
over a one-year period with special attention given to the early-age shrinkage that
occurs during the first 30 days of drying. For each mixture, careful consideration was
given to the aggregate gradations, cohesiveness, workability, finishability, and
apparent constructability prior to casting the laboratory specimens. All of the
mixtures evaluated in this study have an optimized aggregate gradation, paste
volumes less than 24.4%, a design air content of 8.4 + 0.5%, and a target slump of 75
+25mm (3£ 1 in.).

The evaluation of shrinkage properties includes a total of 56 individual
concrete batches, divided into six test programs. Program I evaluates mixtures with
w/c ratios ranging from 0.41 to 0.45 containing either a relatively porous limestone
coarse aggregate (with an absorption between 2.5 and 3.0%) or granite coarse
aggregate (with an absorption below 0.7%). The specimens with limestone coarse
aggregate are cast with Type I/Il and coarse-ground Type II cements. For this
program, a reduction in the w/c ratio is obtained by reducing the water content (and
paste volume) and replacing the water with an equal volume of aggregate while
maintaining workability using a high-range water reducer. The effects of paste
content, W/C ratio, and curing period are evaluated in Program II. The first set in this
series includes four mixtures with w/c ratios of 0.36, 0.38, 0.40, and 0.42. Unlike the
specimens cast in Program I, which had different paste content values, the mixtures in
Program II all have a paste content of 23.3%. A second set includes mixtures with a
w/c ratio of 0.42, a paste content of either 23.3% or 21.6%, and a curing period of
either 7, 14, or 21 days. Program III evaluates three coarse aggregates (granite,
quartzite, and limestone) to determine their effect on free shrinkage, and Program IV

examines the effect of a shrinkage reducing admixture on free shrinkage. The
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influence of cement type and fineness on free shrinkage is examined in Program V.
Four portland cements (one Type /I, two Type II, and one Type III) with Blaine
fineness values ranging from 323 to 549 m%/g are included in the Program V
evaluation. The final test program evaluates three mineral admixtures as partial
replacements for Type I/Il cement. The mineral admixtures (and volume
replacements examined) include silica fume (3 and 6% volume replacement), Class F
fly ash (20 and 40%), and Grade 100 and 120 slag cement (30 and 60%). A
minimum of two sources and two coarse aggregate types are included in the
evaluation for each mineral admixture.

The third and final portion of the study details the development, construction,
and preliminary performance of 14 low-cracking high-performance concrete (LC-
HPC) bridge decks that are built or planned in Kansas. The evaluation is divided into
four sections detailing (1) the specifications used for construction, (2) the experiences
and lessons learned during the construction of the LC-HPC bridge decks, (3) the
crack density results based on initial crack surveys, and (4) the cost of LC-HPC. The
performance and cost of the LC-HPC bridge decks is evaluated based on comparisons
with control decks that, where possible, are paired for their similarities. The
construction experiences and crack density evaluation presented in this report is
primarily limited to a discussion of the LC-HPC. A complete discussion of the bridge

design and construction experiences is presented by McLeod et al. (2009).
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CONCLUSIONS

The following observations and conclusions are based on the results and

analyses presented in this report.

6.2.1
1.

6.2.2

Aggregate Optimization Using the KU Mix Method

The two cubic polynomial equations used to model the ideal gradation [Egs.
(3.9a) and (3.9b)] for a particular set of aggregates accurately represent an
optimized gradation.

The KU Mix design methodology is easily implemented and transferred to
concrete suppliers and governing officials, and the optimized LC-HPC
mixture designs developed with KU Mix are workable, placeable, and

finishable.

Free Shrinkage of Potential LC-HPC Mixtures

A reduction in the w/c ratio (and paste content) obtained by reducing the water
content and replacing the water with an equal volume of aggregate and using a
high-range water reducer (HRWR) to maintain workability reduces concrete
shrinkage.

For a given w/c ratio and curing period, very little difference in shrinkage is
observed between specimens cast with Type I/II (Blaine fineness = 377
m?’/kg) and those cast with coarse-ground Type II (Blaine fineness = 334
m*/kg) cement.

For a given paste content, a reduction in the w/C ratio from 0.42 to 0.36
reduces shrinkage from 317 to 237 pe after 30 days of drying and from 443 to
410 ue after one year of drying. These results represent the performance of
mixtures containing relatively porous limestone coarse aggregate. The porous
limestone may provide internal curing water and extend the hydration reaction

longer than might occur otherwise. These results may not extend to concrete
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mixtures containing a low-absorption aggregate (that does not provide internal
curing water) due to the possibility of autogenous shrinkage for mixtures with
w/c ratios below 0.42.

Longer curing periods reduce concrete shrinkage. For mixtures containing
limestone coarse aggregate and no mineral admixtures, increasing the curing
period from 7 to 14 days or from 14 to 21 days is approximately equal to
reducing the paste content from 23.3 to 21.6%.

Concrete containing aggregate with a higher modulus of elasticity, as
indicated by a low absorption (e.g., granite and quartzite), will shrink less in
the long term than concrete containing aggregate with a lower modulus (e.g.,
limestone). Increasing the curing period from 7 to 14 days reduces shrinkage
for mixtures containing each of the aggregate types, but the reductions for
concrete containing granite or quartzite are generally small and not
statistically significant. In addition, internal curing provided by the porous
limestone results initially in a slower shrinkage rate for the concrete
containing limestone compared to those containing granite or quartzite
through the first 10 to 25 days of drying. After this initial period, the
concretes containing stiffer aggregates exhibit less shrinkage.

The addition of a shrinkage reducing admixture (SRA) to concrete mixtures
results in significantly less shrinkage as the dosage is increased from 3165 to
6330 mL/m’ (0.64 to 1.28 gal/yd®). Before these mixtures are implemented in
the field, careful consideration must be given to interaction with other
chemical admixtures, mixing procedures, and placing techniques to ensure a
stable, properly spaced air-void system.

The use of Type IIl cement results in a significant increase in early-age
shrinkage compared to mixtures containing Type I/II cement, but only a slight

increase in the long-term shrinkage.
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When concrete is cast with a high-absorption coarse aggregate (e.g., limestone
with an absorption between 2.5 and 3.0%), the volume replacement of cement
by 3% silica fume or 30% slag cement results in similar or slightly reduced
shrinkage at all ages compared to a control mixture with 100% portland
cement. Mixtures exhibit reduced shrinkage when the silica fume or slag
cement content is doubled to 6 or 60%, respectively, or when the curing
period is increased from 7 to 14 days. Before these mixtures are implemented
in the field, scaling tests and restrained ring tests should be performed to
ensure that the reduced shrinkage observed in the laboratory will translate into
to increased performance in the field.

When concrete is cast with a low-absorption coarse aggregate (e.g., granite or
quartzite with an absorption less than 0.7%) and only cured for 7 days, the
volume replacement of cement by 3 or 6% silica fume or 30 or 60% slag
results in increased early-age shrinkage and slightly reduced long-term
shrinkage compared to a control mixture with 100% portland cement. When
cured for 14 days, both the early-age and long-term shrinkage of these binary
mixtures is reduced compared to the control mixture.

Internal curing provided by water held in the pores of limestone coarse
aggregate particles reduces the free shrinkage of concrete containing silica
fume or slag cement as a replacement for portland cement.

The addition of Class F fly ash (20 or 40%) results in significantly increased
early-age shrinkage compared to the 100% portland cement control mixture
for concrete cast with either a low or high-absorption coarse aggregate and
cured for either 7 or 14 days. Based on the test results, the effect of fly ash on
long-term shrinkage is somewhat unclear, but in no case did the addition of fly

ash reduce long-term shrinkage.
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Ternary mixtures with a paste content of 20% containing 60 or 80% slag
cement and 6% silica fume have adequate workability, finishability, and
cohesiveness. These mixtures have reduced shrinkage compared to control
mixtures containing 100% portland cement due to a reduction in the paste
content (made possible with the mineral admixtures) and the addition of slag

cement, silica fume, or both.

Construction Experiences and Preliminary Evaluation of LC-HPC
Bridge Decks

Natural fine and coarse sands selected to meet the combined gradation
specification greatly aid the pumpability and finishability of LC-HPC.
Angular manufactured sands and excessively elongated coarse aggregate
particles can hinder placement (especially when pumped) and finishing.
Special attention must be given to accurately determining the free surface
moisture of the aggregate before and during concrete placement.

LC-HPC mixtures with an optimized aggregate gradation and design w/c
ratios of 0.44 and 0.45 with cement contents of 317 or 320 kg/m’ (535 or 540
Ib/yd?) have consistently pumped and finished well.

Some of the LC-HPC placements cast with a design w/C ratio of 0.42 and a
cement content of 317 kg/m’ (535 Ib/yd®) have not pumped or finished well.
A number of factors contributed to these difficulties, including withholding a
portion of the design mixture water and overestimating the aggregate free
surface moisture.

Concretes cast with high-range water reducers exhibit increased compressive
strengths compared to concrete casts with a mid-range water reducers or
without a water reducer.

A slump of 75 mm (3 in.) is adequate to place and finish properly designed
LC-HPC, but a slump of 100 mm (4 in.), the maximum allowed under the
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current LC-HPC specification, is often set as the target at the request of the
contactor. This practice, in turn, often results in concrete slumps that
regularly exceed 75 mm (3 in.) rather than slumps within the desired range of
40 to 75 mm (1.5 to 3.0 in.).

Based on samples taken before and after placement, air loss through the pump
ranged from 0.6 to 1.6% when an “S-Hook” or bladder valve was used to limit
air loss and from 2.0 to 4.5% when no measures were taken. A drop of
approximately 3.7 m (12 ft) from a conveyor through an elephant trunk
resulted in an average air loss of 2.4%.

A positive relationship between the inspectors, contractor, and ready-mix
supplier is critical to the success of LC-HPC decks.

The crack densities for the three LC-HPC decks surveyed on more than one
occasion increased gradually over time at a rate similar to that reported for
monolithic decks by Lindquist et al. (2005).

The crack densities for the five control decks surveyed on more than one
occasion increased rapidly following the first survey. Additional surveys are
needed to fully assess the long-term performance of these decks, but surveys
performed between 12 and 24 months appear to provide a better assessment of
the deck performance than surveys performed at less than one year.

On average, LC-HPC decks had both a lower average cracking rate and a
lower crack density than the control decks.

The five LC-HPC decks surveyed to date are performing at a level
approximately equal to or exceeding the best performing monolithic decks in
Kansas surveyed over the past 15 years.

A reduction in the water content from 144 to 133 kg/m’ (243 to 224 Ib/yd’)
does not measurably reduce the level of cracking in bridge decks. Based on

these results, it is clear that emphasis should be placed on selecting a water
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content within this range that enables the contractor to adequately place,
finish, and cover the concrete in a timely fashion.

Further evaluation is required to fully evaluate the effect of cement content on
cracking for the LC-HPC decks, but it is clear that the ability to place, finish,
and cover the concrete quickly is more important than reducing the cement
content from 320 to 317 kg/m® (540 to 535 Ib/yd?).

Crack density increases with increasing concrete compressive strength.

There is no appreciable increase in crack density as the average slump is
increased from 75 to 90 mm (3.0 to 3.5 in.).

With the exception of the first two LC-HPC decks, the costs of control decks
cast with low-absorption aggregate (as specified by the Kansas City Metro
Materials Board) are similar to the costs of the LC-HPC decks.

6.3 RECOMMENDATIONS

Based on the observations and conclusions in this report, the following

recommendations are made to limit concrete shrinkage and improve bridge deck

performance.

1.

The minimum curing time for all bridge deck placements should be 14 days to
help limit concrete shrinkage.

For mixtures containing a low-absorption coarse aggregate, 100% portland
cement should be selected. This recommendation is based on two
observations: (1) concrete containing aggregate with a higher modulus of
elasticity, as indicated by a low absorption (e.g., granite and quartzite), will
shrink less than concrete with a lower modulus (e.g., limestone), and (2)
concrete with a low-absorption coarse aggregate is pumped more easily than

concrete containing a porous coarse aggregate. Concrete containing porous
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coarse aggregate may lose a significant amount of workability through the
pump as water is forced into the aggregate pores as the concrete is pumped.
Angular manufactured sands can hinder the ability of the contractor to place
and finish the concrete and should not be used as a principal contributor to
sieve sizes of 9.5-mm (34-in.) and below. Pumping is especially hindered by
angular manufactured sands.

Careful consideration should be given to selecting and optimizing the
combined aggregate blend to meet the specifications throughout the project.
The mixture should be re-optimized to account for “as-delivered” aggregate
gradations to ensure that the mixture is placeable prior to construction of the
deck.

The design w/c ratio for LC-HPC should be specified between 0.43 and 0.45,
and the maximum cement content should be specified as 320 kg/m’ (540
Ib/yd®). A somewhat reduced cement content can be used if the w/c ratio
range and the specified cement content results in a slump above the desired
range.

The use of high-range water reducers (HRWRs) should be strictly limited due
to their potential to increase compressive strengths, and whenever possible, a
mid-range water reducer should be used instead. Mixtures specified with a
w/c ratio of 0.44 and a cement content of 320 kg/m® (540 Ib/yd*) may not
require a water-reducer to obtain a 75 mm (3 in.) slump.

All of the water included in the mixture design should be added at the ready-
mix plant. Slump control in the field should be accomplished through the
addition of a mid-range water reducer.

The maximum allowable slump for future LC-HPC bridge placements should
be limited to 90 mm (3.5 in.) to help minimize settlement cracking while still

maintaining placeable and finishable concrete. It is imperative that inspectors
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recognize the importance of limiting slump to ensure that they enforce this
provision throughout the placement.

A clear understanding of the concrete testing schedule and how out-of-
specification concrete will be handled should be established prior to
placement of the qualification slab. Changes to the concrete properties
resulting from the placement method should be accounted for if the samples
are taken directly from the ready-mix truck.

If a pump is used for placement, a bladder valve or “S-Hook” should be fitted
to the discharge hose, and if a conveyor or bucket is used for placement, the
maximum drop should be limited to 1.5 m (5 ft).

The same equipment used to place and finish the qualification slab should be
used to place and finish the bridge placement. Any changes to the placing or
finishing equipment or to the concrete mixture design, other than re-
optimizing the aggregate gradation based on the as-delivered aggregates,
should be accompanied by additional testing to ensure that the concrete
remains placeable and finishable.

Successfully completing the qualification batch and qualification slab are
critical steps that should be completed prior to construction of the LC-HPC
deck. In some cases, a qualification slab may not be necessary for
experienced crews, but the ability to adequately place and finish the concrete
must be demonstrated prior to placement.

The LC-HPC specifications should be adopted to replace the current concrete
specifications used for monolithic decks and bridge subdecks. The LC-HPC
decks constructed and surveyed to date have both a lower average crack

density and a lower average cracking rate.
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APPENDIX A: CONCRETE MIXTURE PROPORTIONS

A.l GENERAL
Appendix A presents the mixture proportions, properties, and compressive

strengths for the six free-shrinkage programs described in Chapters 2 and 4.

Table A.1 — Cement and mineral admixture chemical composition

Oxides Percentages
Portland Cement Type
/11
Sample No. 1 2 3 4 5
SiO, 21.04 | 21.23 20.89 21.69 20.88
Al,O3 4.81 4.69 4.71 4.92 4.85
Fe,O; 3.25 3.56 3.46 3.38 3.42
CaO 63.24  63.31 63.17 6191 62.91
MgO 2.00 1.69 1.69 1.70 1.92
SO; 2.77 2.76 2.96 3.10 2.79
Na,O 0.23 0.22 0.20 0.24 0.21
K,O 0.46 0.53 0.47 0.46 0.52
TiO, 0.29 0.28 0.30 0.32 0.30
P,0Os 0.10 0.09 0.10 0.10 0.10
Mn,0O; 0.10 0.13 0.13 0.10 0.11
SrO 0.19 0.17 0.16 0.15 0.20
BaO - - - - -
LOI 1.40 | 1.39 1.52 1.67 1.99
Total 99.88 | 100.06 99.76 99.74 100.20
Batch Numbers 234 239 273 309 328 344 368 407
235 274 312 330 347 369 408
275 317 334 351 370 409
278 322 335 354 373 412
282 323 338 355 378 414
290 324 340 358 392 417
292 325 342 363 394 419
308 326 343 364 399 421
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Table A.1 (con’t) — Cement and mineral admixture chemical composition

Oxides Percentages
Portland Cement Type Mineral Admixture
I 11 Silica Fume F-Ash
Sample No. 1 1(a) 1(b) 2 1 2 1
SiO, 20.42 | 20.85 | 20.83 @ 21.16 | 90.87 | 94.49 | 55.67
Al,O3 5.46 4.79 4.80 4.63 0.48 0.07 15.42
Fe,O3 2.40 3.58 3.57 3.51 1.62 0.10 5.20
CaO 62.67 | 65.00 64.69 @ 64.96 | 0.42 0.53 12.79
MgO 1.36 1.18 1.19 1.01 0.98 0.62 4.22
SO, 3.27 1.44 2.25 2.29 0.28 0.11 0.66
Na,O 0.15 0.50 0.51 0.46 0.43 0.09 1.99
K,O 0.80 0.16 0.17 0.20 1.29 0.54 2.08
TiO, 0.34 0.24 0.25 0.28 0.01 -- 0.50
P,Os 0.12 0.07 0.07 0.08 0.08 0.07 0.12
Mn,0; 0.05 0.09 0.09 0.07 0.03 0.02 0.04
SrO 0.07 0.14 0.14 0.15 0.01 0.01 0.26
BaO -- - -- -- -- -- 0.45
LOI 3.32 1.67 1.46 0.70 3.35 3.21 0.43
Total | 100.43 | 99.73 | 100.03 ' 99.50 | 99.85 @ 99.86 | 99.83
Batch Numbers 367 240 300 274 325 419
244 275 326 421
246 354
298 355
358
392
394
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Table A.1 (con’t) — Cement and mineral admixture chemical composition

Oxides Percentages
Mineral Admixture
Grade 120
F-Ash Slag Cement Grade 100 Slag Cement
2(a) 2(b) 3 1 2 1 2 3
SiO; 6497 6436  57.17 | 32.70 @ 38.28 -- 3635 @ 43.36
Al,O3 17.47 17.47 18.65 8.58 10.69 -- 9.64 8.61
Fe,O3 3.10 3.08 3.08 1.70 0.49 -- 0.88 0.37
CaO 8.55 8.95 11.61 44.82 35.35 -- 39.92 31.13
MgO 2.06 1.97 2.21 9.33 10.68 -- 9.17 12.50
SO; 0.23 0.29 2.83 1.16 2.85 -- 2.21 2.24
Na,O 0.63 0.61 0.63 0.30 0.27 -- 0.23 0.21
K,0O 0.85 0.84 0.81 0.41 0.37 -- 0.44 0.40
TiO, 1.06 0.97 1.03 0.57 0.44 -- 0.50 0.32
P>,0Os 0.11 0.12 0.18 0.06 0.01 -- 0.02 --
Mn,O3 0.04 0.04 0.04 0.45 0.34 -- 0.40 0.35
Sro 0.16 0.16 0.17 0.09 0.05 -- 0.07 0.04
BaO 0.18 - -- - - -- - --
LOlI 0.40 0.73 1.26 0.00 0.00 -- 0.00 0.37
Total 99.81 99.59  99.67 | 100.17 @ 99.82 -- 99.83 99.90
Batch Numbers 290 363 278 309 322 328 368
292 364 282 312 340 369
399 317 407
403 324 408
351
354
355
358

"The chemical composition of the first Grade 100 Slag Cement sample, used for Batch 322, was not
analyzed.



Table A.2 — Aggregate Gradations
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Sieve Size Percent Retained on Each Sieve
19-mm (¥%-in.) Limestone Gradations

A B B B®b) 1 l(a) 1) 2 2@ 2(b)
37.5-mm (1%-in.) 0 0 0 0 0 0 0 0 0 0
25-mm (1-in.) 0 0 0 0 0 0 0 0 0 0
19-mm (¥%-in.) 0 01 0.1 0 02 05 0 01 02 0
12.5-mm (%-in.) | 250 21.7 447 0 166 403 0 194 463 0
9.5-mm (34-in.) 295 241 496 0 244 592 0 223 534 0

475-mm (No.4) |352 410 0 802 423 0 719 446 0 766

2.36-mm (No. 8) 56 74 0 145 128 0 217 104 0 178
1.18-mm (No. 16) 0 0 0 0 0 0 0 0 0 0
0.60-mm (No. 30) 0 0 0 0 0 0 0 0 0 0
0.30-mm (No. 50) 0 0 0 0 0 0 0 0 0 0
0.15-mm (No. 100) | o0 0 0 0 0 0 0 0 0 0
0.075-mm (No. 200) | © 0 0 0 0 0 0 0 0 0
Pan 43 54 56 53 37 0 64 33 0 5.6

Batch Numbers 234 - 244 244 - 300 292 - 273 273

235 246 246 282 | 298 274 274

239 290 = 300 275 275

240 292 | 308 278 278

323 282

290




Table A.2 (con’t) — Aggregate Gradations
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Sieve Size

Percent Retained on Each Sieve
19-mm (¥4-in.)

19-mm (%4-in.) Limestone Gradations Quartzite
Gradations
3 3(a) @ 3(b) 4 4(a) @ 4(b) 1 I(a) 1(b)
37.5-mm (1%-in.) 0 0 0 0 0 0 0 0 0
25-mm (1-in.) 0 0 0 0 0 0 0 0 0
19-mm (%-in.) 0 0 0 0 0 0 2.3 6.9 0
12.5-mm (%%-in.) 20.8 422 0 22.0 423 0 14.9 ' 44.0 0
9.5-mm (34-in.) 28.6  57.8 0 30.1 | 57.7 0 15.5  45.6 0
4.75-mm (No. 4) 42.4 0 83.8 414 0 89.6 | 51.0 0 77.2
2.36-mm (No. 8) 6.0 0 11.8 3.1 0 6.7 | 10.2 0 15.4
1.18-mm (No. 16) 0 0 0 0 0 0 2.5 0 3.8
0.60-mm (No. 30) 0 0 0 0 0 0 0.7 0 1.1
0.30-mm (No. 50) 0 0 0 0 0 0 0.6 0 0.8
0.15-mm (No. 100) 0 0 0 0 0 0 0 0 0
0.075-mm (No. 200) 0 0 0 0 0 0 0 0 0
Pan 2.3 0 4.5 3.5 0 38 1 23 3.5 1.8
Batch Numbers -- 298 | 309 - 373 -- -- 312 | 312
308 | 317 324 | 324
309 | 322 344 | 344
317 | 323
322 | 326
323 | 328
325 | 351
326 | 354
328 | 355
351 | 358
354 | 364
355 | 363
358 | 367
363 | 368
364 | 369
367 | 373
368

369




Table A.2 (con’t) — Aggregate Gradations
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Sieve Size Percent Retained on Each Sieve
19-mm (%4-in.) Granite Gradations Pea Gravel

1 1@ 1b) 2 2@ 20| A B 1

37.5-mm (1'%-in.) 0 0 0 0 0 0 0 0 0

25-mm (1-in.) 0 0 0 0 0 0 0 0 0

19-mm (¥%-in.) 20 39 0 0 0 0 0 0 0

12.5-mm (1/2-in.) 18.2 | 35.7 0 15.7 | 34.2 0 0 0 0

9.5-mm (%-in.) 30.8  60.4 0 298 | 64.7 0 0 0 0
4.75-mm (No. 4) 444 0 90.4 @ 39.2 0 78.5 1 10.1 9.5 14.7
2.36-mm (No. 8) 1.7 0 35 10.2 0 204 | 46.6 409 395
1.18-mm (No. 16) 2.8 0 5.7 0 0 0 283 352 295
0.60-mm (No. 30) 0.2 0 0.4 0 0 0 8.8 8.8 9.2
0.30-mm (No. 50) 0 0 0 0 0 0 3.8 34 4.6
0.15-mm (NO. 100) 0 0 0 0 0 0 1.5 1.3 1.8
0.075-mm (No. 200) | 0 0 0 0 0 0 103 03 03
Pan 0 0 0 5.1 1.2 1.1 0.4 0.6 0.4
Batch Numbers -- 340 @ 340 - 392 0 392 | 234 244 @ 273
343 | 343 394 | 394 | 235 | 246 @274
399 ' 399 | 239 275
403 | 403 240 278
407 | 407 282
408 @ 408 290
409 @ 409 292
412 412 298
414 @ 414 300

417 417
419 | 419




Table A.2 (con’t) — Aggregate Gradations
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Sieve Size Percent Retained on Each Sieve
Pea Gravel Sand
2 3 A 1 2 3 4
37.5-mm (1%-in.) 0 oo o o 0 0
25-mm (1-in.) 0 0 0 0 0 0 0
19-mm (¥%-in.) 0 0 0 0 0 0 0
12.5-mm (%-in.) 0 0 0 0 0 0 0
9.5-mm (34-in.) 0 0 0 0 0 0 0
4.75-mm (No. 4) 9.3 1141 09 13 | 07 1.4 0.8
2.36-mm (No. 8) 31.2 3861100 112 113 10.0 10.5
1.18-mm (No. 16) 314 284 | 189  21.0 226 18.0 19.6
0.60-mm (No. 30) 12.6 11.7 | 25.7 | 26.8 @ 24.7 25.3 24.5
0.30-mm (No. 50) 9.3 69 | 275 262 264 30.2 28.0
0.15-mm (No. 100) 4.9 2.1 | 133 | 112 115 12.6 12.6
0.075-mm (No. 200) 0.9 04 | 3.1 19 1.7 1.8 3.5
Pan 0.4 06 | 0.6 04 1.1 0.9 0.6
Batch Numbers 308 | 342 | 392 | 234 | 273 298 | 330 @ 355 399
309 | 343 | 394 | 235 | 274 300 | 334 358 @ 403
312 | 344 | 399 | 239 | 275 308 | 335 363 @ 407
317 | 351 | 403 | 240 @ 278 309 | 338 @ 364 @ 408
322 | 354 | 407 | 244 | 282 312 | 340 @367 @ 409
323 355 408 | 246 290 317 342 368 412
324 | 358 | 409 292 | 322 | 343 | 369 | 414
325 363 412 323 | 344 | 373 | 417
326 | 364 | 414 324 351 392 419
328 | 367 | 417 325 | 354 | 394
330 | 368 @ 419 326
334 | 369 328
335 | 373
338

340
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Table A.3 — Program I Set 1 mixture proportions and concrete properties

Batch 234 235 239
w/c 0.41 0.43 0.45
Paste Content, % 23.1 23.7 244
Coarse Aggregate Content, % 343 34.0 33.7
Cement Content, kg/m® (Ib/yd’)
Type I/I Sample 1 317 (535) 317 (535) -
Type I/II Sample 2 - -- 317 (535)
Water content, kg/m’ (Ib/yd”) 130 (219) 136 (230) 143 (241)
Coarse Aggregate, kg/m’ (Ib/yd’)
19-mm (¥%-in.) Limestone
Gradation A 882 (1486) 873 (1472) 865 (1458)
Pea Gravel, kg/m’ (Ib/yd?)
Gradation A 355 (598) 352 (593) 348 (587)
Fine Aggregate, kg/m’ (Ib/yd’)
Gradation A 557 (938) 558 (941) 546 (921)
Admixtures, mL/m’ (oz/yd3)
Type A-F HRWR 994 (25.7) 860 (22.2) 327 (8.5)
Air-entraining agent 77 (2.0) 55 (1.4) 92 (2.4)
Batch Size, m® (yd®) 0.131 (0.171)
Slump, mm (in.) 70 (2.75) 90 (3.5) 80 (3.25)
Air Content, % 8.65 8.15 8.15
Temperature, C (F) 21° (69°) 22°(72°) 24° (75°)
Compressive Strength, MPa (psi)
28-Day Strengths'
3-Day Wet Cure 31.4 (4550) 31.6 (4580) 26.0 (3770)
7-Day Wet Cure 29.6 (4300) 31.4 (4560) 28.4 (4120)
14-Day Wet Cure 33.6 (4880) 32.1 (4660) 28.3 (4110)
28-Day Wet Cure 31.0 (4500) 31.7 (4600) 28.1 (4080)

"Three 100 x 200 mm (4 x 8 in.) cylinders each were cured for 3, 7, 14, or 28 days in lime-saturated
water, transferred to a drying tent [22° C (73° F) and 50% RH], and tested at an age of 28 days. The
compressive strengths reported represent an average of three compressive strength tests.
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Table A.4 — Program I Set 2 mixture proportions and concrete properties

Batch 240 244 246
w/c 0.41 0.43 0.45
Paste Content, % 23.1 23.7 24.4
Coarse Aggregate Content, % 343 32.6 32.2
Cement Content, kg/m’ (Ib/yd’)

Type II Sample 1 317 (535) 317 (535) 317 (535)
Water content, kg/m3 (1b/yd3) 130 (219) 136 (230) 143 (241)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (%-in.) Limestone

Gradation A 882 (1486) - -

Gradation B(a) - 516 (869) 510 (860)

Gradation B(b) - 322 (542) 318 (536)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation A 355 (598) 520 (876) 514 (866)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation A 557 (938) - --

Gradation B - 422 (712) 418 (704)
Admixtures, mL/m’ (oz/yd3)

Type A-F HRWR 994 (25.7) 360 (9.3) 117 (3.0)

Air-entraining agent 72 (1.9) 120 (3.1) 172 (4.4)
Batch Size, m® (yd®) 0.131 (0.171)

Slump, mm (in.) 75 (3) 80 (3.25) 70 (2.75)
Air Content, % 8.65 8.15 7.9
Temperature, C (F) 23° (74°) 23° (74°) 21°(70°)
Compressive Strength, MPa (psi)
_ i
28 3]?_ g’astif,gtgt(};zre 27.9 (4050) 23.4 (3400) 223 (3230)
7-Day Wet Cure 28.0 (4060) 25.1 (3640) 24.6 (3570)
14-Day Wet Cure 28.5 (4140) 26.4 (3830) 26.3 (3810)
28-Day Wet Cure 28.6 (4150) 26.5 (3840) 26.0 (3770)

"Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 3, 7, 14, or 28 days in lime-saturated water,
transferred to a drying tent [22° C (73° F) and 50% RH], and tested at an age of 28 days. The
compressive strengths reported represent an average of three compressive strength tests.
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Table A.5 — Program I Set 3 mixture proportions and concrete properties

Batch 412 414 417
w/c 0.41 0.43 0.45
Paste content, % 22.9 23.3 24.2
Coarse Aggregate Content, % 30.8 30.5 30.3
Cement Content, kg/m® (Ib/yd’)

Type /1T Sample 317 (535) 317 (535) 317 (535)
Water content, kg/m3 (1b/yd3) 129 (218) 136 (229) 142 (240)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (¥-in.) Granite

Gradation 2(a) 488 (823) 484 (815) 479 (808)

Gradation 2(b) 322 (542) 319 (538) 316 (533)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 5 558 (941) 553 (932) 548 (923)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 4 444 (749) 441 (743) 437 (736)
Admixtures, mL/m’ (0z/yd’)

Type A-F HRWR 1383 (35.8) 896 (23.2) 561 (14.5)

Air-entraining agent 86 (2.2) 64 (1.7) 94 (2.4)

Batch Size, m® (yd’) 0.027 (0.035)
Slump, mm (in.) 60 (2.25) 65 (2.5) 75 (3)
Air Content, % 8.65 7.9 8.15
Temperature, C (F) 19° (67°) 22°(71°) 21° (69°)
Compressive Strength, MPa (psi)’

7-Day 25.2 (3660) 26.8 (3880) 21.9 (3180)

28-Day 40.0 (5800) 33.5 (4860) 33.3 (4830)

"Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive
strength tests.
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Table A.6 — Program II Set 1 and Set 2" mixture proportions and concrete properties

Batch 330 334 335 338
w/c 0.36 0.38 0.40 0.42
Paste Content, % 23.3 23.3 23.3 23.3
Coarse Aggregate Content, % 31.8 31.9 32.0 32.1
Cement Content, kg/m® (Ib/yd’)

Type I/I1 Sample 4 346 (583) 336 (566) 326 (550) 317 (535)
Water content, kg/m® (Ib/yd’) 123(207) | 126(213) = 129(218) = 132(223)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (%-in.) Limestone

Gradation 3(a) 510 (860) | 511(862) = 513(865) 514 (867)

Gradation 3(b) 306 (515) 307 (518) 309 (521) 311 (524)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 2 714 (1203) | 705 (1189) | 698 (1176) = 691 (1164)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 3 255 (430) 260 (438) 265 (447) 269 (454)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 64 (1.7) 70 (1.8) 73 (1.9) 68 (1.8)

Type A-F HRWR 2128 (55.0) @ 1635(42.3) 1308 (33.8) 1079 (27.9)
Batch Size, m® (yd®) 0.050 (0.066)

Slump, mm (in.) 95 (3.75) 75 (3) 50 (2) 50 (2)
Air Content, % 8.15 8.4 8.65 8.4
Temperature, C (F) 23°(73°) 22°(72°) 22°(72°) 23°(73°)
Compressive Strength, MPa
(psi)”
7-Day 45.9 (6660) = 39.0 (5650) = 30.8 (4460) = 28.8 (4170)
28-Day 50.7 (7350) = 43.0 (6230) = 38.8 (5630) = 37.9 (5500)

"Program II Set 2 also includes Batch 342 (shown in Table A.7).
*Two 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of two compressive

strength tests.
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Table A.7 —Program III mixture proportions and concrete properties

Batch 342 343 344
wi/c 0.42 0.42 0.42
Paste Content, % 21.6 21.6 21.6
Coarse Aggregate Content, % 34.7 35.1 353
Cement Content, kg/m3 (lb/yd3)

Type I/I1 Sample 4 295 (497) 295 (497) 295 (497)
Water content, kg/m3 (1b/yd3) 122 (206) 122 (206) 122 (206)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (%-in.) Limestone
Gradation 3(a) 529 (892) -- --
Gradation 3(b) 363 (612) - -
19-mm (¥-in.) Granite
Gradation 1(a) - 552 (931) -
Gradation 1(b) - 364 (613) -
19-mm (¥4-in.) Quartzite

Gradation 1(a) - - 589 (993)

Gradation 1(b) - - 342 (576)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 3 568 (958) 557 (938) 621 (1046)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 3 365 (616) 368 (620) 299 (504)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 82(2.1) 82 (2.1) 78 (2.0)

Type A-F HRWR 1504 (38.9) 1700 (44.0) 1602 (41.4)

Batch Size, m® (yd®) 0.031 (0.040)
Slump, mm (in.) 70 (2.75) 95 (3.75) 70 (2.75)
Air Content, % 7.9 8.4 8.4
Temperature, C (F) 22°(72°) 23°(73°) 22° (72°)
Compressive Strength, MPa (psi)*

7-Day 29.9 (4330) 28.3 (4100) 31.1 (4510)

28-Day 35.0 (5070) 34.3 (4980) 36.5 (5300)

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive

strength tests.
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Table A.8 — Program IV mixture proportions and concrete properties

Batch 273 308 323
w/c 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3
Coarse Aggregate Content, % 31.6 334 34.2
Cement Content, kg/m® (Ib/yd’)

Type I/I Sample 3 317 (535) 317 (535) 317 (535)
Water content, kg/m3 (1b/yd3) 132 (223) 125 (212) 129 (217)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (%-in.) Limestone

Gradation 1(b) - 368 (620) 390 (657)

Gradation 2(a) 539 (909) - -

Gradation 2(b) 295 (497) - -

Gradation 3(a) -- 514 (866) 514 (866)
Pea Gravel, kg/m’® (Ib/yd’)

Gradation 1 459 (774) -- --

Gradation 2 - 542 (914) 453 (763)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 1 494 (832) - -

Gradation 2 -- 361 (609) 428 (722)
Admixtures, mL/m’ (oz/yd3)

Air-entraining agent 64 (1.7) 458 (11.8) 154 (4.0)

Type A-F HRWR 1006 (26.0) 850 (22.0) 1275 (33.0)

Shrinkage Reducing Admixture -- 3165 (0.64) 6330 (1.28)

Batch Size, m® (yd®) 0.031 (0.040)
Slump, mm (in.) 60 (2.25) 50 (2) 75 (3)
Air Content, % 8.65 7.9 7.9
Temperature, C (F) 23°(73°) 19° (66°) 20° (68°)
Compressive Strength, MPa (psi) ¢

7-Day 29.4 (4260) 28.1 (4070) 31.4 (4560)

28-Day 36.3 (5260) 39.9 (5780) 37.5 (5440)

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive
strength tests.
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Table A.9 — Program V mixture proportions and concrete properties

Batch' 298 300 367
w/c 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3
Coarse Aggregate Content, % 32.1 31.9 31.3
Cement Content, kg/m’ (Ib/yd’)
Type II Sample 3 317 (535) -- --
Type II Sample 2 - 317 (535) -
Type III Sample 1 - -- 317 (535)
Water content, kg/m’ (Ib/yd*) 132 (223) 132 (223) 132 (223)
Coarse Aggregate, kg/m® (Ib/yd’)
19-mm (¥%-in.) Limestone
Gradation 1(a) - 504 (850) -
Gradation 1(b) 333 (562) 337 (568) -
Gradation 3(a) 514 (867) -- 514 (866)
Gradation 3(b) -- -- 311 (524)
Pea Gravel, kg/m’ (Ib/yd®)
Gradation 1 430 (725) 438 (739) -
Gradation 4 - - 690 (1163)
Fine Aggregate, kg/m’ (Ib/yd’)
Gradation 2 508 (857) 506 (853) -
Gradation 3 - -- 269 (454)
Admixtures, mL/m’ (oz/yd3)
Air-entraining agent 100 (2.6) 105 (2.7) 46 (1.2)
Type A-F HRWR 1079 (27.9) 1243 (32.1) 1504 (38.9)
Batch Size, m® (yd’) 0.031 (0.040)
Slump, mm (in.) 65 (2.5) 70 (2.75) 100 (4)
Air Content, % 8.65 8.9 8.65
Temperature, C (F) 22°(72°) 22°(71°) 22°(72°)
Compressive Strength, MPa
(psi)’
7-Day 29.2 (4240) 26.5 (3850) 35.2(5110)
28-Day 35.8 (5190) 28.5 (4140) 37.9 (5500)

"Batch 273 is the control for Program V and is shown in Table A.8.

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive
strength tests.
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Table A.10 — Program VI Set 1" mixture proportions and concrete properties

Batch 274 275 325 326
Batch Designation 3% SF #1 6% SF #1 3% SF #2 6% SF #2
w/cm 0.42 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3 23.3
Coarse Aggregate Content, % 324 324 35.5 35.5
Cement Content, kg/m’ (Ib/yd’)

Type I/II Sample 3 310 (522) 301 (508) 310 (522) 301 (508)
Silica Fume Content, kg/m’ (Ib/yd”)

Sample 1 6.5(11) 13 (22) - -

Sample 2 - - 6.5(11) 13 (22)
Water content, kg/m3 (1b/yd3) 132(222) | 131(221) @ 132(222) @ 131(221)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (%-in.) Limestone

Gradation 2(a) 539 (908) | 539 (908) - -

Gradation 2(b) 295 (497) | 295 (497) - -

Gradation 3(a) - - 514 (866) | 514 (866)

Gradation 3(b) - - 399 (673) | 399 (673)
Pea Gravel, kg/m’ (Ib/yd®)

Gradation 1 460 (776) | 461 (777) - -

Gradation 2 -- - 426 (718) 426 (718)
Fine Aggregate, kg/m’ (Ib/yd®)

Gradation 1 493 (831) = 493 (831) - -

Gradation 2 -- -- 446 (752) 446 (752)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 63 (1.6) 63 (1.6) 63 (1.6) 50 (1.3)

Type A-F HRWR 1160 (30.0) | 1199 (31.0) ' 1083 (28.0) 1406 (36.4)
Batch Size, m® (yd®) 0.031 (0.040)
Slump, mm (in.) 100 (4) 50 (2) 63 (2.5) 65 (2.5)
Air Content, % 8.65 8.4 8.9 8.65
Temperature, C (F) 22°(72°) 22°(72°) 22°(71°) 21°(69°)
Compressive Strength, MPa (psi) *

7-Day 32.4 (4700) | 34.1 (4940)  29.7 (4310) 34.3 (4970)

28-Day 36.0 (5220)  43.1 (6250)  40.4 (5860) 45.0 (6530)

"Batch 273 is the control (0% silica fume) for Program VI Set 1 and is shown in Table A.8.

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive

strength tests.
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Table A.11 — Program VI Set 2 mixture proportions and concrete properties

Batch 409 392 394
Batch Designation control 3% SF #2 6% SF #2
w/cm 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3
Coarse Aggregate Content, % 30.7 35.5 35.5
Cement Content, kg/m’ (Ib/yd’)

Type /Il Sample 5 317 (535) 310 (522) 301 (508)
Silica Fume Content, kg/m’ (Ib/yd?)

Sample 2 -- 6.5(11) 13 (22)
Water content, kg/m3 (1b/yd3) 132 (223) 132 (222) 131 (220)
Coarse Aggregate, kg/m® (Ib/yd’)

19-mm (¥-in.) Granite

Gradation 2(a) 487 (820) 555 (936) 555 (936)

Gradation 2(b) 320 (540) 379 (639) 379 (639)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 5 556 (937) 374 (631) 374 (631)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 3 - 497 (838) 497 (838)

Gradation 4 443 (747) -- --
Admixtures, mL/m’ (oz/yd3)

Air-entraining agent 67 (1.7) 75 (1.9) 75 (1.9)

Type A-F HRWR 1083 (28.0) 1457 (37.7) 1682 (43.5)

Batch Size, m® (yd’) 0.027 (0.035)
Slump, mm (in.) 65 (2.5) 90 (3.5) 95 (3.75)
Air Content, % 8.65 7.9 7.9
Temperature, C (F) 21° (70°) 21° (70°) 20° (68°)
Compressive Strength, MPa (psi)*

7-Day 26.3 (3820) 32.5(4710) 31.7 (4600)

28-Day 36.3 (5270) 39.5(5730) 39.2 (5690)

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive

strength tests.
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Table A.12 — Program VI Set 3" mixture proportions and concrete properties

Batch 363 364 290 292
Batch Designation 20% FA #1 @ 40% FA#1 = 20% FA#2 = 40% FA #2
w/cm 0.42 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3 23.3
Coarse Aggregate Content, % 32.1 32.0 31.5 32.1
Cement Content, kg/m® (Ib/yd’)
Type I/I1 Sample 3 -- -- 262 (441) 202 (341)
Type /Il Sample 4 257 (433) 195 (329)
Class F Fly Ash, kg/m’ (Ib/yd®)
Sample 1 58 (97) 117 (197) - -
Sample 2 - - 49 (83) 101 (170)
Water content, kg/m® (Ib/yd’) 131 (221) | 130(219)  130(219) = 127 (214)
Coarse Aggregate, kg/m® (Ib/yd’)
19-mm (¥4-in.) Limestone
Gradation 1(a) - - 503 (848) = 502 (846)
Gradation 1(b) - - - 322 (543)
Gradation 2(b) - - 305 (514) -
Gradation 3(a) 513 (865) 513 (864) - -
Gradation 3(b) 310(523) 309 (521) - -
Pea Gravel, kg/m’ (Ib/yd®)
Gradation 1 - - 494 (833) | 468 (789)
Gradation 4 693 (1168) = 697 (1174) -- --
Fine Aggregate, kg/m’ (Ib/yd’)
Gradation 1 - - 483 (814) = 493 (831)
Gradation 3 268 (451) 265 (447) - -
Admixtures, mL/m’ (oz/yd3)
Air-entraining agent 105 (2.7) 163 (4.2) 108 (2.8) 173 (4.5)
Type A-F HRWR 1144 (29.6) 981 (25.4) 654 (16.9) @ 490 (12.7)
Batch Size, m® (yd’) 0.031 (0.040)
Slump, mm (in.) 70 (2.75) 100 (4) 75 (3) 75 (3)
Air Content, % 8.9 8.65 8.4 7.9
Temperature, C (F) 22°(71°) | 21°(70°) | 22°(72°) | 22°(71°)
Compressive Strength, MPa (psi)*
7-Day 25.4 (3680) @ 25.4 (3680) 23.5(3410) 19.4 (2820)
28-Day 32.5(4710)  30.6 (4440)  27.8 (4030) = 28.0 (4060)

"Batch 338 is the control (0% Fly Ash) for Batches 363 and 364 and is shown in Table A.6. Batch 273 is the
control (0% Fly Ash) for Batches 290 and 292 and is shown in Table A.8.

‘Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and tested
immediately. The compressive strengths reported represent an average of three compressive strength tests.
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Table A.13 — Program VI Set 4" mixture proportions and concrete properties

Batch 399 403 419 421
Batch Designation 20% FA#2 | 40%FA#2  20%FA#3 | 40% FA #3
w/cm 0.42 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3 23.3
Coarse Aggregate Content, % 31.5 32.1 30.6 30.5
Cement Content, kg/m’ (Ib/yd’)

Type I/II Sample 5 262 (441) 202 (341) = 260 (438) = 200 (337)
Class F Fly Ash, kg/m’ (Ib/yd®)

Sample 2 49 (83) 101 (170) - -
Class C Fly Ash, kg/m’ (Ib/yd’)

Sample 3 - - 52 (87) 106 (179)
Water content, kg/m’ (Ib/yd?) 130 (219) = 127(214) = 130(219) = 128 (216)

Coarse Aggregate, kg/m’ (Ib/yd’)
19-mm (¥-in.) Granite

Gradation 2(a) 503 (848) = 510(860) = 485(818) = 484 (816)

Gradation 2(b) 325 (547)  334(563) | 319(537) = 317(534)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 5 534 (900) = 510(860) = 561 (946) = 567 (956)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 4 442 (745) | 450 (759) = 440 (742) = 437 (736)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 97 (2.5) 146 (3.8) 71 (1.8) 173 (4.5)

Type A-F HRWR 785(20.3) @ 635(16.4) @ 710(18.4) 105 (2.7)
Batch Size, m® (yd®) 0.027 (0.035)
Slump, mm (in.) 63 (2.5) 55 (2.25) 65 (2.5) 90 (3.5)
Air Content, % 8.4 7.9 8.4 8.4
Temperature, C (F) 21°(70°) 21°(70°) 17° (63°) 18° (64°)
Compressive Strength, MPa (psi) *

7-Day 21.2 (3080) @ 17.1(2480) @ 23.3(3380) 16.8(2440)

28-Day 29.9 (4340)  27.2(3940) 32.6 (4730) 19.7 (2850)

"Batch 409 is the control (0% Fly Ash) for Program VI Set 4 and is shown in Table A.11.

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive
strength tests.
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Table A.14 — Program VI Set 5" mixture proportions and concrete properties

Batch 278 282 309 317
. . 30% 60% 60% 80%

Batch Designation GGBFS #1 _GGBFS#1 GGBFS #2 GGBFS #2
w/cm 0.42 0.42 0.42 0.42
Paste Content, % 23.3 23.3 23.3 23.3
Coarse Aggregate Content, % 323 32.1 35.5 35.5
Cement Content, kg/m3 (lb/yd3 )

Type I/II Sample 3 226 (381) 131 (221) 131 (221) 66 (112)
Grade 120 Slag, kg/m’ (Ib/yd’)

Sample 1 88 (148) 179 (301) -- --

Sample 2 - -- 179 301) = 240 (405)
Water content, kg/m3 (1b/yd3) 131 (221) 129 (218) 129 (218) 128 (216)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (¥%-in.) Limestone

Gradation 1(a) -- 503 (848) -- -

Gradation 2(a) 538 (906) -- -- -

Gradation 2(b) 293 (494) | 305 (514) - -

Gradation 3(a) - - 512 (863) 512 (863)

Gradation 3(b) - — 400 (674) 400 (674)
Pea Gravel, kg/m’® (Ib/yd®)

Gradation 1 463 (780) | 495 (834) - -

Gradation 2 - - 426 (718) = 426 (718)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 1 492 (829) = 483 (814) - -

Gradation 2 - - 446 (752) | 446 (752)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 65 (1.7) 141 (3.7) 144 (3.7) 353(9.1)

Type A-F HRWR 916 (23.7) = 878(22.7) = 902 (23.3) 817 (21.1)
Batch Size, m® (yd®) 0.031 (0.040)
Slump, mm (in.) 75 (3) 55 (2.25) 75 (3) 55 (2.25)
Air Content, % 8.15 8.4 8.4 7.9
Temperature, C (F) 22°(71°) 23°(74°) 18° (65°) 21°(69°)
Compressive Strength, MPa (psi) *

7-Day 31.9 (4620) @ 28.8 (4180) 31.5(4570) @ 30.1 (4360)

28-Day 41.7 (6050) @ 38.3(5550) @ 37.1(5380) 36.6(5310)

"Batch 273 is the control (0% GGBFS) for Program VI Set 5 and is shown in Table A.8.

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive

strength tests.
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Table A.15 — Program VI Set 6 mixture proportions and concrete properties

Batch 322 312 324
Batch Designation 60% GGBFS #2 = 60% GGBFS #2 | 60% GGBFS #2
w/cm 0.42 0.42 0.42
Paste Content, % 233 233 233
Coarse Aggregate Content, % 35.5 36.5 35.5
Cement Content, kg/m’ (Ib/yd’)

Type /I Sample 3 132 (222) 131 (221) 131 (221)
Grade 120 Slag, kg/m® (Ib/yd?)

Sample 2 177 (298) 179 (301) 179 (301)
Water content, kg/m’ (Ib/yd’) 129 (217) 129 (218) 129 (218)
Coarse Aggregate, kg/m’ (Ib/yd®)

19-mm (%-in.) Limestone
Gradation 3(a) 512 (863) -- --
Gradation 3(b) 400 (674) - --
19-mm (¥4-in.) Quartzite -

Gradation 1(a) - 573 (967) 573 (967)

Gradation 1(b) - 389 (656) 389 (656)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 2 426 (718) 448 (755) 448 (755)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 2 446 (752) 398 (671) 398 (671)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 144 (3.7) 144 (3.7) 144 (3.7)

Type A-F HRWR 1014 (26.2) 719 (18.6) 719 (18.6)

Batch Size, m® (yd®) 0.031 (0.040)
Slump, mm (in.) 70 (2.75) 80 (3.25) 75 (3)
Air Content, % 8.65 8.4 8.4
Temperature, C (F) 22°(72°) 22°(71°) 21° (69°)
Compressive Strength, MPa (psi)

7-Day 22.3 (3230) 23.9 (3460) 23.9 (3460)

28-Day 36.5 (5300) 39.6 (5750) 36.3 (5260)

"Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive

strength tests.
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Table A.16 — Program VI Set 7" mixture proportions and concrete properties

Batch 328 340
Batch Designation 60% G100 #4 60% G100 #4
w/cm 0.42 0.42
Paste Content, % 233 233
Coarse Aggregate Content, % 32.0 35.0
Cement Content, kg/m’ (Ib/yd’)

Type /Il Sample 4 132 (222) 132 (222)
Grade 100 Slag, kg/m® (Ib/yd?)

Sample 4 177 (298) 177 (298)
Water content, kg/m’ (Ib/yd”) 129 (217) 129 (217)

Coarse Aggregate, kg/m’ (Ib/yd®)
19-mm (%-in.) Limestone

Gradation 3(a) 513 (864) --
Gradation 3(b) 309 (520) --
19-mm (¥-in.) Granite

Gradation 1(a) -- 484 (815)

Gradation 1(b) -- 322 (542)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 2 700 (1180) 601 (1013)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 2 263 (444) -

Gradation 3 - 395 (666)
Admixtures, mL/m’ (oz/yd3)

Air-entraining agent 144 (3.7) 144 (3.7)

Type A-F HRWR 1149 (29.7) 1210 (31.3)
Batch Size, m® (yd’) 0.050 (0.066) 0.031 (0.040)
Slump, mm (in.) 80 (3.25) 65 (2.5)
Air Content, % 8.9 8.9
Temperature, C (F) 20° (68°) 23°(73°)
Compressive Strength, MPa (psi)*

7-Day 26.4 (3830) 21.6 (3140)

28-Day 35.2 (5110) 33.4 (4850)

"Batch 338 is the control (0% GGBFS and limestone coarse aggregate) for Program VI Set 7 and is
shown in Table A.6.

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive
strength tests.
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Table A.17 — Program VI Set 8" mixture proportions and concrete properties

Batch 407 408

. . 30% 60%
Batch Designation G100 #3 G100 #3
w/cm 0.42 0.42
Paste Content, % 23.3 23.3
Coarse Aggregate Content, % 32.0 32.0
Cement Content, kg/m® (Ib/yd’)

Type I/Il Sample 5 226 (381) 132 (222)
Grade 100 Slag, kg/m’ (Ib/yd)

Sample 3 87 (147) 177 (298)
Water content, kg/m3 (1b/yd3) 131 (220) 129 (217)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (¥-in.) Granite

Gradation 2(a) 503 (847) 503 (847)

Gradation 2(b) 338 (569) 338 (569)
Pea Gravel, kg/m’ (Ib/yd’)

Gradation 5 506 (853) 507 (854)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 4 459 (773) 458 (772)
Admixtures, mL/m’ (oz/yd3)

Air-entraining agent 82 (2.1) 144 (3.7)

Type A-F HRWR 1271 (32.8) 1243 (32.1)

Batch Size, m® (yd’) 0.027 (0.035)
Slump, mm (in.) 70 (2.75) 65 (2.5)
Air Content, % 7.9 7.9
Temperature, C (F) 21° (69°) 21°(69°)
Compressive Strength, MPa (psi)

7-Day 30.1 (4360) 22.7 (3290)

28-Day 41.1 (5960) 41.3 (5990)

"Batch 409 is the control (0% GGBFS) for Program VI Set 8 and is shown in Table A.11.

*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive
strength tests.
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Table A.18 — Program VI Set 9" mixture proportions and concrete properties

Batch 368 369 373 427
60% 60%

Batch Designation GGBFS = GGBFS C‘S’g;;"l C‘g‘g‘”
OD SSD

w/cm 0.42 0.42 0.42 0.42

Paste Content, % 23.3 23.3 23.3 23.3

Coarse Aggregate Content, % 32.0 32.0 32.1 32.0

Cement Content, kg/m’ (Ib/yd’)

Type I/IT Sample 5 132(222) | 132(222)  317(535) 317 (535)
Grade 100 Slag, kg/m® (Ib/yd?)

Sample 5 177 (298) = 177 (298) - -
Water content, kg/m3 (1b/yd3) 129 (217) 129 (217) 132 (223) 132 (223)
Coarse Aggregate, kg/m® (Ib/yd’)

19-mm (¥%-in.) Limestone

Gradation 3(a) 513 (864) | 513 (864) - -

Gradation 3(b) 309 (520) | 309 (520) | 311 (524) -

Gradation 4(a) -- -- 515 (868) --

Gradation 5(a) - -- -- 541 (912)

Gradation 5(b) - -- - 281 (473)
Pea Gravel, kg/m’ (Ib/yd®)

Gradation 4 700 (1180) =~ 700 (1180) = 689 (1162) -

Gradation 5 -- -- -- 594 (1001)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 3 263 (444) | 263 (444) | 270 (455) -

Gradation 4 -- -- -- 370 (623)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 131 (3.4) 131 (3.4) 43 (1.1) 75 (1.9)

Type A-F HRWR 1014 (26.2) H 1014 (26.2) 916 (23.7) | 747 (19.3)

. 0.027

Batch Size, m’ (yd®) 0.050 (0.066) 0.035)
Slump, mm (in.) 75 (3) 65 (2.5) 70 (2.75) 90 (3.5)
Air Content, % 8.4 8.15 8.15 8.4
Temperature, C (F) 23°(73°) | 19°(67°) | 23°(73°) | 18°(65°)
Compressive Strength, MPa (psi)

7-Day 24.5 (3560)  27.6 (4000)  29.5 (4280) = 26.8 (3890)

28-Day 31.7 (4600) @ 39.3 (5700) 36.3 (5260) @ 35.1(5090)

"Batches 369 and 373 were cast with aggregate in the saturated-surface-dry (SSD) condition, and batches 368 and

427 were cast with oven-dried aggregate.

‘Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and tested
immediately. The compressive strengths reported represent an average of three compressive strength tests.
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Table A.19 — Program VI Set 10" mixture proportions and concrete properties

Batch 351 354 355 358

497 — 60% 497 -60% | 460 —-60% = 460 —80%
Batch Designation G120 #2" G120 #2 G120 #2 G120 #2

6% SF #2 6% SF #2 6% SF #2

w/cm 0.42 0.42 0.42 0.42
Paste Content, % 21.6 21.6 20.5 20.5
Coarse Aggregate Content, % 32.0 33.1 33.7 33.7
Cement Content, kg/m’ (Ib/yd’)

Type I/II Sample 4 132 (222) 104 (175) 98 (166) 41 (69)
Grade 120 Slag, kg/m’ (Ib/yd?)

Sample 2 177 (298) = 170(287) = 161 (272) = 217 (366)
Silica Fume, kg/m’ (Ib/yd")

Sample 2 - 12 (21) 12 (20) 12 (20)
Water content, kg/m3 (1b/yd3) 120 (203) 119 (201) 112 (189) 112 (188)
Coarse Aggregate, kg/m’ (Ib/yd’)

19-mm (%-in.) Limestone

Gradation 3(a) 529(891) = 528(890) = 539(908) = 539 (908)

Gradation 3(b) 321 (541) | 320(540)  328(553) = 328 (552)
Pea Gravel, kg/m’® (Ib/yd®)

Gradation 3 695 (1171) -- -- -

Gradation 4 - 697 (1175) = 696 (1173) = 698 (1176)
Fine Aggregate, kg/m’ (Ib/yd’)

Gradation 3 284 (478) | 282 (475) = 294 (496) = 293 (494)
Admixtures, mL/m’ (0z/yd’)

Air-entraining agent 133 (3.4) 121 (3.1) 131 (3.4) 167 (4.3)

Type A-F HRWR 1031 (26.6) = 1507 (39.0) 1962 (50.7) 1834 (47.4)

Batch Size, m’ (yd®) 0.050 (0.066)
Slump, mm (in.) 55(2.25) | 55(2.25) 90 (3.5) 75 (3)
Air Content, % 8.25 8.9 8.9 8.4
Temperature, C (F) 24° (75°) 22°(72°) 24° (75°) 22°(72°)
Compressive Strength, MPa (psi)

7-Day 30.9 (4480) @ 33.6(4880) 31.8(4610) 26.9 (3900)

28-Day 36.5(5300) ' 39.8(5770) 39.2 (5680) 32.5(4710)

"Batch 342 is the control for Program VI Set 10 and is shown in Table A.7.
*Three 100 x 200 mm (4 x 8 in.) cylinders were cured for 7 or 28 days in lime-saturated water and
tested immediately. The compressive strengths reported represent an average of three compressive

strength tests.



APPENDIX B: AGGREGATE OPTIMIZATION EXAMPLE PROBLEM

B.1 GENERAL

Appendix B presents an example that demonstrates the application of the
optimization process described in Chapter 3. This process is iterative and requires
many repetitive calculations, including regularly inverting an 8 X 8 matrix, and as
such, does not lend itself easily to hand calculations. For this reason, Appendix B
only includes calculations for one iteration. The concrete specifications used as a
guide for this example are a modification of the low-cracking high-performance
concrete (LC-HPC) specifications used in Kansas and described in Chapter 5. The
specifications have been modified to include Grade 120 slag cement to fully illustrate

the optimization process for mixtures containing mineral admixtures.

B.2 EXAMPLE CONCRETE SPECIFICATIONS
The modified LC-HPC specifications used in this example are presented in

Tables B.1 — B.3.

Table B.1 — Low-cracking high-performance concrete (LC-HPC) specification

Grade of Concrete Ib. (kg) of Cement Ib. (kg) of Slag Ib. (kg) of Water Designated
Type of Aggregate per cu yd (cu m) of Cement per cu yd per lb. (kg) of Air Content
Concrete, min / max | (cu m) of Concrete, Cementitious Percent by
min / max* Material, max Volume**
Grade 3.5 (AE) (LC-HPC) (Grade 24 (AE) (LC-HPC))
MA-4 | 400 (237)/435(258) | 100 (59)/135(80) | 0.42 [ 80+1.0

*Meets the requirement for Grade 120 Slag (ASTM C 989).
**Concrete with an air content less than 6.5% or greater than 9.5% shall be rejected.

Table B.2 — LC-HPC slump requirements

Type of Work DeSIgnated Slump Maxnmun! Allowable Slump
in. (mm) in. (mm)
Grade 3.5 (AE) (LC-HPC) )
(Grade 24 (AE) (LC-HPC)) 1% -3(36-75) 4 (100)
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Table B.3 — Grading requirements for combined aggregates for LC-HPC

Percent Retained Per Sieve - Square Mesh Sieves

Type 15" 1" 3/4" 12" 3/8" | No.4 | No.8 | No.16 | No.30 | No.50 No. 100
(375 [ (250 | (19.0 | (125 9.5 | 475 | (2.36 (1.18 (600 (300 150 pm)
mm) | mm) mm) mm) | mm) | mm) [ mm) mm) pm) pm)

MA-4 0 2-6 5-18 8-18 | 8-18 | 8-18 | 8-18 8-18 8-15 5-15 0-5

*Use a proven optimization method, such as the Shilstone Method or the KU Mix Method.
**Maximum allowed percent passing the No. 200 sieve is 2.5% by weight.

B.3 MATERIALS SELECTED

The following concrete properties and material quantities are selected based

on the LC-HPC specifications presented in Section B.2:

Table B.4 — Cementitious material quantities selected based on the specifications

Variable Quantity, Ib/yd’ SG
Portland Cement Mc 400 3.20
G120 Slag Cement M1 135 2.90

1.

2
3
4.
5
6

Cement content: Mc = 400 lb/yd3

Grade 120 slag cement content: M; = 135 Ib/yd’
w/cm ratio: 0.42

Air content: 8.0%

Slump: 2.5 in.

MSA: 1in.

At this point in the optimization process it is necessary to select a trial set of

aggregates. These aggregates should include at least one aggregate that contains

material retained on the desired maximum size sieve (1 in. in this case), and the

remaining aggregates should contain material on all of the other size fractions.

Selecting aggregates that meet these criteria is the most critical step in the process and

will ensure that a well-graded blend is attainable. Three aggregates have been

selected as possible candidates for use in the mixture design. The aggregate

properties are shown in Table B.5, and the aggregate gradations are shown in Table

B.6 and plotted in Fig. B.1.
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Table B.S — Aggregate Properties

Aggregate No. BSGssp F.M.
1 in. Granite 1 2.64 7.21
% in. Granite 2 2.64 6.44
Sand 3 2.63 3.32

Table B.6 — Percent Retained on Each Sieve for the Trial Set of Aggregates

Sieve 1 in. Granite ¥ in. Granite Sand
Aggregate 1 Aggregate 2 Aggregate 3
1%4-in. (37.5 mm) 0.0 0.0 0.0
1-in. (25 mm) 16.1 0.0 0.0
Ya-in. (19 mm) 27.1 0.0 0.0
Yo-in. (12.5 mm) 27.8 26.0 0.0
¥s-in. (9.5 mm) 13.2 25.8 0.0
No. 4 (4.75 mm) 14.9 45.1 3.1
No. 8 (2.36 mm) 0.0 2.2 19.8
No. 16 (1.18 mm) 0.0 0.0 25.9
No. 30 (0.60 mm) 0.0 0.0 20.3
No. 50 (0.30 mm) 0.0 0.0 21.0
No. 100 (0.15 mm) 0.0 0.0 7.8
No. 200 (0.075 mm) 0.0 0.0 2.1
Pan 0.9 0.9 0.0
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Fig. B.1 — Percents retained on each sieve for the trial set of aggregates

B.4 CALCULATE THE IDEAL GRADATION

As described in Section 3.2, the mathematical model chosen to describe the
ideal gradation on a percent retained chart, entitled the Cubic-Cubic Model, consists
of two overlapping cubic polynomial equations that are each defined for specific

sieves:

y(x,) = Allogx, )’ + B(logx,)* + C(logx,)+ D (3.9a)
2(x,) = A'(logx,)’ + B'(log x, )’ +C'(log x, )+ D’ (3.9b)

where Yy(X) and z(X) represent the percent of total aggregate retained on sieve n
with opening size X, log X, represents the sieve opening in millimeters plotted on a
logarithmic scale, and A, B, C, and D are the coefficients for the first equation, and
A, B', C',and D’ are the coefficients for the second equation. Values of the sieve

opening X,, log X, log X, squared, and log X, cubed are shown in Table B.7.
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Table B.7 — Sieve openings and related log calculations

Sieve
Sieve opening log (Xn) log(Xn) log(xn)*
(mm), Xn
1%-in. (37.5 mm) 37.5 1.574 2.478 3.900
1-in. (25 mm) 25 1398 1.954 2732
Ya-in. (19 mm) 19 1.279 1.635 2.091
Ya-in. (12.5 mm) 12.5 1.097 1.203 1.320
¥s-in. (9.5 mm) 9.5 0.978 0.956 0.935
No. 4 (4.75 mm) 4.75 0.677 0.458 0.310
No. 8 (2.36 mm) 2.36 0.373 0.139 0.052
No. 16 (1.18 mm) 1.18 0.072 0.005 0.000
No. 30 (0.60 mm) 0.6 -0.222 0.049 -0.011
No. 50 (0.30 mm) 0.3 -0.523 0.273 -0.143
No. 100 (0.15 mm) 0.15 -0.824 0.679 -0.560
No. 200 (0.075 mm) 0.075 -1.125 1.265 -1.424

The eight equations required to determine the ideal gradation using the
concrete specifications and selected materials outlined in Sections B.1 and B.2 are
described next.

Criterion 1. The percentage of aggregate retained on the top sieve in the ideal
gradation model is equal to the quantity retained on the top sieve of the actual
aggregate gradation. The quantity retained on the top sieve of the actual aggregate
gradation is initially unknown, and as a result, the user is required to select a range of
percentages for the top sieve (defined by a desired minimum and maximum percent
retained on the top sieve that is commonly specified in aggregate specifications) and
the midpoint of that range is used for the first iteration.

The following information is identified from the specifications shown in Table B.3:
e The top sieve is the 1 in. (25 mm) sieve.
e The minimum desired percent retained on the top sieve is 2% and the

maximum is 6%. Therefore, the target percent retained is 4%.
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2.732-A+1.954-B+1.398-C+D =4 (B.1)

Criterion 2. The quantity retained on the 0.075-mm (No. 200) sieve of the
ideal gradation is set equal to the quantity retained on the 0.075-mm (No. 200) sieve
of the optimized gradation. The percent retained is assumed to be 2% for the first
iteration.

Using Eq. (3.11),
—1.424-A'+1.265-B"'-1.125-C'+ D' =2 (B.2)

Criterion 3. The quantity retained on the 2.36-mm (No. 8) sieve must be
equal for both of the cubic equations that define the ideal gradation.
Using Eq. (3.12),

0.052-A+0.139-B+0.373-C+ D =0.052- A’+0.139-B"+0.373-C'+ D" (B.3)

Criterion 4. The quantity retained on the 4.75-mm (No. 4) sieve must be
equal for both of the cubic equations that define the ideal gradation.
Using Eq. (3.13),

0.310- A+0.458-B+0.677-C+D =0.310- A'+0.458-B"+0.677-C'+ D" (B.4)

Criterion 5. The quantity retained on the 9.5-mm (3%4-in.) sieve must be equal
for both of the cubic equations that define the ideal gradation.
Using Eq. (3.14),

0.935-A+0.956-B+0.978-C+D =0.935-A"+0.956-B"+0.978-C'+ D" (B.5)

Criteria 6 — 8. The final three criteria required to solve for the eight
coefficients that define the Cubic-Cubic Model are based on WFigear and CFigeal,
which are used to calculate Qjgeal, lideal, and Wigear. The initial CFigea value used for
the ideal gradation model is assumed to be 60, resulting in a WFjga of 35.0

[calculated using Eq. (3.18)].
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WF(60.0) = 2.17 x107°(60.0)’ - 0.00340(60.0)° +0.0216(60.0)+ 41.3 (B.6)
WF(60.0) = 35.0
The percent passing the 0.075-mm (No. 200) sieve is included in the W
particles and must also be included in the ideal gradation model. The initial percent
retained on the 0.075-mm (No. 200) sieve for the ideal gradation model is assumed to
be 2%. Given CFjgeal and WFigeal, the next step is to calculate Wigeal, Qideal, and ligear.

Solve Eq. (3.7) for Wigeal,

WF

W. W.
- deal — ideal x 100 — ideal x 100 — 35 (B7)
Qidear + ligear T Wigeal 100

giving Wigea =35

Solve Eq. (3.4) for Qe + ligear »

Qigear + ligear =100 —W,gey =100—-35=165 (B.8)
Solve Eq. (3.5) for Qigeal,

CI:ideal = Q—ideal x 100 = _Qideal x 100 = 60 (B 9)

Qigear T ligeat 65 '
o 60 x 65
giving o =————— =39
Qldeal 100
Finally, using Eq. (3.4) again, solve for ligeal,
ligear =100 = Qipoey —Wigeey =100-39-35=26 (B.10)

The final three equations defining the ideal gradation are based on these three
target gradation fractions. The first criterion is that the quality filler Q for the ideal

gradation model is set equal to Qjgear using Eq. (3.15).

2.732-A+1954-B+1.398-C+ D+
2.091-A+1.635-B+1.279-C+ D+

Qigear = (B.11a)
1.320-A+1.203-B+1.097-C+D +

0.935-A+0.956-B +0.978-C + D
Qo = 7.078-A+5.748-B+4.752-C+4-D =39 (B.11b)
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Second, set | for the ideal gradation model equal to ligeal following Eq. (3.16).

~ A0.310+0.052 |+ B[0.458 +0.139] +

ideal — B.12a
“ " Cl0.677+0.373]+ 2D (B.122)

| =0362-A+0.597-B+1.050-C+2-D =26 (B.12b)

ideal

Third, set W for the ideal gradation model equal to Wigea following Eq. (3.17).
The percent retained on the pan must be subtracted from Wigeq because the percent
retained on the pan is not included in the Cubic-Cubic Model but should be accounted
for in W particles.
A[0.000 —0.011—0.143 — 0.559 — 1.424] +

—R,. = B[0.005+0.049 +0.273+0.679 + 1.265] + (B.13a)
C'[0.072 -0.222 - 0.523 - 0.824 —1.125]+ 5D

W

ideal
Wigear = Rpan = —2.137- A'+2.271-B'~2.622-C'+5-D'=35-2=33 (B.13b)
Solve equations (B.1) through (B.5) and (B.11) through (B.13) simultaneously

to determine the eight coefficients that define the Cubic-Cubic Model. These eight

linear equations are easily solved using linear algebra as shown next.

(2732 1954 1398 1 0 0 0 OTA] [4
0 0 0 0 -1424 1265 -1.125 B| |2
0.052 0.139 0373 1 -0052 —0.139 -0373 -1|C| |0
0.310 0458 0.677 1 -0310 -0458 —0677 -1/ D|_| 0| .
0.935 0.956 0978 1 -0.935 -0956 —0.978 —1| A'| |0
7.078 5748 4752 4 0 0 0 0B |39
0362 0.597 1.050 2 0 0 0 ofc| |26
0 0 0 0 -2137 2271 -2622 5 |D'| |33]
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Al [-28.77]

B 54.33

C —-29.29

D 17.36

AT —092 (B.15)
B’ -2.12

(o} 6.32

D'| | 1048 |

Therefore the two cubic equations are:
1. y(x,)=-28.77(logx, ) +54.33(log x, )’ —29.29(log X, )+17.36
2. 2(x,)=-0.92(logx, )’ —2.12(log x, )’ + 6.32(log x, ) +10.48
While these two equations define the Cubic-Cubic Model with parameters and
assumptions defined in this section (namely, CF=60 and WF=35), the model must be

updated as CFigeal and WFigeq are updated and as the actual percentages retained on

the top sieve, No. 200 sieve, and the pan are determined.
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Table B.8 — Percents retained for both cubic equations and the Cubic-Cubic Model
prior to optimizing the CF and WF using notation defined in Table 3.2

. Cubic-Cubic

, Sieve Eq.(3.92), | Eq.(3.9b), | Model (Ideal

Sieve Designation, y(X. ) 2(x.) Gradation),

n ﬁn

1%5-in. (37.5 mm) a -6.32 11.58 0.00
1-in. (25 mm) b 4.00 12.65 4.00
Y4-in. (19 mm) C 8.59 13.17 8.59
Ya-in. (12.5 mm) d 12.63 13.64 12.63
Ys-in. (9.5 mm) e 13.77 13.77 13.77
No. 4 (4.75 mm) f 13.50 13.50 13.50
No. 8 (2.36 mm) g 12.50 12.50 12.50
No. 16 (1.18 mm) h 15.52 10.93 10.93
No. 30 (0.60 mm) [ 26.84 8.99 8.99
No. 50 (0.30 mm) i 51.64 6.73 6.73
No. 100 (0.15 mm) k 94.46 4.35 4.35
No. 200 (0.075 mm) | 160.01 2.00 2.00
Pan m -- -- 2.00

B.5 DETERMINE CFigea AND WFigeal

The target CF and WF depend on the top sieve and the percent retained on the
top sieve and are obtained by minimizing Eq. (3.19). The relationship between
WFigeal and CFigeqr is defined by Eq. (3.18). A spreadsheet solver routine is a simple
tool that can be used to identify the optimum CF (and WF) that minimizes Eq. (3.19).
In addition to minimizing Eq. (3.19), the solver routine must continuously update the
Cubic-Cubic Model (by solving for the eight coefficients) each time the CF (and WF)
is changed. The initial calculation for Eq. (3.19) is shown next, where values for R,,

R, and ﬁg are taken from Table B.S.

Minimize {‘ﬁf —~ ﬁg‘ + R.—R, ‘} by changing the CF  (3.19)

ﬁe_ﬁf‘+
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With CF=60 and WF=35 prior to determining the CFigeal and WFigea

B.16
[13.50 -12.50| +[13.77 - 13.50| +[13.77 - 12.50| = 2.54% (B10)

The CFigeas and WFigeq for the ideal gradation determined by minimizing Eq.
(3.19) while imposing the relationship between CF and WF [Eq. (3.8)] are 57.7 and
35.4, respectively. The updated ideal gradation for these new values of CFigear and
WFigea 1s shown in Table B.9.

Equation (3.19) obtained during the minimization process (based on values for

R.. R;,and R, shown in Table B.9) is

14.04-13.31/+[13.31-14.04| +[13.31-13.31| = 1.46% (B.17)

Table B.9 — Percents retained for both cubic equations and the Cubic-Cubic Model
with the optimized CFigeal and WFigeal

. Cubic-Cubic

, Sieve Eq. (3.92), | Eg.(3.9b), | Model (Ideal

Sieve Designation, y(x, ) 2(x.) Gradation),

n ﬁn

1%-in. (37.5 mm) a —4.58 6.14 0.00
1-in. (25 mm) b 4.00 9.18 4.00
¥4-in. (19 mm) c 8.04 10.77 8.04
Vs-in. (12.5 mm) d 11.94 12.55 11.94
¥s-in. (9.5 mm) e 13.31 13.31 13.31
No. 4 (4.75 mm) f 14.04 14.04 14.04
No. 8 (2.36 mm) g 13.31 13.31 13.31
No. 16 (1.18 mm) h 14.31 11.56 11.56
No. 30 (0.60 mm) i 19.90 9.22 9.22
No. 50 (0.30 mm) j 33.43 6.56 6.56
No. 100 (0.15 mm) k 57.95 4.02 4.02
No. 200 (0.075 mm) | 96.58 2.00 2.00
Pan m -- -- 2.00
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The updated ideal gradation coefficients are

Al [-19.05]

B| | 30.74

c| [-1371

D| | 1514 B.18)
A | -238

B'| | -3.05

c'| | 7.60

D'| | 11.03

The initial ideal gradation, shown in Table B.8 and based on CF=60 and
WF=335, is plotted with the updated ideal gradation, shown in Table B.9 and based on
CF=57.7 and WF=35.4, in Fig. B.2. As shown in the figure, the small change in the

CF and WF resulted in only a small change in the ideal gradation.

30%
« g g g 8
- - = < 0 — ™ e} — N
n S N R . . J
< Jeae 22 2 2 2 2 2 - 25%
-
®
- 20% o
®
2
F15% M
3}
>
- 10% 3
- 5%
. LI B s s e B LB e e s s L B s B B 0%
100 10 1 0.1 0.01

Sieve Opening (mm)

— &~ - Initial Gradation (CF=60.0, WF=35.0)
——|deal Gradation (CF=57.7, WF=35.4)

Fig. B.2 — Percents retained for the initial Cubic-Cubic Model prior to optimizing CF
and WF and for the ideal gradation after optimizing CF and WF
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B.6 ADJUSTING THE IDEAL GRADATION TO ACCOUNT FOR

CHANGES IN THE CEMENTITIOUS MATERIAL CONTENT

The following eight-step procedure modifies the ideal gradation to account for
the influence of the cementitious material content on the workability of the concrete
mixture.

Step 1. The first step is to calculate the deviation, by volume, from a U.S. six-
sack mixture using Eq. (3.19). The specific gravity and quantity of the cement and

the slag cement used in this example are shown in Table B.4.

M. M, 6-S
Ve, = +> - (3.20)
SG. xUW,, 4 SG, xUW,, | SG. xUW,,

400 135 6 x 94

V,, = + - =—0.075f¢ (B.19)
320x62.4 290%x62.4 3.20x62.4

Step 2. Convert V,,, to an equivalent weight of fine aggregate by volume

dev

using Eq. (3.20). The bulk specific gravity SSD for the fine aggregate (the aggregate

with the lowest fineness modulus) is 2.63 as shown in Table B.5.

My, =V, %SG, xUW,, (3.21)

dev dev

M. =-0.075x2.63 x62.4=-123 1b. (B.20)

dev

Step 3. Calculate the percent retained on each sieve for the combined
aggregate gradation. Since the actual aggregate blend is unknown at this point in the
process, it will be assumed that each of the three aggregates comprise one third of the

weight fraction. The combined aggregate gradation is shown in Table B.10.
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Table B.10 — Blended Aggregate Gradation

% Retained, I'y; Blended %
Sieve MF;=33.3% | MF,=33.3% | MF;3;=33.4% Retained,
Aggregate 1 | Aggregate 2 | Aggregate 3 Ry
1Y5-in. (37.5 mm) 0.0 0.0 0.0 0.0
1-in. (25 mm) 16.1 0.0 0.0 5.4
Ya-in. (19 mm) 27.1 0.0 0.0 9.0
Y-in. (12.5 mm) 27.8 26.0 0.0 17.9
¥s-in. (9.5 mm) 13.2 25.8 0.0 13.0
No. 4 (4.75 mm) 14.9 45.1 3.1 21.0
No. 8 (2.36 mm) 0.0 2.2 19.8 7.3
No. 16 (1.18 mm) 0.0 0.0 25.9 8.7
No. 30 (0.60 mm) 0.0 0.0 20.3 6.8
No. 50 (0.30 mm) 0.0 0.0 21.0 7.0
No. 100 (0.15 mm) 0.0 0.0 7.8 2.6
No. 200 (0.075 mm) 0.0 0.0 2.1 0.7
Pan 0.9 0.9 0.0 0.6
Total 100.0 100.0 100.0 100.0

Step 4. Convert the percent retained on each sieve R, to an aggregate weight
retained (on a yd® basis) on each sieve. The first step for this calculation is to
determine the total volume of aggregate. This is accomplished by calculating the
volume of the other constituents and then determining the volume of aggregate using
Eq. (3.22).

400 135 +0.42(400+135)

Vpaste - + = 635 ft3
3.20x62.4 2.90x62.4 1x62.4

V., =8%x27=2.16ft

V. =UV-V__ -V (3.22)

agg paste air

V., =27-6.35-2.16=18.49 ft’

agg
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The total weight of aggregate is calculated using the effective specific gravity

[calculated with Eq. (3.23)] and the total volume of aggregate using Eq. (3.24).

G - 100
5 MF, N MF, N MF, (3.23)
SG, SG, SG,
100
SCer = 33.3 N 333 N 334 2637
264 264 2.63
M,y =Vagy XSG xUW,, (3.24)

M gy =18.49x 2.637 x 62.4 = 3042.5 Ib.

The aggregate weight retained on each sieve is calculated by multiplying the
percent retained on each sieve of the combined aggregate gradation (Table B.10) by
the total aggregate weight. To illustrate this calculation for the weight retained on the

pan:
M_=M_ xR

pan agg pan

M o = 3042.5%0.6% = 18.3 Ib.

Step 5. Add My, to the weight retained on the pan M, of the combined

dev n

aggregate gradation calculated.

M., =M_, +M

pan pan dev

M, =183-123=6.0 lb.

pan

Step 6. Recalculate the percent retained on each sieve for the combined
gradation (see Step 3 for an example) using the adjusted percentage retained on the

pan M, calculated in Step 5. The results for Steps 3 through 6 are summarized in

n

Table B.11.
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Table B.11 — Summary Results for Steps 3 through 6

Blended Wt. Adjusted Adjusted
Bliz't‘;‘;‘l? Retained Blegfied Wt. Blelfd.ed %
Sieve ’ (Ib.), Retained (Ib.), | Retained,
R, M, M/ R]
Step 3 Step 4 Step 5 Step 6
1%-in. (37.5 mm) 0.0 0.0 0.0 0.0
1-in. (25 mm) 5.4 164.3 164.3 54
Ya-in. (19 mm) 9.0 273.8 273.8 9.0
Ya-in. (12.5 mm) 17.9 544.6 544.6 18.0
Ys-in. (9.5 mm) 13.0 395.5 395.5 13.1
No. 4 (4.75 mm) 21.0 638.9 638.9 21.1
No. 8 (2.36 mm) 7.3 222.1 222.1 7.3
No. 16 (1.18 mm) 8.7 264.7 264.7 8.7
No. 30 (0.60 mm) 6.8 206.9 206.9 6.8
No. 50 (0.30 mm) 7.0 213.0 213.0 7.0
No. 100 (0.15 mm) 2.6 79.1 79.1 2.6
No. 200 (0.075 mm) 0.7 21.3 21.3 0.7
Pan 0.6 18.3 18.3-12.3=6.0 0.2
Total 100.0 3042.5 3030.2 100.0

Step 7. Calculate the change in the workability particles AW [Eq. (3.28)]

resulting from the deviation in cementitious materials from a U.S. six-sack mix.
AW =W, ; —W (3.27)
AW =(8.7+6.8+7.0+2.6+0.7+0.2)—(8.7+6.8+7.0+2.6+0.7+0.6) = —0.4%

The adjusted workability particles for the ideal gradation Wigea is calculated
using Eq. (3.29).

W, =W — AW (3.29)

ideal —

W,/

ideal

=353+04=35.7
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Step 8. Recalculate Qjgeal, ligeal using W WFtarget, and CFiarget.

ideal >

Solve Eq. (3.4) for Q;yey + |

ideal

Qiear t ligea =100 =W,

ideal

=100-35.7=64.3

Solve Eq. (1.1) for Q

ideal »

CF :MXIOO:QXIOOZS7.7
Qisear T lideal 64.3

giving Qieas = —57'71;064'3 =37.1

Finally, solve Eq. (3.4) again for |

ideal »

Lo =100 =W, — Quea =100—-35.7-37.1=27.2

ideal i

The updated ideal gradation is calculated following the steps in Section B.3
and B.4 and is shown in Fig. B.3 (in addition to the initial aggregate blend). The
ideal gradation is tabulated in Table B.12.
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Fig. B.3 — Percent retained for the initial aggregate blend (based on the assumption that
each aggregate is 33% of the total blend) and for the ideal gradation

Table B.12 — Percents retained for both cubic equations and the Ideal Gradation

. .Sieve. . . Ideal

Sieve Des1gﬁat10n, Cubic Eq. 1 | Cubic Eq. 2 Gradation
1%5-in. (37.5 mm) a -4.57 6.40 0.00
1-in. (25 mm) b 4.00 9.30 4.00
¥a-in. (19 mm) c 8.02 10.83 8.02
Ye-in. (12.5 mm) d 11.91 12.52 1191
¥s-in. (9.5 mm) e 13.26 13.26 13.26
No. 4 (4.75 mm) f 13.95 13.95 13.95
No. 8 (2.36 mm) g 13.26 13.26 13.26
No. 16 (1.18 mm) h 14.38 11.56 11.56
No. 30 (0.60 mm) [ 20.22 9.28 9.28
No. 50 (0.30 mm) J 34.19 6.66 6.66
No. 100 (0.15 mm) k 59.35 4.11 4.11
No. 200 (0.075 mm) | 98.88 2.00 2.00
Pan m -- -- 2.00
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Step 1. Perform a least squares fit of the potential gradations to the ideal

gradation. The least squares fit is performed to obtain the values of MF; that provide

the closest overall match to the ideal gradation. This step does not take the WF or CF

into consideration during optimization and is used only to provide initial values for

Step 2. The results are tabulated in Table B.13 and shown in Fig. B.4 and B.5.

Table B.13 — Results for the least squares fit to the Ideal Gradation

% Retained, I';

Actual % Ideal %
Sieve MF=29.1% | MF;=22.6% | MF,=48.3% | Retained, | Retained, | Difference
R, R Squared
Aggregate 1 | Aggregate 2 | Aggregate 3

1%-in. (37.5 mm) 0.0 0.0 0.0 0.00 0.00 0.00
1-in. (25 mm) 16.1 0.0 0.0 4.68 4.00 0.46
Ya-in. (19 mm) 27.1 0.0 0.0 7.89 8.02 0.02
Ys-in. (12.5 mm) 27.8 26.0 0.0 13.97 11.91 4.24
%-in. (9.5 mm) 13.2 25.8 0.0 9.68 13.26 12.82
No. 4 (4.75 mm) 14.9 45.1 3.1 16.04 13.95 437
No. 8 (2.36 mm) 0.0 22 19.8 10.06 13.26 10.24
No. 16 (1.18 mm) 0.0 0.0 259 12.50 11.56 0.88
No. 30 (0.60 mm) 0.0 0.0 20.3 9.80 9.28 0.27
No. 50 (0.30 mm) 0.0 0.0 21.0 10.14 6.66 12.11
No. 100 (0.15 mm) 0.0 0.0 7.8 3.77 4.11 0.12
No. 200 (0.075 mm) 0.0 0.0 2.1 1.01 2.00 0.98
Pan 0.9 0.9 0.0 0.47 2.00 2.34
Total 100.0 100.0 100.0 100.0 100.0 48.86
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Fig. B.4 — Percent Retained Chart of the aggregate blend (after a least squared fit) and
the ideal gradation.
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Step 2. Perform a least squares fit of the WF and CF for the actual gradation to
the WFarget and CFiarget by changing the values of MF;. Use the blend MF; obtained

in Step 1 as the initial values of the optimization routine. The results are tabulated in

Table B.14 and shown in Fig. B.6 and B.7.

Table B.14 — Results for the least squares fit of the WF and CF to the WFarger and

CI:target
% Retained, ry
' Actual % Ideal %
Sieve MF=27.7% | MF;=26.7% | MF,=45.6% | Retained, | Retained, | Difference
R, R Squared
Aggregate 1 | Aggregate 2 | Aggregate 3

1%-in. (37.5 mm) 0.0 0.0 0.0 0.00 0.00 0.00
1-in. (25 mm) 16.1 0.0 0.0 4.46 4.00 0.21
¥-in. (19 mm) 27.1 0.0 0.0 7.51 8.02 0.26
Ys-in. (12.5 mm) 27.8 26.0 0.0 14.66 11.91 7.56
%-in. (9.5 mm) 13.2 25.8 0.0 10.56 13.26 7.29
No. 4 (4.75 mm) 14.9 45.1 3.1 17.60 13.95 13.32
No. 8 (2.36 mm) 0.0 22 19.8 9.61 13.26 13.32
No. 16 (1.18 mm) 0.0 0.0 25.9 11.80 11.56 0.06
No. 30 (0.60 mm) 0.0 0.0 20.3 9.25 9.28 0.00
No. 50 (0.30 mm) 0.0 0.0 21.0 9.57 6.66 8.47
No. 100 (0.15 mm) 0.0 0.0 7.8 3.55 4.11 0.31
No. 200 (0.075 mm) 0.0 0.0 2.1 0.96 2.00 1.08
Pan 0.9 0.9 0.0 0.49 2.00 2.28
Total 100.0 100.0 100.0 100.0 100.0 54.16
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Step 3. Check to determine whether or not an additional iteration is required.
Iterations should be repeated until the sum of the absolute differences between the
percent retained on the pan, 0.075-mm (No. 200) sieve, and the top sieve [1-in. (25-
mm)] for the actual blended gradation and the ideal gradation is less than 0.1%.

[4.46 — 4.00] +0.96 — 2.00] +]0.49 —2.00| = 3.01% > 0.1%

The total difference for the first iteration is larger than 0.1%, and thus, at least
one additional iteration is required. For the second iteration, the percent retained on
the pan, No. 200 (0.075-mm) sieve, and the 1-in. (25-mm) sieve of the actual blended
gradation shown in Table B.15 are used to determine the updated ideal gradation.
After the updated ideal gradation is determined, the optimization process proceeds as

previously described.

B.8 COMPLETE MIX DESIGN

The final optimized combined gradation and the final ideal gradation are
presented in Table B.16. These two combined gradations, in addition to the gradation
limits specifications shown in Table B.3, are shown in Fig. B.8. The combined
gradation falls within the specified gradation limits, and while some deficiencies are
present, in each case an adjacent sieve has excess material to balance the deficiency.
The CF and WF for the actual gradation are equal to CFarget and WFarget, as shown in
the MCFC (Fig. B.9).
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Table B.15 — Final Optimized Aggregate Gradation

% Retained, I';
Actual % Ideal % Diff
Sieve MF=30.6% | MF,=24.2% | MF;=45.2% | Retained, | Retained, | "Iherence
R, R Squared
Aggregate 1 | Aggregate 2 | Aggregate 3
1%-in. (37.5 mm) 0.0 0.0 0.0 0.00 0.00 0.00
1-in. (25 mm) 16.1 0.0 0.0 4.92 4.92 0.00
Y4-in. (19 mm) 27.1 0.0 0.0 8.28 8.51 0.05
Ye-in. (12.5 mm) 27.8 26.0 0.0 14.78 11.86 8.53
¥s-in. (9.5 mm) 13.2 25.8 0.0 10.27 12.96 7.24
No. 4 (4.75 mm) 14.9 45.1 3.1 16.86 13.38 12.11
No. 8 (2.36 mm) 0.0 2.2 19.8 9.49 12.98 12.18
No. 16 (1.18 mm) 0.0 0.0 259 11.72 11.82 0.01
No. 30 (0.60 mm) 0.0 0.0 20.3 9.19 10.03 0.71
No. 50 (0.30 mm) 0.0 0.0 21.0 9.50 7.57 3.72
No. 100 (0.15 mm) 0.0 0.0 7.8 3.53 4.52 0.98
No. 200 (0.075 mm) 0.0 0.0 2.1 0.95 0.95 0.00
Pan 0.9 0.9 0.0 0.49 0.49 0.00
Total 100.0 100.0 100.0 100.0 100.0 45.54
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Fig. B.8 — Percent Retained Chart for the optimized combined gradation and for the
ideal gradation — the gradation limits are identified in Table B.3
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The total weight of aggregate calculated using Eqgs. (3.23) and (3.24) is shown
next for completeness, although this calculation was already required to complete the

aggregate optimization process.

100
SGer = 30.6 242 452 =203

+ +
264 264 2.63

My, = 18.49 % 2.635x 62.4 = 3040.2 Ib.

The weights of the individual aggregates are then calculated by multiplying
the individual aggregate weight fractions by the total aggregate weight [Eq. (3.31)].

W, =229 30402 =930 Ib.
100

1

242

W, x 3040.2 = 736 Ib.

w, = 252,3040.2 = 1374 .
100
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The quantities of chemical admixtures generally depend on the quantity of
cement in the batch proportions and must be selected based on past experience and
trial batches. While the use of these admixtures is required to meet the requirements
outlined in Table B.1 and B.2, they are not included in this example. When
admixtures are incorporated into the mixture, the design water content should be

adjusted to account for water contained in the admixtures (see Section 3.1.2).

Table B.16 — Final Mix Proportions

Material / Blend Quantity, SSD S.G. Yield, ft’
portland cement 400 1Ib. 3.20 2.00
slag cement 135 1b. 2.90 0.75
water 225 1b. 1.00 3.61
1 in. Granite 1/30.4% 930 Ib. 2.64 5.65
% in. Granite 2 / 24.3% 736 1b. 2.64 4.47
River Sand 3/ 45.3% 1374 1b. 2.63 8.37
Total Air, percent 8 -- 2.16
Total -- -- 27.01
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Fig. C.3 — Free Shrinkage, Batch 239. Program | Set 1. Type
I/1l Cement, Limestone CA, 0.45 w/c ratio, (a) 7-day cure and
(b) 14-day cure.
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Fig. C.21 - Free Shrinkage, Batch 367. Program V. Type llI
Cement, Limestone CA, 0.42 w/c ratio, (a) 7-day cure and (b)
14-day cure.
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Fig. C.29 — Free Shrinkage, Batch 363. Program VI Set 3. Type Fig. C.30 — Free Shrinkage, Batch 364. Program VI Set 3. Type
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Fig. C.35 - Free Shrinkage, Batch 419. Program VI Set 4. Type
I/11 Cement, Granite CA, 0.42 w/c ratio, 20% FA Sample 3, (a)

7-day cure and (b) 14-day cure.
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Fig. C.36 — Free Shrinkage, Batch 421. Program VI Set 4. Type
I/11 Cement, Granite CA, 0.42 w/c ratio, 40% FA Sample 3, (a)
7-day cure and (b) 14-day cure.
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Fig. C.37 — Free Shrinkage, Batch 278. Program VI Set 5. Type
I/11 Cement, Limestone CA, 0.42 wic ratio, 30% GGBFS Sample
1, (a) 7-day cure and (b) 14-day cure.

Fig. C.38 — Free Shrinkage, Batch 282. Program VI Set 5. Type
I/11 Cement, Limestone CA, 0.42 wic ratio, 60% GGBFS Sample
1, (a) 7-day cure and (b) 14-day cure.
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Fig. C.39 — Free Shrinkage, Batch 309. Program VI Set 5. Type Fig. C.40 — Free Shrinkage, Batch 317. Program VI Set 5. Type
I/11 Cement, Limestone CA, 0.42 wic ratio, 60% GGBFS Sample I/11 Cement, Limestone CA, 0.42 wic ratio, 80% GGBFS Sample
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Fig. C.41 — Free Shrinkage, Batch 322. Program VI Set 6. Type Fig. C.42 — Free Shrinkage, Batch 312. Program VI Set 6. Type
I/11 Cement, Limestone CA, 0.42 wic ratio, 60% GGBFS Sample I/11 Cement, Quartzite CA, 0.42 w/c ratio, 60% GGBFS Sample
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Fig. C.45 — Free Shrinkage, Batch 340. Program VI Set 7. Type
I/11 Cement, Granite CA, 0.42 wic ratio, 60% GGBFS Sample 4,

(a) 7-day cure and (b) 14-day cure.
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Fig. C.46 — Free Shrinkage, Batch 407. Program VI Set 8. Type
I/11 Cement, Granite CA, 0.42 wic ratio, 30% GGBFS Sample 3,
(a) 7-day cure and (b) 14-day cure.
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Fig. C.47 — Free Shrinkage, Batch 408. Program VI Set 8. Type Fig. C.48 — Free Shrinkage, Batch 368. Program VI Set 9. Type
I/11 Cement, Granite CA, 0.42 wic ratio, 60% GGBFS Sample 3, I/11 Cement, OD Limestone CA, 0.42 w/c ratio, 60% GGBFS

(a) 7-day cure and (b) 14-day cure. Sample 5, (a) 7-day cure and (b) 14-day cure.
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Fig. C.49 — Free Shrinkage, Batch 369. Program VI Set 9. Type Fig. C.50 — Free Shrinkage, Batch 373. Program VI Set 9. Type
I/l Cement, SSD Limestone CA, 0.42 wi/c ratio, 60% GGBFS I/11 Cement, SSD Limestone CA, 0.42 w/c ratio, 0% GGBFS, (a)

Sample 5, (a) 7-day cure and (b) 14-day cure. 7-day cure and (b) 14-day cure.
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Fig. C.51 — Free Shrinkage, Batch 427. Program VI Set 9. Type Fig. C.52 — Free Shrinkage, Batch 351 and 354. Program VI Set
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Table D.1 — Low-Cracking High-Performance Concrete (LC-HPC) Mix Design Information

County and _ o LC-HPC _ Date of | PES!9N | Water Content | Cement Content’
Serial Bridge Description Portion Placed| Air
Number Number Placement Content
(kg/m®  (Iblyd®) | (kg/m?) (Iblyd®)
105-304 EB Parallel over I-635 1 South 10/14/05 8.0 144 243 320 539
North 11/02/05 8.0 144 243 320 539
105-310  34th St. over I-635 2 Deck 09/13/06 8.0 144 243 320 539
46-338 WB 103rd over US-69 3 Deck 11/13/07 8.0 143 241 317 534
46-339 Unit SB US-69 to I-435 Rp over 4 Deck - South 09/29/07 8.0 133 224 317 534
1 103rd St to SB US-69 Rp Deck - North 10/02/07 8.0 133 224 317 534
46-340 Unit SB US-69 to WB 1-435 Rp 5 Deck 11/14/07 8.0 133 224 317 534
1 over WB [-435 to Quivera Rp 11/14/07 8.0 135 228 317 534
11/14/07 8.0 136 229 317 534
11/14/07 8.0 143 241 317 534
46'3420 Unit :?e?\?v'gi_t;’;;vi ]Qﬁ 3$pr Deck 11/03/07 8.0 143 241 317 534
43-33 Co Rd 150 over US-75 7 Deck 06/24/06 8.0 144 243 320 539
54-33 E 1350 Rd over US-69 8 Deck 10/03/07 8.0 133 224 317 534
54-60 E 1800 Rd over US-69 10 Deck 05/17/07 8.0 133 224 317 534
78-119 EB US-50 over K&O RR 11 Deck 06/09/07 8.0 133 224 317 534
56-57 Unit 2 K-130 over Neosho River 12 Deck 04/04/08 8.0 141 238 320 540
54-66 NB US-69 over BNSF RR 13 Deck 04/29/08 8.0 140 235 317 535
46-363  Metcalf Ave. over Indian 14 Deck - Center 12/19/07 8.0 140 235 317 535
Creek Deck - West 05/02/08 8.0 140 235 317 535
Deck - East 05/21/08 8.0 140 235 317 535

"The design cement content for the LC-HPC decks was 535 or 540 Ib/yd® — equivalent to 317 or 320 kg/m’. When the metric equivalents are

rounded to the nearest whole number and converted back to English units, the values are 534 or 539 Ib/yd’, respectively.
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Table D.1 (continued) — Low-Cracking High-Performance Concrete (LC-HPC) Mix Design Information

Design
LC-HPC Portion Placed] Date of g e;]:?fri]; wic | Volume of Tecr:T?neCrr:ttsre Aggregate T f Admi i
Number Placement | P! Ratio Paste P Used" ypes of Admixtures
Gravity Control
(%)
1 South 10/14/05 3.15 0.45 24.6%  None 1,2,3,4 AEA, Type A-F MRWR
North 11/02/05 3.15 0.45 24.6%  None 1,2,3,4 AEA, Type A-F MRWR
2 Deck 09/13/06 3.15 0.45 24.6% Chilled Water, Ice 1,2,3,4 AEA, Type A-F MRWR
3 Deck 11/13/07  3.15 0.45 24.4%  None 5,6,7,8 AEA, Type A-F HRWR
4 Deck - South 09/29/07 3.15 0.42 23.4% Chilled Water, Ice 9, 10, 11, 12 AEA, Type A-F MRWR
Deck - North 10/02/07 3.15 0.42 23.4% Chilled Water, Ice 5,6,7,8 AEA, Type A-F MRWR
5 Deck 11/14/07  3.15 0.42 23.4%  None 5,6,7,8 AEA, Type A-F HRWR
11/14/07 3.15 0.43 23.5%  None 5,6,7,8 AEA, Type A-F HRWR
11/14/07 3.15 0.43 23.7%  None 5,6,7,8 AEA, Type A-F HRWR
11/14/07 3.15 0.45 24.4%  None 5,6,7,8 AEA, Type A-F HRWR
6 Deck 11/03/07 3.15 0.45 24.4%  None 5,6,7,8 AEA, Type A-F HRWR
2 Deck 06/24/06 3.15 0.45 24.6%  Ice 13, 14,15 AEA
8 Deck 10/03/07 3.15 0.42 23.3% Ice 16, 17, 18, 19 AEA, Type A WR
10 Deck 05/17/07 3.15 0.42 233% Ice 16, 17, 18, 19 AEA, Type A WR
11 Deck 06/09/07 3.17 0.42 23.3% Ice 20, 21, 22,23 AEA, Type A-F MRWR
12 Deck 04/04/08 3.15 0.44 24.3%  None 24,25,26 AEA, Type A WR
13 Deck 04/29/08 3.15 0.44 24.0%  None 27,28,29 AEA
14 Deck - Center 12/19/07 3.15 0.45 24.0%  None 5,6,7,8 AEA, Type A-F MRWR
Deck - West 05/02/08 3.15 0.45 24.0%  Chilled Water, Ice  5,6,7,8 AEA, Type A-F MRWR
Deck - East 05/21/08 3.15 0.45 24.0%  Chilled Water,Ice  5,6,7,8 AEA, Type A-F MRWR

"The aggregate gradations are shown in Table D.2.
*MRWR — mid-range water reducer, HRWR — high-range water reducer, WR — water reducer
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Table D.2 — LC-HPC Aggregate Gradations

Sieve Size

Percent Retained on Each Sieve
LC-HPC-3, 4 (Placements 2, 5, 6),

LC-HPC-1 and 2

and 14
Identification’ 1 2 3 4 5 6 7 8
Blend, % 30.0 19.0 9.0 42.0 22.0 29.0 13.0 36.0
Designation CA-6 CA-5 CA-7 FA-A| CA-6 CA5 MS! FAA
S.G.SSD 2.63 2.63 2.63 2.61 2.61 2.61 2.61 2.61
37.5-mm (1%-in.) 0 0 0 0 0 0 0 0
25-mm (1-in.) 12.0 8.0 0 0 10.0 0 0 0
19-mm (3%-in.) 13.0 26.0 0 0 21.0 7.0 0 0
12.5-mm (%%-in.) 26.0 38.0 0 0 20.0 24.0 0 0
9.5-mm (34-in.) 20.0 25.0 6.0 0 19.0 22.0 0 0
4.75-mm (No. 4) 25.0 1.0 85.0 0 23.0 37.0 6.0 1.0
2.36-mm (No. 8) 1.0 0 6.0 12.0 4.0 6.0 29.0 8.0
1.18-mm (No. 16) 0 0 0 21.0 0 1.0 25.0 17.0
0.60-mm (No. 30) 0 0 0 29.0 1.0 1.0 16.0 23.0
0.30-mm (No. 50) 0 0 0 27.0 0 0 12.0 31.0
0.15-mm (No. 100) 0 0 0 10.0 1.0 0 6.0 17.0
0.075-mm (No. 200) 0 0 0 1.0 0 1.0 2.0 2.0
Pan 0 0 0 0 2.0 1.0 4.0 1.0
TAggregate Identification number shown in Table D.1

*Manufactured (crushed granite) Coarse Sand
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Table D.2 (continued) — LC-HPC Aggregate Gradations

Sieve Size Percent Retained on Each Sieve
LC-HPC-4 (Placement 1) LC-HPC-7
Identification® 9 10 11 12 13 14 15
Blend, % 239 | 256 @ 33.1 174 | 33.0 200 470
Designation CA-6  CA-5 MS.' FA-A| CA-6 CA-5 MA=2
S.G. SSD 261 261 261 @ 261 | 264 @264 263
37.5-mm (1'%-in.) 0 0 0 0 0 0 0
25-mm (1-in.) 10.0 0 0 0 7.4 0 0
19-mm (¥%-in.) 21.0 7.0 0 0 15.4 0 0
12.5-mm (%-in.) 200 @ 240 0 0 358 279 0
9.5-mm (%-in.) 190 220 0 0 169 = 253 0
4.75-mm (No. 4) 23.0 370 6.0 1.0 214 | 402 3.9
2.36-mm (No. 8) 4.0 6.0 29.0 8.0 1.7 43 18.5
1.18-mm (No. 16) 0 1.0 250 | 17.0 0.3 1.0 24.7
0.60-mm (No. 30) 1.0 1.0 160 = 23.0 0.2 0.4 24.1
0.30-mm (No. 50) 0 0 120 = 31.0 0.4 0.3 17.6
0.15-mm (No. 100) 1.0 0 6.0 17.0 0.1 0.3 9.3
0.075-mm (No. 200) 0 1.0 2.0 2.0 0.2 0.2 1.6
Pan 2.0 1.0 4.0 1.0 0.2 0.1 0.3

Aggregate Identification number shown in Table D.1

*Manufactured (crushed granite) Coarse Sand
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Table D.2 (continued) — LC-HPC Aggregate Gradations

Sieve Size Percent Retained on Each Sieve
LC-HPC-8, 10 LC-HPC-11
Identification® 16 17 18 19 20 21 22 23
Blend, % 233 245 369 153 100 100 = 33.0 47
Designation CA-6 CA-5 MA-1 BD-2 | CA-1 CA-6 CA-7 MA-3
S.D. SSD 259 259 264 262 | 278 278 278 @ 261
37.5-mm (1%-in.) 0 0 0 0 1.0 0 0 0
25-mm (1-in.) 15.8 0 0 0 56.0 1.0 0 0
19-mm (¥%-in.) 26.2 0 0 0 30.0 | 200 0 0
12.5-mm (Y-in.) 29.6 | 270 0 0 9.0 480 256 2.0
9.5-mm (3%-in.) 113 256 2.0 3.0 2.0 11.0 | 211 1.5
4.75-mm (No. 4) 15.1 = 437 6.0 11.0 1.0 120 = 358 8.0
2.36-mm (No. 8) 0 1.9 160 = 28.0 0 3.0 9.6 18.5
1.18-mm (No. 16) 0 0 230  29.0 0 1.0 2.5 26.5
0.60-mm (No. 30) 0 0 220 | 16.0 0 2.0 1.1 18.5
0.30-mm (No. 50) 0 0 190  10.0 0 1.0 0.8 16.5
0.15-mm (No. 100) 0 0 10.0 2.0 0 0.0 0.6 7.5
0.075-mm (No. 200) 0 0 0 0.0 0.4 0.8 0.6 0.6
Pan 2.0 1.8 2.0 1.0 0 0 0 0

TAggregate Identification number shown in Table D.1
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Table D.2 (continued) — LC-HPC Aggregate Gradations

Sieve Size Percent Retained on Each Sieve
LC-HPC-12 LC-HPC-13
Identification® 24 25 26 27 28 29
Blend, % 400 = 120 @ 480 | 506 @ 355 @ 139
Designation CA-6 CA-5 MA-2 | CA-1 MA-1 FA-A
S.G. SSD 264 | 264 263 | 259 @ 262 @ 262
37.5-mm (1'-in.) 0 0 0 0 0 0
25-mm (1-in.) 8.2 0 0 11.8 0 0
19-mm (¥%-in.) 153 | 108 0 20.3 0 0
12.5-mm (%-in.) 309 447 0.2 21.8 0.7 0
9.5-mm (%-in.) 136 193 1.2 17.9 3.7 0
4.75-mm (No. 4) 237 213 6.8 24.1 15.5 0.8
2.36-mm (No. 8) 3.3 0.9 19.8 1.7 18.8 9.2
1.18-mm (No. 16) 0.8 0.5 27.5 0.4 200 177
0.60-mm (No. 30) 0.6 0.4 21.3 0.3 172 | 208
0.30-mm (No. 50) 0.5 0.3 16.1 0.2 16.1 | 299
0.15-mm (No. 100) | 0.6 0.2 6.1 0.2 6.3 18.7
0.075-mm (No. 200) | 0.5 0.3 0.8 0 0 0
Pan 2.0 1.3 0.2 0 0 0

TAggregate Identification number shown in Table D.1



Table D.3 — Average Concrete Properties for LC-HPC Bridge Decks

. Average
Average Concrete] Average Unit .
LC-HPC Portion Placed Date of sz??ge Average Slump Temperature Weight CompreSS|Tve
Number Placement Strength
Content
(mm)  (in.) (°C) P | (kg/m® (Ibryd® | (MPa)  (psi)
1 South 10/14/05 7.9 95 3.75 19.8 68 2251 140.5 35.9 5210
North 11/02/05 7.8 85 3.25 20.1 68 2238 139.7 34.4 4980
2 Deck 09/13/06 7.7 75 3.00 19.2 67 -- -- 31.7 4600
3 Deck 11/13/07 8.7 85 3.25 14.3 58 - -- 41.3 5990
4 Deck - South 09/29/07 8.7 50 2.00 -- - 2202 137.4 -- -
Deck - North 10/02/07 8.8 80 3.00 17.5 64 2210 137.9 33.1 4790
5 Deck - 0.420 w/c 11/14/07 8.3 70 2.75 16.7 62 2249 140.4 44.0 6380
Deck - 0.428 w/c 11/14/07 9.0 60 2.50 16.4 62 2242 140.0 - -
Deck - 0.429 wic 11/14/07 9.1 90 3.50 15.2 59 2230 139.2 - -
Deck - 0.451 wic 11/14/07 8.7 80 3.25 15.7 60 2228 139.1 - -
Average Values 11/14/07 8.7 80 3.00 15.9 61 2236 139.6 -- -
6 Deck 11/03/07 9.5 95 3.75 15.3 60 -- -- 40.3 5840
7 Deck 06/24/06 8.0 95 3.75 21.9 71 2221 138.6 26.1 3790
8 Deck 10/03/07 7.9 50 2.00 19.5 67 2264 141.3 32.6 4730
10 Deck 05/17/07 7.3 80 3.25 18.6 66 2212 138.1 31.6 4580
11 Deck 06/09/07 7.8 80 3.00 15.8 60 2278 142.2 32.3 4680
12 Deck 04/04/08 7.4 70 2.75 14.5 58 2259 141.0 31.5 4570
13 Deck 04/29/08 8.1 75 3.00 20.4 69 2266 141.5 29.5 4280
14 Deck - Center 12/19/07 8.7 95 3.75 18.1 65 2237 139.7 30.6 4440
Deck - West 05/02/08 9.8 110 4.25 17.9 64 2213 138.1 25.6 3710
Deck - East 05/21/08 9.9 130 5.25 18.3 65 2195 137.1 26.4 3830

TAverage 28-day compressive strength for lab-cured specimens. Strengths were taken at 27 days for the first LC-HPC-1 placement and LC-
HPC-11, and 31 days for LC-HPC-7.

L9V
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Table D.4 — Average Compressive Strength Results for All LC-HPC Placements

Bridge Sample Field Sample
No. Placement Age Lab Cured Size Cured Size
Days = MPa (psi) MPa (psi)

Qualification Batch — 1/2 28 | 39.5(5730) 3 -- --
Qualification Slab — 1 28 | 26.7(3870) 4 -- --
12 LC-HPC-1 Placement 1 27 | 35.9(5210) 3 33.8 (4900) 2
’ LC-HPC-1 Placement 2 28 | 34.4 (4980) 3 27.8 (4030) 2
Qualification Slab — 2 28 | 27.4(3970) 3 28.6 (4150) 2
LC-HPC-2 28 | 31.7 (4600) 3 30.7 (4450) 2
LC-HPC-3 28 | 41.3(5990) 3 37.6 (5450) 2
36 LC-HPC-4 28 | 33.1(4790) 3 -- --
LC-HPC-5 28 | 44.0 (6380) 3 41.3 (5990) 2
LC-HPC-6 28 | 40.3 (5840) 2 -- --
Test Batch 6 17.0 (2470) 3 -- --
7 Qualification Batch — 7 28 | 23.9(3470) 3 -- --
Qualification Slab — 7 5 22.4 (3250) 3 -- --
LC-HPC-7 31 | 26.1(3790) 3 -- --
Qualification Batch — 8/10 | 28 | 29.2 (4240) 3 -- --
Qualification Slab — 8 28 | 29.7 (4310) 3 -- --
8,10 | LC-HPC-8 28 | 32.6 (4730) 6 29.9 (4340) 4
Qualification Slab — 10 28 | 28.2(4090) 3 -- --
LC-HPC-10 28 | 31.6(4580) 6 31.6 (4580) 4
Qualification Slab - 11 6 35.2(5110) 3 -- --
1 LC-HPC-11 9 | 23.9(3460) 3 -- --
16  27.1(3920) 2 -- --
27 | 32.3 (4680) 3 -- --
12 LC-HPC-12 28 | 31.5(4570) 6 -- --
13 LC-HPC-13 29 | 29.5 (4280) 6 29.6 (4300) 4
LC-HPC-14 Placement 1 7 | 25.2(3660) 6 -- --
14 | 25.9 (3760) 6 23.9 (3470) 3
28 | 30.6 (4440) 12 26.5 (3850) 4
LC-HPC-14 Placement 2 2 - - 11.4 (1660) 3
3 - -- 12.1 (1750) 7
7 18.6 (2700) 14 -- -
14 14 21.7 (3150) 14 -- --
28 | 25.6(3710) 7 -- --
41 | 26.7 (3870) 6 26.5 (3840) 3
LC-HPC-14 Placement 3 2 -- -- 11.6 (1680) 2
7 19.4 (2810) 8 -- --
14 23.4(3390) 8 22.3(3230) 3
28 | 26.4 (3830) 8 -- --




Table D.5 — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Conerete | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | °C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-1 (105-304) Placement 1, Cast on 10/14/05
1 7.5 95 3.75 189 66 2258 141.0 0 0 0.45 24.6% 18° Cusing ASTM C 1064
2 6.2 85 325 192 67 2276 142.1 0 0 0.45 24.6% 16° Cusing ASTM C 1064
3 8.0 65 2.50  20.0 68 2250 140.5 0 0 0.45 24.6% 22° Cusing ASTM C 1064
4 -- -- -- 18.3 65 -- -- 0 0 0.45 24.6%
5 -- -- -- 18.9 66 -- -- 0 0 0.45 24.6%
6 -- -- -- 20.0 68 -- -- 0 0 0.45 24.6%
7 9.0 95 3.7 172 63 2188 136.6 0 0 0.45 24.6% 19° Cusing ASTM C 1064
8 -- -- -- 16.1 61 -- -- 0 0 0.45 24.6%
9 -- -- -- 18.3 65 -- -- 0 0 0.45 24.6%
10 11.5 165 6.50 19.4 67 2260 141.1 0 0 0.45 24.6% 19° Cusing ASTM C 1064
11 6.0 90 3.50  20.0 68 2273 141.9 0 0 0.45 24.6% 20° C using ASTM C 1064
12 -- -- -- 17.2 63 -- -- 0 0 0.45 24.6%
13 -- -- -- 18.3 65 -- -- 0 0 0.45 24.6%
14 -- -- -- 20.6 69 -- -- 0 0 0.45 24.6%
15 7.5 90 3.50  20.0 68 2250 140.5 0 0 0.45 24.6% 22° Cusing ASTM C 1064
16 -- -- -- 19.7 68 - - 0 0 0.45 24.6%
17 -- -- -- 20.0 68 -- -- 0 0 0.45 24.6%
18 -- -- -- 18.6 66 - - 0 0 0.45 24.6%
19 -- -- -- 18.3 65 -- -- 0 0 0.45 24.6%
20 -- -- -- 19.4 67 - - 0 0 0.45 24.6%
21 7.4 85 3.25 203 69 2253 140.6 0 0 0.45 24.6% 22° Cusing ASTM C 1064
LC-HPC-1 (105-304) Placement 2, Cast on 11/2/05

1 7.0 110 425 189 66 2261 141.1 0 0 0.45 24.6% 19° C using ASTM C 1064
2 6.5 75 3.00 19.7 68 2281 142.4 0 0 0.45 24.6% 20° Cusing ASTM C 1064
3 3.0 65 250 19.2 67 2354 146.9 0 0 0.45 24.6% 20° C using ASTM C 1064
4 9.0 95 3.75 15.6 60 2227 139.0 0 0 0.45 24.6% 19° Cusing ASTM C 1064

69Y



Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete .| Unit weight | water withheld | Actual | Actual
Truck Temperature w/c Paste | Notes
Content| .
ratio |Content
(mm) (in) | (°C) (°F) |(kg/m® (blyd®| (L/m*) (gallyd®)
LC-HPC-1 (105-304) Placement 2, Cast on 11/2/05 (continued)
5 -- -- -- 17.8 64 -- -- 0 0 0.45 24.6%
6 -- -- -- 17.5 64 -- -- 0 0 0.45 24.6%
7 -- -- -- 17.2 63 -- -- 0 0 0.45 24.6%
8 9.0 90 3.50 18.1 65 2213 138.1 0 0 0.45 24.6% 21° C using ASTM C 1064
9 -- -- -- 19.2 67 -- -- 0 0 0.45 24.6%
10 -- -- -- 19.7 68 -- -- 0 0 0.45 24.6%
11 -- -- -- 19.2 67 -- -- 0 0 0.45 24.6%
12 8.0 65 2.50 18.3 65 2222 138.7 0 0 0.45 24.6% 19° Cusing ASTM C 1064
13 -- -- -- 19.2 67 -- -- 0 0 0.45 24.6%
14 -- -- -- 19.2 67 - - 0 0 0.45 24.6%
15 -- -- -- 18.1 65 -- -- 0 0 0.45 24.6%
16 8.5 100 4.00 21.1 70 2193 136.9 0 0 0.45 24.6% 20° Cusing ASTM C 1064
17 -- -- -- 20.6 69 -- -- 0 0 0.45 24.6%
18 -- -- -- 19.4 67 - - 0 0 0.45 24.6%
19 -- -- -- 19.4 67 -- -- 0 0 0.45 24.6%
20 9.0 90 3.50 183 65 2227 139.0 0 0 0.45 24.6% 19° Cusing ASTM C 1064
21 -- -- -- 19.7 68 -- -- 0 0 0.45 24.6%
22 -- -- -- 18.3 65 - - 0 0 0.45 24.6%
23 -- -- -- 19.7 68 -- -- 0 0 0.45 24.6%
24 9.0 70 2775 19.2 67 2213 138.1 0 0 0.45 24.6% 21° Cusing ASTM C 1064
25 -- -- -- 19.2 67 -- -- 0 0 0.45 24.6%
26 8.5 90 350 19.2 67 2193 136.9 0 0 0.45 24.6% 20° Cusing ASTM C 1064
LC-HPC-2 (105-310), Cast on 11/13/06

1 7.0 100 4.00 18.9 66 - - 0 0 0.45 24.6% 18.9° C using ASTM C 1064
2 8.5 95 3.75  20.6 69 -- -- 0 0 0.45 24.6% 19.4° C using ASTM C 1064
3 7.2 80 325 194 67 - - 0 0 0.45 24.6% 20° Cusing ASTM C 1064
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

Air Slump | Unit weight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in) | (°C) (F) |(kg/m® (Iblyd®| (L/m*) (gallyd®)
LC-HPC-2 (105-310), Cast on 11/13/06 (continued)
4 - - - 18.9 66 - - 0 0 0.45 24.6%
5 -- -- -- 18.9 66 -- -- 0 0 0.45 24.6%
6 - - - 18.9 66 - - 0 0 0.45 24.6%
7 -- -- -- 15.6 60 -- -- 0 0 0.45 24.6%
8 7.2 85 325 183 65 - - 0 0 0.45 24.6% 16.1° C using ASTM C 1064
9 -- -- -- 17.2 63 -- -- 0 0 0.45 24.6%
10 - - - 17.8 64 - - 0 0 0.45 24.6%
11 -- -- -- 17.2 63 -- -- 0 0 0.45 24.6%
12 - - - 17.8 64 - - 0 0 0.45 24.6%
13 -- -- -- 18.9 66 -- -- 0 0 0.45 24.6%
14 7.5 80 325 175 64 -- - 0 0 0.45 24.6% 20.6° C using ASTM C 1064
15 -- -- -- 17.5 64 -- -- 0 0 0.45 24.6%
16 -- -- -- 17.5 64 -- -- 0 0 0.45 24.6%
17 -- -- -- 18.3 65 -- -- 0 0 0.45 24.6%
18 8.0 65 2.50 203 69 -- -- 0 0 0.45 24.6% 18.9° C using ASTM C 1064
19 -- -- -- 20.8 70 -- -- 0 0 0.45 24.6%
20 -- -- -- 20.0 68 -- -- 0 0 0.45 24.6%
21 -- -- -- 19.7 68 -- -- 0 0 0.45 24.6%
22 8.5 35 1.50 18.9 66 -- -- 0 0 0.45 24.6% 20.6° C using ASTM C 1064
LC-HPC-3 (46-338), Cast on 11/13/07

1 9.1 65 2.50 15.0 59 -- -- 0 0 0.45 24.4% Retested - Originally 135 mm slump
2 7.8 45 1.75 133 56 - - 0 0 0.45 24.4% 6% after pump - 1.8% loss
3 8.2 52 2.00 15.6 60 -- -- 0 0 0.45 24.4%
4 - - - 16.7 62 - - 0 0 0.45 24.4%
5 -- 78 3.00 15.0 59 -- -- 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

Air Slump | Unitweight | wWater withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-3 (46-338), Cast on 11/13/07 (continued)
6 -- -- -- 13.9 57 -- -- 0 0 0.45 24.4%
7 9.1 65 2.50 16.1 61 - - 0 0 0.45 24.4%
8 -- -- -- 11.1 52 -- -- 0 0 0.45 24.4%
9 -- 82 325 16.1 61 - - 0 0 0.45 24.4%
10 -- -- -- 12.2 54 -- -- 0 0 0.45 24.4%
11 7.0 71 275 15.0 59 - - 0 0 0.45 24.4%
12 - - - 11.1 52 - - 0 0 0.45 24.4%
13 -- 70 275 15.0 59 - - 0 0 0.45 24.4%
14 - - - 12.2 54 - - 0 0 0.45 24.4%
15 9.2 - - 12.8 55 - - 0 0 0.45 24.4% Retested - Originally 12.0% air & 100 mm slump
16 9.0 -- -- 15.6 60 -- -- 0 0 0.45 24.4%
17 -- 85 325 15.0 59 - - 0 0 0.45 24.4%
18 -- -- -- 11.7 53 -- -- 0 0 0.45 24.4%
19 6.5 60 225 15.0 59 - - 0 0 0.45 24.4%
20 -- -- -- 11.1 52 -- -- 0 0 0.45 24.4%
21 - - - 13.9 57 - - 0 0 0.45 24.4%
22 -- -- -- 14.4 58 -- -- 0 0 0.45 24.4%
23 9.5 100 4.00 133 56 - - 0 0 0.45 24.4% 8.4% after pump - 1.1% loss
24 -- -- -- 14.4 58 -- -- 0 0 0.45 24.4%
25 - 100 4.00 144 58 - - 0 0 0.45 24.4%
26 -- -- -- 15.6 60 -- -- 0 0 0.45 24.4%
27 -- 93 375 15.0 59 -- -- 0 0 0.45 24.4% Retested - Originally 9% air & 120 mm slump
28 -- -- -- 14.4 58 -- -- 0 0 0.45 24.4%
29 - 100 4.00 12.8 55 - - 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

Air Slump | Unitweight | water withheld | Actual | Actual
Truck Temperature w/c Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-3 (46-338), Cast on 11/13/07 (continued)
30 -- -- -- 13.9 57 -- -- 0 0 0.45 24.4%
31 8.0 70 275 133 56 -- - 0 0 0.45 24.4%
32 -- -- -- 15.0 59 -- -- 0 0 0.45 24.4%
33 -- 97 3.75 139 57 -- -- 0 0 0.45 24.4%
34 -- -- -- 13.3 56 -- -- 0 0 0.45 24.4%
35 7.8 90 3.50 15.6 60 -- - 0 0 0.45 24.4%
36 - - - 16.1 61 - - 0 0 0.45 24.4%
37 -- 92 350 15.6 60 -- -- 0 0 0.45 24.4% Retested - Originally 160 mm slump
38 -- -- -- 14.4 58 -- -- 0 0 0.45 24.4%
39 -- 100  4.00 15.6 60 -- -- 0 0 0.45 24.4% Retested - Originally 8.2% air & 135 mm slump
40 -- 100 4.00 144 58 -- -- 0 0 0.45 24.4%
41 -- 89 3.50 15.0 59 -- - 0 0 0.45 24.4%
42 -- -- -- 13.3 56 -- -- 0 0 0.45 24.4%
43 9.5 89 3.50 15.6 60 -- - 0 0 0.45 24.4%
44 -- -- -- 14.4 58 -- -- 0 0 0.45 24.4%
45 -- 85 325 139 57 - - 0 0 0.45 24.4%
46 -- -- -- 15.0 59 -- -- 0 0 0.45 24.4%
47 10.5 82 325 15.6 60 - - 0 0 0.45 24.4% 8.4% after pump - 1.5% loss
48 -- -- -- 16.1 61 -- -- 0 0 0.45 24.4%
49 -- 88 350 144 58 - - 0 0 0.45 24.4%
50 -- -- -- 13.9 57 -- -- 0 0 0.45 24.4%
51 10.0 98 3.75 15.6 60 - - 0 0 0.45 24.4%
LC-HPC-4 (46-339) Placement 1, Cast on 9/29/07
1 7.8 30 1.25 - - 2226 139.0 0 0 0.42 23.4% 7.0% after pump - 0.8% loss
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-4 (46-339) Placement 1, Cast on 9/29/07 (continued)
2 6.8 20 0.75 -- -- 2255 140.8 0 0 0.42 23.4%
3 10.4 100  4.00 -- -- 2142 133.7 0 0 0.42 23.4% Rejected
4 7.6 55 2.25 - - 2212 138.1 0 0 0.42 23.4% MR Added originally 48 mm & 6.8 slump & 2240
5 -- -- -- -- -- -- 0 0 0.42 23.4%
6 - 35 1.50 - - - - 0 0 0.42 23.4%
7 -- -- -- -- -- -- 0 0 0.42 23.4%
8 7.4 20 0.75 -- -- 2255 140.8 0 0 0.42 23.4%
9 -- -- -- -- -- -- 0 0 0.42 23.4% ~
10 - 20 0.75 - - - - 0 0 0.42 23.4% E
11 -- -- -- -- -- -- 0 0 0.42 23.4%
12 11.4 95 3.75 -- -- 2127 132.8 0 0 0.42 23.4% Rejected
13 -- -- -- -- -- -- 0 0 0.42 23.4%
14 - - - - - 0 0 0.42 23.4%
15 -- 60 2.25 -- -- -- -- 0 0 0.42 23.4%
16 -- -- -- -- -- -- 0 0 0.42 23.4%
17 11.6 105 4.25 - - 2116 132.1 0 0 0.42 23.4% Retested - Originally 11.8% air & 120 mm
18 8.8 -- -- -- 2198 137.2 0 0 0.42 23.4%
19 10.6 90 3.50 - - 2150 134.2 0 0 0.42 23.4%
LC-HPC-4 (46-339) Placement 2, Cast on 10/2/07 |
1 8.8 65 250 183 65 2198 137.2 0 0 0.42 23.4% 6.8% after pump - 2.0% loss
2 7.2 40 1.50 16.7 62 2260 141.1 0 0 0.42 23.4%
3 7.8 45 1.75  17.2 63 2246 140.2 0 0 0.42 23.4%
4 -- -- -- -- -- -- -- 0 0 0.42 23.4%
5 - 35 1.50 18.9 66 - - 0 0 0.42 23.4%



Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete
Air Slump | Unit Weight | Water withheld | Actual | Actual
Truck Temperature wlc Paste | Notes

Content ratio |Content

(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)

LC-HPC-4 (46-339) Placement 2, Cast on 10/2/07 (continued)

6 -- -- -- 17.2 63 -- -- 0 0 0.42 23.4%
7 10.4 80 325 194 67 2164  135.1 0 0 0.42 23.4%
8 -- -- -- 17.8 64 -- -- 0 0 0.42 23.4%
9 -- 90 3.50  16.7 62 -- -- 0 0 0.42 23.4%
10 -- -- -- 17.8 64 -- -- 0 0 0.42 23.4%
11 9.5 100 4.00 15.0 59 2195  137.0 0 0 0.42 23.4%
12 -- -- -- 16.1 61 -- -- 0 0 0.42 23.4%
13 -- 100 4.00 16.7 62 -- -- 0 0 0.42 23.4%
14 -- -- -- 16.7 62 -- -- 0 0 0.42 23.4%
15 9.8 90 3.50  16.7 62 2173 135.7 0 0 0.42 23.4%
16 -- -- -- 16.7 62 -- -- 0 0 0.42 23.4%
17 -- 55 225 16.7 62 -- -- 0 0 0.42 23.4%
18 -- -- -- 15.6 60 -- -- 0 0 0.42 23.4%
19 9.6 100 4.00 15.6 60 2187  136.5 0 0 0.42 23.4%
20 -- -- -- 17.2 63 -- -- 0 0 0.42 23.4%
21 -- 100 4.00 17.2 63 - - 0 0 0.42 23.4%
22 -- -- -- 17.8 64 -- -- 0 0 0.42 23.4%
23 8.8 88 3.50 183 65 2209 1379 0 0 0.42 23.4%
24 -- -- -- 17.8 64 -- -- 0 0 0.42 23.4%
25 - 75 3.00 17.8 64 - - 0 0 0.42 23.4%
26 -- -- -- 20.0 68 -- -- 0 0 0.42 23.4%
27 7.9 95 3.75 189 66 2238  139.7 0 0 0.42 23.4%
28 -- -- -- 17.2 63 -- -- 0 0 0.42 23.4%
29 - - - 17.2 63 - -~ 0 0 0.42 23.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | water withheld | Actual | Actual
Truck Temperature w/c Paste | Notes
Content| .
ratio |Content
(mm) (in) | CC) (P |(kg/m®) (Iblyd®| (L/m*) (gallyd®)
LC-HPC-4 (46-339) Placement 2, Cast on 10/2/07 (continued)
30 -- 100 4.00 17.8 64 -- -- 0 0 0.42 23.4%
31 9.3 90 3.50 18.9 66 2198 137.2 0 0 0.42 23.4%
32 -- -- -- 18.3 65 -- -- 0 0 0.42 23.4%
33 -- 95 3.75 15.6 60 -- -- 0 0 0.42 23.4%
34 -- -- -- 18.3 65 -- -- 0 0 0.42 23.4%
35 8.0 35 1.50 21.7 71 2240 139.8 0 0 0.42 23.4%
LC-HPC-5 (46-340 Unit 1), Cast on 11/14/07

1 8.0 70 275 17.8 64 2263 141.3 0 0 0.42 23.4% Out of Pump: 7.4% air, 60 mm slump
2 7.0 92 3.50 15.0 59 2294 143.2 0 0 0.42 23.4%
3 9.5 75 3.00 16.1 61 2201 137.4 0 0 0.42 23.4%
4 - - - - 62 - - 0 0 0.42 23.4%
5 -- 60 225 172 63 -- -- 0 0 0.42 23.4%
6 - - - - 61 - - 0 0 0.42 23.4%
7 8.7 50 2.00 17.8 64 2238 139.7 0 0 0.42 23.4%
8 -- -- -- -- 62 -- -- +2.48 +0.5 0.43 23.6%
9 -- 65 2.50 16.1 61 - - +2.48 +0.5 0.43 23.6%
10 -- -- -- -- 64 -- -- +2.48 +0.5 0.43 23.6%
11 9.0 60 225 172 63 2246 140.2 +2.48 +0.5 0.43 23.6%
12 - - - - 61 - - +2.48 +0.5 0.43 23.6%
13 -- 60 225 16.7 62 - - +2.48 +0.5 0.43 23.6%
14 - - - - 57 - - +2.48 +0.5 0.43 23.6%
15 -- 60 225 16.7 62 - - +2.48 +0.5 0.43 23.6%
16 8.5 65 2.50 15.6 60 2257 140.9 0 0 0.43 23.7%
17 -- 100 4.00 144 58 - - 0 0 0.43 23.7%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content .
ratio ]Content
(mm) (in) | (°C) (°F) |(kg/m®) (Ibryd®)| (L/m®) (gallyd®)
LC-HPC-5 (46-340 Unit 1), Cast on 11/14/07 (continued)

18 -- -- -- -- 58 -- -- 0 0 0.43 23.7%
19 10.3 100 4.00 16.1 61 2192 136.8 0 0 0.43 23.7%
20 -- -- -- -- 59 -- -- 0 0 0.43 23.7%
21 8.5 100  4.00 16.1 61 2240 1398 0 0 0.43 23.7% Retested: original slump 140 mm
22 -- 95 3.75 16.1 61 -- -- 0 0 0.43 23.7%
23 -- -- -- -- 57 -- -- 0 0 0.43 23.7%
24 - - - - 59 - - 0 0 043 23.7%
25 -- 65 2.50 16.1 61 -- -- 0 0 0.45 24.4%
26 - - - - 57 - - 0 0 045  24.4%
27 6.8 60 2.25 16.1 61 2277 142.1 0 0 0.45 24.4%
28 - - - - 59 - - 0 0 045  24.4%
29 -- 80 325 16.7 62 -- -- 0 0 0.45 24.4%
30 - - - - 61 - - 0 0 045  24.4%
31 9.0 100  4.00 16.7 62 2221 138.6 0 0 0.45 24.4%
32 - - - - 59 - - 0 0 045  24.4%
33 -- 80 325 139 57 -- -- 0 0 0.45 24.4%
34 - - - - 60 - - 0 0 045  24.4%
35 8.8 75 3.00 16.1 61 2238 139.7 0 0 0.45 24.4%
36 - - - - 60 - - 0 0 045  24.4%
37 -- 95 3.75 16.1 61 -- - 0 0 0.45 24.4%
38 - - - - 59 - - 0 0 045  24.4%
39 9.0 85 325 15.6 60 2215 138.3 0 0 0.45 24.4%
40 - - - - 58 - - 0 0 045  24.4%
41 -- 95 3.75 16.1 61 -- - 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-5 (46-340 Unit 1), Cast on 11/14/07 (continued)
42 -- -- -- -- 62 -- -- 0 0 0.45 24.4%
43 8.5 80 325 144 58 2238 139.7 0 0 0.45 24.4%
44 -- -- -- -- 59 -- -- 0 0 0.45 24.4%
45 -- 75 3.00 16.7 62 -- -- 0 0 0.45 24.4%
46 -- -- -- -- 60 -- -- 0 0 0.45 24.4%
47 10.2 85 325 172 63 2181 136.1 0 0 0.45 24.4%
48 -- 75 3.00 17.2 63 -- -- 0 0 0.45 24.4%
LC-HPC-6 (46-340 Unit 2), Cast on 11/3/07
1 9.9 105 425 128 55 -- -- 0 0 0.45 24.4%
2 11.5 120 475 11.1 52 -- -- 0 0 0.45 24.4%
3 -- -- -- 11.7 53 -- -- 0 0 0.45 24.4%
4 -- -- -- 12.2 54 -- -- 0 0 0.45 24.4%
5 -- 80 325 15.6 60 -- -- 0 0 0.45 24.4%
6 -- -- -- 12.8 55 -- -- 0 0 0.45 24.4%
7 8.4 75 3.00 133 56 -- -- 0 0 0.45 24.4% 7.0% after pump - 1.4% loss
8 - - - 12.8 55 - - 0 0 0.45 24.4%
9 -- 60 225 128 55 -- -- 0 0 0.45 24.4%
10 - - - 14.4 58 - - 0 0 0.45 24.4%
11 9.1 70 275 139 57 -- - 0 0 0.45 24.4%
12 - - - 14.4 58 - - 0 0 0.45 24.4%
13 -- 70 275 15.6 60 -- -- 0 0 0.45 24.4%
14 - - - 15.0 59 - - 0 0 0.45 24.4%
15 10.5 100 4.00 144 58 -- -- 0 0 0.45 24.4%
16 - - - 15.6 60 - - 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete ] Unit Weight | Water Withheld Actual | Actual
Truck Temperature wlc Paste | Notes
Content .
ratio ]Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-6 (46-340 Unit 2), Cast on 11/3/07 (Continued)
17 - 105 425 122 54 - - 0 0 0.45 24.4%
18 - - - 16.1 61 - - 0 0 0.45 24.4%
19 10.2 105 425 16.1 61 - - 0 0 0.45 24.4%
20 - - - 15.6 60 - - 0 0 0.45 24.4%
21 - 80 325 167 62 - - 0 0 0.45 24.4%
22 - - - 15.6 60 - - 0 0 0.45 24.4%
23 7.5 90 3.50 16.7 62 - - 0 0 0.45 24.4%
24 - - - 16.7 62 - - 0 0 0.45 24.4%
25 - 110 425 172 63 - - 0 0 0.45 24.4%
26 - - - 16.1 61 - - 0 0 0.45 24.4%
27 9.3 80 325 156 60 - - 0 0 0.45 24.4%
28 - - - 16.7 62 - - 0 0 0.45 24.4%
29 - 105 425 172 63 - - 0 0 0.45 24.4%
30 - - - 16.7 62 - - 0 0 0.45 24.4%
31 10.1 100  4.00 16.1 61 - - 0 0 0.45 24.4%
32 - - - 16.7 62 - - 0 0 0.45 24.4%
33 - 105 425 156 60 - - 0 0 0.45 24.4%
34 - - - 16.1 61 - - 0 0 0.45 24.4%
35 10.5 125  5.00 16.1 61 - - 0 0 0.45 24.4%
36 - - - 15.0 59 - - 0 0 0.45 24.4%
37 - 120 475 16.7 62 - - 0 0 0.45 24.4%
38 - - - 15.6 60 - - 0 0 0.45 24.4%
39 12.5 130 500 16.7 62 - - 0 0 0.45 24.4% Rejected
40 8.4 90 350 16.1 61 - -- 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-6 (46-340 Unit 2), Cast on 11/3/07 (Continued)
41 -- 140 550 15.0 59 -- -- 0 0 0.45 24.4%
42 -- -- -- 16.1 61 -- - 0 0 0.45 24.4%
43 9.6 85 325 15.6 60 -- -- 0 0 0.45 24.4% 9.0% after pump - 0.6% loss
44 -- -- -- 16.1 61 -- -- 0 0 0.45 24.4%
45 -- 105 425 15.6 60 -- -- 0 0 0.45 24.4%
46 -- -- -- 16.1 61 -- -- 0 0 0.45 24.4%
47 8.5 95 375  16.7 62 -- - 0 0 0.45 24.4%
48 -- -- -- 16.1 61 -- -- 0 0 0.45 24.4%
49 -- 95 375  16.7 62 -- -- 0 0 0.45 24.4%
50 -- -- -- 16.7 62 -- -- 0 0 0.45 24.4%
51 -- 95 375 17.2 63 -- -- 0 0 0.45 24.4%
52 -- -- -- 17.8 64 -- -- 0 0 0.45 24.4%
LC-HPC-7 (43-33), Cast on 6/24/06

-- 7.5 70 275 228 73 2292 143.1 0 0 0.45 24.6%
-- 9.0 100 4.00 239 75 2174 135.7 0 0 0.45 24.6%
- 8.0 125 500 239 75 2177 135.9 0 0 0.45 24.6%
-- 7.5 135 525 228 73 2212 138.1 0 0 0.45 24.6%
- 6.5 65 250 228 73 2245 140.1 0 0 0.45 24.6%
-- -- 75 3.00 233 74 -- -- 0 0 0.45 24.6%
- 6.5 70 275 21.7 71 2274 142.0 0 0 0.45 24.6%
-- -- 90 3.50 228 73 -- -- 0 0 0.45 24.6%
- 8.5 90 350 21.7 71 2224 138.8 0 0 0.45 24.6%
-- -- 65 2.50 222 72 -- -- 0 0 0.45 24.6%
- 8.5 100  4.00 222 72 2214 138.2 0 0 0.45 24.6%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

18

Air Slump | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in) | CC) (P |(kg/m®) (Iblyd®| (L/m*) (gallyd®)
LC-HPC-7 (43-33), Cast on 6/24/06 (Continued)
-- -- 65 2.50  20.6 69 -- -- 0 0 0.45 24.6%
-- 8.5 100  4.00 20.6 69 2205 137.6 0 0 0.45 24.6%
-- -- 100 4.00 21.7 71 -- -- 0 0 0.45 24.6%
-- 8.5 150 6.00 21.1 70 2199 137.3 0 0 0.45 24.6%
-- -- 65 2.50 228 73 -- -- 0 0 0.45 24.6%
-- 7.0 65 2.50 22.8 73 2279 142.3 0 0 0.45 24.6%
-- -- 55 2.25  20.6 69 -- -- 0 0 0.45 24.6%
-- 9.0 100  4.00 20.6 69 2199 137.3 0 0 0.45 24.6%
-- -- 100 4.00 21.7 71 -- -- 0 0 0.45 24.6%
-- -- 100 4.00 21.1 70 -- -- 0 0 0.45 24.6%
-- 10.5 135 525 20.0 68 2148 134.1 0 0 0.45 24.6%
-- 7.0 150 6.00 20.6 69 2250 140.5 0 0 0.45 24.6%
LC-HPC-8 (54-53), Cast on 10/3/07 |

1 7.5 70 2.75 15.0 59 2257 140.9 9.90 2.00 0.39 22.6% 8.1% air before the pump - 0.6% loss
2 6.9 45 1.75 178 64 2270 141.7 9.90 2.00 0.39 22.6%
3 5.7 40 1.50 17.2 63 2308 144.1 9.90 2.00 0.39 22.6%
4 -- -- -- -- -- -- -- 9.90 2.00 0.39 22.6%
5 9.0 50 200 15.6 60 2241 139.9 9.90 2.00 0.39 22.6% Held at Truck - 7.7% air when pumped
6 -- -- -- -- -- -- -- 9.90 2.00 0.39 22.6%
7 7.7 55 225 156 60 2275 142.0 9.90 2.00 0.39 22.6%
8 -- -- -- -- -- -- -- 9.90 2.00 0.39 22.6%
9 73 45 1.75  20.6 69 2275 142.0 9.90 2.00 0.39 22.6%
10 -- -- -- -- -- -- -- 9.90 2.00 0.39 22.6%
11 7.7 45 1.75 18.9 66 2277 142.1 9.90 2.00 0.39 22.6%



Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete
Air Slump | Unit Weight | Water withheld | Actual | Actual
Truck Temperature wlc Paste | Notes

Content ratio |Content

(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)

LC-HPC-8 (54-53), Cast on 10/3/07 (Continued)

12 -- -- - - -- -- -- 9.90 2.00 039  22.6%
13 9.0 45 1.75  17.8 64 2227  139.0 9.90 2.00 039  22.6%
14 -- -- - - -- -- -- 7.43 1.50 040 22.8%
15 8.2 50 2.00 21.1 70 2279 1423 7.43 1.50 0.40  22.8%

16 - - - - - - - 7.43 1.50 0.40 22.8%
17 9.0 60 225 183 65 2240 1398 4.95 1.00 0.40  23.0%
18 - - - - - - 4.95 1.00 0.40  23.0%

19 8.7 40 1.50 18.9 66 2258  141.0 7.43 1.50 0.40  22.8%
20 -- -- -- -- -- -- -- 7.43 1.50 040 22.8%
21 8.2 40 1.50  20.6 69 2266 1415 7.43 1.50 0.40  23.0%
22 -- -- - -- -- -- 4.95 1.00 040  23.0%
23 8.2 50 2.00 222 72 2254 140.7 4.95 1.00 0.40  23.0%
24 -- -- - -- -- -- 4.95 1.00 040  23.0%
25 8.7 65 250 20.6 69 2242 140.0 4.95 1.00 0.40  23.0%
26 -- -- -- -- -- -- -- 4.95 1.00 040  23.0%
27 7.0 40 1.50  20.0 68 2286  142.7 4.95 1.00 0.40  23.0%

28 -- -- -- -- -- -- -- 4.95 1.00 0.40 23.0%
29 7.2 40 1.50 20.6 69 2292 143.1 4.95 1.00 0.40 23.0%
30 -- -- -- -- -- -- -- 4.95 1.00 0.40 23.0%
31 7.2 40 1.50 21.7 71 2283 142.5 4.95 1.00 0.40 23.0%
32 -- -- -- -- -- -- -- 4.95 1.00 0.40 23.0%

33 7.9 35 1.50 20.6 69 2267 1415 4.95 1.00 0.40 23.0%
34 -- -- -- - -- -- 4.95 1.00 0.40 23.0%
35 6.9 55 225 222 72 2295 143.3 2.48 0.50 0.41 23.2%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete
Air Slump | Unit Weight | Water withheld | Actual | Actual
Truck Temperature wlc Paste | Notes

Content ;
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)

LC-HPC-8 (54-53), Cast on 10/3/07 (Continued)

36 -- -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
37 9.8 70 275  21.7 71 2217 138.4 4.95 1.00 0.40 23.0% Tested out of the Truck
38 8.2 -- -- -- 66 -- -- 4.95 1.00 0.40 23.0% Tested out of the Truck

39 -- -- -- -- -- -- -- 4.95 1.00 0.40 23.0%
40 -- 75 3.00 21.7 71 -- -- 4.95 1.00 0.40 23.0%
41 8.8 65 2.50 18.9 66 2247 1403 4.95 1.00 0.40 23.0%
42 - - -- - -- - -- 4.95 1.00 0.40 23.0%
43 -- -- -- -- -- -- -- 4.95 1.00 0.40 23.0%
44 -- -- -- -- -- -- -- 4.95 1.00 0.40 23.0%
45 -- -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
46 6.2 25 1.00 228 73 2321 144.9 2.48 0.50 0.41 23.2%
47 -- 85 325 194 67 -- -- 1.86 0.38 0.41 23.2% Tested out of the Truck
48 8.2 55 225 194 67 2242 140.0 3.71 0.75 0.41 23.1%
49 -- -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
50 7.7 70 275  20.0 68 2265 141.4 2.48 0.50 0.41 23.2%
51 -- -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
52 - -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
53 10.2 75 3.00 17.8 64 2194  137.0 2.48 0.50 0.41 23.2%
54 - -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
55 9.7 -- -- 17.2 63 2221 138.6 2.48 0.50 0.41 23.2%
56 -- -- -- -- -- -- - 2.48 0.50 0.41 23.2%

LC-HPC-10 (54-60), Cast on 5/17/07

1 5.5 70 275 16.1 61  2261.6 141.2 0.00 0.00 0.42 23.4%
2 4.9 55 225 183 65 22757 142.1 0.00 0.00 0.42 23.4% Added Air and Retested
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete
Air Slump | Unit Weight | Water withheld | Actual | Actual
Truck Temperature wlc Paste | Notes

Content ;
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)

LC-HPC-10 (54-60), Cast on 5/17/07 (Continued)

2R 5.1 45 1.75 18.1 65 22757 1421 - - - -
3 11.1 125 5.00 15.6 60 -- -- 0.00 0.00 0.42 23.4% Sat our for 20 min.
3R 7.7 95 375 15.6 60 -- -- - - - -

4 7.2 95 3.75 183 65 2205  137.6 0.62 0.13 042  23.3%
5 -- 8 325 183 65 -- -- 0.00 0.00 042  23.4%
6 - -- -- -- -- -- -- 1.86 0.38 0.41 23.2%
7 6.1 100 4.00 183 65 2233 1394 1.86 0.38 0.41 23.2%
8 - -- -- -- -- -- -- 4.95 1.00 0.40  23.0%
9 -- 55 225 175 64 -- -- 0.00 0.00 042  23.4%
10 - -- -- -- -- -- -- 0.00 0.00 042  23.4%
11 6.5 65 250 19.8 68 2247 1403 0.00 0.00 042  23.4%
12 - -- -- -- -- -- -- 1.24 0.25 042  233%
13 -- -- - - -- -- -- 1.24 0.25 042  233%
14 - -- -- -- -- -- -- 1.24 0.25 042  233%

15 6.7 70 275 189 66 2219 1385 1.86 0.38 0.41 23.2%
- 1.86 0.38 0.41 23.2%
17 7.7 90 350 183 65 2191 136.8 1.86 0.38 0.41 23.2%
18 6.3 80 325 183 65 2233 139.4 1.86 0.38 0.41 23.2%

19 -- 75 3.00 183 65 -- 1.86 0.38 0.41 23.2%
20 7.7 75 3.00 183 65 2191 136.8 0.62 0.13 0.42 23.3%
21 -- -- -- -- -- -- -- 0.00 0.00 0.42 23.4%
22 -- - - - - - - 0.00 0.00 0.42 23.4%
23 -- 85 325 189 66 -- -- 2.48 0.50 0.41 23.2%

24 - - - - - - - 2.48 050 041  232%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

Air Slump | Unitweight | wWater withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-10 (54-60), Cast on 5/17/07 (Continued)

25 7.7 80 325 183 65 2191 136.8 4.33 0.88 0.41 23.0%
26 -- -- -- -- -- -- -- 4.33 0.88 0.41 23.0%
27 -- 80 325 178 64 -- -- 4.95 1.00 0.40 23.0%
28 -- -- -- -- -- -- -- 3.71 0.75 0.41 23.1%
29 7.7 90 350 183 65 2205 137.6 3.09 0.63 0.41 23.1%
30 -- -- -- -- -- -- -- 1.24 0.25 0.42 23.3%
31 -- 100 4.00 -- -- -- -- 2.48 0.50 0.41 23.2%
32 -- -- -- -- -- -- -- 4.33 0.88 0.41 23.0%
33 7.5 80 325 183 65 2205 137.6 5.57 1.13 0.42 23.3%
34 -- -- -- -- -- -- -- 5.57 1.13 0.42 23.3%
35 -- 75 3.00 18.3 65 -- 3.71 0.75 0.41 23.1%
36 -- -- -- -- -- -- -- 5.57 1.13 0.42 23.3%
37 9.2 125 500 183 65 2149 134.2 5.57 1.13 0.42 23.3% Held 15 minutes and then used
38 -- -- -- -- -- -- -- 3.71 0.75 0.41 23.1%
39 8.5 85 325 183 65 2177 135.9 3.09 0.63 0.41 23.1%
40 - 90 350 17.2 63 - 2.48 0.50 041 23.2%
41 -- -- -- -- -- -- -- 1.86 0.38 0.41 23.2%
42 7.8 75 3.00 18.9 66 2205 137.6 3.71 0.75 041 23.1%
43 -- -- -- -- -- -- -- 3.09 0.63 0.41 23.1%
44 8.2 75 3.00 194 67 2219 138.5 3.71 0.75 0.41 23.1%
45 -- -- -- -- -- -- -- 3.09 0.63 0.41 23.1%
46 73 55 225 206 69 2205 137.6 3.09 0.63 0.41 23.1%
47 -- -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
48 - 105 425 21.1 70 - 0.62 0.13 0.42 23.3%

S8y



Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | wWater withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-10 (54-60), Cast on 5/17/07 (Continued)
49 -- -- -- -- -- -- -- 0.00 0.00 0.42 23.4%
50 7.7 85 325  21.1 70 2205 137.6 1.86 0.38 0.41 23.2%
51 -- -- -- -- -- -- -- 1.86 0.38 0.41 23.2%
52 -- -- -- -- -- -- -- 4.33 0.88 0.41 23.0%
53 -- -- -- -- -- -- -- 1.86 0.38 0.41 23.2%
54 -- -- -- -- -- -- -- 3.71 0.75 0.41 23.1%
55 -- -- -- -- -- -- -- 3.09 0.63 0.41 23.1%
56 -- -- -- -- -- -- -- 3.09 0.63 0.41 23.1%
57 -- -- -- -- -- -- -- 2.48 0.50 0.41 23.2%
58 -- -- -- -- -- -- -- 0.62 0.13 0.42 23.3%
59 -- 90 3.50 22.2 72 -- -- 2.48 0.50 0.41 23.2%
LC-HPC-11 (78-119), Cast on 6/9/07
1 7.0 55 225 154 60 2300 143.6 0 0 0.42 23.3%
2 7.6 75 3.00 147 59 2269 141.6 +2.48 +0.5 0.43 23.7%
3 6.0 60 225 15.6 60 2317 144.6 +2.48 +0.5 0.43 23.7%
4 5.4 45 1.75 163 61 2356 147.1 +2.48 +0.5 043 23.7% Rejected
5 6.8 70 275 149 59 2303 143.8 +4.96 +1.0 0.44 23.7%
6 - - - - - - - 0 0 0.42 23.3%
7 7.0 100 4.00 15.0 59 2311 144.3 0 0 0.42 23.3%
8 - - - - - - - 0 0 0.42 23.3%
9 7.8 75 3.00 16.0 61 2269 141.6 0 0 0.42 23.3%
10 - - - - - - - 0 0 0.42 23.3%
11 8.6 140 550 154 60 2249 140.4 0 0 0.42 23.3%
11 - 120  4.75 - - - - 0 0 0.42 23.3%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

L8Y

Air Slump +] Unit Weight | Water Withheld Actual | Actual
Truck Temperature wlc Paste | Notes
Content .
ratio ]Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-11 (78-119), Cast on 6/9/07 (Continued)
11 - 100  4.00 - - - - 0 0 0.42 23.3%
12 - - - - - - - 0 0 0.42 23.3%
13 8.5 60 225 155 60 2266 141.5 0 0 0.42 23.3%
14 - - - - - - - 0 0 0.42 23.3%
15 7.8 60 225 17.1 63 2280 142.3 0 0 0.42 23.3%
16 - - - - - - - 0 0 0.42 23.3%
17 8.4 95 375 15.6 60 2255 140.8 0 0 0.42 23.3%
18 - - - - - - - 0 0 0.42 23.3%
19 9.0 100 400 154 60 2235 139.5 0 0 0.42 23.3% 6.6% after conveyor - 2.4% loss
20 - - - - - - - 0 0 0.42 23.3%
21 9.2 100 4.00 17.0 63 2238 139.7 0 0 0.42 23.3%
22 - - - - - - - 0 0 0.42 23.3%
23 - 80 3.25 18.0 64 2294 143.2 0 0 0.42 23.3%
23 7.5 - - - - 2305 143.9 0 0 0.42 23.3% Retested after 25 minutes
LC-HPC-12 (78-119), Cast on 4/4/08 |

1 6.1 40 1.5 13.3 56 2292 143.1 - - 0.42 23.6% Initially a 0.42 w/c ratio
1 6.2 45 1.75 -- -- 2299 1435 -- -- 0.44 24.3% Water added to bring up to 0.44 w/c ratio
2 5.7 40 1.5 13.9 57 2302 143.7 0 0 0.44 24.3%
2 6.8 45 1.75 -- -- 2289 142.9 0 0 0.44 24.3% MRWR added and retested
3 8.1 85 3.25 13.1 56 2251 140.5 0 0 0.44 24.3%
4 7.3 70 275 13.6 56 2270 141.7 0 0 0.44 24.3%
5 - - - 13.6 57 - - 0 0 0.44 24.3%
6 7.9 65 2.5 12.3 54 2251 140.5 0 0 0.44 24.3%
7 - - - 13.8 57 - - 0 0 0.44 24.3%



Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Concrete | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in) | CC) (P |(kg/m®) (Iblyd®| (L/m*) (gallyd®)
LC-HPC-12 (78-119), Cast on 4/4/08 (Continued)
8 -- 65 2.5 13.9 57 -- -- 0 0 0.44 24.3%
9 7.2 70 275 119 53 2257 140.9 0 0 0.44 24.3%
10 -- 85 325 1441 57 -- -- 0 0 0.44 24.3%
11 -- 85 3.25 139 57 -- -- 0 0 0.44 24.3%
12 - - - 14.1 57 - - 0 0 0.44 24.3%
13 7.6 75 3 14.6 58 2251 140.5 0 0 0.44 24.3%
14 - - - 14.7 59 - - 0 0 0.44 24.3%
15 -- 70 2.75 13.8 57 -- -- 0 0 0.44 24.3%
16 7.9 85 325 154 60 2241 139.9 0 0 0.44 24.3%
17 -- -- -- 14.2 58 -- -- 0 0 0.44 24.3%
18 -- -- -- 14.5 58 -- -- 0 0 0.44 24.3%
19 -- 70 275 147 58 -- -- 0 0 0.44 24.3%
20 - - - 14.4 58 - - 0 0 0.44 24.3%
21 8.0 90 3.5 14.9 59 2235 139.5 0 0 0.44 24.3%
22 -- -- -- 14.8 59 -- -- 0 0 0.44 24.3%
23 -- 75 3 16.0 61 - - 0 0 0.44 24.3%
24 -- -- -- 16.0 61 -- -- 0 0 0.44 24.3%
25 7.4 70 275 15.6 60 2251 140.5 0 0 0.44 24.3%
26 -- -- -- 15.9 61 -- -- 0 0 0.44 24.3%
27 -- -- -- 19.6 67 - - 0 0 0.44 24.3%
28 -- -- -- 16.0 61 -- -- 0 0 0.44 24.3%
LC-HPC-13 (54-66), Cast on 4/29/08
1 8.3 75 3.00 159 61 2257 140.9 7.43 1.5 0.41 23.4%
1 7.5 85 3.25 -- - -- -- -- -- -- -- Taken after the pump - 0.8% loss
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

Air Slump | Unitweight | wWater withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-13 (54-66), Cast on 4/29/08 (Continued)

2 11.0 100 4.00 164 62 2192 136.8 0 0 0.44 24.0% AEA added at the truck
2 9.0 75 3.00 -- -- -- -- 0 0 0.44 24.0% Taken after the pump - 2.0% loss
3 10.0 100  4.00 16.9 62 2180 136.1 0 0 0.44 24.0%
3 9.5 75 3.00 19.0 66 2232 139.3 0 0 0.44 24.0% Taken after the pump - 0.5% loss
4 -- -- -- -- -- -- -- 0 0 0.44 24.0%
5 -- 55 2.25 20.0 68 -- -- 0 0 0.44 24.0%
8 6.8 50 2.00 21.1 70 2289 142.9 0 0 0.44 24.0%
9 -- 75 3.00 -- - -- -- 0 0 0.44 24.0%
12 7.0 75 3.00 20.0 68 2303 143.8 0 0 0.44 24.0%
14 7.3 95 3.75  21.1 70 2294 143.2 0 0 0.44 24.0%
16 -- 65 2.50 21.6 71 -- -- 0 0 0.44 24.0%
18 8.0 100 4.00 214 71 2260 141.1 0 0 0.44 24.0%
20 -- 100 4.00 21.2 70 -- -- 0 0 0.44 24.0%
22 6.8 45 1.75 21.4 71 2317 144.6 0 0 0.44 24.0%
24 -- 65 2.50  22.1 72 -- -- 0 0 0.44 24.0%
26 7.0 65 2.50 208 70 2294 143.2 0 0 0.44 24.0%
28 50 2.00 21.8 71 -- -- 0 0 0.44 24.0%
30 7.7 75 3.00 213 70 2289 142.9 0 0 0.44 24.0%
32 65 2.50 209 70 -- -- 0 0 0.44 24.0%
34 8.7 70 275 213 70 2255 140.8 0 0 0.44 24.0%
36 100 4.00 204 69 -- -- 0 0 0.44 24.0%
38 9.2 110 425 20.6 69 2195 137.0 0 0 0.44 24.0%
40 100 4.00 213 70 -- -- 0 0 0.44 24.0%
42 9.2 75 3.00 20.8 69 2221 138.6 0 0 0.44 24.0%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete

Air Slump | Unitweight | water withheld | Actual | Actual
Truck Temperature wlc Paste | Notes
Content .
ratio ]Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-13 (54-66), Cast on 4/29/08 (Continued)

44 125 500 204 69 - - 0 0 0.44 24.0%
45 70 2.75 - - - - 0 0 0.44 24.0% Taken from the truck
46 8.7 75 3.00 21.1 70 2252 140.6 0 0 0.44 24.0%
48 75 3.00 20.6 69 - - 0 0 0.44 24.0%

50 9.2 95 375 204 69 2241 139.9 0 0 0.44 24.0%

52 70 275 20.2 68 - - 0 0 0.44 24.0%

54 7.9 70 275 19.6 67 2272 141.8 0 0 0.44 24.0%

56 45 1.75 20.3 69 - - 0 0 0.44 24.0%

58 7.5 55 225 220 72 2275 142.0 0 0 0.44 24.0%
60 70 275  21.1 70 - - 0 0 0.44 24.0%

LC-HPC-14 (46-363) Placement 1, Cast on 12/19/07

1 8.8 65 2.5 18.3 65 2218 138.4 0 0 0.45 24.4%

3 7.9 45 1.75 17.8 64 2274 142.0 0 0 0.45 24.4%

- - 50 2 18.9 66 - - 0 0 0.45 24.4%

-- 7.8 100 4 20.6 69 2259 141.0 -- - -- - A small amount of water was added
- 7.8 95 3.75 18.3 65 2260 141.1 0 0 0.45 24.4%

- 9.0 90 35 18.3 65 2229 139.2 0 0 0.45 24.4%

- 9.1 135 5.25 18.9 66 2231 139.3 0 0 0.45 24.4%

- 8.7 100 4 19.4 67 2274 142.0 0 0 0.45 24.4% Originally tested at 145 mm
- - - - - - - - 0 0 0.45 24.4%

- - 125 5 - - - - 0 0 0.45 24.4%

- 9.0 95 3.75 17.2 63 2224 138.8 0 0 0.45 24.4%

- 9.1 100 4 15.6 60 2216 138.4 0 0 0.45 24.4%

- 9.7 110 4.25 16.7 62 2188 136.6 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete
Air Slump | Unitweight | water withheld | Actual | Actual
Truck Temperature wic Paste | Notes
Content .
] ratio ]Content
(mm) (in) | °C) (°F) |(kg/m® (blyd®)| (L/m® (gallyd®)
LC-HPC-14 (46-363) Placement 2, Cast on 5/2/08
1 11.0 110 425 183 65 2193 136.9 0 0 0.45 24.4%
2 10.4 125 5 17.2 63 2177 135.9 0 0 0.45 24.4%
3 10.9 150 6 17.8 64 2157 134.7 0 0 0.45 24.4%
4 8.1 135 525 178 64 2250 140.5 0 0 0.45 24.4%
4 6.7 115 4.5 -- -- 0 0 0.45 24.4% Tested on deck following placement
5 -- -- -- -- -- 0 0 0.45 24.4%
6 -- -- -- -- -- 0 0 0.45 24.4%
7 -- -- -- -- -- 0 0 0.45 24.4%
8 12.0 100 4 18.3 65 2155 134.5 0 0 0.45 24.4%
8 10.7 -- -- -- -- 0 0 0.45 24.4% Retested
9 - -- - -- -- 0 0 0.45 24.4%
10 -- -- -- -- -- 0 0 0.45 24.4%
11 -- -- -- - - 0 0 0.45 24.4%
12 -- -- -- - - 0 0 0.45 24.4%
13 10.5 110 425 178 64 2199 137.3 0 0 0.45 24.4%
14 -- -- -- - - 0 0 0.45 24.4%
15 -- -- -- -- -- 0 0 0.45 24.4%
16 10.4 90 3.5 -- -- 2201 137.4 0 0 0.45 24.4%
17 10.5 100 4 18.3 65 2206 137.7 0 0 0.45 24.4%
18 - - - - - 0 0 045  24.4%
19 - - - - - 0 0 045  24.4%
20 - - - - - 0 0 045  24.4%
21 - - - - - 0 0 045  24.4%
22 10.4 115 4.5 18.3 65 2199 137.3 0 0 0.45 24.4%
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Concrete
Air Slump | Unitweight | water withheld | Actual | Actual
Truck Temperature wlc Paste | Notes

Content| ratio ]Content

(mm) (in) | °C) (°F) |(kg/m® (blyd®)| (L/m® (gallyd®)

LC-HPC-14 (46-363) Placement 2, Cast on 5/2/08 (Continued)

22 8.0 100 4 -- -- 2259 141.0 0 0 0.45 24.4% Tested on deck following placement
23 - - - -- -- 0 0 0.45 24.4%
24 - - - -- -- 0 0 0.45 24.4%
25 - - - -- -- 0 0 0.45 24.4%
26 - - - -- -- 0 0 0.45 24.4%
27 - - - -- -- 0 0 0.45 24.4%
28 7.0 65 25 178 64 2284  142.6 0 0 0.45 24.4%
29 - - - -- -- 0 0 0.45 24.4%
30 - - - -- -- 0 0 0.45 24.4%
31 8.1 90 35 178 64 2259  141.0 0 0 0.45 24.4%
32 - - - - -- 0 0 0.45 24.4%
33 - - - - -- 0 0 0.45 24.4%
34 - - - -- -- 0 0 045  24.4%
35 - - - -- -- 0 0 0.45 24.4%

LC-HPC-14 (46-363) Placement 3, Cast on 5/21/08

10.5 135 525 194 67 2165 135.1 1.30 0.26 0.45 24.3%
10.5 165 6.5 18.3 65 2185 136.4 1.18 0.24 0.45 24.3%
9.9 150 6 17.8 64 2210  138.0 1.79 0.36 0.44 24.3%
-- -- -- -- -- -- -- 1.14 +0.23 0.45 24.3%
-- - -- -- 3.76 0.76 0.44 24.1%
9.5 115 4.5 16.7 62 2205 137.6 1.44 0.29 0.45 24.3%
9.0 50 2 18.9 66 2219 1385 -- -- - --
-- - -- -- -- -- -- 0.99 0.20 0.45 24.3%
-- - -- -- -- -- -- 1.19 0.24 0.45 24.3%

Taken after placement - 0.5% loss
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Table D.5 (continued) — Individual Plastic Concrete Test Results for LC-HPC Bridge Placements

Air Slump Conerete | Unitweight | water withheld | Actual | Actual
Truck Temperature w/c Paste | Notes
Content| .
ratio |Content
(mm) (in.) | (°C) (°F) |(kg/m®) (Ibiyd®| (L/M°) (gallyd®)
LC-HPC-14 (46-363) Placement 3, Cast on 5/21/08 (Continued)

9 -- -- -- -- -- -- -- 1.19 0.24 0.45 24.3%
10 -- -- -- -- -- -- -- 2.33 +0.47 0.46 24.6%
11 8.0 85 325 194 67 2239 139.8 1.09 0.22 0.45 24.3%
11 9.6 125 5 19.4 67 2192 136.8 3.86 +0.78 0.46 24.7% 1 gal/yd3 water added and retested
12 - - - - - - - 0.79 0.16 045  24.3%
13 - - - - - - - 0.30 0.06 045  24.4%
14 - - - - - - - 1.63 0.33 045 243%
15 - - - - - - - 0.05 0.01 045  24.4%
16 98 125 5 189 66 2196 137.1  0.84  +0.17 045 24.5%
16 8.6 75 3 18.9 66 2212 138.1 -- -- -- -- Taken after placement - 1.2% loss
17 - - - - - - - 030  +0.06 045  24.4%
18 - - - - - - - 089  +0.18 045  243%
19 - - - - - - - 2.77 0.56 044  24.2%
20 - - - - - - - 4.70 0.95 044  24.0%
21 9.5 110 425 172 63 2215 1383  3.86 0.78 0.44  24.1%
22 - - - - - - - 3.81 0.77 044  24.1%
23 - - - - - - - 4.16 0.84 0.44  24.1%

"Unless noted the temperatures are taken at the truck discharge using an infrared thermometer.

cov
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Table D.6 — Mix Design Information for Control Bridge Decks

Count Design
and Ser?/al Bridge Description Control Portion Placed Date of Ai?
Number Placement

Number Content
105-311 EB Parallel over 1-635 1/2  North 1/2 - Subdeck 09/30/05 6.5
North 1/2 - Overlay 10/10/05 6.5
South 1/2 - Subdeck 10/18/05 6.5
South 1/2 - Overlay 10/28/05 6.5
46-337 EB 103rd St. over US-69 3 Subdeck 07/06/07 6.5
Overlay 07/17/07 6.5
46-347  US-69/Rp/WB 1-435 to NB 4 Subdeck 10/20/07 6.5
US-69 Rp Overlay 11/16/07 6.5
5 Subdeck - Seq. 1 &2 11/08/08 6.5
46340  SB US-69 to EB 1-435 Rp Subdeck Seq. 3,5, & 6 11/13/08 6.5
Unit3  over US-69 Hwy and [-435 Subdeck - Seq. 4 & 7  11/17/08 6.5
Overlay - West Half 11/22/08 6.5
Overlay - East Half 11/25/08 6.5
6 Subdeck - Seq. 1 &2  09/16/08 6.5
Subdeck Seq. 3 09/18/08 6.5
46340 SBUS-69 to EB 1435 Rp Subdeck - Seq. 5 & 6  09/23/05 6.5
Unit4  over US-69 Hwy and I-435 Subdeck Seq. 4 09/26/08 6.5
Subdeck - Seq. 7 09/30/08 6.5
Overlay - West 2/3 10/16/08 6.5
Overlay - East 1/3 10/20/08 6.5
46-334 NB Antioch over [-435 7 East - Subdeck 03/15/06 6.5
East - Overlay 03/29/06 6.5
West - Subdeck 08/16/06 6.5
West - Overlay 09/15/06 6.5
54-59  K-52 over US-69 8/10 Deck 04/16/07 6.5
54-58  SB US-69 over Marair Des Cys 9 Subdeck 11/03/07 6.5
West - Overlay 05/21/08 6.5
East - Overlay 05/28/08 6.5
56-155 US-50 over BNSF RR 11 North 1/2 - Subdeck 02/03/06 6.5
South 1/2 - Subdeck 02/14/06 6.5
Overlay 03/28/06 6.5
56-57 K-130 over Neosho Rv 12 Subdeck 03/11/08 6.5
Unit 1  Phasel Overlay 04/01/08 6.5
54-67 SB US-69 over BNSF RR 13 Subdeck 07/11/08 6.5
Overlay 07/25/08 6.5
56-49  K-52 over US-69 Alt  Deck 04/16/07 6.5
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Table D.6 (continued) — Mix Design Information for Control Bridge Decks

Control . Water Content | Cement Content Cemgr_ﬁ Silica Fume
Number Portion Placed SpeC|flc Content
kg/m?) (biyd®) | (gim® orya® | Y | (kgim® (tbryd)

1/2  North 1/2 - Subdeck 143 241 357 602 3.15 0 0
North 1/2 - Overlay 138 233 346 583 3.15 26 44

South 1/2 - Subdeck 143 241 359 605 3.15 0 0

South 1/2 - Overlay 138 233 346 583 3.15 26 44

3 Subdeck 159 268 318 536 3.15 0 0
Overlay 138 233 346 583 3.15 26 44

4 Subdeck 159 268 318 536 3.15 0 0
Overlay 138 233 346 583 3.15 26 44

5 Subdeck - Seq. 1 & 2 159 268 318 536 3.15 0 0
Subdeck Seq. 3,5, &6 159 268 318 536 3.15 0 0

Subdeck - Seq. 4 & 7 159 268 318 536 3.15

Overlay - West Half 138 233 346 583 3.15 26 44
Overlay - East Half 138 233 346 583 3.15 26 44

6 Subdeck - Seq. 1 & 2 159 268 318 536 3.15 0 0
Subdeck Seq. 3 159 268 318 536 3.15 0 0
Subdeck - Seq. 5 & 6 159 268 318 536 3.15 0 0
Subdeck Seq. 4 159 268 318 536 3.15 0 0
Subdeck - Seq. 7 159 268 318 536 3.15 0 0
Overlay - West 2/3 138 233 346 583 3.15 26 44
Overlay - East 1/3 138 233 346 583 3.15 26 44

7 East - Subdeck 159 268 318 536 3.15 0 0
East - Overlay 138 233 346 583 3.15 26 44

West - Subdeck 159 268 318 536 3.15 0 0

West - Overlay 138 233 346 583 3.15 26 44

8/10 Deck 145 244 363 612 3.15 0 0
9 Subdeck 145 244 363 612 3.15 0 0
West - Overlay 139 234 350 590 3.15 26 44

East - Overlay 139 234 350 590 3.15 26 44

11 North 1/2 - Subdeck 143 241 357 602 3.15 0 0
South 1/2 - Subdeck 143 241 357 602 3.15 0 0
Overlay 138 233 346 583 3.15 26 44

12 Subdeck 157 265 357 602 3.15 0 0
Overlay 137 231 345 581 3.15 26 44

13 Subdeck 145 244 363 612 3.15 0 0
Overlay 139 234 350 590 3.15 26 44

Alt  Deck 143 241 357 602 3.15 0 0
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Table D.6 (continued) — Mix Design Information for Control Bridge Decks

Silica Class F Fly Ash Design

Control Portion Placed Fun_we_: Conter)wlt g;)ig\;rc] W/C.: Volume of
Number Specific . Ratio Paste

Gravity | (kg/im®)  (bryd®) | VY (%)

1/2  North 1/2 - Subdeck - 0 0 - 0.40 25.6%
North 1/2 - Overlay 2.22 0 0 -- 0.37 26.0%
South 1/2 - Subdeck - 0 0 - 0.40 25.7%
South 1/2 - Overlay 2.22 0 0 - 0.37 26.0%
3 Subdeck - 79 133 2.60 0.40 29.0%
Overlay 2.22 0 0 -- 0.37 26.0%
4 Subdeck - 79 133 2.60 0.40 29.0%
Overlay 222 0 0 -- 0.37 26.0%
5 Subdeck - Seq. 1 & 2 -- 79 133 2.60 0.40 29.0%
Subdeck Seq. 3, 5, & 6 - 79 133 2.60 0.40 29.0%
Subdeck - Seq. 4 & 7 -- 79 133 2.60 0.40 29.0%
Overlay - West Half 2.22 0 0 -- 0.37 26.0%
Overlay - East Half 2.22 0 0 -- 0.37 26.0%
6 Subdeck - Seq. 1 & 2 - 79 133 2.60 0.40 29.0%
Subdeck Seq. 3 - 79 133 2.60 0.40 29.0%
Subdeck - Seq. 5 & 6 - 79 133 2.60 0.40 29.0%
Subdeck Seq. 4 - 79 133 2.60 0.40 29.0%
Subdeck - Seq. 7 - 79 133 2.60 0.40 29.0%
Overlay - West 2/3 2.22 0 0 -- 0.37 26.0%
Overlay - East 1/3 2.22 0 0 -- 0.37 26.0%
7 East - Subdeck - 79 133 2.60 0.40 29.0%
East - Overlay 2.22 0 0 -- 0.37 26.0%
West - Subdeck - 79 133 2.60 0.40 29.0%
West - Overlay 2.22 0 0 -- 0.37 26.0%
8/10 Deck - 0 0 - 0.40 26.0%
9 Subdeck - 0 0 - 0.40 26.0%
West - Overlay 2.20 0 0 - 0.37 26.2%
East - Overlay 2.20 0 0 -- 0.37 26.2%
11 North 1/2 - Subdeck - 0 0 - 0.40 25.6%
South 1/2 - Subdeck - 0 0 - 0.40 25.6%
Overlay 2.20 0 0 -- 0.37 26.0%
12 Subdeck -- 0 0 -- 0.44 27.1%
Overlay 2.20 0 0 -- 0.37 25.8%
13 Subdeck = 0 0 - 0.40 26.0%
Overlay 2.20 0 0 -- 0.37 26.2%
Alt  Deck - 0 0 - 0.40 25.6%
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Table D.6 (continued) — Mix Design Information for Control Bridge Decks

Cement . Coarse . T
Content Portion Placed Aggregate |Types of Admixtures
Type
1/2  North 1/2 - Subdeck Limestone  AEA, Type A-F HRWR
North 1/2 - Overlay Granite AEA, Type A-F MRWR and HRWR
South 1/2 - Subdeck Limestone ~AEA, Type A-F HRWR and Type A-D WR
South 1/2 - Overlay Granite AEA, Type A-F MRWR and HRWR
3 Subdeck Granite --
Overlay Granite AEA, Type A-F HRWR
4 Subdeck Granite --
Overlay Granite AEA, Type A-F HRWR
5 Subdeck - Seq. 1 & 2 Granite --
Subdeck Seq. 3,5, & 6 Granite --
Subdeck - Seq. 4 & 7 Granite --
Overlay - West Half Granite AEA, Type A-F HRWR
Overlay - East Half Granite AEA, Type A-F HRWR
6 Subdeck - Seq. 1 & 2 Granite --
Subdeck Seq. 3 Granite --
Subdeck - Seq. 5 & 6 Granite --
Subdeck Seq. 4 Granite --
Subdeck - Seq. 7 Granite --
Overlay - West 2/3 Granite AEA, Type A-F HRWR
Overlay - East 1/3 Granite AEA, Type A-F HRWR
7 East - Subdeck Granite --
East - Overlay Granite AEA, Type A-F HRWR
West - Subdeck Granite --
West - Overlay Granite AEA, Type A-F HRWR
8/10 Deck Limestone AEA, Type A-D WR
9 Subdeck Limestone = AEA, Type F HRWR
West - Overlay Quartzite ~ AEA, Type F HRWR
East - Overlay Quartzite ~ AEA, Type F HRWR
11 North 1/2 - Subdeck Limestone AEA, Type A WR
South 1/2 - Subdeck Limestone AEA, Type A WR
Overlay Quartzite =~ AEA, Type F HRWR
12 Subdeck Limestone  AEA, Type A WR
Overlay Quartzite ~ AEA, Type F HRWR
13 Subdeck Limestone  Type A-D WR, Type D Retarder
Overlay Quartzite  Type F HRWR
Alt Deck Limestone AEA, Type A WR

"MRWR — mid-range water reducer, HRWR — high-range water reducer, WR — water reducer
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Table D.7 — Average Properties for Control Bridge Decks

County Control . Date of | Average Air] Average Slump
and Serial Portion Placed

Number Number Placement Content

(mm) (in.)

105-311 1/2  North 1/2 - Subdeck 09/30/05 53 110 4.25

North 1/2 - Overlay 10/10/05 5.5 125 5.00

South 1/2 - Subdeck 10/18/05 6.5 80 3.25

South 1/2 - Overlay 10/28/05 7.0 115 4.50

46-337 3 Subdeck 07/06/07 5.8 170 6.75

Overlay 07/17/07 7.3 185 7.25

46-347 4 Subdeck 10/20/07 7.3 195 7.75

Overlay 11/16/07 6.9 145 5.75

5 Subdeck - Seq. 1 & 2 11/08/08 5.6 200 7.75

46340 Subdeck Seq. 3, 5, & 6 11/13/08 6.8 230 9.25

Unit 3 Subdeck - Seq. 4 & 7 11/17/08 5.5 205 8.00

Overlay - West Half 11/22/08 7.6 150 6.00

Overlay - East Half 11/25/08 6.6 230 9.00

6 Subdeck - Seq. 1 & 2 09/16/08 7.4 205 8.00

Subdeck Seq. 3 09/18/08 7.3 180 7.00

46340 Subdeck - Seq. 5 & 6 09/23/05 6.4 175 6.75

Unit 4 Subdeck Seq. 4 09/26/08 6.6 160 6.25

Subdeck - Seq. 7 09/30/08 5.5 225 8.75

Overlay - West 2/3 10/16/08 7.7 175 7.00

Overlay - East 1/3 10/20/08 8.1 210 8.25

46-334 7 East - Subdeck 03/15/06 5.9 235 9.25

East - Overlay 03/29/06 7.4 190 7.50

West - Subdeck 08/16/06 73 195 7.75

West - Overlay 09/15/06 6.4 175 7.00

54-59 8/10 Deck 04/16/07 7.4 130 5.00

54-58 9 Subdeck 11/03/07 6.2 65 2.75

West - Overlay 05/21/08 5.6 90 3.50

East - Overlay 05/28/08 6.2 130 5.00

56-155 11 North 1/2 - Subdeck 02/03/06 6.8 90 3.50

South 1/2 - Subdeck 02/14/06 7.0 135 5.25

Overlay 03/28/06 6.0 80 3.00

56-57 12 Subdeck 03/11/08 6.9 110 4.25

Unit 1 Overlay 04/01/08 6.8 95 3.75

54-67 13 Subdeck 07/11/08 5.8 90 3.50

Overlay 07/25/08 6.3 135 5.25

56-49 Alt Deck 06/02/05 5.9 85 3.00
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Table D.7 (continued) — Average Properties for Control Bridge Decks

. Average
Control _ Average Concrete Average Unit Compressive
Portion Placed Temperature Weight +
Number Strength
Q) A | (kgm®) (biyd) | (MPa)  (psi)
1/2  North 1/2 - Subdeck 19.0 66 2318 144.7 39.1 5670
North 1/2 - Overlay 18.0 64 2281 142.4 40.1 5810
South 1/2 - Subdeck 24.7 76 2274 142.4 35.1 5090
South 1/2 - Overlay 20.0 68 2254 140.7 55.6 8060
3 Subdeck 27.1 81 2251 140.5 39.2 5690
Overlay 29.9 86 2249 140.4 57.6 8350
4 Subdeck 22.8 73 2240 139.9 43.7 6340
Overlay 20.0 68 2239 140 53 7700
5 Subdeck - Seq. | & 2 19.0 66 2278 142.2 - -
Subdeck Seq. 3,5, & 6 20.0 68 2245 140.1 - -
Subdeck - Seq. 4 & 7 17.0 63 2275 142.0 - -
Overlay - West Half 18.0 64 2250 140.5 -- --
Overlay - East Half 17.0 63 2262 141.2 -- -
6 Subdeck - Seq. | & 2 24.0 75 2238 139.7 34.1 4950
Subdeck Seq. 3 21.0 70 2246 140.2 - -
Subdeck - Seq. 5 & 6 31.0 88 2261 141.1 - -
Subdeck Seq. 4 30.0 86 2254 140.7 - -
Subdeck - Seq. 7 26.0 79 2269 141.6 - -
Overlay - West 2/3 22.0 72 2258 141.0 - -
Overlay - East 1/3 22.0 72 2231 139.3 53.1 7700
7 East - Subdeck 26.5 80 2239 139.8 38.2 5540
East - Overlay 23.0 73 2239 139.8 -- --
West - Subdeck 21.3 70 2226 139.0 37.9 5500
West - Overlay 18.0 64 2252 140.6 50.8 7370
8/10 Deck 21.2 70 2234 139.4 33.3 4830
9 Subdeck 19.0 66 2286 142.7 335 4850
West - Overlay 24.7 77 2282 142.4 44.0 6380
East - Overlay 21.7 71 2262 141.2 42.6 6170
11 North 1/2 - Subdeck 22.0 72 2263 141.3 40.6 5890
South 1/2 - Subdeck 23.0 73 2252 140.6 37.5 5440
Overlay 15.5 60 2277 142.1 52.7 7640
12 Subdeck 21.9 72 2250 140.5 36.4 5270
Overlay 14.8 59 2254 140.7 43.0 6240
13 Subdeck 31.7 89 2271 141.7 -- --
Overlay 33.0 91 2269 141.6 57.1 8280
Alt  Deck -- -- 2255 140.8 38.0 5510

TAverage 28-day compressive strength for lab-cured specimens. Strengths were taken at 31 days for
the second overlay placement for Control-1/2.



Table D.8 — Crack Densities for Individual Bridge Placements

Survey #1 Survey #2
Bridge County and Portion Date of . Age-Corrected
Number Serial Placed Placement | Dateof Age Crack Density | ok Density | Dateof Age
Number Survey Survey
(months) (m/m?) (m/m?) (months)

LC-HPC-1 105-304 South 10/14/2005 04/13/06 59 0.012 0.102 4/30/2007 18.5
North 11/2/2005 04/13/06 53 0.003 0.094 4/30/2007 17.9

Entire Deck - 04/13/06 - 0.007 0.098 4/30/2007 -
LC-HPC-2 105-310 Deck 9/13/2006 04/20/07 7.2 0.014 0.103 6/18/2008 21.2
Control-1/2 105-311 North 10/10/2005 04/13/06 6.1 0.000 0.204 4/30/2007 18.6
South 10/28/2005 04/13/06 5.5 0.000 0.206 4/30/2007 18.0

Entire Deck - 04/13/06 - 0.000 0.206 4/30/2007 -

LC-HPC-3 46-338 Deck 11/13/2007 05/29/08 6.5 0.032 0.122 -- --

Control-3 46-337 Deck 7/17/2007 05/29/08 10.4 0.037 0.229 - -

LC-HPC-4 46-339 South 9/29/2007 07/15/08 9.5 0.004 0.090 - --

North 10/2/2007 07/15/08 94 0.018 0.104 -- --

Control-4 46-347 Deck 11/16/2007 06/10/08 6.8 0.050 0.252 - -

LcHpe-s 673 410 Unit peck 11/14/2007  07/15/08 8.0 0.059 0.147 - -

LC-HPC-6 46'3420 Uit ook 11/3/2007  05/20/08 6.5 0.063 0.153 - -
LC-HPC-7 43-33 Deck 6/24/2006 06/05/07 11.4 0.003 0.087 7/1/2008 24.2
Control-7 46-334 East 9/15/2006 08/10/07 10.8 0.293 0.484 6/30/2008 21.5
West 3/29/2006 08/10/07 16.4 0.030 0.205 6/30/2008 27.1

Control-8/10 54-59 Deck 4/16/2007 06/26/08 14.4 0.177 0.257 - -
Control-11 56-155 Deck 3/28/2006 08/13/07 16.5 0.351 0.526 6/30/2008 27.1
Control Alt 56-49 Deck 6/2/2005 06/02/06 12.0 0.077 0.160 7/27/2007 25.8
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Table D.8 (continued) — Crack Densities for Individual Bridge Placements

Survey #2 Survey #3 All Surveys
. . Age-Corrected . Age-Corrected | Mean Age-Corrected
Bridge Number Crack Density Crack Density [S)ate of Age Crack Density Crack Density Crack Density
urvey
(m/m?) (m/m?) (months) (m/m?) (m/m?) (m/m?)
LC-HPC-1 0.047 0.122 6/17/2008 32.1 0.044 0.102 0.109
0.006 0.081 6/17/2008 31.5 0.024 0.082 0.086
0.027 0.102 6/17/2008 - 0.034 0.092 0.098
LC-HPC-2 0.029 0.100 - - - - 0.102
Control-1/2 0.151 0.320 6/17/2008 322 0.114 0.244 0.256
0.044 0.214 6/17/2008 31.6 0.091 0.223 0.214
0.089 0.259 6/17/2008 - 0.099 0.231 0.232
LC-HPC-3 - -- - - - - 0.229
Control-3 - - - - -- - 0.229
LC-HPC-4 - - - - - - 0.090
- -- - - -- - 0.104
Control-4 - - - - -- - 0.252
LC-HPC-5 - - - - - - 0.147
LC-HPC-6 - - - - - - 0.153
LC-HPC-7 0.019 0.086 -- -- - - 0.086
Control-7 0.476 0.636 -- - - - 0.560
0.069 0.214 - - - - 0.209
Control-8/10 -- -- -- -- -- -- 0.257
Control-11 0.665 0.810 - - - - 0.668
Control-Alt 0.230 0.295 6/26/2008 36.8 0.219 0.271 0.242
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Table D.9 — LC-HPC / Control Bridge Deck Bid Quantities and Costs

LC-HPC/ ) Subdeck o.r Subdeck or S|I|ca-Fume Silica-Fume | Total Deck Quallflca'tlon Qualification | Qualification
Bid LC-HPC Bid . Overlay Bid Slab Bid
Control ; . LC-HPC Bid . Overlay Cost | Concrete Cost . Slab Cost Slab Cost
Number Quantity Quantity Quantity
Number
(M) yd) J@m) @hyd)] (M) yd) Jem?) @lyd)] @m?) @lyd)] (m®)  yd) J¢m) @yd)]  ©®)
LC-HPC-1 1 309.2 404.4 1,800 1,376 -- -- -- -- 1,800 1,376 26.8 35.1 5,500 4,205 147,400
2 309.2 4044 953 729 - - - - 953 729 26.8 35.1 1,876 1,434 50,277
3 309.2 4044 1479 1,131 - - - —- 1479 1,131 268 351 2,609 1,995 69,921
4 309.2 4044 2,256 1,725 -- -- -- -- 2,256 1,725 26.8 35.1 3,739 2.859 100,204
LC-HPC-2 1 226.8 296.6 1,600 1,223 -- - -- - 1600 1,223 256 335 5500 4,205 140,800
2 226.8 296.6 1,045 799 - -- - -- 1,045 799 25.6 335 2,050 1,567 52,480
3 226.8 296.6 1,755 1,342 - -- - -- 1,755 1,342 25.6 335 2,631 2,012 67,354
4 226.8 296.6 2516 1,923 - -- - -- 2,516 1923 256 335 3781 2,891 96,792
1/2 1 246.4 3223 1,000 765 970.0 1160.1 42 35 1,007 770 - -- -- - --
Control 2 246.4 3223 800 612 970.0 1160.1 46 38 848 648 - - - - -
3 246.4 3223 900 688 970.0 1160.1 48 40 941 719 - - - - -
4 2464 3223 1,201 919 970.0 1160.1 65 54 1,258 962 - - - -- -
LC-HPC-3 1 3944 5159 746 570 -- -- -- -- 746 570 334 437 1,301 995 43,453
2 3944 5159 934 714 - -- - -- 934 714 334 437 1,048 801 35,014
3 1 420.8 5504 840 642 1375.0 16445 40 33 858 656 - -- -- - --
Control 2 420.8 5504 943 721 1375.0 16445 36 30 939 718 - - - -- -
LC-HPC-4 1 3499 457.7 865 661 -- -- -- -- 865 661 27.3 357 1510 1,154 41,223
2 3499 4577 1,023 782 - -- - -- 1,023 782 27.3 357 1,193 912 32,578
4 1 607.4 7944 820 627 2459.0 29409 34 28 824 630 - -- -- - --
Control 2 607.4 7944 993 759 2459.0 29409 41 35 999 764 0.0 0.0 0 0 0
LC-HPC-5 1 705.7 923.0 914 699 - -- -- -- 914 699 19.2 251 1456 1,113 27,955
and 6 2 705.7 923.0 990 757 -- -- -- -- 990 757 19.2 251 1478 1,130 28,373
5 and 6 1 1592.1 2082.4 772 590 5952.0 71185 38 32 795 608 - -- -- - --
Control 2 1592.1 2082.4 904 691 5952.0 7118.5 36 30 904 691 - - -- -- --
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Table D.9 (continued) — LC-HPC / Control Bridge Deck Bid Quantities and Costs

LC-HPC/ ) Subdeck o_r Subdeck or Slllca-Fume Silica-Fume | Total Deck Quahﬂcapon Quialification | Qualification
Bid LC-HPC Bid . Overlay Bid Slab Bid
Control + . LC-HPC Bid . Overlay Cost | Concrete Cost . Slab Cost Slab Cost
Number Quantity Quantity Quantity
Number
(m°)  (yd) J@m) @hyd)] (M) yd?) Jem?) @lyd)] @m?) @lyd)] (m®)  yd) J$m) @yd)]  ©®)
LC-HPC-7 1 404.8 5295 750 573 -- - -- - 750 573 350 458 750 573 26,250
2 404.8 529.5 750 573 - -- - - 750 573 35,0 458 750 573 26,250
3 404.8 529.5 750 573 - -- - - 750 573 35,0 458 750 573 26,250
4 404.8 529.5 625 478 - -- - -- 625 478 35,0 458 795 608 27,825
5 404.8 529.5 750 573 -- -- -- -- 750 573 350 458 750 573 26,250
7 1 302.3 3954 963 736 925.0 1106.3 33 28 948 725 - -- -- - --
Control 2 302.3 3954 1,314 1,005 9250 11063 38 32 1,275 975 0.0 0.0 0 0 0
LC-HPC-8 1 307.6 4023 655 501 -- -- -- - 655 501 23.1 302 1,185 906 27,374
2 307.6 4023 686 525 - -- - -- 686 525 23.1 302 1,242 949 28,682
3 307.6 4023 675 516 -- -- -- -- 675 516 23.1 302 1,221 933 28,195
LC-HPC-9 1 385.6 5043 925 707 -- -- -- - 925 707 268 351 1250 956 33,500
2 385.6 5043 969 741 - - - - 969 741 26.8 35.1 1,310 1,001 35,102
3 385.6 5043 953 728 0.0 0.0 0 0 953 728 26.8 351 1,288 984 34,505
9 1 367.9 481.2 575 440 1652.0 1975.8 46 38 662 506 -- -- -- -- --
Control 2 3679 4812 576 441 1652.0 19758 48 40 672 513 -- - - -- -
3 367.9 4812 567 433 1652.0 19758 47 40 660 505 -- -- -- -- --
LC-HPC-10 1 343.3 449.0 665 508 -- - -- - 665 508 23.1 30.2 1,185 906 27,374
2 3433 449.0 697 533 - -- - - 697 533 23.1 302 1,242 949 28,682
3 3433 449.0 685 524 - -- - -- 685 524 23.1 30.2 1,221 933 28,195
8/10 1 398.8 521.6 485 371 -- -- - - 485 371 - - -- - -
Control 2 398.8 521.6 508 389 - -- - -- 508 389 - - -- -- --
3 398.8 521.6 500 382 -- -- -- -- 500 382 -- -- -- -- --
LC-HPC-11 1 149.2 195.1 1,400 1,070 -- -- -- -- 1400 1,070 285 37.3 1,400 1,070 39,900
11 1 436.7 571.2 490 375 1389.0 1661.2 32 27 525 401 - - - - -
Control 2 436.7 5712 650 497 1389.0 1661.2 45 38 704 538 -- - - -- -
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Table D.9 (continued) — LC-HPC / Control Bridge Deck Bid Quantities and Costs

LC-HPC/ . Subdeck o_r Subdeck or S|I|ca-Fume Silica-Fume | Total Deck Quahflca_tlon Qualification | Qualification
Bid LC-HPC Bid . Overlay Bid Slab Bid
Control t . LC-HPC Bid . Overlay Cost | Concrete Cost . Slab Cost Slab Cost
Number Quantity Quantity Quantity
Number
(m°) _ (yd) J@m) @hyd)] (M) yd?) Jeim?) @lyd)] @m?) @lyd)] (m®)  yd) J$m’) @yd)]  ©®)
11 3 436.7 5712 395 302 1389.0 1661.2 50 42 492 376 -- -- - -- -
Control 4 436.7 5712 518 396 1389.0 1661.2 34 28 555 424 -- -- -- -- --
LC-HPC-12 1 410.9 5374 804 615 -- -- -- -- 804 615 222 291 1,207 923 26,859
2 410.9 5374 1,229 940 - - - -- 1,229 940 222 29.1 1,805 1,380 40,158
3 410.9 5374 1439 1,100 -- -- -- -- 1,439 1,100 222 29.1 1,700 1,300 37,830
12 1 356.3 466.0 595 455 1429.8 17100 38 32 649 496 - -- - - --
Control 2 356.3 466.0 785 600 1429.8 1710.0 45 38 839 641 -- - - -- -
3 356.3 466.0 654 500 1429.8 1710.0 45 38 725 555 -- -- -- -- --
LC-HPC-13 1 306.0 400.2 1,161 888 -- - -- -- 1,161 888 26.8 351 1,400 1,070 37,520
2 306.0 400.2 1,161 888 - - - -- 1,161 888 26.8 35.1 1,400 1,070 37,520
3 306.0 400.2 1,000 765 -- -- -- -- 1,000 765 26.8 35.1 1,400 1,070 37,520
13 1 267.4 349.7 603 461 1095.0 1309.6 45 38 676 517 - -- - - --
Control 2 2674 349.7 603 461 1095.0 1309.6 45 38 676 517 -- - - -- -
3 2674 349.7 603 461 1095.0 1309.6 45 38 676 517 -- -- -- -- --
LC-HPC-14 1 573.4 750.0 1,079 825 -- - -- - 1079 825 245 320 1570 1,200 38,400
2 573.4 750.0 1,491 1,140 - -- - -- 1,491 1,140 245 32.0 1,373 1,050 33,600
3 573.4 7500 1,144 875 - - - — 1,144 875 245 320 1,570 1,200 38,400
4 573.4 7500 1,282 980 -- - -- -- 1,282 980 245 32.0 1,962 1,500 48,000
Alt 1 173.3 226.7 732 560 -- - -- - 732 560 - -- - - -
Control 2 173.3 226.7 759 580 - - - - 759 580 - - -- - --
3 173.3 226.7 589 450 - -- - -- 589 450 - - -- -- --
4 173.3 226.7 746 570 - -- - -- 746 570 - - -- -- --
5 173.3 226.7 888 679 -- -- -- -- 888 679 -- -- -- -- --

"The first bid listed for each bridge deck was awarded the contract.
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