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ABSTRACT

The objectives of this research were the collection and evaluation of the data
pertaining to the importance of concrete mixing time on air content and distribution,
consolidation and workability for pavement construction.

American Society for Testing and Materials (ASTM) standard C 94 was used to
determined the significance of the mixing time on the ansis_t;ency"of the mix being
delivered and placed on grade. Measurements of unit weight, slump, air content, retained
coarse aggregate and compressive strength were used to compare the consistency of the
mix in the hauling unit at the point of mixing and at the poinf placement.

An analysis of variance was performed on the data collected from the field tests.
Results were used to establish the relationship between selected mixing time and the
portland cement concrete properties tested, The results were also used to define the effect

of testing location (center and side of truck, and on the grade) on the concrete properties.

pavement strength. Cores were obtained at various locations on each project on or
between vibrator locations to evaluate the variance in each sample, between locations, and
mixing times. A low-vacuum scanning electron microscope (SEM) was used to study air
void parameters in the concrete cores. Combining the data from these analysis thickness
measurements and ride in Iowa will provide a foundation for the formulation of a
performance based matrix.

Analysis of the air voids in the hardened concrete provides a description of the
dispersion of the cemtitious materials (specifically flyash) and air void characteristics in the
pavement. Air void characteristics measured included size, shape and distribution.
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INTRODUCTION

Continuous quality improvement in the selection of highway building matenals and
construction methods are two areas that the transportation industry is constantly trying to
improve. lowa has started to focus its interest in the area of continuous quality
improvement By studying ways to improve the consistency of the portland cement
concrete being delivered to the construction of portiand cement concrete pavements.

This research was directed at measuring the consistency of the mix delivered from
the portable plant to the grade. Variables considered included plant mixer type, mixing
time and mix composition.

Nondestructive maturity concept methods were utilized during this research to
analyze the concrete strength gain in the test pavement. In addition, using these methods
provided information pertaining to flexural and compressive strength at the time the cores
were acquired for analysis.

Recent statements made by new central mix plants have claimed consistent and
sufficient mixing in as short as 30 seconds. However, existing plants do not support the
claims using such a short mixing time. Because of the conflicting claims, research is
needed to determine the effects of mix design and mixing time on the consistency of
portland cement concrete. This research will provide data collected from three different
locations, center of dump truck, side of dump truck and on grade, to measure the
variability in the mix and the finished product. Results obtained from this research
provides significant relationships between the mixing time and the quality of the mix being

delivered and placed in the pavement.



RESEARCH OBJECTIVES

The goal of this research was the collection and evalnation of data pertaining to
the significance of concrete mixing time on air content and distribution, consolidation, and
workability for pavement construction. Using these results, the Jowa Department of
Transportation {DOT) can move toward performance based specifications, for concrete,
that measure the quality, consistency, hardened air content and pavement strength during
construction. Developing specifications based on the preceding measurements of
charactenistics will enable the DOT to estimate the long term performance of the
pavement. New testing technologies could be used to measure the air content and
concrete strength of hardened concrete at an early age, which will improve the
performance of the pavement.

The long term performance of the concrete, workability and consistency of the mix
are all heavily influenced by the mixing time. This study assisted in reviewing lowa DOT
guidelines that pertain to the relationship between the mixing time and the introduction of
the admixtures into the mix during mixing. The results of this study could help in limiting
areas of potential poor performance by allowing contractors to make changes in mixing
operations. Reductions in construction time and road user delay costs may be results of
reduced nﬁxing times. However, reduced quality and consistency in concrete being
delivered to the site may also be effects of reduced mixing times.

Recent statements made by central mix plant manufacturers have claimed consistent and
sufficient mixing in as short as 30 seconds. However, existing plant production records

did not support claims using such short mixing times. Because of the conflicting claims,
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this research was devéloped to determining the effects of mix design and mixing time on
the consistency of portland cement concrete.

This research used testing methods described in ASTM standard C 94 to determine
the significance of the mixing time on the consistency of the mix being delivered and
placed on the grade. Using this standard, méasurements of unit weight, slump, air
content, retained coarse aggregate and compressive strength were used to compare the
| consistency of the mix at different locations in the hauling unit.

Two measures of concrete quality are air content and air distribution. However,
the Strategic Highway Research Program (SHRP) has been unable to develop a method of
measuring these characteristics for instu pavements. Using an air pot to test the plastic
concrete behind the paver provides an average air content for all the concrete being tested,
but is not accurate enough to be used as a basis of payment. Besides using a small sample,
this method cannot identify variances transversely across the slab, longitudinally along the
pavement or vertically through the slab thickness.

Typically, air content in hardened concrete is measured using the linear traverse
method. Although the linear traverse method is accurate in measuring air content, there
are a few limitations associated with the test that makes it less than desirable. First, this
test 1s time consuming, taking many hours to perform. Second, it is expensive, costing
$500 or more per sample. Lastly, this method is dependent on operator skill and
equipment. Because of these limitations, there is a need to develop a new method that is
quick, inexpensive and easily repeated.

This research considered the use of a low-vacuum scanning electron microscope



{SEM) and imaging technology of air void parameters. Using SEM imaging technology
helps eliminate the problems associated with the linear transverse method. Correlation
between the plastic air and the hardened concrete, in the same pavement area, has been
calculated using air content data collected by pressure pot test methods in the plastic
concrete at the paver, Air content changes may be associated with the location of the
paver vibrators, forward speed of the paver and the frequency of the vibrators as indicated
by existing research in Iowa. Also, measurement of air content in the plastic concrete by
air pot testing may only be representative of the air content levels in the top portion of the
slab. Significant differences in air content may exist between the top portion and bottom
of the slab.

The new test method for hardened air content will provide information on air
content levels and consistency in the pavement by analyzing a core sample from top to
bottom. It will also be able to analyze multiple cores in less time then the linear traverse
can analyze one core. Because of the smaller analysis time, feedback can be provided
within two to three days after paving. This allows the contractor and contracting agency
to make adjustments during construction, which could result in improved long-term
performance of the pavement.

The ITowa DOT quantified the significance between mix design materials, mixing
times, paving methods, time of transverse joint sawing, and climatic conditions with the
rate of strength gain in the field through the use of the maturity concept. The resuits
described by these relationships will help to indicate the long term strength of the

pavement and identify the appropriate time to saw joints and allow construction vehicles



on the slab.

Combining the data collected through the use of the maturity concept and the air
void analysis with the existing information on pavement thickness and ride in Iowa
provides a foundation for the formation of a performance based payment matrix. The
evaluation of anticipated performance could be done during construction rather than after
construction. Due to the development of a Special Provision specification aimed at higher
performance, future projects may allow the contractor more flexibility in determining the
mix design and placement of the concrete.

This research was conducted in two parts:

1. Evaluation of the impact of variable mix times using a conventional lowa DOT

mix, a contractor designed mix and a conventional drum mixer.

2. Evaluation of the impact of variable mix times using an lowa DOT mix and

mixer employing rotation of blades within the drum.

This research provides data collected from three different locations: center of the
truck, side of the truck and on the grade, to measure the variability in the mix and the
finished product. Results obtained from this research provide significant relationships
between the mixing time and the quality of the mix being delivered and placed in the
pavement.

The data for this research was collected from two adjacent projects, located in Warren
and Carroll Counties under contract for paving in 1996. In the Warren County project
(STP 5-4(27)-2C-91), two concrete mixes and a conventional drum mixer were

considered. The Jowa DOT also employed the same contractor for a separate paving



project in Carroll County (NHS-30-2 (65)-19-14), where he used an alternative mixer.
The mixer is designed with a stationary drum that moves the mixing paddies relative to the
drum in opposition to the drum rotation on a conventional plant. Evaluation of this mixer
was included in the research objectives to provide guidance to the lowa DOT on the

acceptance or rejection of changes in mix time required for the next generation of mixers.

EXPERIMENTAL DESIGN
Physical Testing Methods
The combined research efforts of the Iowa DOT and Towa State University
identified several items of data to be collected. The objective of this project was to define
the relationship between concrete mixing time on air content and distribution,
consolidation, and workability for pavement construction. The data of interest was
subdivided into the following categories:
1. Mixing time - Visual observations were made to determine the mixing time.
The mixing time was defined as the elapsed period between the introduction of
all the materials and when the mix was delivered to the hauling unit. The
nominal mixing times chosen for each site are as follows:

Carroll Plant (Towa DOT mix)

- 30 second mixing time
- 45 second mixing time

Carlisle Plant (Iowa DOT mix)

- 45 second mixing time
- 60 second mixing time
- 90 second mixing time



Carlisle Plant (Contractor mix)

- 45 second mixing time

- 60 second mixing time

- 90 second mixing
Stump - The slump test was conducted in accordance with ASTM standard
C143. Samples were taken from three different locations (at each construction
testing site): center of truck, side of truck and on grade directly in front of the
paver.
. PCC Unit Weight - The PCC unit weight was calculated in accordance with
ASTM standard C138. The samples were taken from three different locations
(at each construction testing site): center of truck, side of truck and on grade
directly in front of the paver.
Air Content - For plastic concrete, the air content was measured in accordance
with ASTM standard C231. The samples were taken from three different
locations (at each construction testing site): center of truck, side of truck and
on grade directly in front of the paver.
. Wash Test (percent of coarse aggregate in mix) - The wash test was performed
in accordance with ASTM standard C94. The samples were taken from three
different locations (at each construction testing site): center of truck, side of
truck and on grade directly in front of the paver.
. Compressive Strength (cylinders) - The compressive strength (cylinders) was
conducted and corrected in accordance with ASTM C42 standard. The

compressive strengths were measured on cylinders cast from each specific



batch.

7. Compressive Strengths (cores) - The compresstve strength {cores) was
conducted and corrected in accordance with ASTM C42 standard. The
compressive strengths were measured on cores obtained from known batch
locations.

8. Air void distribution of hardened concrete cores - The air void distribution data
for the cores was collected using a low-vacuum scanning electron microscope
and computer imaging analysis. The cores for this analysis were obtained

behind the paver.

SITE CHARATERISTICS
Test Site Selection

The first plant site was located on the Polk-Warren County line. A plant located
north and west of Carlisle, Iowa provided concrete for projecfs STP-5-4 (27) -2C-91
(Warren County). The project selected was located on Jowa Highway 5 and had a length
of 3.58 miles. The location of this construction site is shown in Figure 1.

The second test site was located near C_arro}}, Towa on project NHS-30-2 (65)-19-
14. This project on US Highway 30 was 2.15 miles in leng;th. The location of this
construction site is shown in Figure 2. This project involved construction of a four lane
undivided facility.

Data was collected from this project after the lowa DOT tested the cement and
lﬂyash materials to determine that they didn’t cause early stiffening. The testing was

limited to one conventional lowa DOT mix, two mixing times and one day of paving.



T-76N

STA. 148+50.00

END DIV. 1/BEGIN DIV, 2
STA. 202+70 (OR) |
END DIV. 2/8EGIN OIV. 1

STA,  274+96.13 (OR)
END gw(.i 1 & PROJECT

vacw pICIfcA
AvtRoag f 3

-fen O
f o Y FLCARLISE

=

LOCATION MAP SCALE
0 ! 2 3

Hilas

Figure 1. Carlisle, fowa Highway 5 Construction Site.



STA. 993+63.59 {0.R.}
BEGIN FROJECT, DIV, 1
GRADING & P.C.C, PAYING

M.P. 82.72 STA. 37+64.14 (O.R.) STA. 107+00.00 {SURVEY)
L END_PROJECT & DIv. 2
GRADING & P.C.C. PAVING
SEGIN DIV 2 /M.P. 84.87

SIS |
.

"R~ All

K
o™
L GCATION MAP SCALE
0 i 2 3
Miles

Figure 2. Carroll, US Highway 30 Construction Site.

10

[P



Test data was obtained from three locations at each of the identified projects. The first
testing location was by the exit of the central mix plant site and near a source of water,
electricity and the lowa DOT laboratory trailer. Slump, air content, unit weight and
percent of coarse aggregate data were determined from fresh concrete samples obtained
from hauling units. The second sampling location was directly in front of the paver.
Percent of coarse aggregate in the mix delivered to the site was determined from samples
from this location. The third area of testing was made behind the paver. Visual
observations of the consistency of the mix were made as the workers were finishing it.
This testing location was where the cores for the air void distribution analysis and
compressive strengths were obtained. SEM testing used pavement cores taken from the
area between the second and third paver vibrators
DATA COLLECTION METHODS

ASTM Standard C 94 testing procedures are assumed to deal with the discharge of
concrete from a ready-mix or agitator type hauling vehicle. This type of unit provides
continuous mixing of the concrete from the time of mixing at the plant until it is
discharged at the construction site. Specification ASTM Standard C-94 is designed to
check the consistency of the material at the beginning and near the end of the truck
discharge.

This research used dump trucks to transport the concrete from the mixing plant to
the paving train. The research objectives indicated a need to test two locations in the
truck (center and side of load) and from the same load of material as it was deposited on

the grade in front of the paver. The paver represents the last location where the concrete
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procedures.
Air Void Analysis of Hardened Concrete Cores

The purpose of testing the hardened concrete was to gain information on the air
content variation throughout the length of the core. This was considered important
because previous work had indicated that placement problems and excessive vibration
tended to lower the air content in the top of the pavement slab. Lower air content can
lead to poor durability in field concrete.

The instruments used for the air void analysis of hardened concrete cores were a
Hitachi 2460 N low-vacuum scanning electron microscope (SEM), Tetra back scattered
electron detector, Deben stage automation and an Oxford Instrument ISIS x-ray analysis
system with extensive digital imaging and automation capabilities. The microscope is
equipped with Oxfords tetra ™ back scattered electron detector and Deben stage
- automation. The microscope was operated at a voltage of 6kV. Helium gas was purged
through the specimen chamber and the operating pressure was maintained at 5.80 x 10 ~°
psi (40 Pa) throughout the measurements.

The cores used for the air void analysis were extracted behind the paver when the
concrete would support the drill rig: : The cores were transported to the laboratory for
length measurements. The cores were sectioned using a diamond blade saw to produce
specimens for the SEM and compressive strength tests (see Figure 3). One inch was
sliced from the top and bottom of the core and used for the SEM hardened air content
determinations. The remaining section of the core (approximately eight inches thick) was

used to measure the compression strength of the concrete. The SEM specimens were
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lapped and polished using a #1200 grit SiC paper.

Once the top and bottom samples from each core were prepared, 24 images on
each surface were collected (see Figure 4). The image locations were preselected in areas
that contained the mortar fraction of the concrete. All images were taken at 50X
magnification and a resolution of 1024 x 768 pixels (picture element). At 50X
magnification the image reflects an area of two millimeters by two and one half
millimeters. The scanning electron microscope magnifies the face of the concrete and with
the help of computer analysis looks at the different shades of gray to determine the
chemical composition (actually average atomic number) of the material. Hence, regions of
low atomic number (i.e. voids) are sharply contrasted against regions of higher atomic
number (i.e., aggregate, cement paste, and unhydrated cement particles).

IMQUANT ™ software was used to determine the area and size of the air voids in
each image. The data obtained from the 24 separate images was combined to create an
average air content and size distribution curve for each specimen. These curves are not
included in this report due to the large number of core specimens tested. However, the
average air content and standard deviation of the mean is summarized in tables A-4 and A-
5 of Appendix A, Tt should be noted that SEM provides. results pertaining to the mortar
ﬁaction of the core which is then converted to relate to the whole concrete specimen.

A typical analysis required about one hour for data acquisition and another 30
minutes for data reduction and analysis. A typical analysis counted about 6,000 to 12,000
voids (per 24 images). Also, approximately 1,500 to 3,000 voids were counted that fell

into the size range that is normally associated with entrained air voids (between about 50
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and 1,000 microns).

The raw data from the SEM analysis can be found in tables A-4 and A-5 in
Appendix A. The data in these tables was used to develop sensitivity plots and perform
ANOVA tests. These particular sensitivity plots are presented in Appendix D as follows:

*D-1 Mixing Time vs. Hardened Concrete Core Average Air Content, Cé.rroll,

lowa DOT Mix
*D-2 Mixing Time vs. Hardened Concrete Core Average Air Content, Carlisle,
Towa DOT Mix

* D-3 Mixing Time vs. Hardened Concrete Core Average Air Content, Carlisle,
Contractor Designed Mix

The use of SEM is a relatively new technological concept that is still in the
experimental stéges. While conducting this study a few problems were noted that need to
be resolved in future work. First, there was the difficulty of counting very shallow voids
due to the lack of contrast between the voids and the cement paste. In fact, accurate gray
scale measurement could probably be used to measure the depth of many of the voids.
Second, segmentation procedures were not performed on the images in this study. This
tended to cause some erroneous void size estimates due to the fact that overlapping voids
were only counted as a single void. This was not considered to be a significant problem.
Third, there was the miscounting of air voids that were filled with miscellaneous material
such as alkali-silica gel. This was also genera}iy not a severe problem.

RESEARCH CONCLUSIONS
Slump, Unit Weight, Air Content, and Retained Coarse Aggregate

The following conclusions were drawn from the ANOVA tests (resuits are shown

in tables I, 2 and 3):

o The 30 to 45 second mixing times for Carroll, Iowa DOT mux (table 1) indicate

21



that there are no significant differences in slump, PCC unit weight, air content
and retained coarse aggregate.

The selected mixing times for Carlisle, Iowa DOT mix (table 2) indicate that
increasing the mixing time from 45 to 60, 45 to 90 and 60 to 90 seconds lead
to significant increases in air content, but no changes in any other variable.
The Carlisle, contractor mix (table 3) shows a significant increése in unit
weight and a reduction in air content when the mix time was increased from 45
to 60 seconds. However, increasing the mixjng time from 60 to 90 seconds
indicates a significant difference in unit weight and retained coarse aggregate

test results,

The results of the ANOVA tests regarding the effect of sampling location on

slump, PCC unit weight, air content and retained coarse aggregate for each mixing time

are in tables 4, 5 and 6. The following conclusions were drawn from these tables:

.

For all mix types and times pertaining to sampling at the center and side of the
truck indicates no consistent difference in the dependent variables.

The Carroll, lowa DOT mix (table 4) indicated a significant difference in the
retained coarse aggregate between the side of the truck, center of truck and
grade sampling location. Tﬁe same result was found when the tests for the
Carlisle, contractor mix (table 6) were evaluated. The tests indicate that longer
mixing times led to significant differences in the air content of samples taken

from the side and center of the truck and at the grade
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Table 1. ANOVA results on 30-45 second mixing times for Carroll lowa DOT mix.

Dependent P-Value F-ratio Fcrrr Interpretation
Variabie Y = Significant Difference
N = No Significant Difference
(Mixing Time, seconds) | (Mixing Time, secopds} (Mixing Time, seconds) (Mixing Time, seconds)
36-45 3J0-45 30-45 30-45

Unit Weight 0.38 0.82 4.49 N
Slump 0.18 2.02 4.96 N
Air Content 0.87 0.03 4.49 N
Wash 0.22 1.64 4.49 N

Bignificance level (o) = 0.05

Table 2. ANOVA results on 45-60-90 second, 45-60 second, 60-90 second and 45-90 secopd mixing times for Carlisle Iowa DOT mix.

Dependent P-Valpe F-ratio Foarr Interpretation
Variable ¥ = Significant Difference
. N = Mo Significant Difference
{Mixing Tjme, seconds) {Mixing Time, saoozz.ds) {Mixing Time, seconds) ) {Mixing Time, seconds)
] \ 45-60-90 45-60 60-90 45-90 45-60-9G 45-60 68-90 45-90 45-60-90 45-60 60-90 45-90 45-60-5¢ 45-60 66-50 45-90
Unit Weight 0.23 025 006 082 1.53 .38 382 0.05 3.17 413 408 413 N N N N
Slump 0.65 079 0.38 0.52 043 007 078 042 3.25 426 422 426 N N N N
Air Content 0.00 001 000 000 16.75 7.34 1372 28.52 317 412 410 4.12 Y Y Y Y
Wash 0.78 0.69 068 049 0.25 016 017 048 324 413 430 430 N N N N
Significance leve} (o) = 0.05 '
Table 3. ANOVA results on 45-60-90 second, 45-60 second, 60-90 second and 45-90 second mixing times for Carlisle contractor mix
Dependent P-Value F-ratio Femir Interpretation
Variable Y = Significant Difference
. N = No Significant Difference
{Mixing Time, seconds) {Mixing Time, seconds) (Mixing Time, seconds) {Mixing Time, seconds)

. 45-60-90 45-60 60-90 45-90 | 45-60-90 45-60 60-90 45-50 45-60-98 45-68 60-90 45-90 45-60-90 45-68 60-90 45-990
Unit Weight 0.00 007 0.00 000 73.50 3.50 56.0065536.00 3.22 420 420 420 Y N Y Y
Slump 0.32 0.57 024 025 1.18 033 150 143 347 475 4715 441 N N N N
Afr Content 0.00 000 036 0.00 7.67 1079 0.88 10.77 3.28 438 438 420 Y Y N Y
Wash , 0.05 024 002 019 3.14 142 596 180 322 421 420 421 N N Y N

Significance level (o) = 0.05
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Table 4. ANOVA results on test location for Carroll Iowa DOT mix (30 and 45-second mixing time).

Interpretation
Y = Significant Difference Between Test Locations

"N = No Significant Difference Between Test Locations

Dependent Center-Side Side-Grade Center-Grade
Variable Test Locations Test Locations Test Locations
(Mixing Time, seconds) (Mixing Time, seconds) (Mixing Time, seconds)
30 45 30 45 30 45

Unit Weight N N N Y N N
Slump N N . - - - -
Air Content N N N Y N N
Wash N Y N N Y Y

Table 5. ANOVA results on test location for Carlisie Iowa DOT mix (45, 60 and 90 second mixing time).

Significance level () = 0.05

Interpretation
Y = Significant Difference Between Test Locations

N = No Significant Difference Between Test Locations

Dependent Center-Side Side-Grade Center-Grade
Variable Test Locations Test Locations Test Locations
(Mixing Time, seconds) (Mixing Time, seconds) (Mixing Time, seconds)
45 60 90 45 61 96 45 60 90

Unit Weight N N N N N Y N Y N
Slump N N N - - — — — -
Air Content N N N N Y Y N Y Y
Wash N N N N N N N N N

Significance level (o) = 0.05

Table 6. ANOVA results on test location for Carlisle contractor mix (43, 60 and 90-second mixing time).

_ Interpretation
Y = Significant Difference Between Test Locations

N = No Significant Difference Between Test Locations

Dependent Center-Side Side-Grade Center-Grade
Variable Test Locations Test Locations Test Locations
{Mixing Time, seconds) (Mixing Time, seconds) (Mixing Time, seconds)
45 60 90 45 60 90 45 60 90

Unit Weight N N N N N N . N N N
Slump N N Y - -~ — — — -
Air Content N N N Y N Y N N Y
Wash Y N N N Y Y Y Y Y

Significance level (o) = 0.65
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Compressive Strength (cylinder) and Compressive Strength (core) Tests

Following are the conclusions reached from evaluating the ANOVA results

recorded in tables 7, 8 and 9:

o The effect of mixing time for the Carroll, lowa DOT mix (table 7) and the
Carlisle, contractor mix (table 9) indicate that the longer mixing time did cause
significantly different compressive strengths for both the cylinders and cores.

e The Carlisle, lowa DOT mix (table 8) indicated decreased compressive
cylinder and core strength as mixing times increased from 45 to 60 and 60 to

90 seconds.

Air Void Analysis of Hardened Concrete Cores
The objective of this research was focused on the collection of data to define the
relationship between concrete mixing time on air content and distribution, consolidation,
and workability for pavement construction. Using the ANOVA test to evaluate the raw
data lead to a variety of conclusions. The ANOVA results can be found in tables 10, 11
and 12

Carroll, fowa DOT Mix Design

o The results of the ANOVA for 30 and 45 second mixing times are represented
in tables 1, 7, and 10 and the raw test data is found in table A-1, Appendix A.

e The data indicates no significant differences associated with mixing time in
slump, PCC unit weight, air content, retained coarse aggregate and air content

in the hardened concrete cores.
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o Table 7 ANOVA results on 30-45 second mixing times for Carroll Iowa DOT mix

F-ratio

Dependent P-Value Ferir Interpretation
Variable Y = Significant Difference
N = No Significant Difference
(Mixing Time, seconds) (Mixmng Time, seconds) {Mixing Time, seconds) {Mixing Time, seconds)
30-45 30-45 30-45 30-45
Cylinder £ 0.66 0.22 7.7 N
Core "¢ 0.00 1345 4.67 Y

Significance level () = 0.05

Table 8 ANOVA resulis on 45-60-90 second, 45-60 second and 45-90 second mixing times for Carlisle Iowa DOT mix.

Pependent
Variable

P-Value

F-ratio

Ferir

Interpretation

Y = Sigpificant Difference
N = No Significant Difference

(Mixing Time, seconds)
45-60-90_45-60 60-90 45-90

{Mixing Time, seconds)
45-60-96 45-60 60-90 45-90

{Mixing Time, seconds)
45-60-96 45-60 60-90 45-90

{Mixing Time, seconds)
45-60-90 45-60 60-90 45-50

Cylinder £,

000 010 001 000

11.67 309 89722.81

355 475 475 474

¥ N Y ¥

Core ¢

002 086 _0.02 9.02

556 003 7.00 795

368 496 496 496

Y N Y Y

Significance level () = 0.05

Table 9 ANOVA results on 45-60-90 second, 45-60 second and 45-90 second mixing titmes for Carlisle contractor mix.

Dependent P-Value F-ratie Feriv Interpretation
Variable Y = Significant Difference
N = No Significant Difference
(Mixing Time, seconds) {Mixing Time, seconds) {Mixing Time, seconds) {Mixing Time, seconds)
45-60-90 45-60 60-90 45-99 45-60-9G 45-60 60-90 45-90 45-60-9¢ 45-60 60-9¢ 45-90 45-60-90 45-60 60-90 45-98
Cylinder £¢ 000 002 0949 060 17.33 10.66 0.01 70.80 426  6.61 661 532 Y Y N ¥
Core "¢ 000 0400 011 081 15.17 187.86 3.28 14.20 426 771 559 5.59 Y Y N Y

Significance level {o) = 0.05
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Table 10. ANOVA results on 30-43 second mixing times for Carroll fowa DOT mix.

Dependent P-Value F-ratio Fomr Interpretation
Variable Y = Significant Difference
N = No Significant Difference
(Mixing Time, seconds} (Mixing Time, seconds)} (Mixing Time, seconds) (Mixing Time, seconds)
30-45 30-45 30-45 30-45
%Air Content(Top) 0.07 3.76 4.67 N
%Air Content {Bottom) 0.046 4.91 4.67 Y
YeAir Content (Avg) 0.05 448 4.67 N

Table 11. ANOVA results on 45-60-90 second, 45-60 second, 60-90 second and 45-90 second mixing times for Carlisle Towa DOT mix.

Significance level (o) =0.05

Dependent
Variable

P-Value

Feratio

Ferr

Interpretation

Y = Significant Difference
N = No Significant Difference

{Mixing Time, s¢conds)
435-60-90 45-60 60-90 45-90

(Mixing Time, seconds)
45-60-90 45-60 60-90 45-90

(Mixing Tine, seconds)
45-60-50 45-60 60-90 45-90

{Mixing Time, seconds)
45-60-90 45-60 60-90 45-90

%aAir Content(Top)

>0.25 >0.250.051>0.25

0.42 032 412 068

368 496 496 4.96

N N N N

%eAir Content {Bottom)

>0.25 >025>0.25 022

112 013 104 1.64

368 496 496 495

N N N N
N N N N

%Air Content (Avg)

>0.25 >0.25>0.25>0.25

0.67 007 0.72 0.86

3.68 4.96 496 496

Table 12. ANOVA results on 45-60-90 second, 45-60 second, 60-90 second and 45-90 second mixing times for Carlisle contractor mix.

Significance level (o) =0.05

Dependent P-Value F-ratio Ferir Interpretation

Variable ' Y = Significant Difference

N = No Significant Difference
(Mixing Time, seconds) {Mixing Time, seconds) (Mixing Time, seconds) {Mixing Time, seconds)
45-60-90 45-60 60-90 45-90 45-60-90 45-60 60-90 45-96 45-60-90 45-60 60-90 45-90 45-60-90 45-60 60-90 45-90

%Air Content(Top) >0.25 >0.250.051 >0.25 5.88 3.97 16.70 3.31 4.26 559 771 559 Y N Y N
%Air Content {(Bottom) 0.024 005001 090 21.97 17.99 160.6] 6.83 426 559 771 558 Y Y Y Y
%Air Content (Avg) <06.001 0.003 0.007 <0.001 2649 2330 82971035 . | 426 5359 771 559 Y | Y Y Y

Significance level () =0.05
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*

Increasing the mixing time led to increased core compressive strengths,
Visual observations indicate inadequate coating of the aggregate in the hauling

unit at the plant and at the grade.

Carlisle, lTowa DOT Mix Design

The results of the ANOVA for 45, 60 and 90 second mixing times are
represented in tables 2, 8 and 11 and the raw test data is found in table A-2,
Appendix A. |

Increasing mixing time from .45 to 60 seconds results in an increase in air
content with no significant changes in any of the other dependent variables.
Increasing the mixing time from 60 to 90 and 45 to 90 seconds results in an
increase in air content and a decrease in compressive strengths for both

cylinders and cores.

Carlisle Contractor Mix Design

The results of the ANOVA for 45, 60 and 90 second mixing times are
represented in tables 3, 9 and 12 and the raw test data is found in table A-3,
Appendix A.

Increasing the mixing time from 45 to 60 and 45 to 90 seconds resulted in a
decrease 1n air content and an increase in compressive strength in both the
cylinders and cores.

Increasing the mixing time from 45 to 90 seconds resulted in an increase in unit
weight.

Increasing the mixing time from 60 to 90 seconds resulted in an increase in unit
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weight and a decrease in retained coarse aggregate.

Sampling Location

The ANOVA results comparing testing location with unit weight, slump, air
content and retained coarse aggregate are located in tables 4, 5 and 6.

No significant differences in any of the test results were identified for sampling
from the center or side of the truck.

Significant loss of air content was identified between the samples from the side
of the hauling unit and the grade in the Carlisle, ITowa DOT mix design being
mixed for 60 and 90 seconds. The same conclusion was obtained from the
Carlisle, contractor mix design and mixing time of 90 seconds.

Significant increases in retained coarse aggregate percentages were found on
the grade vs. the side of the hauling unit for 45 and 60 mixing times with the
Carlisle, contractor designed mix.

Significant increases in retained coarse aggregate percentages were found on
the grade vs. the center of the hauling unit for 30 and 45 second mixing times.
The Carlisle contractor mix design produced significantly higher percentages of
retained coarse aggregates on the grade vs. the center of the hauling unit.
Sampling 1n the center of the hauling unit ﬁroduced significantly higher air
contents than those from grade tests for the mixing times of 60 and 90

seconds. The same result was true for the Carlisle contractor designed mix and

the 90-second mixing time.
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RECOMENDATIONS

This research was directed at evaluating the effect of mixing time on the

physical characteristics of the finished portland cement concrete pavement. It

considered the relationships of four different mixing times, three different mix

designs, and two different concrete mixers to the physical property measures

associated with pavement performance. The resuits of physical tests at the plant

and grade locations yielded the following recommendations:

1.

Dump truck type hauling units do not significantly change the quality of
the material being delivered to the paver and should continue to be
allowed in addition to agitator or type hauling vehicles for transport of
portland cement concrete paving materials.

Mixing times of 60 seconds or greater do have a positive influence on
the physical characteristics of the concrete product and should be
retained as the mimmum mixing time for all uxer types.

Mixing times did not significantly affect the hardened air content or
distribution for the Iowa DOT mix designs.

Contractor mix designs should be thoroughly laboratory tested prior to
use in the field to determine the impact of admixtures and differences in
aggregate/cement matrix on desired physical performance factors.
Mixing times of less than 60 seconds should only be allowed when

steps have been taken to change the mixing process to assure coating of

all aggregate particles prior to mixer discharge into the hauling unit.
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APPENDIX

A —Test Data

B — Mix Time Vs Each of the Dependent PCC Variables for Each Site
C - Mix Time Vs Compressive Strength

D — Mix Time Vs Air Content for Hardened Concrete Cores



Average

Average

Table A-1. Mix Times and Test Data —Carroll, lowa DOT Mix.

CENTER SIDE GRADE
Timek Avg Actial Fest Miuan Uw SEAUM ARk WASH TN uw SLAUM AR WASH hsisan uw SLAUN AR WASH CYLIND CQRE
4 A Time Station T P CONT (&3 TFiig # CONY (%) Time P CONT 7l ER F¢

(5 N} 25 M) iy [£50] 7y F'c tpsi}

. Ipsi}

30 SECOND CARROLL DATA (DOT MIX)

3015 3714 30 825 oG 138 59 075 6.4 96.41 930 14% 8G 663 50 110,90 930 14868 N/A 34 106 36 281
0z 3034 30 84+30 1020 14520 150 48 9969 1920 146.57 t.38 &8 107 .44 1030 1818 A 55 £32 41 OG0t 3276
5223
5200
3087 J0 50 16 £6+50 1960 14627 225 7.4 Hu 1000 142 54 3in 74 98 30 016 146 11 N/A 62 106,74 5631 5219
5415
3imn
39.21 £43.33 .50 6.2 99,92 146.30 | | 6.4 195.55 147.66 N7A 30 108.56 6325 5252

45 SECOND CARROLL DATA (DOT MIX)

3057 s093 45 83150 1110 141,13 180 38 9867 HHY 14460 1.13 [3:] 162.1% L1300 148 34 MN/A 52 108 16 6850 55068
5i64
: 5630

3i+20 1240 13880 1.38 6.4 96.88 1240 143,54 0.75 62 182.59 1240 145 30 NIA 30 102 19 6054
3059 31l +5 B1+75 1145 £48 04 1.00 18 9812 1145 142.14 100 6.8 102.91 1208 148.12 WA 38 102 1% 6838 6307
§405
6142
6747
6969
Q794
5102 142.66 1.13 &7 $7.89 14276 14.96 6.4 102.56 147.42 N/A 4.7 [LER3 £589 6237




Averape

Average

Average

Table A-2. Mix Times and Test Data — Carlisle, lowa DOT Mix.

CENTER SIDE GRADE
Trick A gAactnt TARGET Test Attt uw SLAUM AlR WASH Militan UW SLAUM AIR WASH Militany uw SLALM AlR WASH CYLINDE CORE
H S T MINFIME Station ¥ P CONT %} Time 4 CONT (=) Time F conT (] R Fe
s 1SEC) T iy fyC] (N} ) an 1%} Fe ipsil
(psi}
45 SECOND CARILSLE DATA (DOT MIX)
36 451G a5 14525 146 132 40 400 800 90 85 1143 134.80 325 5.0 954§ 1750 136 20 NiA NfA 90 07 4595
3019 43 92 45 118+:60 340 139.20 275 T.80 104,16 840 142,30 .38 .25 105.69 850 13920 T 94 60 4939
RO H 4502 45 111+75 NA NfA 250 500 9748 N/A NfA 313 5.00 8429 NiA NiA NA 500 9923 3466
116430 e 142 30 P ] 786G | 10433 130 403 150 6 80 16578 30 13780 NIA 50 1076 31901
| 5399
3021 45 00 45 115+8% Ho45 134 50 175 140 93.81 1645 13360 275 130 94 27 1710 140.40 NiA 300 99 2% 1933 3339
heiia
8313
117:85 810 139 40 250 T30 99.59 810 141 30 .75 740 102 65 820 14130 MNFA 680 073 078 3332
3 5058
S1e8
45403 137.50 .75 6.30 9841 13890 2.63 4,68 98.02 138.98 NiA 5.7 99.73 5073 827
60 SECOND CARLISLE DATA (DOT MIX)
1016 929 [ 130161 1355 13900 333 12 101.82 1400 13899 100 850 $7.60 1415 14093 NFA 550 98 91 4715
333342 1506 139.52 1 88 8.50 N/A 1505 140,73 2.00 9.2% Nra 1520 14134 NIA 6 80 MFA 1965
EIE 39 66 0] $34+2% 1536 13873 380 T80 95.17 153G 143 35 175 828 1G6.66 1530 140.93 NIA 120 87 44 4709
320 5043 40 125475 1136 137 50 2.50 740 9330 130 13830 240 830 97.96 1140 13960 NA 5.00 10627 346
129440 1320 136 00 435 875 30095 1336 13891 3.00 9.00 8934 1325 14174 N/A 5380 197 37 M 8137
Ju82
4340
3024 b3 40 124430 162G 136 70 225 WA 8498 1026 13990 1,50 650 10537 1050 147 60 NiA 6.20 a4 74 4455
3658 3642 60 132:06 1430 13816 73 8.2% 9857 1430 13710 3.00 925 160.61 1438 13880 N/A 700 9912 4923 3389
2450
3332
59,30 E37.93 1.9 7.98 96.13 139.63 232 8.46 9%.49 E50.76 NiA 6.50 97.98 4799 5253
90 SECOND CARLISLE DATA (DOT MIX)
kid 1 8945 90 207475 1315 13690 3.38 G0 N/A 1328 138,31 2.88 G50 MNiA 1340 140 52 NIA 74 NEA 1439
26975 440 13645 375 0060 G600 1440 136 46 3160 900 A7.03 1455 136 46 NfA 76 36 15 41308 $650
4896
3734
e 5917 90 206+80 1243 134 48 163 950 N 1243 1371 27 875 MNIA 1302 139.92 NiA 80 N/A 4502
0 8982 b 204063 1523 139 58 375 350 NiA 1125 13851 T3 10.00 N/A BN 142 14 Nh-\ T4 BIA 3501
20865 1460 138 31 350 975 WA 1357 140,32 1 000 NAA 1415 138 59 NiA 85 MNIA 3866
216+70 130 136 16 325 9490 95 35 1510 13646 z325 975 97 3% {535 136 46 NIA 16 938 91 1297
plet3 8994 W% 20423 1200 138 71 275 956 NiA 1265 139.52 ES R 700 NIA 1225 14180 NIA NIA NrA 4734 142
5020
5235
B9.65 137.27 ENE] 945 95.68 138.13 2.56 9.23 L9 139,40 A 78 97.53 4192 4949
A-2



Table A-3. Mix Times and Tcst Data — Carlisle, Contractor Mix.

CENTER SIDE GRADE
TRUCK AeuActual TARGET Fost Niskrar W SLAlM Al WAsH [XHiTy W SEALN AR WASH Miltan T SUATN R WasH CNTINDE TORE
1 Mix Time MIX FIME Srtion 3 ¥ ConT [ Tise P {ONT 5 Time P CoNT £a} R Fe
t' .. e Frne Fi [T M) (58S (1N} i ¥z tgsit
e} sy
45 SECOND CARILSLE DATA (CONTRATOR MIX)
3020 042 45 10450 015 136 46 238 700 9777 1015 136.46 :1] g.00 100 86 1100 136 40 NiA 630 102 74 4419 5259
3231
202
15275 1212 136 36 300 9.5¢ 93 59 1215 13646 350 10.00 66.23 1225 136,46 MFA g0 99.94 3720
3021 4920 4s 139+50 944 136 46 400 §.50 9575 955 136.46 3.00 1090 9178 1010 13646 WA g£50 3% 80 916
145 +50 N/A 136 46 200 550 NIA 1120 136 46 2.25 800 100 81 ilag 136 36 N/A k) 103 28 4091
353 A9 52 a3 FAT0 1143 136 46 225 8735 9692 1145 13046 K] 00 3954 1206 136 46 HiA 110 105,63 4538
49.71 136.46 .73 8.85 96.48 13646 .35 9.49 93.64 136,45 N/A T.56 161.08 4137 5234
Average
60 SECOND CARLISLE DATA (CONTRACTOR MIX)
e 4288 4] 147135 1500 136 46 NiA WA Q70! 1500 136,46 MA NIA Hek 1y 1822 136 40 N/A NIA 10372
3024 64 40 &0 Lda+ss 1423 [SLEL] N/A WA 9835 1427 13646 WA WA 9833 1443 13626 NIA N/A 164.43
14§ +00 1543 136 46 N£A /A 98 64 1540 136,46 NIA NrA 10066 1600 13546 N/A N/A 103 58 5874
01T
6043
149425 740 0 52 273 315 9473 7406 140 52 3.50 8.00 G606 805 110 52 N/A 600 Log 59 3945
302 ol a3 60 145+25 1350 136 46 i38 530 10¢ 09 1350 136,46 i.50 6.40 103,17 1407 136 46 NFA 4 80 10374 6522
N 62.98 137.27 .07 1.03 97.95 139.27 .56 12 95.86 137.27 N/A 5.46 t03.42 §5734 5976
Average
50 SECOND CARLISLE DATA (CONTRACTOR MIX)
016 a0 30 W 152400 | 945 150,52 425 780 97 54 40 140 52 313 8.30 9887 950 140,52 NA 580 10003 5537
3038 Gt o3 o0 150450 828 Le.52 378 8.5¢ 9586 820 140.52 pa i} 7.20 9127 845 14052 NA 3900 160 73 3503
151450 006 140 52 400 T30 9452 EHY 140 52 1.38 830 95691 17 140 42 NIA 690 10037 6067 ST
5917
5§51
LR3+75 1023 136G 52 250 720 07 56 1623 140 52 288 828 9665 1030 14052 NIA 560 975 seio 3393
30630
R 3612
ol 1050 146 52 3l 740 95.59 1056 148 52 2.38 8.30 §3 43 1055 140,52 NIA 590 100 59 6060
90.92 140.52 3.53 162 96.15 140.52 21.38 319 57.83 146.52 NIA 5.62 HE.2S 5173 572%
Average




Table A-4. Hardened Air Content (Whole Core Basis) — Carroll lowa DOT Mix

% AIR %% AIR AVG.
CORE
STATION | LOCATION DES]G:ATEO TOP STD Dev. | BOTTOM | STD Dev. Yoair | COMMENT
S
§1+30 N EDGE A 635 074 710 051 672 T4-45 sec.
§TF50 N. EDGE B 6.64 057 947 0.54 5.03 T4-45 sec.
§T+30 N.EDGE T 6.53 0.63 GAT G 531 (e
§i+30 S EDGE A R e 692 058 586 C4-35 Soc.
§T+30 S.EDGE B 178 .48 5.80 0.6l B CaAESer,
F1+30 S EDGE 4 1.24 Gy 390 0.74 1357 Ca4% sec.
§3+30 S EDGE A 10.46 0.63 1382 0.81 164 CIEE ST,
B3+30 CEBGE B 13.61 L N 0.67 1337 Ca-5 sec.
¥i¥30 § EDGE T 1269 TG T2.83 0.99 1378 A5 sec,
§4+30 N EDGE T 804 553 71755 073 011 CA-30 sec.
%480 N. EDGE A Fi43 078 1704 0.56 11.73 C4-30 sec.
RI5ED N EDGE B 10.09 0.39 12.62 T.00 7135 C4250 sec.,
¥6¥50 S EDGE A 12.23 0.76 17.8% 5,90 12.0d CA-30 sec.
T6+50 $EDGE E] 123 752 146 765 1145 C4-30 sec.
¥6+30 5. EDGE T 10.81 .02 11.35 0.3 108 C4-30 sec.
Table A-5. Hardened Air Content (Whole Core Basis) — Carlisle lowa DOT Mix
% AIR % ATR AVG.
CORE
STATION DESIGNATION TOF STD Dev. | BOTTOM | STD Dev. Tar COMMENTS
[13+85 A 4730 0.43 9.00 0,62 .60 C4-45 sec.
(15485 I-B 5.66 .66 Gy 0.74 9.05 C4-45 sec.
[T3483 I-C 751 0.72 9.26 0.7% 839 A3 SeC.
TT7+83% 2-A 9.74 0.70 10.97 .68 10.35 T4-45 sec.
T17+85 3B §15 .59 1053 49 534 CE.55 Sec.
117483 3C 801 0.63 10.43 o8 532 C4-45 sec.
T25+40 3A 6.81 0.56 534 G.64 808 CE-60 sec.
T35440 TH 537 046 135 T80 (X7 C4-60 sec.
[25+40 T 556 631 954 [OES G35 C4-60 sec.
32400 3A 723 0.66 G50 067 8T Ci-0 sec.
[32+00 1B G323 0.71 554 .59 953 "C4-60 sec.
132460 3C 363 0.73 5.08 0.70 530 Ca-60 sec.
T40+50 T-A 8.84 0.61 1159 0.60 10,21 S0 sec
[40+50 ) §58 040 1347 kFi 10737 $-90 sec.
T30+50 7 6.25 aas 736 079 93] .00 sec.
T4g+00 9.A I 0.43 3810 .30 576 S-60 sec.
[48+00 oB 3.0 548 .09 056 435 $-60 sec.
[IR+00 Xy 4.19 0.49 K] 0.73 4.55 Sl sec,
151+30 T0-A 633 .56 778 5.53 701 §-60 sec.
T30 () .89 5.50 8.60 .58 779 §3% sec.
T51+30 T6-C 3.1% 051 [0.60 082 .44 $.33 sec
53475 TT-A 10 0.46 1128 o1 760 e
153573 1B 157 050 016 13 747 $-45 sec.
(53473 7= 5.28 0.65 .05 062 6.67 S35 sec.
I05+23 3A 833 060 10.59 002 957 [ E gy
3054235 ¥z 10.40 0.67 7786 .82 IR C4.90 sec.
RTINS ¥ 11778 0E3 1331 0.7% 13754 TG0 see,
ECOST oA 706 0.31 573 0,59 509 C4-50 sec.
05+ 7% 6.8 7.35 043 N 753 707 €390 sec,
29+73 &-C 10.35 0.57 0.86 0.70 10011 C4-94 sec.
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Unit Weight
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Figure B-1. Mix Times vs Unit Weight - Carroll lowa Dot Mix
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Slump (in)

16.00

Figure B-2. Mix Time vs Slump - Carroll lowa DOT Mix.
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Figure B-3. Mix Time vs Air Content - Carroll lowa DOT Mix.
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Figure B-4. Mix Time vs Wash - Carroll lowa DOT Mix.
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Unit Weight

160.00

Figure B-5. Mix Times vs Unit Weight - Carlisle lowa DOT Mix
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Figure B-6. Mix Time vs Slump - Carlisle lowa DOT Mix.
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Figure B-7. Mix Time vs Air Content - Carlisle Iowa DOT Mix.
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Figure B-8. Mix Time vs Wash - Carlisle Jowa DOT Mix.
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Unit Weight

Figure B-9. Mix Times vs Unit Weight - Carlisle Contractor Mix
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Figure B-10. Mix Times vs Slump - Carlisle Contractor Mix
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Air Content (%)

Figure B-11. Mix Time vs Air Content - Carlisle Contractor Mix.
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Figure B-12. Mix Time vs Wash - Carlisle Contractor Mix.
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Figure C-1. Mix Time vs Concrete Cylinder Strength - Carroll Towa DOT Mix.
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Figure C-2. Mix Time vs Concrete Core Strength - Carroll lowa DOT Mix.
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Figure C-3. Mix Time vs Concrete Cylinder Strength - Cadisle Iowa DOT Mix.
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Figure C-4. Mix Time vs Concrete Core Strength - Carlisie lowa DOT Mix.

7000

6000

5000

OBO O
wini o &}
2 2 o 1 8

4000

¢ CarlCor (45)
a CarlCor (60)
A CarlCor (90)

3000

2000

160G

30.00 40.00 50.00 60.00 70.00 30.00 90.00 100.00

Mix Time (sec)



F'¢ {psi)

Figure C-5. Mix Time vs Concrete Cylinder Strength - Carlisle Contractor Mix.
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Figure C-6. Mix Time vs Concrete Core Strength - Carlisle Contractor Mix.
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Average Air Content (%)

Figure D-1. Mix Times vs Average Air Content for Hardened Concrete Cores - Carroll lowa Dot Mix
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Figure D-2. Mix Times vs Average Air Content for Hardened Concrete Cores - Carlisle Towa Dot Mix
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Average Air Content (%)

Figure D-3. Mix Time vs Average Air Content for Hardened Concrete Core - Carlisle Contractor Mix.
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