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UNIT CONVERSIONS

Measurement Metric English
I cm 0.394 in
Length I m 3.281 ft
1 km 0.621 mile
1 em’ 0.155 in®
Area
1 m? 1.196 yd?
1m’ 1.308 yd’
Volume
I ml 0.034 oz
IN 0.225 1bf
Force
1 kN 0.225 kip
1 MPa 145 psi
Stress
1 GPa 145 ksi
Unit Weight 1 kg/m’ 1.685 lbs/yd’
Velocity 1 kph 0.621 mph
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Executive Summary

EXECUTIVE SUMMARY

This research investigated the feasibility of using reclaimed asphalt pavement (RAP) to replace
virgin aggregates in concrete pavements. Specifically, this research considered using minimally
processed RAP (i.e., simply fractionating into fine and coarse components with no washing or
crushing) in this capacity for roadways in the state of Montana. A statistical experimental design
procedure (response surface methodology — RSM) was used to investigate mix proportioning in
concrete mixtures containing RAP to achieve desired performance criteria. The RSM
investigation involved two phases: an initial study with a broad range of variables and responses,
and a more focused follow-on investigation. In this initial RSM study, the mix variables
consisted of w/c ratio, paste content, air entrainment admixture dosage rate, and fine and coarse
RAP replacement rates. The chosen responses were slump, entrained air content, 7- and 28-day
compressive strength, and 28-day flexural strength. The target values for these responses
(consistent with MDT performance criteria for concrete pavements) were 1.5 inches for slump,
entrained air content of 6 percent, 7- and 28-day compressive strengths of 2,000 psi and 3,000
psi respectively, and 28-day flexural strength of 500 psi. Prior to implementing this RSM
investigation a series of trial batches were performed to set appropriate ranges for the mix
variables, most notable of which were the ranges for the RAP replacement rates. Based on these
preliminary mixes, along with insight from previous research, a range of 0 to 50 percent was
chosen for the fine aggregate replacement rate, while the replacement rate for the coarse RAP
ranged from 50 to 100 percent. After completion of the preliminary mixes, the initial RSM study
commenced. Thirty trial batches were performed to collect performance data for the RSM
analysis. This analysis was successful in that it revealed the basic relationships between the mix
variables and responses. In particular, it quantified the effects of including RAP aggregates at
various replacement rates.

This initial RSM study was purposefully broad in the range of variables considered and
subsequent observed responses, and based on its results, a follow-on more focused RSM
investigation was conducted that more closely targeted the desired performance region. In this
study, three mix variables were considered: w/c ratio, paste content, and air dosage rate. The
chosen responses for this study were slump, air content, and 28-day compressive strength.
Sixteen trial batches (specified by the RSM methodology) were performed to obtain data for the
subsequent analysis. The resulting RSM models successfully modeled the responses, and were
used to develop several mixes with different target performance parameters.

Based on the RSM models, two concretes were ultimately selected for further evaluation: a high
RAP mix (HR) and a high strength mix (HS). These mixes were identical sans the RAP
replacement rates; the HR mix, as the name implies, had a relatively large amount of RAP with
50 percent of the fines and 100 percent of the coarse aggregates replaced with RAP. The HS mix
was designed to have a higher strength by using half of the RAP (25 percent of the fines were
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Executive Summary

replaced and 50 percent of the coarse). It should be noted that both mixes had slumps and air
contents that were consistent with MDT specifications. Once selected, these two concrete
mixtures were evaluated with a suite of mechanical and durability tests to evaluate their potential
use in Montana roadways. The mechanical properties tested were compressive and tensile
strength, elastic modulus, shrinkage, and creep. The durability tests included alkali-silica
reactivity, absorption, abrasion, chloride permeability, freeze-thaw resistance, and scaling.

In regards to mechanical properties, both mixes met all MDT specification requirements for both
compressive and flexural strengths, and had adequate elastic moduli. Further, both mixes did not
exhibit excessive deformations associated with shrinkage or creep. However, the amount of
RAP had an obvious and significant negative impact on the mechanical properties. As was
expected, the strength and stiffness of the concretes decreased with increasing RAP, and the
deformations associated with creep and shrinkage both increased with increasing RAP content.

Both the HR and HS mixes demonstrated adequate durability for use in concrete pavements in
Montana, with the HS mix generally performing better than the HR mix. Both concretes had
void rates less than 12 percent, which is indicative of adequate performance in pavements. For
the abrasion tests, both mixes lost very little mass and had wear depths less than 1.0 mm. Both
concretes were rated as “Moderate” for likelihood of chloride ion penetration. The HR and HS
mixes had durability factors of 94 and 98 respectively, after being exposed to 300 freeze-thaw
cycles. A durability factor of 80 or more has been cited as being indicative of acceptable freeze-
thaw resistance. For scaling resistance, the HR mix was rated as “moderately susceptible”, while
the HS mix was rated as “slightly susceptible”. Test results indicated that RAP aggregate may
have issues associated with ASR; however, the test results were clouded by an issue associated
with the high temperatures used with this test method.

Based on the results from this study, the following conclusions can be made:

1) Response surface methodology is a useful and efficient tool for concrete mix
development. Both RSM analyses had resulting response surfaces that fit the data well
(with R? values generally greater than 0.9) and adequately characterized the behavior of
the mixes (consistent with conventional concrete knowledge). In regards to mixture
optimization, the initial RSM analyses highlighted the importance of selecting
appropriate ranges of independent variables, as the resulting responses from this study
were too far from the target responses. The follow-on investigation with a modified
region of interest was successfully used to develop several optimum degrees of
performance. When carried out in the lab, these mixes performed as predicted; all
measured responses were close to the predicted responses, and all were well within the 95
percent confident intervals.

2) This research demonstrated that both the HR and HS mixes had adequate mechanical
properties and durability to be used in concrete pavements in the state of Montana. That
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Executive Summary

being said, the inclusion of RAP in concrete was generally found to have a negative
impact on its mechanical and durability properties, with the HS mix generally
outperforming the HR mix. The negative impact of including RAP is postulated to be
due to: (1) the decreased bond between the asphalt coating on the RAP and the hardened
paste, and (2) the conglomerations of asphalt and smaller particles found within the
coarse fraction of RAP. Furthermore, the nature of the RAP aggregates significantly
affected the accuracy of traditional techniques for accounting for aggregate moisture
content.
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Introduction

1 INTRODUCTION

1.1 Background Information
Each year, the US highway industry produces over 100 million tons of reclaimed asphalt

pavement (RAP) through standard rehabilitation and construction of the nation’s roads (Huang,
Shu, & Li, 2005). Although this product has been reused in several applications, usually in hot
plant mixes, a large portion of this material remains unused. With a sizeable share of RAP
wasted in stockpiles and landfills, the exploration of further uses for this construction byproduct
is warranted. Using RAP as aggregate in Portland cement concrete pavement (PCCP) is one
possible application for this recyclable material. Portions of virgin aggregate used to produce
concrete pavement may be replaced with RAP, creating a pavement that is both efficient and
environmentally friendly. Previous research has demonstrated the feasibility of producing
concrete with RAP aggregate; however, these prior studies have focused on short-term
mechanical properties of the concrete and have not significantly addressed its long-term
mechanical properties and durability.

1.2 Objectives
The Montana Department of Transportation (MDT) is interested in using RAP as a replacement

aggregate in PCCP to create a more flexible and “green” paving material. The objective of this
specific research effort is to evaluate the potential of using RAP aggregates in PCCP in the state
of Montana. Montana has some unique climate conditions that can have harsh effects on
roadway construction materials, and this research will attempt to characterize the response of
PCCP containing RAP to this adverse environment through a series of mechanical and durability
tests.

1.3 Scope

The project objectives were realized through the following tasks:

e A literature review was performed that summarized the general material behaviors
documented in past RAP concrete studies.

e A statistical method (response surface methodology-RSM) was used to develop suitable
mixes containing a substantial amount of RAP aggregate. RSM was used to designate a
test matrix of trial batches to be experimentally evaluated. Data from these trial batches
were then used to create analytical models consisting of a set of regression equations to
be used to investigate the effects of the various concrete constituents, and ultimately for
optimization. This task was carried out in two phases: the first phase consisted of an
experimental design with five independent variables over a wide range of values, whereas
the second phase consisted of an experimental design with three independent variables
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over a modified region of interest. The resulting model from the second phase was then
used to develop an optimized mix suitable for use in concrete pavements.

e Following the experimental testing and model development, two mixtures were selected
for further and more thorough performance evaluation, namely a relatively high strength
mix and a mix that included a relatively high proportion of RAP. Mechanical properties
of interest consisted of compressive and tensile strength, elastic modulus, and creep and
shrinkage tendencies. Durability tests were conducted to evaluate alkali-silica reactivity,
absorption, abrasion, chloride permeability, freeze-thaw resistance, and scaling
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2 LITERATURE REVIEW

Several laboratory studies researching the properties of concrete containing RAP have been
completed. Specific test methods, results, and conclusions from five such prominent studies
are summarized in this chapter. This chapter concludes with a discussion of a FHWA study
focused on applying statistical methods to concrete mixture design, This activity was viewed to
be fundamental to accomplishing the project objectives, and this study shaped the manner in
which the mixture design effort was executed.

2.1 Research by Delwar, Fahmy, and Taha
Delwar, Fahmy, and Taha (1997) performed one of the first studies on the use of RAP in

concrete. The main goals of their research were to investigate the feasibility of using RAP as
aggregate in Portland cement concrete (PCC) and to determine key material properties and
characteristics of the resulting material.

RAP millings for use in the concrete test mixtures were obtained from an asphalt producer in
Spokane, Washington. The research team processed the material through a set of sieves,
removing any aggregate larger than %-inch and fractionating the material on the No. 4 sieve.
Standard concrete sand and gravel, as well as type I/II cement were purchased from a company
in Moscow, Idaho for use in the study. Mixes containing 10 different aggregate arrangements
with two different water-to-cementitious material (w/c) ratios were tested for compressive
strength and stress-strain characteristics. Data on the slump, air content, and unit weight of the
wet concrete were also recorded.

Strength data collected through laboratory testing showed that the inclusion of RAP decreased
the overall compressive strength of the concrete material. They found that similar to regular
concrete, high water-cement ratios yielded a lower strength material, and for all percentages of
RAP replacement aggregate considered, longer curing periods were necessary for achieving
higher strengths. A beam made with RAP Concrete was tested in three-point bending, yielding a
modulus of rupture of 685-psi. Researchers commented that with this relatively high flexural
capacity, the concrete may lend itself towards application as a pavement material.

Stress-strain curves were generated for several of the concrete mixtures, and it was determined
that for any strain value the higher the RAP content, the lower the associated stress. This
observation indicated that the stiffness of the RAP aggregate concrete decreases as the amount of
RAP in the mixture is increased. The stress-strain curves also showed that concretes with higher
RAP contents failed at increased strain levels, indicating that the material was more flexible than
conventional concrete. In light of this possibly promising behavior in some applications, Delwar
and his colleagues (1997) suggested that concrete containing RAP be further evaluated to
determine its durability properties.
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2.2 Research by Huang, Shu, and Li

Huang, Shu, and Li of the University of Tennessee and Louisiana State University expanded the
available information on concrete containing RAP with their work (Huang et al., 2005). The
objective of their study was to further research the effect of the inclusion of RAP aggregates on
the toughness and brittle failure behavior of Portland cement concrete. The study hypothesized
that the fine layer of asphalt coating the individual pieces of aggregate protects the particles from
breakage and facilitates the increased dissipation of energy in the event of a crack. This concept
is illustrated in Figure 1 below. With this micro-level understanding, researchers surmised that
the use of RAP aggregate in PCC would arrest crack propagation, making the final product
tougher.

Natural Aggregate RAP Aggregate

Concrete bulk Concrete bulk

Aggregate Aggregate
Asphalt film

Crack Crack

Figure 1: Crack Propagation Through Natural Aggregate and RAP Aggregate (Huang et al., 2005)

In their laboratory investigation, four different mix designs were evaluated, consisting of: (1) a
control mix with all natural aggregates, (2) a mix with coarse RAP aggregate and natural fine
aggregate, (3) the opposite design containing coarse natural aggregate and fine RAP material,
and finally (4) a concrete mixture using only the RAP aggregate. The researchers chose to
manufacture RAP material in the laboratory for use in this work (they did not use pavement that
was reclaimed from a roadway). Sufficient asphalt was applied to virgin aggregate to coat the
particles with approximately 8-um of bituminous material. The laboratory-made RAP was then
aged for 12 hours at 120°C. It was stated that utilizing a lab-produced RAP provided more
control in the experiment. A standard mechanical mixer was used for concrete batching, and
ASTM rodding techniques were applied to consolidate the wet concrete. No unusual behaviors
were encountered in the batching/mixing process, and the researchers concluded that concrete
containing RAP could be mixed and cast by conventional means. Results from the study also
indicate that the air content of the concrete was unaffected by the added RAP. Further, while the
material containing RAP had a low slump, the wet concrete was still found to be workable.
Strength tests showed that as the amount of RAP in the mix was increased, both the compressive
and splitting tensile strength decreased as compared to the control mix. This decrease in strength
was anticipated, as asphalt is a much softer material than conventional aggregate, and it and does
not bond as well to the cement paste.

Further analysis indicated that the RAP concrete had a much higher toughness than the standard
mix design. The test data further indicates that coarse RAP had a greater positive effect on
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increased toughness compared to fine RAP. The authors concluded that fine RAP had more
adverse outcomes on the concrete than the coarse RAP.

2.3 Research by Huang and Shu

After Huang and Shu’s initial research on RAP concrete, they performed additional testing on
specimens that included admixtures to help improve the performance of the material (Huang &
Shu, 2005). Both silica fume and a high-range water reducing agent (HRWRA) were added to
help reduce the loss of strength observed when RAP aggregate was used. Several mixes were
produced with different percentages of coarse and/or fine RAP aggregate (10, 30, 50, or 100
percent by weight) used as a replacement for virgin aggregate.

Testing revealed that at low contents of RAP the concrete had a higher slump and increased
workability; however, with higher levels of RAP the slump and workability both decreased
dramatically. Air content appeared to be unaffected by RAP content. Strength testing showed
that the use of RAP aggregate in PCC increased the toughness of the material, and as the
percentage of reclaimed asphalt in the concrete increased, so did the toughness index. It should
be mentioned that the greatest increase in toughness was seen in the mix design using 100
percent fine RAP aggregate. The test results also showed that regardless of the fractionation of
the RAP used, the resulting concrete experienced a significant reduction in elastic modulus and
strength compared to the control mix. They also found that the replacement rate of RAP was
inversely related to the compressive strength, split tensile strength, and Young’s modulus; thus,
as the RAP content increased, the material’s performance decreased. All of these results
confirmed the findings from the previous study, and researchers moved on to test the effects of
silica fume and high range water-reducing admixtures (HRWRA) in the RAP concrete.

Based on their experiments, the researchers concluded that silica fume did not improve the
strength and modulus of elasticity of the concrete. Relatively speaking, the performance of the
concrete that included silica fume was identical to that of the concrete without silica fume. The
researchers believed this outcome was due to poor consolidation as a result of low slump and a
relatively short curing time of only 28 days. Although silica fume was unsuccessful as an
admixture, the high-range water reducing agent proved to be advantageous for improving the
strength and Young’s modulus of the concrete containing RAP. Conversely, the study also
concluded that when the water reducer was used in conjunction with the silica fume, its positive
effects on the concrete pavement were negated. It was ultimately determined that the HRWRA
alone had the capability to improve the compressive strength, split tensile strength, and elastic
modulus of the concrete containing RAP.

2.4 Research by Hossiney
In 2008, Nabil Hossiney from the University of Florida worked with the Florida Department of

Transportation (FDOT) to study the performance of RAP concrete used in a rigid pavement
application (Hossiney, 2008). In their study four concrete mixtures containing reclaimed asphalt
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pavement were evaluated in a laboratory setting. The tested material properties were then used
in a finite element model to assess how the concretes would behave as a pavement under typical
Florida roadway conditions.

The reclaimed asphalt pavement used in the research was obtained from an asphalt plant in
Gainesville, Florida. The natural aggregate consisted of a porous limestone coarse rock and a
standard silica sand fine material. The mixtures evaluated in the study included 0, 10, 20, and 40
percent RAP aggregate. Typical ASTM tests were done on the wet concrete and in the cured
state. The material was tested for compressive strength, modulus of elasticity, splitting tensile
strength, flexural strength, shrinkage, and coefficient of thermal expansion.

Laboratory test results indicated that the compressive strength, splitting tensile strength, flexural
strength, and elastic modulus of the hardened material were inversely related to the amount of
RAP in the mix; these material properties all decreased as the RAP replacement rate was
increased. It was also found that the coefficient of thermal expansion was unaffected by the
inclusion of reclaimed asphalt pavement in the concrete mixture, and shrinkage tendencies of the
material decreased as the RAP content increased.

The material properties, characterized through the laboratory testing, were then input into a finite
element model of a typical Florida pavement section constructed with the RAP concrete.
FEACONS 1V (Finite Element Analysis of Concrete Slabs version IV), a program developed at
the University of Florida, was used to perform a stress analysis of a pavement configuration with
each of four tested concrete mixtures. The maximum stresses occurring in the concrete slab were
analyzed for each of the four varying concrete mixtures, and a stress ratio was calculated
(defined as the ratio of the maximum stress to the compressive strength of the concrete). This
analysis found that as the RAP content increased, the stress ratio decreased. For pavement
applications, a lower stress ratio is desirable, indicating that the material can withstand more
fatigue cycles suggesting that RAP concrete may perform well when employed as a PCCP.

2.5 Research by Brand, Roesler, Al-Qadi, and Shangguan
The Illinois State Toll Highway Authority sponsored a research program in 2012 to investigate

the use of fractionated reclaimed asphalt pavement (FRAP) in concrete pavement (Brand,
Roesler, Al-Qadi, & Shangguan, 2012). In this research, the virgin coarse aggregate was
partially replaced with RAP at various rates (0, 20, 35, and 50 percent), while the fine virgin
aggregate was not replaced with RAP. The researchers evaluated the concretes’ performance
relative to numerous mechanical and durability tests. The mechanical properties investigated
were compressive and tensile strengths, elastic and dynamic moduli, and shrinkage. As for
durability, the concretes were evaluated for chloride permeability, freeze/thaw resistance,
fracture toughness, and alkali silica reactivity. The researchers found that compressive strength,
tensile strength, and elastic moduli decreased with increasing RAP content; whereas, shrinkage
was relatively unaffected by including RAP. The presence of RAP did not significantly affect
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the rapid chloride penetration tests; however, it did affect freeze-thaw resistance, although all
concretes maintained adequate durability factors after 300 cycles. Fracture toughness was shown
to decrease with increasing RAP content. The ASR tests indicated that the RAP was not
reactive.

The RAP used in a majority of this research was either washed or dry sieved to remove dirt and
finer RAP particles. This process was found to be costly; therefore, the researchers investigated
the effect of not washing the RAP prior to concrete batching, and found that further processing
the RAP did not affect strength properties.

Overall, the researchers concluded that a concrete containing up to 50 percent coarse RAP
replacement may be suitable for pavements in Illinois.

2.6 Application of Response Surface Methodology to Concrete Mixtures,

Federal Highway Administration
Although response surface methodology (RSM) has been used in many areas of research, it has

not been widely employed in civil engineering; however, the Federal Highway Administration
(FHWA) has investigated this statistical procedure’s usefulness in developing concrete mixtures
(Simon, 2003). The FHWA used this procedure to optimize concrete mixture proportioning
based on a number of performance criteria, including: plastic state concrete properties,
mechanical properties of the cured product, and cost. As a part of their study, the FHWA team
applied the central composite design (CCD) method and used five independent variables to
define their concrete mixture. These variables included: water-to-cement (w/c) ratio, fine
aggregate, coarse aggregate, high-range water-reducing admixture (HRWRA), and silica fume.

As part of this research, a total of 31 concrete batches as specified by the CCD experiment
design were produced over a six-week period. From each batch, ten 100-by-200-mm cylinders
were cast, and two slump tests and one air content test were conducted. The responses used in
the analysis included: one-day compressive strength, 28-day compressive strength, rapid chloride
test (RCT) charge passed, as well as cost estimated as dollars per cubic meter. Desirability
functions were defined for each of the responses, dictating which value is optimum for each
dependent variable. The researchers successfully implemented this procedure and used it to
develop several optimum mixes.

Upon successful completion of their RSM study, the FHWA went on to develop and sponsor a
software program specifically designed to perform the calculations necessary to apply RSM
methodology for concrete mix design. The software is entitled “COST” and is available online
as an interactive website, where the user is required to enter various parameters pertaining to
their experiment. This application is ideal for the following two scenarios:

J The end goal is to set concrete mixture proportions based on material specifications
and cost.
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o The objective is to maximize or minimize certain response parameters (dependent
variables) in a manner that is irrelevant to the cost of the final product.

It should be noted that the COST program was not used in this project because it was not capable
of handling the number of independent variables used in this research.
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3 MATERIALS

One of the first steps in this project was to determine sources for the materials to be used, i.e., the
RAP, natural aggregates, cement, fly ash, and concrete admixtures. The research team believed
it was important to use materials similar to those typically used on roadway projects. MDT
provided direction on typical properties of PCCP material used on its projects, and researchers
reviewed sources across the state to find suitable materials for the study. This chapter discusses
the different mix ingredients that were evaluated as part of this research, as well as the properties
of the materials that were chosen for use in this study.

3.1 Reclaimed Asphalt Pavement
An appropriate RAP source proved to be the most difficult item to secure. RAP from multiple

locations across Montana was evaluated both qualitatively and quantitatively, and throughout
this process, much was learned about the production, character, and variability of this material.
Based on the literature review and conventional concrete practice, RAP characteristics of interest
in the mix design process include its asphalt content, particle gradation, moisture condition,
age/weathered condition, and unit weight. These various characteristics vary with the RAP
source, based on among other things, the characteristics of the asphalt pavement from which the
RAP was produced.

3.1.1 Material Characteristics
Several sources suggest that the typical hardened asphalt cement content for RAP ranges from 3

to 7 percent (FHWA, 1997), and according to MDT, RAP that is about 5 to 7 percent asphalt is
most representative of a Montana pavement. MDT also has a number of specifications for
aggregates to be used in Portland cement concrete pavements, among which is aggregate
gradation. The gradation requirements can be found in Table 1 and Table 2 for the fine and
coarse aggregate, respectively (MDT, 2006).

Table 1: MDT Fine Aggregate Gradation Specifications

Sieve Size Percent Passing Percent Passing
(ASTM) (MDT)
3/8-in 100 100
No. 4 95 to 100 95 to 100
No. 8 80 to 100 80 to 100
No. 16 50 to 85 50 to 85
No. 30 25 to 60 25 to 60
No. 50 10 to 30 5to 30
No. 100 2to 10 0to 10
No. 200 -- 0to3

Western Transportation Institute 9



Materials

Table 2: MDT Coarse Aggregate Gradation Specifications

Percentages By Weight Passing Square Mesh Sieves Designated Sizes
Sieve Size No. 1 No. 2 No. 3 No. 4
No.4to1%” No. 4 to %4~ No.4to1%” No. 4 to 2"
2 100 -- 100 --
11727 95-100 -- 90-100 --
1” - 100 20-55 --
3/4” 35-70 90-100 0-15 100
1/2” - -- - 90-100
3/8” 10-30 20-55 0-5 40-70
No. 4 - 0-10 - 0-15
No. 8 - 0-5 - 0-5

*Note: Nos. 1, 2, 3, and 4 correspond to AASHTO/ASTM designations 467, 67, 4, and 7 respectively.

It should be noted that RAP aggregates may have moisture contents as high as 5 to 8 percent,
depending on where and how long the material has been stockpiled (FHWA, 1997). The
material’s absorption characteristics can cause issues with the apparent mix water available to
react with the Portland cement, which must be considered when RAP is used as an alternative
aggregate in concrete mixtures. The weathering experienced by RAP can also cause the asphalt
retained within the RAP to harden slightly. Further exposure also causes the milled material to
physically break down or conglomerate. As was found in reviewing RAP sources for this project
(as reported on below), the length of time the RAP has been stockpiled greatly affects its
physical characteristics as an aggregate.

The unit weight of RAP material is highly dependent upon the original natural aggregate that
was used in the pavement and the moisture content of the stockpiled product. There is a fairly
limited amount of data available characterizing this physical property; however, it has been
concluded that the unit weight of the milled or processed RAP is slightly lower than that of
standard virgin aggregate, and ranges from 120 to 140-pcf.

3.1.2 Source
With these characteristics of reclaimed asphalt pavement in mind, the research team evaluated

five potential sources for RAP aggregate to be used in this project. These sources included: I-15
near Hardy Creek, an unprocessed material from Main Street of Lewistown, the same Lewistown
RAP after processing, [-90 west of Big Timber, and U.S. Highway 191 south of Harlowton.

3.1.2.1 Hardy Creek RAP

The first RAP material evaluated came from I-15 near the Hardy Creek exit, about 30 miles
south of Great Falls. A typical sample of the material collected from this site is shown in Figure
2 below. The pavement was milled on March 29, 2010 and was sampled the same day. In a
qualitative comparison to the other RAP samples, the Hardy Creek material appeared to contain
the largest amount of %-inch plus aggregate particles. Having been recently milled off the
roadway, the material stockpile was soft and relatively easy to dig into. At the time of sampling,
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the Hardy Creek material had just been taken off the roadway and was generally “loose” with no
large clumps of aggregate that would warrant crushing.
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Figure 2: Hardy Creek RAP églmple

3.1.2.2 Unprocessed RAP from Lewistown

The second RAP material investigated was collected from a stockpile in Lewistown, Montana.
This RAP is shown in Figure 3. The material was milled off of Lewistown’s Main Street in the
summer of 2008; the sample was obtained on April 12, 2010. A portion of material from this site
was crushed by Casino Creek Concrete in Lewistown, and both the natural-state and processed
RAP were evaluated. Based on simple visual assessment, the unprocessed Lewistown material
was significantly more weathered than the other RAP materials. The stockpile had been open to
the elements for about two years, and the exposure clearly affected some of the physical
characteristics of the material. In general, the particles were much smaller in size relative to
some of the other “younger” RAP sources, and unlike the other sources, the aggregate was
rounded with hardly any angular faces. The unprocessed Lewistown material was placed in a
burn oven, and it was found to have an asphalt content of about 7 percent. This value is on the
high end of the range normally expected for RAP. In visually contrasting this sample to the
other RAP materials, the Lewistown RAP appeared darker. The dark hue of the aggregate could
be attributed to the material’s high water content, as the stockpile had been exposed to harsh
weather conditions for an extended period of time. The stockpile as a whole had become very
hard, and the material was beginning to clump together in large chunks. While the individual
particles were smaller in size than generally observed at the other sites, they typically were
clumped together, requiring that the pile undergo some sort of processing/crushing prior to use.
It was also suspected that the coarse and fine aggregates of the stockpile became segregated as
the material aged.
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Figue 3: Uill;;b'zessed Lewistown RAP Sample

3.1.2.3 Processed RAP from Lewistown

As mentioned, a portion of the material from Lewistown was crushed at a local concrete plant.
The mechanical processing greatly changed the physical qualities of the RAP aggregate, creating
a material that was comprised of uniformly sized angular particles. The crusher was set to break
up the larger chunks of material (material retained on a 34-inch screen), with the smaller clumps
bypassing the equipment and being sent to a separate pile. The majority of the RAP was in this
latter category, and thus bypassed the crusher. . The material that bypassed the crusher became
very segregated and unevenly graded. The material that did go through the crusher was broken
down into particles that ranged in size from the No. 16 to the No. 4 sieve. The crushed
aggregates were much more angular relative to their original shape, and the distribution of the
asphalt throughout the material was visibly changed. Prior to processing, the particles appeared
to be evenly coated with a thin layer of asphalt, but after being sent through the crusher, many of
the particles had clean faces from being broken down, and it was fairly evident that other
aggregate consisted entirely of asphalt. The processed Lewistown material is pictured in Figure
4. The dark material on the far left is from the waste pile, the smaller aggregates in the middle
are from the fine pile produced by the crusher, and the material on the far right is from the coarse
pile from the crusher.
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3.1.2.4 Big Timber RAP

RAP aggregate from 1-90 just west of Big Timber was also evaluated for use in this study. This
material is shown in Figure 5. The material was milled on April 21, 2010 and the RAP was
sampled from a stockpile by MSU researchers on April 22, 2010. The material in the stockpile
was very dry and loose, and it was not exposed to any sort of precipitation from the time it was
milled until it was sampled. A sieve analysis performed on this material showed it to be well
graded, with an even distribution of particles. The milling process created angular faces on the
aggregates, and the stockpile was clean of deleterious materials.

Figure 5: Big Timber RAP Sample

3.1.2.5 Harlowton RAP

A final RAP sample was collected from U.S. Highway 191 just south of Harlowton, Montana. A
sample of the material collected at Harlowton is shown in Figure 6. A portion of the roadway
was milled on April 21, 2010 and the material was sampled from a stockpile on the following
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day. A sample of this material is shown in Figure 6. The stockpile was loose, but it did appear
moist. Weather records indicated that there was a small precipitation event that occurred while
the material was stockpiled. The Harlowton RAP was similar to the sample collected at Big
Timber in that both materials were well graded with angular particles.

3.1.3 Processing
Due to the material’s age (freshly milled), asphalt content (within the range of 5 to 7 percent

typical of Montana RAP), and availability, the RAP from I-15 near Hardy Creek was chosen for
this study. Ten yards of the Hardy Creek RAP was transported to the Montana State University
campus, where it was processed for use as a replacement aggregate in concrete pavement.

Relative to minimizing the cost and environmental impact of its use in concrete, ideally the RAP
would require no processing prior to its addition to the mixture. Thus, the RAP processing
method employed in this study embodied a minimalistic philosophy. The material was screened
to remove all particles % inch and larger (more specifically, the particles retained on a % inch
screen), with the remaining RAP then being fractionated on a No. 8 sieve. Fractionating on this
sieve was found to yield coarse and fine fractions with gradations closely matching MDT
specifications (as is shown in the material properties reported in the next section of this report).
The RAP material was not processed beyond what is described herein (e.g., washing). Once
processed, the RAP was placed in 1-cubic-yard sling bags and covered for future use.

3.1.4 Material Properties of Hardy Creek RAP
The fine and coarse Hardy Creek RAP aggregates were tested for standard material properties,

including gradation. The gradation curves are presented in Figure 7 and Figure 8 for the fine and
coarse RAP aggregate, respectively. As previously mentioned, the physical properties of RAP
have a tendency to change during extended stockpiling; therefore, it is important to note that
these gradation curves represent the material immediately after processing. The fine aggregate is
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completely enveloped by the MDT specification limits; however, the coarse aggregate is slightly
finer and more poorly graded than is required by the specifications.

Relative densities, absorption capacity and average moisture contents of the fine and coarse
fractions of the RAP aggregate are reported in Table 3 and Table 4, respectively.
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Figure 7: Fine RAP Gradation Curve
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Figure 8: Coarse RAP Gradation Curve
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Table 3: ASTM C128a Fine RAP Aggregate Test Results

Property Value Units
Relative Density (Specific Gravity) (oven dry) 2.06 unitless
Relative Density (Specific Gravity) (saturated surface dry) 2.18 unitless
Apparent Relative Density (Apparent Specific Gravity) 2.34 unitless
Density (oven dry) 128.56 pcf
Density (saturated surface dry) 136.04 pcf
Apparent Density 146.06 pcf
Absorption Capacity 5.82 percent
Average Moisture Content 3.81 percent

Table 4: ASTM C127 Coarse RAP Aggregate Test Results

Property Value Units
Relative Density (Specific Gravity) (oven dry) 2.41 unitless
Relative Density (Specific Gravity) (saturated surface dry) 2.50 unitless
Apparent Relative Density (Apparent Specific Gravity) 2.67 unitless
Density (oven dry) 150.24 pcf
Density (saturated surface dry) 156.38 pcf
Apparent Density 166.63 pcf
Absorption Capacity 4.09 percent
Average Moisture Content 1.97 percent

The asphalt contents of the combined, fine, and coarse RAP were determined in accordance with
ASTM D6307 and are provided in Table 5. As can be seen in this table, the fine RAP had a
higher asphalt content than the coarse RAP (8.5 versus 5.5 percent, respectively).

Table 5: Asphalt Contents of RAP Aggregates

Aggregate Type | Asphalt Content (%)
Combined 6.7
Fine 8.5
Coarse 5.5

To further investigate the nature of the fine and coarse RAP aggregates, the gradation of the

aggregates after removing the asphalt were then determined. The gradations for the fine and

coarse aggregates after removal of the asphalt are provided in Figure 9 and Figure 10,

respectively. The upper and lower gradation limits specified by MDT are also included in these

figures for perspective, along with the gradation of the aggregates prior to removing the asphalt.

Western Transportation Institute

16



Materials

Percent Passing

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

e Burnt Sample <----

1 1.5 2 2.5
Sieve Size Raised to 0.45 Power

-+ Lower Limit = = Upper Limit = = Original

Figure 9: Gradation of Fine RAP after Removal of Asphalt
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Figure 10: Gradation of Coarse RAP after Removal of Asphalt

Removal of the asphalt did not significantly alter the gradation of the fine RAP aggregate (Figure

9). Fine aggregate particle size nominally and relatively uniformly decreased when the asphalt

was removed. The impact on gradation of removing the asphalt was more pronounced for the

coarse aggregate, with many of the apparently conglomerate particles breaking down into a much

finer composition (Figure 10). These conglomerations can be observed in cores taken from

concretes made with this material (Figure 11). These conglomerated particles are suspected to

have a significant effect on the hardened concrete properties.

Western Transportation Institute
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Figure 11: Bonded Asphalt Particles

3.2 Natural Aggregate
As noted in the literature review, the inclusion of RAP has been observed to have significant

adverse effects on the end concrete product; therefore, in an attempt to produce a better material,
RAP was blended with virgin aggregate for each of the concrete mixtures produced in this study.
This section describes the source and material properties for the natural aggregates used in this
study.

3.2.1 Source
Natural aggregates used in this study were purchased from Kenyon Noble, a local concrete

supplier in the Bozeman area.

3.2.2 Material Properties
The fine aggregate was ordinary concrete sand; the coarse aggregate consisted of a standard

cracked-face rock. These aggregates were reportedly in conformance with ASTM C33. The
natural aggregates were tested for density, relative density, and absorption. Results of these tests
are provided in Table 6 and Table 7. Further, the fines’ average uncompacted void space was 39
percent and the coarse material was 28 percent fractured.
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Table 6: ASTM C128a Fine Natural Aggregate Test Results

Property Value Units
Relative Density (Specific Gravity) (oven dry) 2.55 unitless
Relative Density (Specific Gravity) (saturated surface dry) 2.61 unitless
Apparent Relative Density (Apparent Specific Gravity) 2.72 unitless
Density (oven dry) 159.24 pef
Density (saturated surface dry) 163.07 pef
Apparent Density 168.25 pef
Absorption Capacity 2.42 percent
Average Moisture Content 1.82 percent

Table 7: ASTM C127 Coarse Natural Aggregate Test Results

Property Value Units
Relative Density (Specific Gravity) (oven dry) 2.70 unitless
Relative Density (Specific Gravity) (saturated surface dry) 2.73 unitless
Apparent Relative Density (Apparent Specific Gravity) 2.78 unitless
Density (oven dry) 168.33 pef
Density (saturated surface dry) 170.20 pcf
Apparent Density 173.54 pcf
Absorption Capacity 1.11 percent
Average Moisture Content 0.54 percent

Gradation curves for both fractions of the natural aggregates are shown in Figure 12 and Figure

13. Similar to the RAP material, the fine aggregate was within the bounds given by MDT

specifications, while the coarse aggregate was outside of its specified limits across certain

particle sizes. Further, the natural coarse material contained more large particles than the RAP

coarse aggregate.
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Figure 12: Fine Natural Aggregate Gradation Curve
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Figure 13: Coarse Natural Aggregate Gradation Curve

3.3 Combined Aggregate

The concrete mixtures evaluated in this research effort included a mixture of natural and RAP
aggregates. In this section, the results of a gradation study on a mixture of 50 percent natural
aggregates and 50 percent RAP aggregates (by weight) are presented. It should be noted that the
concrete mixtures studied in this research used a variety of replacement rates; therefore, the
combined gradation curves for the actual mixes used in this research would vary from the curve
shown. However, these curves provide an example of how the inclusion of natural aggregates
can affect the aggregate gradation of a partial RAP replacement mix. The following curves
represent the average gradation for three separately mixed samples that were tested. The
combined gradation for the fine material fell in the middle of MDT’s specified fine aggregate
gradation limits (Figure 14), while the coarse material was outside these limits (Figure 15), being
generally more uniform in size than allowed by the limits.
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Figure 14: Combined fine gradation curve
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Figure 15: Combined Coarse Gradation Curve

3.4 Portland Cement
Type I/II Portland cement was used as the primary binder in this study, per MDT specifications.

The cement was obtained from the Holcim cement plant near Trident, MT. The chemical and

physical properties (ASTM C15) of the cement used in this project are provided in Table 8.

Western Transportation Institute
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Table 8: Chemical and Physical Properties of Portland Cement, ASTM C150

Chemical Properties

Item Limit Result

Si0, (%) NA 20.4
Al,O5 (%) 6.0 max 4.2
Fe,05 (%) 6.0 max 3.1
CaO (%) NA 64.4
MgO (%) 6.0 max 2.2
SO; (%) 3.0 max 2.8
Loss on Ignition (%) 3.0 max 2.5
Insoluable Residue (%) 0.75 max 0.44
CO, (%) NA 1.7
Limestone (%) 5.0 max 3.9
CaCQ; in Limestone (%) 70 min 99
Inorganic Processing Addition 5.0 max 1.9
Potential Phase Compositions:

C;8S (%) NA 59

C,S (%) NA 14

C3A (%) 8.0 max 6

C4AF (%) NA 9

C35+4.75C;A (%) NA 87.5

Physical Properties

Air Content (%) 12 max 7
Blaine Fineness (mz/kg) 260 min 413
Autoclave Expansion 0.80 max 0.03
Compressive Strength (MPa) (psi):

3 days 10.0 (1450) min 26.9 (3900)

7 days 17.0 (2470) min 32.2 (4680)
Initial Vicat (minutes) 45 -375 127
Mortar Bar Expansion (%) (C 1038) NA 0.006
Heat of Hydration (kJ/kg) (cal/g):

7 days NA 352 (84)

3.5 FlyAsh

A baseline replacement of 15 percent fly ash by weight of cement was incorporated into each

mix design. The benefits of using fly ash in concrete are at least two fold:

the amount of

Portland cement required in the mix is reduced, and a common waste stream is beneficially used,
rather than landfilled. A Class C fly ash from the J.E. Corette power plant near Billings,
Montana was used throughout this study. Headwaters Resources, the fly ash supplier that

distributes the Corette coal ash, provided the material properties listed in Table 9. The use of

this fly ash at this prescribed replacement rate was found to have no noticeable abnormal effect
on the concrete mixture when compared to RAP control mixes that did not contain fly ash.

Western Transportation Institute
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Table 9: Chemical and Physical Properties of Fly Ash, ASTM C 618

Fly Ash Tests on ASTM Standard Requirements

Chemical Properties

Item Limit Result
Si0, (%) NA 31.59
ALO; (%) NA 17.03
Fe,05 (%) NA 5.76
Sum of Constituents 50.0 min 54.38
SO; (%) 5.0 max 2.14
Ca0 (%) NA 28.27
Moisture (%) 3.0 max 0.02
Loss on Ignition (%) 6.0 max 1.00
Available Alkalis, as Na,O (%) 5.0 max 1.77
Physical Properties

Fineness (% retained on #325) 34 max 11.10
Strength Activity Index (% of control)

7 days 75 min 110

28 days 75 min 15
Water Requirement (% control) 105 max 93
Autoclave Soundness (%) 0.8 max 0.13
True Particle Density NA 2.74

3.6 Air-Entraining Admixture

MICRO AIR by BASF was used to entrain air in the concrete mixtures examined in this study.

MDT specifies a range of 5 to 7 percent entrained air for concrete pavements. The range of air-

entraining dosages used in this research was based on the manufacturer’s suggestions and a
number of preliminary RAP in PCCP screening concrete mixtures.

Western Transportation Institute
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4 EXPERIMENTAL DESIGN

A statistical method (i.e., response surface methodology - RSM) was used in this research to
develop and optimize the concrete mixtures. RSM is a collection of techniques useful for
developing, improving, and optimizing processes. It is also important in the design and
development of new products, as well as improving the design of existing products (Myers &
Montgomery, 2002). RSM is commonly used in many applications in which the relationships
between input variables and responses are not exactly known, and therefore mechanistic models
are not available.

Although RSM is commonly used in the industrial world, its use in concrete mixture design is
fairly limited (Khayat, Ghezal, & Hadriche, 2000; Long, Lemieux, Hwang, & Khayat, 2012;
Simon, 2003; Sonebi, 2010). RSM offers advantages over traditional methods employed for
determining concrete mixture proportions (e.g., ACI 211.1); traditional methods are not capable
of accounting for interactions between constituents, and there is no means to achieve an
optimized mixture (Simon, 2003). In contrast, RSM is capable of doing both with minimal trial
batches.

In RSM, the response is a performance measure or quality characteristic of the process or of the
resulting product from that process. For example, in the case of concrete mixtures, slump, air
content, and 28-day compressive strength are considered responses. [nput variables or
independent variables are subject to the control of the engineer, and potentially influence the
responses. In concrete mixtures, these input variables could be w/c ratio, paste-content, and air-
entraining admixture dosage rate.

The procedure of fitting a response surface to a given process involves designating a set of trial
batches that encompass a range of input variables using a statistical experimental design
procedure. These trial batches are then carried out, and the various responses are measured.
Data from the trial batches are then compiled to create a model consisting of a set of complex
regression equations that can accurately depict the behaviors and interactions of the mix
ingredients and the specified end responses (Simon, 2003). This model can then ultimately be
used for optimization. The experimental design procedure used in this research was the Central
Composite Design (CCD). CCD is an augmented factorial design, which is capable of
estimating second-order models for each of the responses of interest without requiring the
completion of a three-level factorial experiment. Thus, a reduced number of trial batches, in
comparison to other experimental designs, is used to obtain the same statistically verified results
(Simon, 2003). In addition to factorial points, this experimental design includes several center
point runs to provide an estimate of the pure error, which is associated with the testing
procedures. Axial points (outside the region of interest) are also included to allow for efficient
estimation of pure quadratic terms in the regression equations.
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The experimental design was implemented in multiple phases in this research. First, initial
screening mixes were carried out to identify the general effects of including RAP aggregates in
concrete, and to determine appropriate independent variables and ranges for the variables. An
initial CCD-based investigation was then conducted using five independent variables. A follow-
on CCD-based study was then carried out for three selected variables over a refined region of
interest suggested by the initial and broader CCD investigation. Key findings from both studies
are presented in this chapter; further analyses and results are provided in Appendices A and B for
the initial and follow on studies, respectively.

4.1 Responses and Variables
The mixture responses chosen for this study were slump, air content, 7- and 28-day compressive

strengths, and 28-day modulus of rupture. Target values for these responses are specified by
MDT (MDT, 2006) for concrete pavements, and are provided in Table 10. These responses were
measured in substantial accordance to ASTM (2009) test procedures. Slump was measured for
each of the trial concrete mixtures per ASTM C 143. Air content was measured for each of the
concrete mixtures according to ASTM C231. Compressive and tensile strengths were measured
according to ASTM C39 and ASTM C78, respectively.

Table 10: Responses and Target values

Response Specification
Slump 1.5+0.75 inches
Air Content 5 to 7 percent
7-Day Compressive Strength Minimum of 2,000 psi
28-Day Compressive Strength Minimum of 3,000 psi
28-Day Modulus of Rupture Minimum of 500 psi

Prior to executing the experimental design, several “screening” mixes were performed to
qualitatively observe how the RAP would generally affect the concrete behavior, and to
determine important mix parameters and their subsequent ranges. The results of this screening
experiment revealed that the RAP had the following effects on the concrete mixtures:

o the fine RAP appeared to have more adverse effects on the strength of the cured
product than the coarse RAP

o preliminary mixes consistently contained about 2.5 percent entrapped air

o form release oil used on steel specimen molds appeared to react with the asphalt
coating the aggregates, leaving an oily residue on the outside of the specimens

o bleed water and shrinkage appeared to be non-issues
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J high water-cement ratios as well as high RAP contents resulted in compressive
strengths below target values

Further, based on these trial mixes, five mix parameters were chosen for the independent
variables based on the significance of their impact on the properties of concrete containing RAP:
water-to-cementitious material ratio (w/c), paste volume, fine RAP replacement rate, coarse RAP
replacement rate, and air-entraining admixture dosage rate. Ranges for these parameters were set
based on the results of the screening mixes and on the knowledge and experience of the research
team. The initial experimental design used all five of these parameters over the ranges specified
in Table 11. The fine and coarse RAP contents in the mixtures were defined as replacement
percentages; that is, the alternative RAP material replaced the specified percentage of the natural
aggregate (by volume).

As was stated earlier, a follow on statistical experimental design was subsequently carried out
with fixed replacement rates, and over a modified region of interest that provided more
appropriate responses. The ranges used in the follow on statistical experimental design are also
provided in Table 11. As can be seen in this table, in the follow on study the ranges for paste
content and air-entraining admixture were reduced, and the fine and coarse replacement rates
were fixed at 0.5 and 1.0, respectively.

Table 11: Independent Variables and Ranges

Variable Initial Design Follow-on Design
w/c Ratio 0.35 to0 0.45 0.35 to 0.45
Paste Volume Fraction 0.27 to 0.40 0.30 to 0.40
Fine RAP Replacement Fraction 0.00 to 0.50 0.50 (fixed)
Coarse RAP Replacement Fraction 0.25t0 1.00 1.0 (fixed)
Air-Entraining Admixture Dosage Rate (mL/100#) 50 to 250 52-200

The screening mixes also provided insight into two other mix parameters: the coarse-to-fine
aggregate ratio and fly ash replacement rate. Mixes with a coarse-to-fine aggregate ratio of 1.36
(by weight) performed well in the screening mixes, and therefore, this value was chosen for the
mixes in this study. This ratio is consistent with ranges typically observed in conventional
concrete. A Class C Fly ash was included in the mixtures to reduce the environmental impact of
this concrete. A replacement rate of 15 percent (by weight) was chosen because this replacement
rate was found to have no noticeable abnormal effect on the concrete mixture when compared to
RAP control mixes that did not contain fly ash.

The absolute volume method was used to proportion the mixes once the w/c ratio, paste volume
(or paste content), and coarse to fine aggregate ratio were prescribed. For the initial CCD study,
the mix water was adjusted based on the measured moisture content (on the day of mixing) of
both the virgin and RAP aggregates. However, this proved to be a significant source of scatter in
this initial CCD study. Adjusting for the moisture content in the RAP aggregates based on what
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appeared to be the saturated, surface dry (SSD) state of the RAP was particularly problematic.
Therefore, the mixes were not adjusted for moisture content in the follow-on study. This issue is
discussed in greater detail in Appendix A. An example of the mix calculator used to proportion
the mixes is provided in Appendix D.

4.2 Concrete Batching and Test Specimen Preparation
Each of the concrete test batches were mixed according to ASTM C192. A 10-ft* electric

portable mixer was used for the preparation of each concrete batch. Mixing proceeded as

follows:

1. With the mixer off, all of the coarse aggregates, approximately one quarter of the
mixing water, and the air-entraining admixture were placed in the mixer.

2. The mixer was turned on, and after 30 seconds of mixing the remaining fine
aggregates, cement, fly ash, and mix water were added.

3. The constituents were mixed for three minutes.

4, The mixer was then turned off, and the material was allowed to rest for an additional
three minutes.

5. The mixer was restarted, and the material was mixed for a final two minutes.

When moisture content corrections were made (i.e. in the initial experimental design), the
aggregates for the concrete batches were sealed in buckets at least 24-hours prior to mixing, and
the moisture content of each of the four aggregate materials was measured to calculate necessary
mix water adjustments.

Slump and air content tests were performed per ASTM specification, as described in the previous
section. Strength test specimens were then cast in two lifts and consolidated via external
vibration with a basic shake table. After the specimens were allowed to set for 24-hours, they
were de-molded and placed in a cure room until the specified test date.

4.3 Initial Experimental Design
An initial experimental design was carried out for all five independent variables presented in the

previous section over the full range presented earlier. While key findings are presented in this
section, details of this study are provided in Appendix A. For five variables, the CCD
methodology used in this research designates a total of 30 trial batches, which consist of 16
factorial runs, 10 one-factor-at-a-time runs at the axial points, and four center point runs. The
design points for this CCD are provided in Table 12, while the 30 trial batches resulting from
these design points are provided in Table 13. The factorial points in Table 12 are the bounds of
the factorial runs, and designate the region of interest, which corresponds to the region in which
the resulting response surface models are most applicable.
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Once designated, these mixes were performed in a laboratory setting, and the responses were
recorded. The resulting responses are included in Table 13, with the summary statistics for these
responses provided in Table 14. Regression equations were then fit to this data, and the resulting
response surfaces were evaluated for statistically significant variables and goodness of fit.
Included in Table 14 are the variables that were determined to be statistically significant and the
R? values for each response surface. Statistical significance was assessed by analysis of variance
(ANOVA) calculations; in particular, variables with p values less than 0.05 were designated
“significant”. The R? values quantify the goodness of fit of the resulting response surface model
to the collected data: an R* equal to 1.0 corresponds to a perfect fit, while a value close to 0
corresponds to a poor fit. As can be seen in the table, the resulting response surface models for
each response had R? values near 0.90, indicating a good fit for each response. It should be
noted that the response surface models were further evaluated via predicted-versus-observed
scatter plots (Appendix A) and residual plots. These plots did not reveal any systematic
variance, and therefore, provided another positive indicator of model performance.

Table 12: Design Points for Initial Experimental Design

Independent Variable Axial Low ?_;:;11 Faﬁ?;lal Center Fa}clti;;lal
w/c Ratio 0.35 0.45 0.3750 0.4000 0.4250
Paste Volume 0.27 0.40 0.3025 0.3350 0.3675
Fine RAP Replacement 0.00 0.50 0.1250 0.2500 0.3750
Coarse RAP Replacement 0.25 1.00 0.4375 0.6250 0.8125
Air Dosage Rate (mL/100#) 50.0 250.0 100.0 150.0 200.0

Despite the good fit for each response, these response surface models were found difficult to use
in developing an optimum PCCP mix (i.e., a mixture with the target properties given in Table
10), as the observed properties of the trial mixtures were generally too distant from the target
response values. Notably, the target responses for slump and air content were 1.5 inches and 6
percent, while the average responses for the trial mixtures in the initial experimental design were
4.75 inches and 9.84 percent. However, this study provided valuable insight into the effects of
the independent variables on all five responses for the larger region of interest.

Referring to Table 15, of particular interest was the effect of RAP replacement rate on concrete
compressive strength, the only response significantly correlated with RAP use. To evaluate this
effect further, the 28-day compressive strength response surface is plotted as a function of fine
and coarse RAP replacement rates in Figure 16 (with the other three variables —w/c ratio, paste
volume, and air dosage- held constant at their center points), while cross-sections of this
response surface are provided in Figure 17. As can be seen in these figures, as expected, an
increase in both fine and coarse replacement rates result in a decrease in compressive strength.
However, the effect of the fine aggregate replacement rate is decreased with increasing coarse
RAP replacement. For example, at 0.8 coarse RAP replacement the fine aggregate replacement
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rate has little to no effect on the compressive strength (for the range of fine aggregate
replacement rates considered).

Table 13: Summary of Mixes and Measured Results for Initial Experimental Design

Independent Variables Measured Responses
MixID wie Ratio Paste Fine RAP  Coarse RAP Air Dosage Slump Air Content  7-Day fc 28-Day f'c 28-Day MOR Environment
Volume  Replacement Replacement (mL/100#) (inches) (%) (psi) (psi) (psi) al Factor

17.1 0.35 0.335 0.25 0.625 150 0.19 3.8 3559 4282 870 0.875
18.2 0.45 0.335 0.25 0.625 150 7.75 13.0 1440 1823 444 0.875
30.3 (C) 0.4 0.335 0.25 0.625 150 6.00 13.0 1529 2154 487 0.875
25.4 0.4 0.335 0.25 0.625 50 5.88 6.8 2609 3246 652 0.875
35 0.375 0.3025 0.375 0.4375 100 2.63 7.2 2524 3193 608 0.8125
28.6 (C) 0.4 0.335 0.25 0.625 150 4.25 10.0 1986 2585 461 0.875
1.7 0.375 0.3025 0.125 0.4375 200 1.25 6.2 3268 3660 685 0.5625
26.8 0.4 0.335 0.25 0.625 250 4.75 13.0 1562 1927 450 0.875
279 (C) 0.4 0.335 0.25 0.625 150 5.13 12.0 1940 2339 525 0.875
8.10 0.375 0.3675 0.375 0.8125 100 4.06 6.8 2297 2876 564 1.1875
22.11 0.4 0.335 0.5 0.625 150 3.75 8.5 1937 2318 450 1.125
11.12 0.425 0.3025 0.375 0.4375 200 5.00 12.0 1664 1879 424 0.8125
2.13 0.375 0.3675 0.125 0.4375 100 5.38 9.5 2815 3335 639 0.5625
19.14 0.4 0.27 0.25 0.625 150 5.38 9.5 2339 2971 565 0.875
12.15 0.425 0.3025 0.375 0.8125 100 2.13 8.0 1988 2431 531 1.1875
4.16 0.375 0.3025 0.375 0.8125 200 1.13 6.6 2283 2639 541 1.1875
15.17 0.425 0.3675 0.375 0.4375 100 8.50 10.0 2130 2362 538 0.8125
29.18 (C) 0.4 0.335 0.25 0.625 150 5.25 12.0 1843 2213 505 0.875

24.19 0.4 0.335 0.25 1 150 5.38 13.0 1480 1795 470 1.25
21.20 0.4 0.335 0 0.625 150 4.13 11.0 2020 2579 510 0.625
6.21 0.375 0.3675 0.125 0.8125 200 6.38 125 1798 2178 516 0.9375
7.22 0.375 0.3675 0.375 0.4375 200 6.00 10.5 2072 2592 533 0.8125
10.23 0.425 0.3025 0.125 0.8125 200 5.13 12.5 1472 1809 391 0.9375

23.24 0.4 0.335 0.25 0.25 150 4.50 10.0 2412 3150 607 0.5
9.25 0.425 0.3025 0.125 0.4375 100 3.25 8.0 2578 3209 476 0.5625
20.26 0.4 0.4 0.25 0.625 150 7.50 10.0 2252 2833 549 0.875
14.27 0.425 0.3675 0.125 0.8125 100 7.13 9.5 2130 2555 498 0.9375
16.28 0.425 0.3675 0.375 0.8125 200 7.13 135 1516 1722 403 1.1875
13.29 0.425 0.3675 0.125 0.4375 200 8.13 115 1722 2622 606 0.5625
2.30 0.375 0.3025 0.125 0.8125 100 0.75 53 2772 3420 716 0.9375

Table 14: Response Statistics for Initial Experimental Design

Response Observed Observed R’ Statistically Significant
Range Average Variables

Slump (inches) 3/16 to 8.5 4.75 0.86 w/c, paste content
Air Content (%) 3.80 to 13.50 9.84 0.90 w/c, paste, air dosage
7-Day Compressive Strength (psi) | 1440 to 3559 2131 0.93 wi/c, coarse RAP, air dosage
28-Day Compressive Strength 1722 to 4282 2623 0.92 | wi/c, fine RAP, coarse RAP, air
(psi) dosage
28-Day Rupture Strength (psi) 391 to 870 541 0.90 w/c, air dosage
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The magnitude of the effect of including RAP is significant; the compressive strength is reduced
by nearly 70 percent when the RAP replacement rates are at the maximum values considered in
this study as compared to the minimum values. Nonetheless, the decision was made to continue
to pursue mix designs that maximized RAP replacement rates to recycle as much RAP as

possible, recognizing that increased amounts of cementitious materials would be required to
approach the typically targeted minimum of 3,000 psi for PCCP.

Replacement rates of 0.5 and 1.0 were chosen for the fine and coarse aggregates, respectively.
The 1 to 2 ratio of fine to coarse replacement rates is consistent with the yields obtained from the
screening process described in the previous chapter. That is, the screening process resulted in
twice the amount of coarse RAP aggregate as fine RAP aggregate.
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Figure 16: 28-day Compressive Strength vs. Coarse and Fine RAP Replacement Rates
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Figure 17: Effect of Fine and Coarse Replacement on 28-day Compressive Strength

Another key observation made during this initial study was that traditional methods for adjusting
for aggregate moisture content may not be applicable for the RAP aggregates due to the nature of
the oil coated RAP aggregates. This phenomenon is discussed in greater detail in A.3.2.

4.4 Follow-on Experimental Design
Upon completion of this initial study, a second CCD analysis was carried out with a modified

region of interest and fixed replacement rates of 0.5 and 1.0 for the fine and coarse aggregates,
respectively. This follow-on CCD produced mixtures with properties more consistent with target
responses for concrete pavements.

The design points for this CCD are provided in Table 15. A total of 16 trial batches were used in
this study, of which 14 were unique mixes and 2 were replicates at the center point. The mix
parameters for these 16 trial batches are provided in Table 16 along with the resulting measured
responses for each mix. Summary statistics for these mixes are provided in Table 17. The
responses used in this experimental design were: slump, air content, and 7- and 28-day
compressive strengths; 28-day modulus of rupture was not included as a response. This decision
was made due to the strong correlation observed in the initial study between the compressive
strength and modulus of rupture, and therefore little was gained by including this response. This
decision minimized the amount of material required per mix, and allowed the research team to
reduce trial batches from 2.9 cubic feet to 1.5 cubic feet.

As intended, the mixtures used in this CCD had properties more suitable for a PCCP mixture
(i.e., average slump of around 2 inches and air content of 5.78 percent compared to target
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realizations of these responses of 1.5 inches and 6 percent, respectively). Furthermore, the
resulting response surfaces from this CCD were determined to fit the data well. Goodness of fit
statistics for response surfaces are provided in Table 17, along with the statistically significant
variables for each response. The R? values indicate a good fit for each of the resulting response
surfaces. Slump, 7-day and 28-day compressive strengths had R values greater than 0.93, with
the air content having the least R? value of 0.82. As was done in the initial study, statistical
significance was evaluated via ANOVA calculations with a p-value threshold of 0.05. The
response surfaces were further evaluated with residual plots and measured-versus-predicted
scatter plots (Appendix C). These plots revealed no systematic variance of the residuals.

Table 15: Design Points for Follow-on Experimental Design

Independent Variable Axial Low Axial High | Factorial Low Center Factorial High
w/c Ratio 0.32 0.48 0.35 0.4 0.45
Paste Volume 0.27 0.43 0.3 0.35 04
Air Dosage Rate
(ml/1004) 1.55 250.45 52 126 200

Table 16: Summary of Mixes and Measured Responses for Follow-on Experimental Design

Independent Variables Measured Responses
. . Paste Air Dosage Stump Air Content  7-Day fc  28-Day fc
MixID - wicRatio e L1008 (inches) (%) (psi) (ps)
16.1 (C) 0.4 0.35 126 2.25 6 2424 2847
22 0.35 0.3 200 0 4.5 2592 3317
14.3 0.4 0.35 250 2.75 8 2130 2587
7.4 0.45 0.4 52 8.75 5 2174 2749
4.5 0.35 0.4 200 1.25 5.3 2882 3521
5.6 0.45 0.3 52 0.13 33 1919 2414
13.7 0.4 0.35 2 0.5 3.8 2590 3166
12.8 0.4 0.43 126 6.5 6.6 2396 2749
11.9 0.4 0.27 126 0 7 1937 2137
9.10 0.32 0.35 126 0 3.5 3047 3464
1.11 0.35 0.3 52 0 8 2923 3050
3.12 0.35 0.4 52 1.75 2 3092 3735
6.13 0.45 0.3 200 1.13 6.5 1793 2297
15.14 (C) 0.4 0.35 126 1.88 5.4 2423 3061
10.15 0.48 0.35 126 7.75 8.5 1557 1927
8.16 0.45 0.4 200 8.25 9 1772 2133
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Table 17: Response Statistics for Follow-on Experimental Design

Response Observed | Observed | R’ Statistically Significant Variables
Range Average
Slump (inches) 0 to 8.75 206 | 0.98 wie, paste content, w/c and paste
interaction
Air Content (%) 2t09 5.78 0.83 | wrc, air dosage, w/c and paste interaction
7-Day Compressive Strength (psi) | 1557 to 3092| 2353 0.98 w/c, paste, air dosage
28-Day Compressive Strength (psi)| 1927 to 3735 2822 0.93 w/c, paste content

The response surfaces obtained in this study are directly used in the following section to develop
suitable pavement mixes; therefore, the equations defining these response surfaces are provided
here. The response surfaces for each response have the following general form.

y :ﬁo +ﬁ1WC+B2PC+B3AD +B4WCZ +35PCZ +B6AD2 +ﬁ7WC'PC+38WC'AD+ﬁ9PC'AD

where: y is the particular response of interest, WC is the water to cementitious material ratio, PC
is the paste content, AD is the air dosage rate, and [, through fq are coefficients obtained via
regression for each response. The resulting 8 coefficients for each variable and response are
tabulated in Table 18.

Table 18: Response Surface Equations for Follow-on Experimental Design

Bs for Bs for Bs for Bs for
£ Number Variable
Slump Air Content 7-Day f’c 28-Day f’c
0 - 110.5183 91.3646 -55.4693 -10729.6297
1 wC -367.7477 -150.966 -1008.3762 14896.0771
2 PC -300.2103 -278.4931 -5516.2940 62445.3344
3 AD 0.0243 -0.1705 24541.9826 18.8215
4 W2 2272334 -33.5769 -24666.7723 -10841.0297
5 PC? 138.8451 79.5602 -0.4911 -57807.5308
6 AD? 0 0 0.0012 0.0067
7 WC*PC 637.5 470 -11180.6348 -35915.9655
8 WC*AD 0.0338 0.25 0.4391 -26.5079
9 PC*AD -0.0676 0.2568 -5.2066 -33.0139

These response surfaces are plotted in this section to provide perspective on the validity and
general shape of the various surfaces. Figure 18 is a plot of the slump response surface as a
function of w/c ratio and paste content (the most statistically significant variables for this
response). Figure 19 is a compilation of various cross-sections from this surface, and shows
slump plotted versus paste content for various w/c ratios. In these figures, the air dosage rate is

Western Transportation Institute 33



Experimental Design

held constant at the center point (126 mL/100 pounds of cementitious material). As can be seen
in these figures, slump is expected to increase as a function of w/c ratio and paste content. The
presence of these fairly intuitive relationships helps to confirm the validity of the response
surface model.

Fitted Surface
Variable: Slump

> 20
M <20
B <15
<10
B <5
Il <0

Figure 18: Response Surface for Slump vs. w/c ratio and Paste Content
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Figure 19: Slump vs. Paste Content for Various w/c Ratios
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The air content response surface is shown in Figure 20 as a function of its most statistically
significant variables: w/c ratio and air dosage rate, while several cross-sections of this response
are shown in Figure 21. The paste volume is held at its center point in these figures (0.35). Asis
expected, the air content is projected to increase in a mixture with increasing air dosage and w/c
ratio. However, the trend of increasing air content with increasing air dosage rate decreases with
decreasing w/c ratio, indicating that the effect of the air entraining admixture is diminished with
decreasing w/c ratios.
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Figure 20: Response Surface for Air Content vs. w/c ratio and Air Dosage Rate
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Figure 21: Air Content vs. Air Dosage Rate for Various w/c Ratios
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Finally, the 7- and 28-day compressive strength response surfaces are plotted versus w/c ratio
and paste volume in Figure 24 through Figure 25 (with an air dosage rate of 126 mL/100 pounds
of cementitious material). As can be observed in these figures, the compressive strength of a
mixture is expected to increase with decreasing w/c ratio. As for the effect of the paste content
on strength, the compressive strength is predicted to increase as the paste volume is increased up
to a point, and then hold steady or decrease slightly beyond this point. The trend of increasing
strength with increasing paste content is consistent with what was observed in the preliminary
mixes; however, the opposite trend has been observed in conventional concrete, i.e., decreased
compressive strength with increasing paste content (Kolias & Georgiou, 2005). In conventional
concrete, this trend has been attributed to the theory that cracks propagate more readily in high-
paste mixes than in low-paste mixes (less aggregates in the path of the crack). For the RAP
concrete, the trend of increasing strength with increasing paste content is postulated to be due to
the fact that the RAP aggregates are significantly softer than the cement and conventional
aggregates (due to residual asphalt). Therefore, the effect of the RAP aggregates would be
similar to having voids within the concrete. Increasing the amount of paste (and therefore
decreasing the amount of RAP) should positively affect the strength of the concrete to a point.

Fitted Surface; Variable: 7 Day Strength
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Figure 22: Response Surface for 7-Day Compressive Strength vs. w/c Ratio and Paste Content
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Figure 23: 7-Day Compressive Strength vs. Paste Content for Various w/c Ratios
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Figure 24: Response Surface for 28-Day Compressive Strength vs. w/c Ratio and Paste Content
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Figure 25: 28-Day Compressive Strength vs. Paste Content for Various w/c Ratios

The following section describes how these response surfaces were used to determine mix designs

suitable for concrete pavement applications.
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5 OPTIMIZATION AND SELECTION OF MIXES

In the previous chapter, response surfaces (second-order regression equations) were developed
for slump, air content, and 28-day compressive strength, as functions of the independent
variables: w/c ratio, paste content, and air entraining admixture dosage rate. These response
surfaces quantify the effects that each independent variable has on a given response, as well as
the significance of this effect. Thus, they can be used to obtain a “desirable” result, and often
this “desirable” result may be a function of multiple responses. For example, MDT specifies a
“desirable” concrete for pavements as having a 1.5-inch slump, air content of 6 percent, and a
28-day compressive strength of at least 3,000 psi.

To address this issue of obtaining target results for multiple responses, RSM analyses often use
desirability functions, in which the analyst’s priorities on the response values are built into the
optimization procedure (Myers & Montgomery, 2002). The optimization procedure involves
creating a desirability function for each response, and then using the geometric mean of these
desirability functions to generate a single composite response (Myers & Montgomery, 2002).
This approach was used in the initial CCD analysis (as described in Appendix A); however, a
simpler and more robust approach was used in the follow-on CCD analysis. For a set of target
responses, this simpler approach simultaneously solved the three response surface equations
(presented in the previous chapter) for the three unknown independent variables. That is, the
three response surface equations (for slump, air content, and 28-day compressive strength) were
solved for the three independent variables (w/c ratio, paste volume, and air dosage rate) that
would yield specified target response values. It should be noted that the response surfaces are
nonlinear, and, therefore, multiple solutions may exist. However, during this analysis, only
solutions within or near the prescribed region of interest were considered valid. It should also be
noted that in cases where an exact solution does not exist, this methodology does not allow for
compromise between target responses; whereas, the “desirability” method mentioned above
allows for this compromise.

5.1 Mix Development and Trial Mixes
The approach described above was used in the follow-on study to develop three mixes with

different target performance parameters. The first mix (Trial Mix 1) was developed by targeting
MDT specified values for slump (1.5 inches), air content (6 percent), and minimum 28-day
compressive strength (3,000 psi) for PCCP. To obtain this strength, the resulting mix was rich in
cement, and would be expensive to produce. Therefore, a second mix (Trial Mix 2) was
developed by targeting the same slump and air used for the first mix, but with a lesser
compressive strength of 2,300 psi. A third mix (Trial Mix 3) was developed that targeted the
maximum achievable strength for this concrete while staying within the prescribed limits of
slump and air content. A summary of the resulting mixes obtained using the response surface
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equations developed in the follow-on CCD analysis are presented in Table 19 along with the
predicted responses and their respective 95% confident intervals (CI).

As can be seen in Table 19, Trial Mix 1 had a w/c ratio of 0.386, a paste content of 0.346, and an
air dosage rate of 180.3 mL/100 pounds of cementitious material. This mix is rich in cement
(around 7.5 sacks per cubic yard), and would therefore be expensive to produce. Thus, as
mentioned previously, Trial Mix 2 was developed to reduce the amount of cement by reducing
the required strength of the concrete from 3,000 psi to 2,300 psi. Relative to Trial Mix 1, Trial
Mix 2 had an increased w/c ratio (0.442) and a decreased paste volume (0.307). The total
cement content of Trial Mix 2 was less than in Trial Mix 1 (6.1 versus 7.5 sacks per cubic yard,
respectively). Trial Mix 3 was intended to maximize strength while staying within the limits for
air and slump prescribed by MDT. For this mix, in order to maximize strength, the lower limits
for slump (0.75 inches) and air content (5 percent) were targeted, while the strength was
maximized. These targets yielded a mix with a w/c ratio of 0.34, a paste content of 0.42, and an
air dosage rate of 253.3 mL/100 pounds of cement. This mix is consistent with general concrete
knowledge: the w/c ratio was minimized to increase strength and the paste content was increased
to maintain the required slump. This mix is just outside the prescribed 