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Abstract

With the increasing use of recycled materials in the construction of roadways, it is more critical now
than ever to understand the impact that these materials have on pavement behavior and performance.
Since recycled materials tend to, in general, behave in a more brittle fashion, a primary area of concern
is increased cracking potential. There is a need for a performance-based approach to quantifying the
cracking potential of asphalt mixtures, specifically those with high amounts of recycled content. This
study aimed to first, characterize the impact of using various proportions of recycled materials in asphalt
mixtures, and second, develop a testing protocol to quantify their cracking potential in a way that is
scientifically meaningful and economically practical, while ensuring correlation to independent testing.
A characterization of varying amounts of recycled content displayed a general trend of increased
susceptibility to cracking as recycled content increased. It was determined that low-temperature testing
was not capable of sufficiently distinguishing between these various materials. A practical test method,
the lllinois Flexibility Index Test (I-FIT), was developed, and found to appropriately distinguish between
variations in mix design and characteristics. The I-FIT method is a modification of the semicircle bending
beam (SCB) test; the modification includes the testing temperature, the loading rate, and the analysis of

test data to calculate a developed parameter titled the Flexibility Index.
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1. Introduction

1.1 Background

There is a global push for the inclusion of more “green” construction practices. One common approach
in the pavement community is the reuse of construction materials. Incorporation of recycled content
into new mixtures results in reduced demand for virgin aggregate and binder. The cost savings
associated with this reduction are often paired with reduced material transportation and waste disposal

costs, resulting in potentially significant reduction of construction cost.

Recycled content in hot-mix asphalt (HMA) can be broken down into components such as Reclaimed
Asphalt Pavement (RAP), Recycled Asphalt Shingles (RAS), steel slag, and crumb rubber. In the state of
Illinois, recycled content is being used in increasing quantities. From the year 2012 to 2013, Illinois has
seen a 43% increase in recycled tonnage used. The state of Illinois used 1,731,296 tons of reclaimed and
recycled materials in 2013, approximately four times as much as that in 2009. The use of RAS in AC
paving increased 221% from 2012 to 2013. This surge in the use of recycled content originated in the
1970’s during the Arab oil embargo, where oil prices (and consequently asphalt binder prices) increased
significantly. To mitigate this rise in material cost, the National Cooperative Highway Research Program
(NCHRP) began to conduct and publish research regarding the use of recycled content in AC. The
publication of Recycling Materials for Highways in 1978, followed by Guidelines for Recycling Pavement
Materials in 1980 among many other publications aimed to guide agencies in the inclusion of recycled

content in their AC design (Copeland, 2011).

This motivation to rely on sustainable, recycled sources was supported by the availability of these
materials. Approximately 71.9 million tons of RAP was used in the construction of AC in the year 2014,
translating to a 28% increase from 2009, an an 8% increase from 2013 (Hansen & Copeland, 2014). Every
year in the United States, approximately 11 million tons of asphalt shingles are created as waste. The
majority of this waste is generated by shingles removed from roofing for replacement. It is estimated
that RAS in the form of waste compromise approximately 8% of the building-related waste stream and
10% of construction-generated waste (“Asphalt Shingles Manufacturing & Waste Management in the
Northeast Fact Sheet,” 2012). It is estimated that in 2014, an approximate 2 million tons of shingles
were used in pavement construction, a 20% increase from the 1.6 million tons used in 2013 (Hansen &

Copeland, 2014).



Recycled Asphalt Pavement, as the name indicates, is milled directly from existing pavements. Recycled
shingles come from two primary sources: tear-off from roofing and discarded material from shingle
manufacturing. Recycled asphalt pavement can display significant material variability. Processing of
recycled asphalt pavement includes an initial screening to separate material into more consistent sizes.
Typically, the objective is to separate materials into coarse and fine piles. If needed, there is often
additional crushing in order to increase consistency in size (Copeland, 2011). Recycled asphalt shingles
in the form of manufacturing salvage are taken from the manufacturer source to a processing facility
and ground to appropriate sizes. Quality control for this source of RAS consists of gradation testing and
asphalt content determination. In the case of tear-off shingles, they must first be inspected for asbestos
at an inspection rate of two samples per 250 tons of material. Upon testing negative for asbestos, the
RAS is then cleaned to reduce unusable material content to 0.5%. At this point, the same process for
manufacturer-salvaged RAS is followed which consists of grinding material down to a specified gradation
and performing washed-gradation and asphalt content checks every 250 tons. Because of differences in
the handling process as well as differences in gradations and binder contents, manufacturer-salvaged
shingles and tear-off shingles must be processed and stored separately until they are ready for use in

pavement applications (Lippert and Brownlee, 2012).

The availability of RAP and RAS can be converted into significant material cost savings. Considering the
71.9 million tons of RAP used in pavement construction in 2014 and assuming an average 5% liquid
asphalt content in the RAP sources, this translates into roughly 3.6 million tons of asphalt liquid saved.
Additionally, this RAP translates into an approximate 68 million tons of virgin aggregate saved. The 2
million tons of RAS used in 2014 translate into 400,000 tons of asphalt liquid and 982,000 tons of virgin
aggregate saved, assuming an average liquid content of 20% in RAS sources. These material savings

from both RAP and RAS result in roughly $2.8 billions of savings (Hansen & Copeland, 2014).

A more comprehensive approach to the evaluation of cost savings, Life Cycle Cost Analysis (LCCA), takes
into account both initial cost of construction as well as agency and user costs (such as maintenance and
rehabilitation) for the duration of the pavement’s life. A comparison of virgin mixtures with mixtures

containing 30% and 40% RAP indicated a total savings of 19% and 30-36%, respectively.

In a LCCA case study performed by Qazi (2014), a 1.6-km lane pavement section at the intersection of
Lincoln Avenue and I-74 in Urbana, IL was examined. Binder courses of varying amounts of RAP (0%,
30%, 40%, and 50%) were used. LCA analysis was performed using RealCost 2.5, the FHWA’s LCCA

software. Table 2 presents a breakdown of agency cost:
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Table 1: Agency cost breakdown of AC with increasing amount of RAP, assuming a consistent

performance
Mix with 0% Mix with 30% Mix with 40% Mix with 50%
RAP RAP RAP RAP
Initial construction $360,595 $325,613 $313,953 $302,292
cost/km
Maintenance cost/km $127,501 $127,501 $127,501 $127,501
Total agency cost/km $488,096 $453,114 S441,454 $429,793

Table 2 shows a reduction in the initial construction cost as the amount of RAP increases in the
pavement. Assuming maintenance cost is constant (which is most likely not the case), implying that all
pavements are performing at the same level, the initial construction cost comprises approximately 70-

74% of the total agency cost (Aurangzeb, 2014).

1.2 Research Need
As the usage of RAP and RAS is increased in the state of lllinois, throughout the United States, and

worldwide, there is concern that the inclusion of adding recycled content may impact mixture
performance. In order to ensure that using more sustainable materials does not impact AC
performance, there must be an effort to characterize the effect that recycled content has on AC
performance. To quantify the effect on AC performance, a testing protocol must be developed. Current
practices are expensive, time consuming, and it is suspected that they do not sufficiently and accurately
characterize the impact of additional recycled content in asphaltic mixtures. Thus, there is a need to
further develop a more optimal testing protocol that accurately characterizes a material’s resistance to

the primary failure distresses in asphalt pavements.

1.3 Objective and Scope

The objective of this study is to investigate the impact of recycled content on asphalt mixture behavior
culminating in the development of a testing protocol to predict the performance of AC in the field. The
final product is intended to be a testing specification that will be implemented in the state of lllinois in
order to predict the cracking potential of various asphalt mixtures with minimal disturbance to
contractors and industry professionals. In line with this objective, an expansive experimental program
was executed using a variety of asphalt mixtures prepared in the lab, asphalt plants, and field that cover

a wide spectrum of asphalt mixture properties



1.4 Impact of Work

Given the aforementioned trends towards the increased usage of recycled materials, especially RAS and
RAP, understanding the affect that these materials have on asphalt mixture behavior is desired. The
significant potential for cost savings in the use of RAS and RAP has already been known. On top of this,
there are environmental benefits to reusing these materials in place of virgin materials. However, the
impact of these materials on asphalt mixture performance is still not clear. This study aims to provide
the information and tools to maximize the responsible usage of recycled content in asphaltic mixtures

by delivering the following:

1. Aninvestigation of the current efforts to characterize asphalt mixtures with recycled content
and an exploration of their effectiveness.

2. Anidentification of the shortcomings of relevant and current asphalt material characterization
practices and a development of a testing protocol to identify cracking potential that addresses
and improves upon these shortcomings.

3. An extensive exploration of adding recycled content to asphalt mixtures and the impact that this
addition has on mixture properties through a detailed experimental program.

4. Design laboratory mixtures with high amounts of recycled content and making

recommendations to improve the development of similar mix designs.



2.Literature Review

This chapter discusses a summary of literature compiled from the studies conducted to characterize
laboratory performance of asphalt mixtures with recycled content. This chapter aims at introducing
conventional test methods used in characterization of asphalt mixtures commonly used for evaluating
the effect of RAP and RAS while discussing significant outcome and changes in the performance

characteristics with RAP and RAS.

2.1 Characterization Tests of Asphalt Concrete with Recycled Content

2.1.1 Complex Modulus

A primary input into the Mechanistic Empirical Pavement Design Guide (MEPDG), complex modulus, is
becoming increasingly recommended for characterization of asphaltic mixtures due to its effectiveness
in comparing different mixtures (Witczak et al. 2002; Carpenter 2007; Vavrik et al. 2008; Ye et al. 2009;
Braham et al. 2011; Ozer et al. 2012).

Complex modulus testing is conducted in accordance with AASHTO TP62-03. Specimens are tested
under temperature and frequency sweeps under stress-controlled loading. Testing is conducted on
cylindrical specimens of 100 mm (3.94-in) diameter (cored from a 150 mm [5.9 in] diameter cylinder)
and 150-mm (5.91-in) height. Microstrain values are limited between 50 to 150 microstrains. Strain
readings are collected using strain gauges placed around the specimen’s circumference. Testing is
conducted at temperatures of —10°C (14°F), 4°C (39°F), 21°C (70°F), 37°C (99°F), and 55°C (131°F) and
frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. Obtained modulus values can then be used to produce a

complex modulus master curve.

Research shows that the addition of RAS and RAP significantly impacts the complex modulus of asphalt
materials. Ozer et al. (2012) evaluated plant mixtures with varying amounts of RAP and RAS and found
that modulus increases with increasing RAS content at high testing temperatures and low frequencies.

Higher RAS mixtures also exhibited flatter master curve slopes, an indication of deteriorating relaxation

properties.

Additional research conducted by Swamy et al. (2011) and Al-Qadi et al. (2012) showed that the addition
of RAP to asphalt mixtures increases complex modulus. Asphalt mixtures with varying amounts of RAP
from 0% to 50% were tested and AC with higher RAP displayed higher complex modulus, indicating the

presence of aged asphalt binder.



2.1.2 Permanent Deformation
There are two primary performance characterization tests that are used to indicate a mixture’s

susceptibility to permanent deformation or rutting: the Hamburg Wheel Track test (WTT) (AASHTO
T324-11) or the uniaxial flow test (AASHTO TP 79). Loading in both test setups is intended to simulate

permanent deformation accumulation as a result of cyclic loading.

The Hamburg WTT, also used to characterize material resistance to moisture damage, is conducted by
repeatedly running a steel wheel in a linear path over AC specimens. The steel wheel is of a 203.2-mm
(8.0-in) diameter and a 47.0-mm (1.85-in) width and loads specimens with a loading of 705.0 + 4.5 N
(158.0 £ 1.0 Ib). Wheel speed is 0.305 m/s (1 ft/sec) and the specimen experiences 52 + 2 passes/min.
Specimens are fixed with gypsum into molds and tested in a water bath at a temperature of 50°C (122°F)

using the procedure dictated by AASHTO T324-11.

Al-Qadi et al. (2012) showed, testing a variety of N90 asphalt mixtures between 0% and 50% RAP under
the WTT, that the addition of RAP increased resistance to rutting. These results were supported by
findings of Xiao et al. (2007), which were drawn from testing of rubberized asphalt mixtures including

RAP under a loaded wheel tester.

The uniaxial flow test is run on a cylindrical asphalt specimen of 100-mm (3.94-in) diameter (cored from
a 150-mm [5.91-in] diameter cylinder) and 150 mm (5.91-in) height. Haversine loading is applied for 0.1
sec and the specimen is allowed for rest for 0.9 sec. Strain is measured at the end of every rest period
by measuring axial deformation from attached strain gauges. The flow number, the primary parameter
of interest in this test, is considered to be the minimum rate of change in the axial strain for the duration

of the test.

Figure 1. Laboratory tests used in rutting evaluation of asphalt mixtures: Hamburg wheel tracker (left) and flow number test
(right)



Apeagyei et al. (2011) tested asphalt mixtures with varying amounts of RAP under the flow number test
setup. Mixtures tested were designed with 0% to 25% RAP. Researchers found that the addition of RAP
to mixtures decreased the rutting resistance. However, this finding may have been due to the binder
grade bumping in mixtures with higher RAP content. This suspicion is supported by findings of Andy et
al. (2010), where various mixtures of varying levels of both RAP and RAS were prepared and placed in
field. Field performance and lab performance data was collected, indicating an increase in flow number
or, indirectly, in rutting or permanent deformation resistance with higher amounts of recycled content

(RAP and RAS).

2.1.3 Fatigue Cracking
Fatigue cracking is a primary concern with the use of recycled content in asphaltic mixtures. Itis

suspected that the addition of recycled content may have adverse impacts on the fatigue performance
of asphalt mixtures. This hypothesis suggests that high stiffness and poor relaxation properties of mixes

with RAP and RAS can cause faster crack initiation and propagation.

The Texas Overlay Test (TOL) is a fatigue test intended to indicate the reflective cracking potential of
asphalt mixtures. Developed by Robert Lytton in the 1970s, this test is anteceded to simulate the
opening and closing of joints or cracks in order to determine crack initiation and propagation potential
(Zhou 2005). Specimens are subject to displacement-controlled cyclic loading at 25°C (77°F) with
opening displacements of 0.635 mm (0.025 in) and loading frequencies of 1 Hz. The primary parameter

of interest is the number of cycles to failure.

The push-pull test is used to characterize fatigue cracking resistance of various materials. Developed by
Kim and colleagues at North Carolina State University, the test loads specimens with similar geometry to
the aforementioned complex modulus test in cyclic tension and compression. Testing is conducted at
21°C (70 °F). Specimens are fixed to steel plates at the top and bottom as shown in Figure 2. Loading is
applied at a frequency of 10 Hz. Strain levels are varied from 200 to 300 microstrains. Three axial Linear
Variable Displacement Transducers (LVDTs) are placed 120° apart around the radius of the specimen.
Various criteria such as a 50% reduction in modulus have been used to determine specimen failure.
Crack initiation is desired towards the midway point of specimen height. The primary parameter of

interest is cycles experienced until failure (Kim et al., 2008).

McDaniel et al. (2011) tested asphalt mixtures with 0%, 15%, 25%, and 40% RAP content under the

push-pull configuration and concluded that RAP content significantly improves AC fatigue life. In



contrast, Ozer et al. (2012) tested AC with RAS content varying from 2.5% to 7% under the same push-
pull setup and concluded that the addition of RAS significantly decreased the AC fatigue life. Slight

improvement in the fatigue life of these AC mixtures was observed with the use of a softer binder.

The Flexural Beam Fatigue test is a 4-point bending test used to simulate the fatigue performance of
asphalt pavements under repeated traffic loading. A rectangular asphalt specimen of dimensions 15
mm x 2 mm x 2.5 mm (380 in x 50 in x 63 in) is subjected to repeated loading between with a loading
frequency of 0.1 Hz to 10 Hz at a fixed microstrain level. The specimen is clamped at 4 points along its
length. Primary parameters of interest are cycles to failure (which usually occurs at the middle of the

beam), dissipated energy due to mechanical loading and damage accumulation.

Aurangzeb et al. (2012) concluded that the addition of RAP to mixtures improves fatigue life when
tested under the Flexural Beam Fatigue setup. Mixtures tested with RAP content ranged from 0% to
50%. The same trend was observed by Tabakovi¢ et al. (2010) when testing asphalt mixtures with RAP
content ranging from 10% to 30%. However, Xiao et al. (2013) and Williams et al. (2011) tested asphalt
mixtures with varying amounts of recycled content and could not discern an obvious trend in fatigue life

with the increase of recycled content.

Figure 2. Test setups commonly used for fatigue performance evaluation of asphalt mixtures: (a) Four-point beam fatigue
apparatus; (b) Push-Pull test; (c) Texas overlay tester



2.1.4 Thermal Cracking
The replacement of virgin binder with oxidized recycled binder is believed to significantly increase

thermal cracking potential in asphalt materials. Marasteanu’s Semi-Circular Bending Beam test (SCB)
and the Disc-Compact Tension test (DCT) are commonly used tests used to characterize thermal cracking

potential of asphalt materials.

The classical SCB test method is a 3-point bending test typically run at low temperatures (PG lower limit
+10°). Specimens are of a 75-mm (3-in) radius and a 50-mm (2-in) thickness. A 1.5 mm (0.06 in) notch
is machined in the bottom center of the specimen, extending upwards 15 mm (0.6 in). The primary
parameters extracted from this test are the fracture energy (Gf) and peak load. The fracture energy is
defined as the amount of energy required to propagate a crack for a unit area and is typically expressed
in joules per meter squared. Displacements are obtained by recording the crack mouth opening
displacement (CMOD) using a clip-gauge extensometer or an extensometer measuring the load-line
displacement. Stable crack growth conditions are ensured during the test. The SCB fixture is illustrated
in Figure 3 along with a typical outcome of an SCB test and fracture energy calculation method. In
general, the SCB is a simple, low-cost test that easily can be performed on the cylindrical samples
obtained from standard cores prepared in the Superpave Gyratory Compactor (SGC) or taken from the
field. The test method is published in an AASHTO provisional specification (AASHTO TP 105-13). This
test method requires a displacement control in two phases after the application of a 0.3 + 0.02 kN (67.5
+ 4.5 |b) sitting load: first, the specimen is loaded to a load of 1 + 0.1 kN (224.8 + 22.5 |b) in stroke
displacement control at a displacement rate of 0.06 mm/min (.00004 in/sec), and second, the test
switches to CMOD displacement control and the specimen is loaded at a displacement rate of 0.03

mm/min (0.00002 in/sec) to failure, which is defined as a drop to 0.5 kN or a specified CMOD opening.



Displacement

Gy = fracture energy (J/ml)
W, = work of fracture (J)

P =load (N)

Ayg = (r;/) *t = ligament
area (m)

r =radius (m)

[ = height of notch (m)

Figure 3. Semi-circular bending beam test fixture and typical outcome from this test to calculate fracture energy

Research conducted by Li et al. (2008) and Cascione et al. (2010) using the SCB test concluded that
fracture energy decreases with the increase in recycled content, whether RAS or RAP. However,
Cascione et al. (2010) also showed that mixtures with both RAP and RAS display higher fracture energy

than mixtures with exclusively RAS.

Researchers at Louisiana State University tested 11 field-sampled mixtures under the Hamburg Wheel
Track test and Louisiana SCB test method. Mixtures tested varied in PG binder grade and included
grades of PG64-22, PG70-22M, PG76-22M, and PG82-22CRM (crumb-rubber modified). Experimental
results indicated an increase in rutting resistance with an increase in PG grading. Additionally, the
calculated J-integral of AC mixtures increased as the binder stiffness increased, indicating an increase in
fracture resistance according to the Louisiana SCB method with the exception of the PG82-22 crumb
rubber modified binder. It was concluded that the polymer modification of asphalt binder, such as with

the PG76-22M binder improved rutting resistance and J-integral values (Cooper, et al., 2014).

Researchers at California State University conducted fatigue beam tests and Louisiana SCB tests on two
AC mixtures at 20°C (68°F) under both dry and wet conditions. The AC mixture’s PG grade was varied
from PG64-10 to PG58-22. It was concluded that the softer binder (PG58-22) displayed a lower J-
integral value. Specimens tested under the wet condition resulted in lower J-integral values than those
tested under the dry condition. Fatigue beam test results indicated that the softer PG58-22 binder

performed better than the PG64-10 binder. As with the Louisiana SCB test results, specimens
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conditioned to the wet condition displayed lower fatigue life than those tested under the dry condition.
In regards to correlation between the Louisiana SCB method and the fatigue beam test results, the

correlation was at R value of 60% (Saadeh and Eljairi, 2011).

In another study, two AC mixtures with varying binder content (4.4% and 5.4%) were tested under a
single-notch length SCB test method at a displacement rate of 1 mm/min (0.0007 in/sec). Specimens
were tested at a temperature of 10°C (50°F), 0°C (32°F), and -10°C (14°F). Under this experimental
matrix, it was observed that strength decreased as the percent of binder content increased.
Furthermore, maximum strain increased with an increase in binder content, indicating an increased
resistance to cracking. Generally, fracture energy increased with an increase in binder content and
decreased with a decrease in temperature. Mixture strength increased with a decrease in temperature

and finally, maximum strain decreased with a decrease in temperature (Biligiri, et al., 2012).

An experimental matrix of 29 AC mixtures was conducted with the intention to explore any potential for
correlation to field performance using Louisiana SCB and Indirect Tensile test (IDT). Results from the
Louisiana SCB correlated to Toughness Index results with an R? value of 32%. In general, J-integral
values were higher for AC than warm-mix asphalt. The effect of aging was found to have a statistically
significant impact on the Louisiana SCB J-integral method with inconsistent trends. However, the effect
on tensile strength and Toughness Index was found to be consistent the aging had a statistically
significant impact on tensile strength of asphalt mixtures. The J-integral parameter was found to be
insensitive to small variations in RAP content with inconsistent trends resulting from an increase in RAP.
In terms of field performance correlation, researchers found the correlation between cracking rates

calculated from field surveying and the J-integral, was at R* value of 58%.

Kansas State University conducted a study on various mixtures that increased the RAP percentage from
20% to 30% to 40% and varied between three different RAP sources. Specimens were tested under the
Louisiana SCB test method at 25°C (77°F). It was found that as the RAP percentage increased, mixture
strength increased. On the other hand, as the RAP content increased, ram displacement at maximum
load both decreased and increased. Furthermore, it was found that the variation of RAP sources had a

significant impact on the cracking resistance of asphalt mixtures (Ahmed, et al., 2015).

In a recent study, researchers examined various candidate tests for characterization of fracture
resistance of asphalt materials. Test candidates were the IDT test, the Overlay Test, the SCB test, and

the DCT test. The Texas overlay Test was used as the benchmark test method. Three mixtures were
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evaluated, ranked by researchers in order of crack resistance as “Marginal”, “Good”, and “Very Good”.
The IDT test, using an index titled the “FE Index” was determined to be the most promising test method

serve as a surrogate cracking test (Walubita et al., 2014).

Similar to the SCB test, the DCT is conducted by propagating a crack through a notched specimen under
displacement-controlled tensile loading. Arms are inserted into dual openings cored into the circular
specimen and these openings are pulled apart at a rate of 1.00 mm/min (0.0007 in/sec) measured from
the CMOD displacement. Unlike the SCB, loading is applied in the vertical direction while the crack
propagates horizontally into the specimen. Data is collected in the same method as that of the SCB and
the primary parameters of interest are identical (Gf, peak load, etc.) The DCT test setup is shown in the

Figure 4.

Findings were presented by Behnia et al. (2012), who tested asphalt mixtures with 0% and 50% RAP

under the DCT test and found that fracture energy decreases with the increase in RAP content.

Figure 4. DCT specimen loaded in testing fixture with CMOD clip gauge for displacement readings

The IDT is also used to characterize fracture properties of asphalt mixtures (Roque et al. 2004). The 150
mm (6 in) diameter gyratory specimens are cut into thickness of 25.4 mm (1 in). A circular hole with 8
mm (0.3 in) diameter at the center of the specimen is drilled for cracks to initiate and propagate. The

typical IDT setup requires a servo hydraulic closed-loop testing machine capable of axial compression.
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The specimen is typically loaded diametrically in compression and this indirectly induces horizontal
tensile stresses in the middle zone of the specimen that ultimately causes cracking. For the evaluation of
the tensile properties of the AC, the permanent deformation under the loading strip is undesirable
(Huang et al., 2005). Therefore, the compressive load is distributed using loading strips, which are
curved at the interface to fit the radius of curvature of the specimen. Typical test temperatures range
from -20°C (-4°F) (Buttlar et al., 1996) to 25°C (77°F) (Huang et al., 2005). The data captured during IDT

testing include time, applied load and horizontal and vertical specimen deformation.

McDaniel et al. (2012) tested asphalt mixtures with 0% and 40% RAP content under the IDT test. Even
with binder grade bumping to accommodate for the addition of 40% RAP, it was concluded that strength

and stiffness increase with the addition of recycled content.

2.2 Summary
A brief summary was presented of standard and non-standard asphalt mixture test methods used

commonly in characterizing the materials, including the effects of RAP and RAS. Table 2 presents a
summary of cracking test methods introduced in this chapter along with advantages and disadvantages
with respect to the objectives of this study. After exploration of the conventional fracture tests
presented in Table 2, a set of criteria was formulated to define the philosophy behind the selection of a

suitable test:

*  Meaningful spread of

* Feasibility and cost effectiveness

* Correlation to independent tests

* Correlation to field performance
Semi-circular bending (SCB) and Disc-compact tension (DCT) test were further considered. The
parameter extracted from these tests, the fracture energy, is a fundamental fracture property and was
thus believed to have potential in characterizing fracture resistance. These two methods both involve
simple specimen preparation. However, the SCB test can be implemented practically on relatively
inexpensive equipment and requires simple operation, as opposed to the DCT method. For this reason,
the SCB was selected as a candidate test method. This was the basis for the research approach moving
forward. Alternate tests, such as the DCT, were still explored, and additional tests like the complex

modulus, push-pull and the Texas overlay tests were included for comparison.
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Table 2: Laboratory Cracking Test Methods (Al-Qadi et al., 2015)

Specimen Specimen
Test Type Purpose Dimensions Preparation Test Output Pros/iCons
Inexpensive device;
Relatively easy specimen
fabrication;
Notching required = Easily-obtained field
Semi-circular 6in (9) 0.6 in: greq - Fracture energy from load- specimens;
bending Cracking resistance 3in (H) . displacement curve, peak load, Two specimens per core or
. External LVDTs o . o
(SCB) 2in (T) ootional critical displacement slice;

P Simple three-point bending
load representing field
bending
Smaller ligament area
Direct tensile mode;

Disc- Easily-obtained field
compact 6in (9) Notching required = Fracture energy from load- specimens;
tens’?on Cracking resistance 5.7 in (H) 2.46 in; Extensometer displacement curve, peak load, Possible breakage close to
(DCT) 2in (T) required critical displacement loading holes at intermediate-
temperature application;
Moderately expensive device
. Gluing required: Cycllc lo.ad/p.g .appllcatlon;
. . 6in (L) L2 . High variability;
Texas Cracking (reflective) . curing time needed; Number of cycles used as measure
. 3in (W) : No fundamental property
overlay (TOL) potential . External LVDTs of crack resistance .
1.5in (T) . related;
optional . .
Moderately expensive device
Simple stress state;
Possibility of load eccentricity
. R because of end fixtures;
. Tensile strength, . GIumg re.qulr.ed, Tensile strain at max load used as Difficult to obtain field
Direct . ) 4in (9) > curing time; L " . . .
tension (DT) crackmg resmtant;e, & 4in (H) External LVDTs |nd!cator of ductllllty & cracking specimens;
ductility potential irod resistance potential Closed-loop displacement
require control is difficult;
High variability;
Moderately expensive device
Relatively easy specimen
fabrication;
Indirect Max horizontal strain at max load & | Easily-obtained field
tension test Tensile strength 6in (9) External LVDTs strength used as indicator of specimens;
(IDT) (indirect) 2in (T) required ductility & cracking resistance Tensile strength potentially

potential

related to cracking resistance
No fundamental property
related
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3.Mix Designs and Material Preparations

Based on the objectives of the study and the literature survey, an experimental program was designed.
The experimental program contains AC mixture level testing of laboratory produced laboratory

compacted, plant-produced and laboratory compacted and field cores with varying degrees of RAP and
RAS. The following is a discussion of the mixtures used in this study, as well as the testing program and

methods used to characterize them.

3.1 Asphalt Mixtures

In this study, 11 laboratory designed mixes, 16 plant mixes and field cores from nine districts of Illinois
taken from different sections were used in various levels of testing program. Discussion in this report
will exclude the field core work, to be presented in a separate publication. The mixtures used were
selected to provide a wide scope of exploration and the following sections discuss each category of

mixtures.

3.1.1 Laboratory Designed Mixes
The laboratory design mixes were designed to evaluate the effect of ABR on fracture and other critical

performance related properties. The volumetrics are a critical component in determining the behavior
of asphalt materials. Since the laboratory mixtures developed were a primary source of conclusions,
strict control over their volumetric properties was exercised. Different mixtures were prepared by
changing one variable at a time in an attempt to isolate the effect of specific parameters. The results
and conclusions drawn from this study were primarily based on results of laboratory mixtures testing
and validation using results derived from plant mixtures and field cores. Therefore, these mixes play a
significant role in understanding the effect of different fracture parameters with higher accuracy and

better control.

A matrix for laboratory mixes was developed as shown Table 3 below. The approach to selecting these
mixtures and their designs was done to understand the effect of different asphalt binder replacement
(ABR) content with combinations of RAP and RAS, RAS sources, RAP sources, and binder grade bumping.
These AC mixtures are referred to using the convention of “L#”, where # is a placeholder for the mixture

number.

Table 3: Laboratory Designed Mixture Characteristics

RAP | RAS | ABR | AC | VMA

Mix ID Mix Name Binder Grade
(%) | (%) | (%) | (%) | (%)
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Table 3 (cont.)

L3 N90 0 CG 70-22 | - - - 6.0 | 15.3
L4 N90 0 CG 64-22 | - - - 6.0 | 15.3
L5 N90 30 CG s1° 70-22 | - 7 |29.8 6.0 153
L6 N90 30 CG s1° 58-28 | - 7 |29.8 6.0 153
L7 N90 20 CG s1° 58-28 | - 5 (21.2 6.0 153
L8 N90 10 CG s1° 64-22 | - | 25105 |6.0]15.3

L9 N90 30 CG S2*As' | 58-28 | 11| 5 |30.5| 6.0 | 15.2

L10 N90 60 CG S2*AS' | 52-34 | 40 | 7 |60.8 | 6.1 15.2

L11 N90 0 CG AS* 64-22 | - | - - 6.0 153
L12 | N9030CGS2*As' | 58-28| - | 7 [30.6|6.0|15.2
L13 | N9030CGS1°ASs' | 58-28 | - | 7 |29.8| 6.0/ 15.3

! AS indicate mixture with 1% Anti-strip added to virgin binder

? These mixtures have different RAS sources but similar mix design
3 RAS Source (S1)

“ RAS Source (S2)

3.1.1.1 Design Philosophy
The AC mixes were designed as per lllinois modified AASHTO M 323 specifications. Target design air

voids were 4.0% for all mixes while keeping VMA and total binder content constant. The total binder
used in each of the mixes was kept constant to 6% (including both virgin and binder from ABR) to
evaluate the effect of ABR, save for a few AC mixtures where total binder content was increased by 0.1%
to maintain VMA. Due to limited variety in aggregate available for design, there were instances where
the dust-AC ratio had to be violated as a result of increased fines contribution from recycled materials.
The viscosity of 0.17+0.02 Pa-s is used to determine the mixing temperature and 0.28+0.03 Pa-s for

compaction temperature. Viscosity determination was based on AASHTO T 316.

3.1.1.2 Materials Used
Different levels of ABR necessitated the usage of various kinds of binders. The binders used include

PG70-22 SBS, PG64-22, PG58-28 and PG52-34.

TABLE 5 below shows the details of the aggregate materials used in the mix designs:
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Table 4: Type and Source of Aggregate Stockpiles used in the Mix Designs

Dolomite Sand

Material ID 032CM16 038FM20 037FMO02 004MF01
Producer Name (on Mix Quarry Quarry Quarry Hanson
Design) Materials Materials Materials (Thornton)
Producer Number (on Mix 2298-06 2298-06 2298-06
Design)

Plant Location Hodgkins, IL Hodgkins, IL Hodgkins, IL Thornton, IL

Source No.: 50312-78 50312-78 50970-02 50312-04

Source Name: Vulcan Vulcan Thelan Hanson

Source Location: McCook McCook Antioch Thornton, IL
Crushed

Type of Material Dolomite rushe Natural Sand Mineral Filler

Laboratory AC mixtures incorporated the use of RAS sampled from Southwind RAS LLC. RAS materials

were acquired on different dates during the duration of the project and were identified as Source 1 and

Source 2. The aggregate and binder was extracted from samples for both sources. The gradations and

binder content were checked for similarity. The differences between both sources was considered

during the mix design process to ensure that the target asphalt binder replacement was met. The RAP

used in laboratory designed mixtures was sampled from District 5 (Open Road Paving in Urbana). The

company provided two gradations of 12.5-mm (1/2-in) nominal maximum aggregate size (NMAS) RAP,

+3/8 (+9.5 mm) and —=3/8 in (-9.5 mm).

Virgin aggregates were batched separate from the RAS products. A modification was introduced in the

form of heating the RAP with virgin aggregated with the binder at mixing temperature, then heating RAS

separately at 110°C (230°F) for 30 min. All components were then dry mixed and returned to the oven

for another 30 min at mixing temperature. Finally, the virgin binder was then mixed in with the rest of

the components.

3.1.1.3 Standard Mix Design Approval Tests
Hamburg Wheel Track testing and tensile strength ratio (TSR) were used as part of the mix design

evaluation. The results for the tests are shown below in Table 5 and Table 6. After evaluating TSR

results, it was recommended to retest with the addition of anti-stripping agents. After an antistrip

dosage of 0.75% was added, TSR retest values were acceptable.
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Table 5: Hamburg Test Results

Mix . Rut Total Passes at Achieved Rut Minimum
Mix Name Depth Result
ID Depth Passes
(mm)
L3 N90 CM 4 CG 12.5 11520 7500 Pass
L7 N90 20 CG 12.5 7000 5000 Pass
L9 NS0 322(:6 AS 6.1 20000 5000 Pass
L10 NS0 622(:6 AS 3.1 20000 5000 Pass
L12 NS0 322(:6 AS 5.0 20000 5000 Pass
Table 6: TSR Test Results
Mix ID Mix Name Dry Strength (psi) | Wet Strength (psi) | TSR | Minimum TSR | Result
L4 N90 CM 4 CG 120 93 0.77 Fail
L7 N90 20 CG 123 70 0.57 Fail
0.85
L11 N90 0 CG AS 108 101 0.94 Pass
L9 N90 30 CG AS S2 128 114 0.89 Pass
L10 | N90 60 CG AS S2 140 143 1.02 Pass

3.1.2 Plant-Produced Mixes
A total of 16 plant-produced AC mixes were sampled, with various mix design characteristics that

allowed researchers to explore the effect of both ABR content and N-design. These mixes have distinct

mix design characteristics such as binder content, VMA, and N-design. Major design characteristics of

these mixes are shown in Table 8. These AC mixes are referred as “P#” hereafter.

Table 7: Plant Produced Mix Design Characteristics

Mix ID | Mix Name | Binder Grade | RAP (%) | RAS (%) | ABR (%) (AO/S V(l‘:/ilf
p1* N50 sC* 52-28 50 3.5 60 6.7 | 15.0
p2* N50 sC* 58-28 27 - 29 5.8 | 14.7
P3 N70 BC' 58-28 26 - 29 4.8 | 13.4
P4 N30 BC* 58-28 46.5 - 37 4.8 | 13.6
P5 N70 sC? 64-22 10 - 6 6.1 | 15.8
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Table 7 (cont.)

P6 N90 SC3 76-22 (10| - | 6 | 5.6 |14.1
P7 N50 SC3 64-22 | - | -| - | 59167
P8 N50-50 58-28 |42 | 4|49 | 5.5 |13.0
P9 N50-60 52-28 |42 | 6|59 | 5.6 | 13.0
P10 N70-25 58-28 (29| - | 25| 6 | 145
P11 N70-50 58-28 |30 |5 |48 | 6 | 145
P12 N80-25 70-28 | 8 | 5|26 |6.1|16.1
P13 N80-50 70-28 |10 | 8|50 | 6 | 15.8
P14’ N50-Joliet |58-28 |30 |- |34 |54 15.3
P15 | N50-Sandeno | 52-28 | 52 | 4 | 60 | 6.7 | 15.1
P16 N50-K5 52-28 |53 | 5|57 |6.5|14.9

! Indicates AC containing steel slag

? Indicates AC containing recycled concrete aggregate (RCA)

® SC indicates a surface course AC, placed at the top-most layer of the pavement and exposed to traffic
* BC indicates a base course AC, placed directly below the surface course

3.2 Research Methodology

The research methodology is designed to develop a reliable, yet practical, test method based on fracture

mechanics principles. This thesis addresses the following components of the research methodology:

* Assessment of plant and lab AC mixtures for modulus, fatigue, and fracture characterization at
various temperatures and loading rates

* Development of a database of AC mixtures with different N-design, NMAS, RAP and/or RAS
content, and binder type

* Correlation to field performance with field core testing

* Theoretical development and numerical models based on fracture mechanics principles

Figure 5 illustrates the broad experimental approach developed. This study focusses on the “Mixture

Characterization” and “Theoretical Development” components.
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Figure 5. Integrated approach to develop a practical cracking potential test

The following test methods below were used to characterize the effect of ABR on AC mixture behavior

and subsequently develop a testing protocol that could distinguish between these various effects:

* Complex modulus testing was utilized to characterize modulus properties of materials.

* Push-pull and Texas overlay tests were utilized to characterize fatigue-fracture resistance of AC
mixtures and potentially correlate to monotonic fracture testing.

¢ (lassical low-temperature SCB and DCT tests were utilized to characterize fracture resistance of
AC mixtures.

* Indirect Tensile testing was utilized to characterize strength capacity of representative mixtures.
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4.Experimental Program

4.1 Complex Modulus

Complex modulus testing is conducted in accordance with AASHTO TP79-15. Specimens are fabricated
by coring asphalt cylinders into a diameter of 100 (3.9 in.) to 104 mm (4.1 in.) and a height of 147.5 mm
(5.8 in.) to 152.5 mm (6.0 in.). Targeted void contentis 7 + 0.5%. Axial displacement is measured using
three extensometers with a 70 mm gauge placed 120° apart. Specimens are tested under temperature
and frequency sweeps under stress-controlled loading. Microstrain values between 50 to 75
microstrains were targeted. Temperatures used are —10°C (14°F), 4°C (39°F), 21°C (70°F), 37°C (99°F),
and 55°C (131°F) and frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. Data extracted from this temperature
and frequency sweep was used to prepare complex modulus master curves using a reference

temperature of 21°C (70°F).

Figure 6. Complex modulus set up with three axial extensometers mounted on the asphalt mixture specimen

4.2 Push-Pull

Tested were conducted on the Universal Testing Machine (UTM-100), a servo hydraulic load frame
(Figure 7). Testing was conducted at 21°C and specimens were loaded at a frequency of 10 Hz. Strain
levels were varied from 200 to 300 microstrains. Three axial LVDT’s are located 120° apart around the
radius of the specimen. Various criteria such as a 50% reduction in modulus have been used to
determine specimen failure. Specimens are fixed to the top and bottom steel plates using Devcon

10110 epoxy. Before application of loading, specimens undergo a fingerprint modulus test to
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approximate the complex modulus of the material for accurate load application. The specimen is then

allowed to rest for 15 min and loading is applied at a rate of 10 Hz until failure.

Figure 7. Push-Pull fixture setup with extensometers and specimen fixed to top and bottom plates

4.3 Semi-Circular Bending Beam

4.3.1 Classical Semi-Circular Bending Beam Test (SCB)

The classical SCB test method is a 3-point bending test typically run at low temperatures (PG lower limit
+10°) in accordance with AASHTO TP-105-13. Temperature control was ensured with temperature
gauges and specimens were not tested if found to be further than 1° from the target temperature. The
primary parameter extracted from this test is the fracture energy (Gf). The fracture energy is defined as
the amount of energy required to propagate a crack for a unit area and is typically expressed in joules
per meter squared. Displacements are obtained by recording the CMOD using a clip-gauge
extensometer or an extensometer measuring the load-line displacement. Stable crack growth conditions
are ensured during the test. The SCB fixture is illustrated in the figure below along with a typical
outcome of an SCB test and fracture energy calculation method. In general, the SCB is a simple, low-cost
test that easily can be performed on the cylindrical samples obtained from standard cores prepared in
the Superpave Gyratory Compactor (SGC) or taken from the field. This test method requires a
displacement control in two phases after the application of a 0.2 kN (45 Ibf) sitting load: first, the
specimen is loaded to a load of 1 kN (225 Ibf) in stroke displacement control at a displacement rate of
0.06 mm/min (.00004 in/sec), and second, the test switches to CMOD control and the specimen is
loaded at a displacement rate of 0.03 mm/min (.00002 in/sec) to failure, which is defined as a drop to

0.5 kN (112 Ibf) or a specified CMOD opening.
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The classical SCB tests conducted in this study are displacement-controlled through the use of a CMOD
gauge. The specified displacement rate used was 0.7 mm/min (0.0005 in/sec). Load readings are
plotted versus the horizontal CMOD displacement readings and a curve like that shown in Figure 3 is
obtained. The area under this curve is calculated as the work of fracture. This area is then normalized

by the ligament area of each specimen to obtain the fracture energy in units of J/m’.

4.3.2 Variable Rate Semi-Circular Bending Beam Test (VR-SCB)
The Variable Rate Semi-Circular Bending Beam (VR-SCB) test is a modification of the above mentioned

classical SCB test. Specimen geometry and testing fixture setup are identical, save for the addition of an
LVDT. This LVDT is used for displacement control instead of the CMOD in this test method as shown in
Figure 9. The primary motivation to modify the SCB test method to use load-line displacement control is
for development of a practical test method and fixture that can be conducted with commonly available

loading frames in the labs of DOT, consultants, or contractors.

Figure 8. Semi-circular bending beam test fixture with an LVDT added for load-line displacement control

Tests in this setup are conducted at a temperature of 25°C (77°F). Fracture tests are conducted with
variable load-line displacements rates. Testing the same material at multiple rates allowed the
researchers to examine the sensitivity of materials to variation in displacement rates. The use of a
higher testing temperature necessitates the use of a faster displacement rate to mitigate the effect of
creep and to simulate a lower testing temperature as is presented later. Displacement rates ranging

from 6.25 mm/min (0.00410 in/sec) to 50 mm/min (0.03281 in/sec) were used.
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4.4 Disc-Compact Tension Test (DCT)

DCT tests were conducted in accordance with ASTM D7313-07a. Specimens were tested in order to
evaluate fracture following the same approach as that of the SCB test. 50-mm- (2-in-) thick specimens
of 150 mm (6 in.) diameter were prepared and bore holes of 25 mm (Il in) diameter were machined into
the specimen to allow for the use of loading rods. Specimens were conditioned and tested at a
temperature of -12°C using the temperature control methods discussed for the aforementioned SCB
testing. The DCT test loads specimens in tension in order to propagate a crack initiating at a machined
notch in the specimen. Like the SCB test, a load versus displacement curve is extracted from the test
and fracture energy is calculated using the same procedure. Displacement values are taken from a
CMOD clip gauge as in the classical SCB test setup. The DCT test setup and loading fixture is shown in

Figure 9.

Figure 9. DCT specimen loaded in testing fixture with CMOD clip gauge for displacement readings

4.5 Texas Overlay Test
The Texas overlay Test is a displacement-controlled cyclic test run at 25°C + 0.5°C. Specimens are

repeatedly displaced in tension to a displacement of 0.06 cm (0.025 in) at 1 Hz. The test is considered
complete when there is a 93% reduction in the first cycle’s recorded maximum load or when 1,200

cycles are reached. The primary parameter extracted from this test is the number of cycles to failure.
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Test specimens were cut from gyratory compacted pills and glued to an aluminum plate. Figure 10

illustrates specimen geometry and a manufactured AC mixture specimen.

Figure 10. Texas overlay test setup illustrating specimen glued to an aluminum plate and underlying assembly with a joint
opening and closing at a specified rate of displacement
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5.Results and Analysis

Preliminary characterization of mixtures was conducted to explore the effect of recycled content on AC
mixture behavior. Because of limitations on time, material, and resources, testing was conducted
strategically, following an experimental matrix that provided the most insight into the effect of binder
replacement on asphalt mixture behavior. Table 8 shows the experimental matrix for various tests

conducted on several AC mixtures.

Table 8: Experimental Matrix of Mixtures Tested Under Various Methods

Test Method Mixtures Tested
Push-Pull P8 to P15 and L3, L6, L7
Texas Overlay (TEX-248-F) P1 to P7

Low-Temperature SCB (AASHTO TP105-13) | P1to P15, L3 to L7 and L9 to L13

Low-Temperature DCT (ASTM D7313 - 13) | P8 to P15

5.1 Push-Pull

Strain-controlled fatigue tests were conducted for selected plant and laboratory produced mixes. Push-
pull tests were conducted at 20°C (68°F) and 200 and 300 microstrains. The following were taken as

failure criteria:

50% reduction in the initial complex modulus
* Sudden change in the phase angle
* Sudden change in the dissipated strain energy (W) representing failure localization

* Sudden change in the energy ratio (R) defined by the ratio of initial dissipated energy and
dissipated energy at the Nt cycle

* Abrupt change in the dissipated energy ratio (DER)

After conducting laboratory fatigue tests, the outputs were put into an excel template to calculate the
number of cycles to failure for each failure parameters. The number of cycles to failure for the

respective mixtures using the studied parameters are provided in Table 9 and Table 10.

26



Table 9: Number of Cycles to Failure Using Different Fatigue Parameters for Plant Mixtures (Based on
200 Microstrain Tests)

Mix 50% E* Phase Angle Wy R DER
P14 11324 17666 17820 17820 18125
P15 6640 17160 16000 16252 -
P8 3221 13172 13000 13000 13100
P9 1260 2330 2350 2350 -
P10 8526 17234 17163 17163 -
P11 823 1432 1497 1525 1510
P12 3122 17122 17012 16952 -
P13 362 683 665 672 650

Table 10: Number of Cycles to Failure Using Different Fatigue Parameters for Lab Mixtures

Mix 50% E* Phase Angle Wy R DER
L4 15980 15980 12250 12223 12764
L7 19720 20567 9076 9224 10143
L6 14122 12375 10453 11589 10032

According to the results presented in Tables 10 and 11, the following observations can be made. As ABR
level increased, there was a reduction in the fatigue life. This was observed for N50, N70, and N80 AC
mixtures. As ABR increased due to the addition of RAS, this trend was not manifested, although this
may be a result of the binder bumping in these AC mixtures. Unfortunately, the push-pull test displays
high variability. Furthermore, specimen preparation and testing are long and complex procedures.

Because of these factors, the push-pull test was ruled out as the test method of choice.

5.2 Low-Temperature SCB
The low-temperature SCB test was conducted at -12°C (10°F) and using CMOD control. The results for

plant-produced AC mixtures are shown in Figure 11 and Figure 13. Fracture energy values for the 15
plant mixes tested ranged between 436 and 689 J/m?. In general, low-temperature fracture energy tests
produced a very tight range of fracture energy even though these mixes have distinctive mix design
characteristics, including N-design, binder type and content, ABR level, and aggregate gradation and
sources. A similar spread in fracture energy values was observed when other low-temperature fracture

tests were conducted.
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Figure 11. -12°C SCB plant mixture results for fracture testing in CMOD control.

Figure 11 presents the low-temperature SCB test results for the laboratory produced AC mixtures.
Similar to the plant-produced AC mixtures, fracture energy values are in a relatively tight range. These
results do not display a clear relationship between fracture energy and the addition of recycled content.
L3, L4, and L11 are control AC mixtures with 0% ABR, displaying approximately the same fracture energy.
There is no significant difference between the control AC mixtures and AC mixes with 20 and 30% ABR.

It only appears that the mix with 60% ABR (L10) had the lowest fracture energy even though with

relatively high standard deviation.
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Figure 12. -12°C SCB lab mixture results for fracture testing in CMOD control.

5.3 Low-Temperature DCT
Results from the low-temperature DCT testing at -12°C (10°F) are shown in Figure 13. Again, there are

inconsistent trends in this data, and no clear relationship between the fracture energy and the amount
of recycled content and AC mixture characteristics is observed. For example, P8 and P9 display a trend
of decreasing fracture energy with increasing ABR but, on the other hand, P12 and P13 contradict this
trend. The fracture energy values in the DCT test setup display a range of 83 J/m?. With a range of
results this tight, variability becomes a concern. Potentially, inherent variability of results overshadows

behavioral distinctions between very different AC materials.
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Figure 13. -12°C DCT lab mixture results for fracture testing in CMOD control.
5.4 Texas Overlay
Texas overlay test results are shown in Figure 15 with number of cycles to failure and initial load at the
beginning of the test. P6 and P7 are the better performing AC mixtures in terms of cycles to failure
while P2 and P5 are in the lower end of the performance spectrum. There is a clear trend between the
peak load and cycles to failure that a mixture experiences. P7, an excellent performing mixture, has the

lowest peak load value while P6, another excellent performer, displays the highest peak load value.

30



=Cycles to Failure

1200 3
Initial load {
2.
2.5 6
000 2.4 24
o =z
5 =
2 5
K 1.8 ol <
S 600 : 1.6 -
n ©
o B
s L £
&) 1 1 1
300 ] [ I
0 0
P1 P2 P3 P4 P5 P6 P7

Figure 14. Texas overlay results for plant mixtures at -12°C.
5.5 Variable Rate SCB
Based on the results from the tests conducted at different temperatures and rates, it was shown that
intermediate-temperature testing at 25°C (77°F) provides an opportunity for accomplishing the
objectives of the study, i.e., development of a practical and reliable test method to distinguish AC
mixture’s cracking resistance. Further details on identifying the optimized temperature, 25°C (77°F) for
testing can be found at (Khan, 2015) This study focused on testing at this temperature with varying rates
to determine the optimum rate that would result in a meaningful separation with acceptable
repeatability. This section presents the results conducted at 25°C (77°F) and varying rates for a set of

plant and laboratory AC mixtures.

The intermediate-temperature semi-circular bending beam test is a modification of the low-
temperature SCB test. Specimen geometry and testing fixture setup are identical. An LVDT was added
to the fixture. This LVDT is used for displacement control instead of the CMOD in this test method as
shown in Figure 3. The procedure to calculate the fracture energy is identical to that of the low-
temperature SCB test, except for the use of LVDT displacement values instead of CMOD displacement
values. Based on the aforementioned results and discussions, displacement rates of 6.25 mm/min

(0.00410 in/sec), 25 mm/min (0.01640 in/sec), and 50 mm/min (0.03280 in/sec) were explored.
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Typical results from the intermediate-temperature testing are shown in Figure 15 through Figure 17. The
figures illustrate the effect of rate and ABR using a low and high rate of testing, respectively. The results
are shown from the two laboratory AC mixtures with no ABR and 30% ABR. The lower displacement rate
of 6.25 mm/min (0.00410 in/sec) produced more ductile behavior, displaying lower peak load and a
softer post-peak tail. The higher displacement rate of 50 mm/min (0.03280 in/sec) produced a load-
displacement curve which was visibly more brittle, displaying higher peak loads and sharper post-peak
unloading. Similar results were obtained for the AC mix that contains 30% ABR (LX). However, in this
case, it is clear that the response is much more brittle with increasing peak loads and a reduction in the

displacement to initiate and complete crack propagation.
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Figure 15. Typical load-displacement curve for a control mixture with 0% ABR at 25°C.
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Figure 16. Typical load-displacement curve for a control mixture with 30% ABR at 25°C.

Figure 17 illustrates typical results for some of the laboratory AC mixtures with varying ABR and binder

grade. These tests were conducted at 50 mm/min (0.03280 in/sec). The separation between the AC
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mixtures is evident from the load-displacement curve patterns. As ABR increases, the curves appear to
become more brittle with increasing peak, smaller displacement range, and higher slope in the post

after the peak.
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Figure 17. Typical load-displacement curves for lab AC mixes (L3 to L6) and corresponding fracture energy calculated at cut-
off displacement (short) and extrapolated (long) from the SCB tests conducted at 50 mm/min (0.03280 in/sec) loading rate
and 25°C.

Typical load-displacement curves illustrate a point where intermediate-temperature testing has a
potential for separating mixes with changes in the mix design characteristics. Therefore, the rest of this

chapter presents the results from the tests conducted at this temperature with varying rates.

5.5.1 Rate Effect

5.5.1.1 Results at 50 mm/min
Figure 18 shows the intermediate-temperature SCB fracture energy results for the plant mixtures tested

at 50 mm/min (0.03280 in/sec). The range of fracture energy varied from 877 to 2148 J/m? for the tests
conducted at 50 mm/min (0.03280 in/sec). A greater range of fracture energy values at the intermediate
temperature of 25°C (77°F) provides a potential better distinction between AC mixes. Fracture energy
appeared to decrease consistently with increasing ABR. This trend can be observed when comparing P8
and P9, where P9 has significantly higher ABR content. The same comparison can be made between P10
and P11 and between P12 and P13. Fracture energy values in this testing setup ranged from 877 J/m” to
2148 J/m>. This results in a fracture energy value range of 1271 J/m?, as compared with the previous

253 J/m? observed under classical low-temperature SCB testing.
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Figure 18: Intermediate-temperature (25°C) SCB results for plant mixtures tested at 50 mm/min displacement rate.

Figure 18 presents the fracture energy results for laboratory AC mixtures tested at 50 mm/min (0.03280
in/sec). The effect of increasing ABR on the fracture is clearly evident for AC mixtures prepared by
changing the ABR content only, while keeping all other AC mix design properties the same. L3 and L4
are identical AC mixtures, except for the use of a softer binder in L4, which resulted in a decrease in
fracture energy. However, this trend is reversed for the two AC mixtures with 7% RAS, L5 and L6, as
softer binder is used in L6. However, when holding all AC mix design parameters constant and changing
the percentage of RAS used, as in the case of L3 and L5, there was a dramatic drop in fracture energy as
RAS content increased. The drop in fracture energy continued as ABR increased up to 60%. Fracture
energy values ranged from 1399 J/m? to 2205 J/m?, resulting in a fracture energy range of 806 J/m>. This
can be compared with the corresponding fracture energy range of 117 J/m? for the classical low-

temperature SCB test setup for the same AC mixtures or 83 J/m?” for the DCT.

Figure 19 and Figure 20 present the results for a low-rate (6.25 mm/sec (0.00410 in/sec)) fracture test.
Low-rate fracture tests did not display a clear trend with increasing ABR for plant or laboratory AC
mixtures. In general, it was observed that the fracture energy values at higher loading rates produced

higher fracture energy for all AC mixes at 25 °C.

34



2000

&
1600
£
S
N
>, 1200
o [
|
2
800
w
o
3 400
7]
@
1 59
w o
P
7

c %

Figure 19: Intermediate-temperature (25°C) SCB results for plant AC mixtures tested at 6.25 mm/min (0.00410 in/sec)
displacement rate.
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Figure 20: Intermediate-temperature (25°C) SCB results for lab AC mixtures tested at 6.25 mm/min (0.00410 in/sec)
displacement rate.

Table 11: Summary of SCB Fracture Test Results Conducted at Intermediate Temperature (25°C) at
Two Various Loading Rates

Intermediate-Temperature SCB (25°C)

Intermediate-Temperature SCB (25°C)

Mix @ 6.25 mm/min @ 50 mm/min
# 2 Cov, fi Cov, 2 Cov, fi Cov,
Gfa (J/m ) % (MPa) % Gfa (J/m ) % (MPa) %
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Table 11 (cont.)
P1 | 1073 | 6% | 0.29 | 14% | 1568 | 12% | 0.49 | 4%
P2 | 1131 | 18% | 0.31 | 2% | 1629 | 13% | 0.53 | 2%
P3 | 827 |20% | 0.32| 8% | 1201 | 19% | 0.48 | 7%
P4 | 946 | 9% | 0.25| 4% | 1314 | 6% | 0.52 | 10%
P5 | 933 | 6% | 0.39| 2% | 952 | 10% | 0.65 | 2%
P6 | 1466 | 5% | 0.41| 3% | 1891 | 9% | 0.64 | 6%
P7 | 1359 | 16% | 0.25| 10% | 1948 | 6% | 0.47 | 9%
3

P8 | 2 | — | — | ~ [1130|15% |0.48] 11%
PO | - | - | | — 877 [17%|039] 9%
PI0| — | — | - | ~ [1858] 6% | 0.40| 5%
P11 — | = | = | ~ [1290]14% | 057 | 11%

P12 | 787 | 17% | 0.23 | 1% | 1629 | 16% | 0.41 | 14%
P13 | 729 | 13% | 0.31 | 6% | 1133 | 27% | 0.43 | 7%
P14 | 1202 | 9% | 0.29 | 8% | 2193 | 7% | 0.51| 3%
P15 | 904 | 6% | 0.23 | 5% | 1417 | 6% | 0.51 | 7%

L3 -- -- -- - 12205 | 5% | 0.37 | 2%
L4 | 1010 | 3% | 0.16 | 7% | 1775 | 10% | 0.32 | 20%
L5 -- -- -- - [ 1399 | 6% | 048 | 8%

L6 | 1029 | 22% | 0.24 | 4% | 1769 | 11% | 0.57 | 27%
L7 | 1028 | 11% | 0.17 | 2% | 1722 | 5% | 0.36 | 5%
L8 | 1518 | 10% | 0.28 | 8% | 2043 | 7% | 0.51 | 2%

% Tensile strength (fr) is calculated using the equation: f; = P/Zrt (P: load, r: radius, t: thickness)
® Limited data available for some mixes insufficient material.

In light of the larger and more meaningful data spread presented by the intermediate-temperature SCB
test method, its correlation to qualitative fatigue tests, and applicability, it was concluded that this test
method can be used to distinguish AC mixes for their cracking potential. However, further analysis of

SCB test results can further improve the test’s reliability and prediction accuracy.

5.5.1.2 Correlation to Fatigue Testing and Statistical Analysis to Discriminate Performance
Among the criteria considered in the selection of the SCB test method and parameters is correlation to

other independent tests and engineering intuition. In order to check if this criterion is satisfied, a group
of AC mixes was selected to compare fatigue performance using the TOL and SCB fracture test results.
Statistical analysis was conducted to evaluate the capability of each test and establish an independent
ranking. The results, shown in Table 13, indicate a positive correlation between intermediate-
temperature (25°C) SCB fracture tests and TOL in identifying the material demonstrating the best and

worst performance (A and B). Because of the spread in test data, the SCB fracture test resulted in three
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groups (A, B and C) with statistically significant differences when loaded at 6.25 mm/min (0.00410
in/sec) and four groups (A, B, C and D) when loaded at 50 mm/min (0.03280 in/sec).

Table 12: Summary of Statistical Ranking Results for the Texas Overlay and Two SCB Tests at a
Significance Level of 0.10.

Mix | RAP/RAS Texas Overlay SCB at 25°C and SCB @ 25°C and 50
# (%) 6.25 mm/min mm/min
Grouping’ Cycles Grouping Avg. Grouping Avg.
@ a=0.10* to @ a=0.10 Gra @ a=0.10 Gra
Failure (J/m?) (J/m?)
P1 50/3.5 B 305 B/C 1073 B/C 1473
P2 27/0 B 212 A/B/C 1131 A/B/C 1576
P3 26/0 B 431 C 827 C/D 1209
P4 46.5/0 B 416 C 946 C/D 1314
P5 10/0 B 291 C 933 D 952
P6 10/0 A 669 A 1466 A/B 1852
P7 0/0 A 1000 A/B 1359 A 1948

"% 4=0.10, means the rejection region comprises 10% of the sampling distribution

Table 12 shows that the intermediate-temperature SCB test method and the Texas overlay test are
correlated at their performance extremes. P6 and P7, the better performing AC mixtures, are placed in
the higher subsets in both testing methods. Additionally, the lower performing AC mixtures, such as P5,
are consistently placed in the lower performance subsets in both test methods. However, this
correlation is lost in the middle of the performance spectrum, where both test methods have different

classification of AC mixtures.

5.5.2 Secondary Considerations

In the development of the test method, the following additional considerations are taken into account:

* Robustness of fixture and compliance to record actual specimen deformations
* Specimen conditioning method
* Repeatability of the selected displacement rate

5.5.2.1 Machine Compliance and Fixture

The displacement measurements used for the SCB fracture tests conducted in this project are different
from the method described in the specification AASHTO TP 105-13 for computation of fracture energy.
The specification recommends measurement of displacements with two LLD gauges attached to gauge

points located on the front and back of the specimen, while the gauges are aligned with the notch and

placed 44.5 mm (1.8 in.) from the bottom of the specimen; this measurement is referred to as “AASHTO
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displacement.” Our displacement measurements consist of a measurement of the loading head
displacement relative to the load frame with LLD gauges; it is referred to as “loading head

displacement.”

The digital image correlation (DIC) technique was used to compare the two methods by measuring the
displacement of DIC gauges at the surface of the specimen. These DIC gauges are zones at the surface of
the specimen where the displacement is averaged. The DIC gauge measuring the AASHTO displacement
is positioned where the gauge point should be for this method, while the DIC gauge for the loading head
displacements is positioned right under the loading head, as shown in Figure 21. The displacements
measured through DIC were used to obtain the load-displacement curves and compare it to the load

displacement obtained directly from the machine, as shown in Figure 21.

Figure 21: Location of the DIC gauges on the SCB specimen. Green box = Loading head displacement, blue box = AASHTO
displacement.
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Figure 22: Comparison of load - displacement measurements: Blue = Loading head displacement measured by the load
frame, red = DIC loading head measurements, black = DIC AASHTO measurements.

The curves in Figure 22 show that the two measurements with DIC are almost exactly the same. There
are minor differences from the measurements recorded with the load frame; this is probably due to the
compliance of the machine. These results show that our method gives similar results to the AASHTO
method. The advantage is that, unlike the AASHTO method, the loading head displacement method
does not require gauge points to be placed on the crack path and thus avoids measurement

complications.

5.5.2.2 Selection of Temperature Conditioning Method
Even at the proposed 25°C, there is still a need for a conditioning method to ensure consistent testing

temperature. A study was conducted to examine various methods of temperature conditioning. Three

methods were explored:

* Water bath conditioning
* Oven conditioning

* Chamber conditioning

Water bath conditioning was conducted in accordance with AASHTO T283. Specimens were submerged
in a water bath at a specified temperature of 25°C (77°F) for 2 hrs and were then tested under the

intermediate-temperature SCB fracture test.

39



Oven conditioning was conducted by placing specimens in trays into AC mixing ovens set to a
temperature of 25°C (77°F). Specimens were monitored with temperature gauges until temperature

gauges reached the desired temperature of 25°C (77°F) and then tested under the intermediate SCB

fracture test.

Test chamber conditioning was conducted by conditioning the specimens in the Interlaken
environmental chamber. The temperature of the test chamber was set to 25°C (77°F) and specimens
were conditioned until a temperature gauge reached a temperature of 25°C (77°F). Specimens were

then tested under the intermediate-temperature SCB test method.

Test results are shown in Figure 23. Visually, no significant differences were noticed between the three
different conditioning methods. Most of the load-displacement curves fall on top of each other and

those that deviate can be attributed to test variability.
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Figure 23: Load-displacement curves for specimens tested after three different conditioning methods.

Table 13 shows that all three conditioning methods are not significantly different from each other.
Examining the coefficient of variation (COV) between methods, it can be noted that the parameter with

the highest coefficient of variation is the slope of inflection in the fracture energy curve tail. All other
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parameters display lower COV values between the various methods, indicating that one is free to use

whichever method is most practical.

Table 13: Statistical Summary for Various Temperature Conditioning Methods Explored Prior to
Intermediate-Temperature SCB Testing

COV Fracture cov cov cov
Conditioning Method | Replicate ID
Energy (%) Strength (%) | Intercept (%) | Slope (%)
T4-B-1
T4-B-2
WATER BATH 7.82 13.33 8.13 9.85
T4-T-1
T4-T-2
T2-B-1
T2-B-2
OVEN 4.76 6.23 14.26 30.53
T2-T-1
T2-T-2
T1-B-1
T1-B-2
CHAMBER 3.31 2.37 5.44 12.98
T1-T-1
T1-T-2
Inter-Method 6.54 19.29 11.16 21.49

5.5.2.3 Selection of Temperature Conditioning Method

Based on multi-temperature and rate testing, it was concluded that 25°C (77°F) is the testing

temperature consistent with the objectives of the study. The second question to answer was the

selection of displacement rate. Selection of a specific displacement rate must accomplish the following:
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*  Minimized variability and maximized repeatability

* Feasibility of running on a standard, commonly available load frame
* Accommodation of a wide spectrum of materials

* Proper distinction between different mixtures

* Minimized testing time

As the final objective was to run the developed test on a standard load frame, any displacement rate
selected must be accommodated by the load frame. Standard tensile strength ratio (TSR) load frames
operate at 50 mm/min (0.03280 in/sec). Thus, it should not be an issue to find equipment for running

the intermediate-temperature SCB.

Minimized variability and maximized repeatability are critical for specimen to specimen comparison as
well as lab to lab comparison. This criterion can be measured using each displacement rate’s average
COV. LVDT- based fracture energy COV values were calculated for each AC mixture under each
displacement rate. Fracture energy was used because this is the most basic parameter to be calculated
from a displacement-controlled fracture test. The average of all individual mixture COV’s was then

taken, as shown in Table 14.

Table 14: Average Values of Coefficient of Variation of LVDT Fracture Energy at the Various
Displacement Rates Tested at 252 C
Average LVDT Fracture Energy
Coefficient of Variation

Displacement Rate (mm/min)

6.25 11.3%
25 8.6%
50 9.2%

It can be seen from Table 14 that the COV among the rates are similar. Therefore, one can conclude that

there is no drastic difference between the different rates in terms of repeatability.

During testing, the selected displacement must not cause the material to fail catastrophically. Previous
testing shows that the higher the displacement rate, the more brittle the material behaves. A
displacement rate that is too high can cause catastrophic failure. Since some materials are more brittle
than others, the selected rate must provide a soft enough failure to allow even these brittle materials to
fail in a stable manner. At a testing temperature of 25°C (77°F), the highest displacement rate of 50

mm/min (0.03280 in/sec) did not cause overly brittle failure for even the brittle materials in the wide
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variety of AC mixtures used in this study. At the same time, the test should also allow crack initiation
and propagation. Sometimes for low displacement rates, cracks may never initiate for some ductile

materials exhibiting excessive creep and relaxation.

The selected displacement rate must properly distinguish between various AC mixtures since this is the
ultimate objective of the testing specification. Based on the results presented in the previous section,
higher loading rates provided a more consistent separation of AC mixes. This examination confirms that
the higher displacement rate of 50 mm/min (0.03280 in/sec) produces a higher data spread between
different AC mixtures. Additionally, the selected displacement rate must be as fast as possible to ensure
reasonable testing times and to avoid excessive creep and relaxation during application of the load. A
higher displacement rate would better protect against this concern. It was clear that out of the two
tested displacement rates, the 50 mm/min (0.03280 in/sec) displacement rate is best suited for the

purposes of this study.

* It displays an excellent level of repeatability when compared with other displacement rates.
* It can easily be run on most standard load frame.

* It does not cause catastrophic failure in brittle AC mixtures at the 252 C testing condition.

* It provides the most distinction between different AC mixtures.

* |tis the fastest of both rates.

5.6 Summary

Having determined that low-temperature fracture testing is insufficient for distinguishing between AC
mixtures, a testing temperature was explored. It was found that 25°C (77°F) is capable of distinguishing
between AC mixtures with different mix design properties. Next, multiple displacement rates were

explored at 25°C (77°F). From this observations, the following was concluded:

* Comparison of the LVDT displacement readings and the AASHTO TP 105-13 displacement
collection method showed sufficient similarity between readings.

* Examination of laboratory AC mixtures revealed intermediate-temperature testing can better
detect the deterioration of a AC mixture from its parent mixture than low-temperature testing
can.

* Shifting testing temperature to 25°C (77°F) resulted in a significantly higher range of results as
compared with the low-temperature testing, indicating that this temperature can better

distinguish between different AC mixtures.
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At 25°C (77°F), generally, AC mixtures with higher amounts of ABR resulted in a decrease in
fracture energy, with some noticeable exceptions.

Increasing the displacement rate of testing resulted in an increase in the fracture energy.
However, no catastrophic failure was experienced as a result of the increased displacement
rate.

A displacement rate of 50 mm/min (0.03280 in/sec) was selected to target acceptable
variability, maximize distinction between AC mixtures, accommodate common load frames, and
expedite testing time.

The intermediate-temperature SCB, when correlated to the Texas overlay test, showed
correlation between the excellent performing AC mixtures and the poor performing AC

mixtures.

44



6.Development of Flexibility Index

The SCB test was conducted at an intermediate temperature and a displacement rate of 50 mm/min
(0.03280 in/sec), however, there were instances when fracture energy was not sufficient as a sole

parameter for distinguishing between AC mixtures.

Figure 24 illustrates a comparison of two AC mixes (control with no recycled materials and the same mix
derived from the control with 30% ABR using 7% RAS) tested at 50 mm/min (0.03280 in/sec) and 25°C
(77°F). Although the fracture energy values of the two AC mixes were the same, the mixes had
distinctive load-displacement characteristics. Hence, it was evident that fracture energy should not be
used alone to discriminate between the two AC mixes. This could be attributed to the nature of the
fracture energy parameter. Depending directly on the geometry of the load-displacement curve, the
fracture energy is a function of the strength and ductility of the material. If the material displays a high
peak load, this may compensate for the lack of ductility in the post-peak region of the load-displacement
curve, which might explain why, in earlier results, more brittle AC mixtures with higher amounts of

recycled content displayed higher fracture energy values.

N90 lab mix design (30%ABR)
Fracture Energy = 1780 J/m?

N90 lab mix design (control)

Fracture Energy = 1790 Jim?

0 1 2 3 4 5 6
Displacement (mm)

Figure 24: Major characteristics derived from load-displacement curves from SCB tests conducted at 25 °C (77°F) and at 50
mm/min (0.03280 in/sec) displacement rate illustrating the potential effects of ABR.

6.1 Candidate Parameters
There is a need to develop a parameter in order to be able to consistently distinguish between AC

mixtures. An index parameter that can describe the fundamental fracture processes and overall
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patterns of load-displacement curves, shown in Figure 25, is needed to discriminate the cracking
potential of AC mixes. The primary underlying mechanism causing the changes in the load-displacement
curve in a fracture test is attributed to the size of the fracture process zone where microcracking or void
formation takes place; the fracture process zone is determined by the inhomogeneities in the
microstructure (maximum aggregate size, distribution of aggregates, matrix volume, and properties). In
general, the size of this zone is correlated to the brittleness of material and strongly governs fracture
behavior. As the zone grows, the load-displacement curve becomes “bulkier,” thus reflecting an
increase in fracture energy. Therefore, the process zone and, consequently, any index parameter
derived from it, might have an impact on the speed of crack propagation. As the material becomes more
brittle, the speed of crack propagation increases. Therefore, the parameters that may have an influence

on the formation of the fracture process zone were considered in the development of the index.

From the load and displacement history recorded from the SCB test, the following parameters of

interest were extracted:

*  Fracture energy (GF)

* Peak load (Pmay)

¢ (Critical displacement (w,)

* Displacement at the peak load (w,)

* Slope at inflection point (m)

Fracture energy was calculated by finding the area under the load-displacement curve. Critical
displacement-related parameters were calculated using the following procedure: the inflection point
was determined on the curve after the peak point; the tangential slope was drawn at the inflection
point; the intersection of the tangential slope with the x-axis yielded the critical displacement value.
The critical displacement and slope represent the ability of the mix to resist crack propagation; the

higher the value of critical displacement, the less brittle the AC mix.
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Figure 25: A typical outcome of the SCB test illustrating the parameters derived from the load-displacement curve including
peak load (will be related to tensile strength), critical displacement, slope at inflection point, displacement at peak load, and

fracture energy.

Empirical correlations between candidate indices and the speed of crack propagation (or approximate

crack propagation velocity) were obtained from the SCB experiments. The form of the index parameter

was inspired by the rate of crack growth definition provided by Bazant and Prat (1988) for concrete

materials for the purpose of explaining the effect of temperature and humidity on crack growth at a

reference temperature.

(4)

. G
a="v (G_f)n/z

where v, is a constant; G is energy release rate (G = K,Z/E with K; is stress intensity factor); and nis a

factor.

1
a=v, (EGf)"/Z

(kp™/? (5)

The stress intensity factor is related to the geometry and loading, which is assumed constant for the SCB

geometry; the other factors are proportional to the material properties that can accelerate or

decelerate crack growth. As fracture energy and modulus decrease or stress intensity increases, crack

growth accelerates. An empirical correlation between brittleness (inverse of flexibility) and crack
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growth was used to formulate the index parameter. Equation 5, including a function for the Flexibility

Index (Fl), is simplified as follows:

1
a= FL (K)"/? (6)

where three versions of Fl considered in this study are:

Grq
Fl, = ! abs(m) (7a)

_ GraE
FIII - /(abs(m)ftz) (7b)
Fljp = Ggq (7¢)

The Fl could be a parameter of process zone size (correlated to characteristic length given in Equations 2
and 3) or other combinations with good correlation to crack growth speed. In this study, because the
test specimen geometry was kept constant, the stress intensity factor was also considered constant up
to crack initiation, as long as the changes in the crack front stress field were not dramatic between

different materials.

6.2 Correlation to Crack Velocity

An approximate crack velocity was used as proxy to the speed of crack propagation in Equation 6. The
approximate crack velocity was calculated directly from the experimental data by assuming constant
crack propagation speed. A comparison of the approximate crack velocity to the true velocity profile
was performed using the CCD system, as shown in Figure 26. The true crack velocity was calculated by
tracking the crack position while it propagated for the first 20-25 mm (0.8-1.0 in.) from its original
position. It was observed that the true crack velocity obtained at the crack front increased with time
and with crack propagation. Among the materials compared (L4 and L5), acceleration of the crack was
more significant as the material became more brittle. Constant velocity profiles obtained directly from
the specimen loading were considered as a first-order approximation to true crack profile Figure 26(b).
As expected, deviation from the true velocity profile became more significant for brittle materials with
nonlinear crack velocity profiles, as demonstrated in the case of L5 (N90-30). The approximate crack
velocity doubled in more brittle material (L5) and was therefore considered in this study to correlate

with the proposed index parameters.
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Figure 26: A comparison of true crack profile of crack velocity (obtained from the DIC system) with the approximate crack
velocity for tests conducted at 25°C (77°F) and 50 mm/min (0.03280 in/sec) and two different specimen (L4 and L5): (a) Crack
position obtained from the DIC system and polynomial fit, and (b) true crack velocity obtained from crack position from DIC
and approximate crack velocity directly obtained from the experimental data.

An empirical correlation between the approximate crack velocity and candidate FI parameters is shown

in Figure 27. Among the parameters derived from the load-displacement curve, post-peak slope (m)

appears to be the most sensitive to changes in testing conditions (loading rate and temperature) and

material characteristics reflecting changes in crack growth speed. Therefore, correlation was improved

when the slope (m) was used to define the FI.
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Figure 27: Correlation between normalized Fl parameters (Types |, Il, and, lll corresponding to Equations 7a through 7c,
respectively) and approximate crack velocity derived from SCB tests conducted at 25°C (77°F) and 50 mm/min (0.03280

in/sec).

49



The form of the Fl with fracture energy and post-peak slope (Type | in Figure 27) was chosen as the final
form because of its simplicity and good correlation to crack propagation growth. The final form of the
proposed Fl is presented in Equation 8. Coefficient A is a calibration coefficient for unit conversions and
possibly field aging shift. A is equal to 0.01 for plant and lab compacted mixes in this study. However,

this value may change for field specimens when aging and field compaction are considered.

FI = Ax Gf“/abs(m) (8)

The Fl values for the lab design AC mixes are shown in Figure 28 by normalizing the index with respect to
the control AC with PG70-22. Changes in behavior from the control AC mix with a polymer-modified
binder to the AC mix with different levels of RAS and normal grade binder are captured through the Fl
values. For example, when L4 was modified to L8 with the addition of 2.5% RAS, the Fl captured this
modification with a decrease in Fl indicating brittleness. When L7 was modified to L6 with the addition
of another 2.5% RAS, the Fl also captured the change. The evolution of the Fl with critical changes in the
mix design characteristics was consistent and reflected the brittleness of the material observed in the
load-displacement curves as well as the increase in crack propagation speed. Therefore, there exists a
strong inverse correlation between crack velocity and Fl, unlike fracture energy, which, for example,
ranked L6, L7, and L8 similar to, or even better than, L4 although the latter exhibited slower crack

propagation speeds.
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Figure 28: Normalized FI for lab design mixes (L3 to L7) calculated at 25 °C (77°F) illustrating the reduction in flexibility with
changes in AC mix design characteristics and compared with approximate crack velocity and normalized fracture energy.

6.3 Implementation of Selected Index
Figure 29 illustrates the results for some of the mixes evaluated using the Fl. Mix P7 is free of recycled

content and has polymer-modified binder; whereas, Mixes P1 to P4 contain high levels of recycled
binder. Mix P5 does not contain significant recycled content, but ranked as the worst performing
material in the fatigue and SCB tests. According to the results obtained from theses plant AC mixes, the
proposed Fl ranked mixes consistently and generated greater separation to allow for capturing nuances

between AC mixes.
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Figure 29: Flexibility Index calculated for selected plant mixes.

The Fl values and fracture energy are shown in Figure 30 for all mixes. The values were normalized with
respect to the control mix with PG 70-22. The overall pattern with the Fl reflected consistent reduction
with increasing ABR. The reduction was much more pronounced when compared to fracture energy
values obtained at the same temperature. Some key findings from the comparison of Fl values for

different AC mixes include the following:

* The worst Fl values belonged to L5 (N90-30% ABR with PG 70-22) and L10 (N90-60 % ABR with
PG 52-34).

* Mixes with similar ABR content, same binder type, but different proportions of RAS (L6, L9, L12,
and L13) had similar Fl values, indicating that RAS source did not have a significant impact.

* The changes in the binder grade had a clear impact on Fl values. Mixes with the same ABR,
similar RAS type and content, but stiffer binder such as L5 (N90-30% ABR with PG 70-22) showed
significant separation in terms of FI compared with a softer binder L6 (N90-30% ABR with PG 58-

22).
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Figure 30. Normalized SCB fracture energy and Fl for lab mixes.

6.4 Summary

This study introduces a practical test method and develops an index parameter for characterizing the
fracture potential of AC mixes. The Flexibility Index is introduced to identify the resistance of AC mixes
for development of cracking related damage in the field. Formulation of the Fl is consistent with the
fundamental fracture mechanics principles and displays strong correlation to the crack velocity
determined from experiments to indicate crack propagation. Plant and laboratory AC mixes showed
that the Fl captures changes in the AC mixtures better than a sole fracture energy parameter. The
ranking obtained using the Fl was consistent with the changes in AC mix volumetrics and independent

test outcomes.
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7.Conclusions and Recommendations

In this study, a feasible test method was developed having the capability of screening asphalt mixtures
cracking potential. The study proposes running the IL-SCB test method at 25°C (77°F) and a displacement

rate of 50 mm/min (0.03280 in/sec). The test is referred to as lllinois Flexibility Index Test (I-FIT).

The approach to develop this test method considered plant-produced, lab-produced, and lab-designed
AC mixtures. The AC mixes characteristics were valuated under a variety of performance-based tests,
including fatigue life, rutting potential, and carious cracking potential tests. The two primary cracking
tests evaluated were the disc-compact tension (DCT) test and the semi-circular bending (SCB) test.
Various test temperatures and displacement rates were explored, and the most suitable combination

was selected, keeping in mind the objective of AC mixture differentiation.

Ultimately, the introduced test method was coupled with an index parameter, the Flexibility Index (Fl),
to characterize the fracture potential of AC mixes. The Fl was derived from the load-displacement
response incorporating fracture energy and slope of the load-displacement curve after a crack begins to
propagate. The Fl correlated very well with the speed of crack propagation in the IL-SCB tests. The
Flexibility Index was capable of quantifying the effects of binder grade bumping and ABR levels; as ABR

decreased, the Flexibility Index increased.

The following criteria—along with simplicity, repeatability, efficiency, and cost effectiveness—were

considered when selecting the test method:

1. Significant spread in the test output is needed to develop a threshold and quantify the
differences between AC mixtures possessing varying cracking potential. Without a test method
that does this, these differences may be hidden by statistical variation. The developed test

provides distinction between AC materials that is greater than potential statistical variation.

2. Applicability and seamless implementation of the developed method is needed to ensure
accessibility to state agencies and contractors and widespread adoption. The developed test

method is affordable, simple to run, and time-efficient.

3. Correlation to independent tests and engineering intuition is needed. A comparison between
intermediate temperature IL-SCB and Texas Overlay results was conducted and results were
found to correlate well at the high performance and low performance ends of the cracking

potential spectrum.
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The findings and observations resulting from this study include the following:

* Results indicate that the Texas Overlay Test is able to roughly distinguish between AC mixtures

with varying amounts of ABR content. However, the test variability is relatively high.

*  Pronounced differences in mix design characteristics were masked by Low-temperature cracking

tests (DCT and low-temperature SCB).

* Fracture testing displayed results that were heavily dependent on the temperature and rate of
displacement. Differences between AC materials are most pronounced at selected temperature
and loading rate of 25°C (77°F) and 50 mm/min (0.03280 in/sec). Data at these testing
conditions displayed consistent and repeatable data while clearly distinguishing between

different mix design characteristics.
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Appendix A: Laboratory Mix Designs

Table 15 Aggregate Gradations of Material Used in Design of Laboratory Mixes

Mineral | RAP* RAP* RAS* RAS*
Sieve CM16 | FM20 | FM22 | Filler (3/8in) | (-3/8in) | Source1 | Source 2

1in 100 100 100 100 100 100 100 100
3/4 in 100 100 100 100 99.3 100 100 100
1/2'in 100 100 100 100 90.8 100 100 100
3/8 in 97 100 100 100 78.6 99.3 100 100
No. 4 32 97 100 100 39 71.7 98.5 96.1
8 9 68 94.5 100 26.5 48.6 954 93.3
16 7 40 72 100 19.1 32.6 75.9 771
30 6 24 49 100 14.8 242 50.8 571
50 6 15 19.9 100 10.7 17.2 42.9 49.4
100 5 9 41 95 7.7 12.7 37.2 43.0
200 4.6 6.7 1.5 90 6 10.1 30.6 34.2
Binder Content % — — — 4.2 5.1 26.7 27.4

*Extracted gradation
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Table 16 Mix Design Characteristics of Plant- and Laboratory-
Produced Mixes and Testing Program Applied to Each Mix

Binder | RAP | RAS | ABR AC VMA -12°C | 25°C
Mix ID Mix Name Mixture Source Grade % % % % % E* TOL | SCB | SCB
P1’ N50 SC® 52-28 50 35 60 6.7 15 X X X
p2' N50 SC® 58-28 27 — 29 5.8 14.7 X X X
P3 N70 BC* 58-28 26 — 29 4.8 134 X X X
P4 N30 BC* TOL Study 58-28 46.5 — 37 4.8 13.6 X X X
P5 N70 SC® 64-22 10 — 6 6.1 15.8 X X X
P6 N90 SC? 76-22 10 — 6 5.6 14.1 X X X
P7 N50 SC? 64-22 — — — 5.9 16.7 X X X
P8 N50-50 58-28 42 4 49 5.5 13 X X X
P9 N50-60 52-28 42 6 59 5.6 13 X X X
P10 N70-25 Designs by S.T.A.T.E. 58-28 29 — 25 6 14.5 X X X
P11 N70-50 Testing 58-28 30 5 48 6 14.5 X X X
P12 N80-25 70-28 8 5 26 6.1 16.1 X X X
P13 N80-50 70-28 10 8 50 6 15.8 X X X
P14’ N50-Joliet 58-28 30 — 34 5.39 15.3 X X X
P15"? N50-Sandeno Total Recycle Mixes 52-28 52 4 60 6.72 15.1 X X X
P16"* N50-K5 52-28 53 5 57 6.5 14.9 X X
L3 N90 0 CG 70-22 — — — 6 15.3 X X X
L4 N90 0 CG 64-22 — — — 6 15.3 X X X
L5 N90 30 CG S1’ 70-22 — 7 29.8 6 15.3 X X
L6 N90 30 CG S1’ 58-28 — 7 29.8 6 15.3 X X
L7 N90 20 CG s1’ . 58-28 — 5 21.2 6 15.3 X X
L8 N90 10 CG S1 Laboratory Desion | g4.22 | — | 25 | 105 | 6 | 153 | X X X
L9 N90 30 CG S2° AS® 58-28 11 5 30.5 6 15.2 X X X
L10 N90 60 CG S2° AS® 52-34 40 7 60.8 6.1 15.2 X X
L11 N90 0 CG AS® 64-22 — — — 6 15.3 X X
L12 N90 30 CG® S2° AS® 58-28 — 7 30.6 6 15.2 X X
L13 N90 30 CG°® 1/ AS® 58-28 — 7 29.8 6 15.3 X X
X = Test was performed for this mix. ® AS mixture with 1% anti-strip added to virgin binder.
" AC containing steel slag. "RAS source (S1)
2 AC containing recycled concrete aggregate (RCA) ® These mixtures have different RAS sources but similar mix design.
% Surface course AC, placed at the top-most layer of the pavement and exposed to traffic. 8 RAS source (S2).

“ Base course AC, placed directly below the surface course.
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Table 17 Laboratory Mix Design L3

|AGGREGATE DETAILS Notes:
Ag. Blending % CM16 FM20 FM02 RAS MF Target
61.5 26.9 11.3 0.0 0.3 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.2
No. 4 (4.75 mm) 320 97.0 100.0 98.8 100.0 57.4
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 34.8
No. 16 (1.18 mm) 7.0 40.0 720 75.9 100.0 23.5 I BINDER DETAILS
No. 30 (600 pum) 6.0 24.0 49.0 50.8 100.0 16.0 IBinder Type PG 70-22
No. 50 (300 um) 6.0 15.0 19.9 42.9 100.0 10.3 ISpecific Gravity, G, 1.03
No. 100 (150 pm) 5.0 9.0 41 37.2 95.0 6.2
No. 200 (75 pm) 4.6 6.7 1.5 30.6 90.0 5.1
Bulk Spec Gravity (Gsh) 2.644 2.691 2.619 2.500 2.900 2.654 MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! Mixing Temperature 160 C
Absorption (%) 2.0 14 14 1.0 1.723 Compaction Temperature 150C
G 2.491
VOLUMETRICS
Binder% Gmb@N90 | Ht@N90 (mm) VM VMA DP via |#Cmme Gse Absorbed | ¢ ttective Asphalt
Nini Asphalt
6% 2.394 115.36 3.9% 15.2% 0.85 74.4% 2.739 1.20% 4.87%
6% 2.399 114.89 3.7% 15.0% 0.85 75.4% 2.739 1.20% 4.87%
6% 2.387 115.78 4.2% 15.5% 0.85 73.0% 2.739 1.20% 4.87%
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Table 18 Laboratory Mix Design L4

[AGGREGATE DETAILS Notes:
Agg. Blending % CM16 FM20 FM02 RAS MF Target
61.5 26.9 11.3 0.0 0.3 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.2
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 574
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 34.8
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 235 I BINDER DETAILS
No. 30 (600 pm) 6.0 24.0 49.0 50.8 100.0 16.0 IBinder Type PG 64-22
No. 50 (300 pum) 6.0 15.0 19.9 429 100.0 103 ISpecific Gravity, G, 1.03
No. 100 (150 pm) 5.0 9.0 4.1 37.2 95.0 6.2
No. 200 (75 um) 4.6 6.7 15 30.6 90.0 5.1
Bulk Spec Gravity (Gsh) 2.644 2.691 2.619 2.500 2.900 2.654 I MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! |Mixing Temperature 150C
Absorption (%) 2.0 14 14 1.0 1.723 Compaction Temperature 150C
G 2.496
VOLUMETRICS
Binder% Gmb@N9O | Ht @N9O (mm) VM VMA DP via |ACmme Gse Absorbed | 4o ctive Asphalt
Nini Asphalt
6% 2.392 115.36 4.2% 15.3% 0.85 72.7% 2.745 1.29% 4.79%
6% 2.393 114.89 4.1% 15.3% 0.85 72.9% 2.745 1.29% 4.79%
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Table 19 Laboratory Mix Design L5

AGGREGATE DETAILS Notes:
Agg. Blending % CM16 FM20 FMO02 RAS MF Target
63.5 16.0 12.5 7.0 1.0 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.1
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 56.3
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 36.1
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 26.2 I BINDER DETAILS
No. 30 (600 pm) 6.0 24.0 49.0 50.8 100.0 18.3 |inder Type PG 70-22
No. 50 (300 pm) 6.0 15.0 19.9 429 100.0 12.7 ISpecific Gravity, G, 1.03
No. 100 (150 pm) 5.0 9.0 4.1 37.2 95.0 87
No. 200 (75 um) 4.6 6.7 1.5 30.6 90.0 7.2
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.500 2.900 2.640 I MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! IMixing Temperature 160 C
Absorption (%) 2.0 1.4 1.4 1.0 1.692 Compaction Temperature 150 C
G 2.476
VOLUMETRICS
Binder% Gmb @ N90 Ht @N90 (mm) VIM VMA DP via | #CGmMme Gse bmiiicd | mee
Nini Asphalt
6% 2.381 113.83 3.8% 15.2% 1.20 74.8% 2.720 1.14% 4.92%
6% 2.362 114.65 4.6% 15.9% 1.20 71.0% 2.720 1.14% 4.92%
6% 2.377 113.68 4.0% 15.4% 1.20 74.0% 2.720 1.14% 4.92%
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Table 20 Laboratory Mix Design L6

|[AGGREGATE DETAILS Notes:
Agg. Blending % CM16 FM20 FMO02 RAS MF Target
63.5 16.0 12.5 7.0 1.0 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.1
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 56.3
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 36.1
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 26.2 I BINDER DETAILS
No. 30 (600 pm) 6.0 24.0 49.0 50.8 100.0 18.3 [Binder Type PG 58 - 28
No. 50 (300 pm) 6.0 15.0 19.9 429 100.0 12.7 ISpecific Gravity, G, 1.03
No. 100 (150 um) 5.0 9.0 4.1 37.2 95.0 8.7
No. 200 (75 um) 4.6 6.7 1.5 30.6 90.0 7.2
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.500 2.900 2.640 | MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! IMixing Temperature 153C
Absorption (%) 2.0 1.4 1.4 1.0 1.692 Compaction Temperature 147¢C
Grom 2.485
VOLUMETRICS
Binder% Gmb @ N90 Ht @N90 (mm) VM VMA DP via  |#CMme Gse Absorbed | p e tive Asphalt
Nini Asphalt
6% 2.370 113.88 4.6% 15.6% 1.20 70.4% 2.731 1.31% 4.77%
6% 2.370 113.75 4.6% 15.6% 1.20 70.4% 2.731 1.31% 4.77%
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Table 21 Laboratory Mix Design L7

I AGGREGATE DETAILS Notes:
Age. Blending % CM16 FM20 FMO02 RAS MF Target
63.5 18.0 13.1 5.0 0.4 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.1
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 56.2
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 35.5
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 25.3 I BINDER DETAILS
No. 30 (600 um) 6.0 24.0 49.0 50.8 100.0 175 |inder Type PG 58-28
No. 50 (300 um) 6.0 15.0 199 42.9 100.0 11.7 ISpecific Gravity, G, 1.03
No. 100 (150 pm) 5.0 9.0 4.1 37.2 95.0 7.6
No. 200 (75 pm) 4.6 6.7 1.5 30.6 90.0 6.2
Bulk Spec Gravity (Gsh) 2.644 2.691 2.619 2.500 2.900 2.642 I MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! IMixing Temperature 153C
Absorption (%) 2.0 1.4 1.4 1.0 1.696 Compaction Temperature 147¢C
G 2.484
VOLUMETRICS
Binder% Gmb @ N90O Ht @N90 (mm) VM VMA DP via  |fCMME Gse Absorbed | pcc. tive Asphalt
Nini Asphalt
6% 2.388 113.7 3.9% 15.0% 1.04 74.3% 2.730 1.25% 4.82%
6% 2.383 114.18 4.1% 15.2% 1.04 73.3% 2.730 1.25% 4.82%
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Table 22 Laboratory Mix Design L8

|[AGGREGATE DETAILS Notes: =
Agg. Blending % CM16 FM20 FMO02 RAS MF Target
63.5 18.5 15.5 2.5 0.0 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.1
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 56.2
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 35.3
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 24.9 I BINDER DETAILS
No. 30 (600 pm) 6.0 24.0 49.0 50.8 100.0 17.1 |Binder Type PG 64-22
No. 50 (300 um) 6.0 15.0 19.9 42.9 100.0 10.7 ISpecific Gravity, G, 1.03
No. 100 (150 um) 5.0 9.0 4.1 37.2 95.0 6.4
No. 200 (75 um) 4.6 6.7 1.5 30.6 90.0 5.2
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.500 2.900 2.645 I MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! IMixing Temperature 157¢C
Absorption (%) 2.0 1.4 1.4 1.0 1.708 Compaction Temperature 150C
G 2.488
VOLUMETRICS
Binder% Gmb @ N90 Ht @N9O (mm) VIM VMA DP VA | RCMME@ Gse Absorbed | c.. ctive Asphalt
Nini Asphalt
6% 2.385 114.93 4.1% 15.2% 0.86 72.8% 2.735 1.29% 4.79%
6% 2.380 115.18 4.3% 15.4% 0.86 71.8% 2.735 1.29% 4.79%
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Table 23 Laboratory Mix Design L9

AGGREGATE DETAILS
Age. Blending % CM16 FM20 FM02 RAP(-3/8 RAP(+3/8 RAS MF Target
56.0 17.8 9.9 7.0 4.0 5.0 0.3 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 Pavegrip Antistrip was added to the binder.
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 99.3 100.0 100.0 100.0 (1% of total binder weight)
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 90.8 100.0 100.0 99.6
3/8" (9.5 mm) 97.0 100.0 100.0 99.3 78.6 100.0 100.0 97.4
No. 4 (4.75 mm) 32.0 97.0 100.0 71.7 39.0 97.2 100.0 56.8
No. 8 (2.36 mm) 9.0 68.0 94.5 48.6 26.5 93.4 100.0 35.9
No. 16 (1.18 mm) 7.0 40.0 72.0 32.6 19.1 77.1 100.0 25.4 BINDER DETAILS
No. 30 (600 um) 6.0 24.0 49.0 24.2 14.8 57.2 100.0 17.9 Binder Type PG 58-28
No. 50 (300 pm) 6.0 15.0 19.9 172 10.7 49.7 100.0 12.4 Specific Gravity, Gy 1.03
No. 100 (150 um) 5.0 9.0 4.1 12.7 7.7 43.2 95.0 8.5
No. 200 (75 um) 4.6 6.7 1.5 10.1 6.0 34.4 90.0 6.9
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.641 2.627 2.500 2.900 2.642 MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0!  |Mixing Temperature 147¢
Absorption (%) 2.0 1.4 1.4 1.0 1.825 Compaction Temperature |143C
Gum 2.492
VOLUMETRICS
. Absorbed )
Binder% Gmb @ N90 Ht @N90 (mm) VTM VMA DP gmm VFA Gse Asphalt Effective Asphalt
6.00% 2.384 112.93 4.4% 15.2% 1.14 2.493 71.3% 2.740 . 1.40% ‘ 4.68%
6.00% 2.383 113.25 4.4% 15.2% 1.14 2.492 71.3% 2.740 1.40% 4.68%
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Table 24 Laboratory Mix Design L10

[AGGREGATE DETAILS
Agg. Blending % CM16 FM20 FMO02 RAP(-3/8 RAP(+3/8 RAS MF Target
38.0 114 3.4 20.0 20.0 7.0 0.2 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 Pavegrip Antistrip was added to the binder. (1%
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 99.3 100.0 100.0 99.9 of total binder weight)
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 90.8 100.0 100.0 98.2
3/8" (9.5 mm) 97.0 100.0 100.0 99.3 78.6 100.0 100.0 94.4
No. 4 (4.75 mm) 32.0 97.0 100.0 71.7 39.0 97.2 100.0 55.8
No. 8 (2.36 mm) 9.0 68.0 94.5 48.6 26.5 93.4 100.0 36.1
No. 16 (1.18 mm) 7.0 40.0 72.0 32.6 19.1 77.1 100.0 25.6 BINDER DETAILS
No. 30 (600 pm) 6.0 24.0 49.0 24.2 14.8 57.2 100.0 18.7 Binder Type PG 52-34
No. 50 (300 um) 6.0 15.0 19.9 17.2 10.7 49.7 100.0 13.9 Specific Gravity, Gy, 1.03
No. 100 (150 pum) 5.0 9.0 a1 127 7.7 432 95.0 10.4
No. 200 (75 um) 4.6 6.7 1.5 10.1 6.0 34.4 90.0 8.4
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.641 2.627 2.500 2.900 2.634 MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0!  |Mixing Temperature 150C
Absorption (%) 2.0 1.4 1.4 1.0 2.017 Compaction Temperature 144¢
Gmm
VOLUMETRICS
i Absorbed Effective
Binder% Gmb @ N90 Ht @N90 (mm) VTM VMA DP Gmm VFA Gse
Asphalt Asphalt
6.10% 2.379 111.46 4.5% 15.2% 1.37 2.492 I 70.2% 2.745 1.58% 4.61%
6.10% 2.386 111.07 4.0% 14.9% 1.37 |2.487 72.9% 2.745 1.58% 4.61%
6.10% 2.379 111.6 4.6% 15.2% 1.37 2.494 69.7% 2.745 1.58% 4.61%
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Table 25 Laboratory Mix Design L11

|AGGREGATE DETAILS Notes:
Age. Blending % CM16 FM20 FMO02 RAS MF Target
61.5 26.9 11.3 0.0 0.3 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 Pavegrip Antistrip was added to the binder. (1% of
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 total binder weight)
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.2
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 574
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 34.8
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 235 I BINDER DETAILS
No. 30 (600 um) 6.0 24.0 49.0 50.8 100.0 16.0 [Binder Type PG 64-22
No. 50 (300 um) 6.0 15.0 19.9 42.9 100.0 10.3 [specific Gravity, G, 1.03
No. 100 (150 pm) 5.0 9.0 4.1 37.2 95.0 6.2
No. 200 (75 pm) 46 6.7 15 30.6 90.0 5.1
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.500 2.900 2.654 I MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! |Mixing Temperature 150 C
Absorption (%) 2.0 1.4 1.4 1.0 1.723 Compaction Temperature 150C
G 2.496
VOLUMETRICS
Binder% Gmb @ N90 Ht @N90 (mm) VTM VMA DP via | f#CmMme Gse Absorbed | e tive Asphalt
Nini Asphalt
6% 2.392 115.36 4.2% 15.3% 0.85 72.7% 2.745 1.29% 4.79%
6% 2.393 114.89 4.1% 15.3% 0.85 72.9% 2.745 1.29% 4.79%
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Table 26 Laboratory Mix Design L12

AGGREGATE DETAILS
Agg. Blending % CM16 FM20 FMO02 RAS MF Target
64.0 15.5 12.5 7.0 1.0 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 Pavegrip Antistrip was added to the binder. (1% of
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 total binder weight)
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 100.0 100.0 98.1
No. 4 (4.75 mm) 32.0 97.0 100.0 97.2 100.0 55.8
No. 8 (2.36 mm) 9.0 68.0 94.5 93.4 100.0 35.6
No. 16 (1.18 mm) 7.0 40.0 72.0 77.1 100.0 26.1 BINDER DETAILS
No. 30 (600 pm) 6.0 24.0 49.0 57.2 100.0 18.7 Binder Type PG 64-22
No. 50 (300 pm) 6.0 15.0 19.9 49.7 100.0 13.1 Specific Gravity, G, 1.03
No. 100 (150 um) 5.0 9.0 4.1 43.2 95.0 9.1
No. 200 (75 pm) 4.6 6.7 1.5 34.4 90.0 7.5
Bulk Spec Gravity (Gsb) 2.644 2.691 2.619 2.500 2.900 2.640 MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! Mixing Temperature 153
Absorption (%) 2.0 1.4 1.4 1.0 1.695 Compaction Temperature 145
Gum 2.484
VOLUMETRICS
. Absorbed .
Binder% Gmb @ N90 Ht @N90 (mm) VTM VMA DP VFA Gse Asphalt Effective Asphalt
6% 2.380 113.58 4.2% 15.3% 1.25 72.4% 2.730 1.29% 4.78%
6% 2.382 113.53 4.1% 15.2% 1.25 72.9% 2.730 1.29% 4.78%

70




Table 27 Laboratory Mix Design L13

IAGGREGATE DETAILS Notes:
Age. Blending % CM16 FM20 FMO02 RAS MF Target
63.5 16.0 12.5 7.0 1.0 100.0
% Passing Sieve
1" (25.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 Pavegrip Antistrip was added to the binder. (1% of
3/4" (19.0 mm) 100.0 100.0 100.0 100.0 100.0 100.0 total binder weight)
1/2" (12.5 mm) 100.0 100.0 100.0 100.0 100.0 100.0
3/8" (9.5 mm) 97.0 100.0 100.0 99.8 100.0 98.1
No. 4 (4.75 mm) 32.0 97.0 100.0 98.8 100.0 56.3
No. 8 (2.36 mm) 9.0 68.0 94.5 95.4 100.0 36.1
No. 16 (1.18 mm) 7.0 40.0 72.0 75.9 100.0 26.2 I BINDER DETAILS
No. 30 (600 um) 6.0 24.0 49.0 50.8 100.0 183 IBinder Type PG 58 - 28
No. 50 (300 um) 6.0 15.0 19.9 429 100.0 12.7 ISpecific Gravity, G, 1.03
No. 100 (150 um) 5.0 9.0 4.1 37.2 95.0 8.7
No. 200 (75 pum) 4.6 6.7 1.5 30.6 90.0 7.2
Bulk Spec Gravity (Gsh) 2.644 2.691 2.619 2.500 2.900 2.640 I MIXING CONDITIONS
Apparent Spec Gravity (Gsa) 2.792 2.796 2.719 2.900 #DIV/0! IMixing Temperature 153C
Absorption (%) 2.0 1.4 1.4 1.0 1.692 Compaction Temperature 147¢C
Grom 2.485
VOLUMETRICS
Binder% Gmb @ N90 Ht @N90 (mm) VM VMA DP VA |%CGmme Gse Absorbed | cc. tive Asphalt
Nini Asphalt
6% 2.370 113.88 4.6% 15.6% 1.20 70.4% 2.731 1.31% 4.77%
6% 2.370 113.75 4.6% 15.6% 1.20 70.4% 2.731 1.31% 4.77%
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Appendix B: Plant Mix Designs

Table 28 Plant Mix 8 (P8)

1DOF Lab Varification Ne: ~>[ ] Ver. 9,01:08,15.12 DATE: Octob 20
Producer Number & Name >  4066-06  Rock Road iRochord < Plant Location RR12003
Matarial Coda Numbor —> 19512R  HMA N50 19.0 REC BIND
Piact Bin 2 " Lab Proparing Dosignfe. |
size " oxcms Dasigning Lab Mo
Source (PROD 4| o201 Dosigning Lab Name[STATE |
(vaue)| 1 wee
(00)| e wane_
(aowro)l
rogate Blond: . _ . e
25 125 00 [ o0 140 [T} 420 0.0
| Agg No. s ] L ” " ~F FRAP #3 FRAP #2 RAS #1 Aggregate Mixturs Comp
| Sievo Size Blend Spec.
1%(250mm) 1000 100.0 1000 1000 100.0 1000 1009 100 100
247 19.0mm ) 8o 100.0 1000 1000 100.0 1000 1009 ” 82-100 AMOUNT OF AGED RCY AC
2" (12.5mm ) 4.0 1000 1000 1000 100.0 1000 100.0 = 5085
9" ( 9.5mm ) 10 o 1000 1000 %5 1000 1008 2
NoA (4.75mm ) 20 20 1000 1000 “s 1000 w3 @ 2450 AC REPLACEMENT (ABR)
No.8 (2.36mm ) 20 60 1000 1000 257 1000 23 o 2036 “®1
NoA6( 1.18mm ) 20 40 1000 1000 202 1000 704 n 10-25
No.30 ( 600pm ) 20 40 1000 1000 167 1000 LN 16 VIRGN AC
No.50 ( 300pm ) 20 40 1000 100.0 130 100 s23 10 12 E
No.100 ( 150um ) 20 40 1000 100.0 3 1000 “r 7 9
No.2( 17 32 1000 100.0 &1 1000 340 48 36
[Bulk spGr 2628 | 2812 1.000 1000 | 2828 | 1.000 2,660 1000 | 250 2633 DustAC
i {
Absorption,% | 210 200 | 100 ‘_ 1.00 L | w | 1.00 | 100 | 1.00 | L] | Ratio
SP GR AC 1840 088
SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA aeo[ 1] womse [_ms |
[DATA for N-int, L
AC, KMx {Gmb ) {Gmm) (Pa) VMA VEA Voo Pbe Pon
Mix 1 45 2473 25% 144 202 320 676 £ 132
Mix 2 50 2am 251 ns 214 369 180 an 120
Mix 3 55 2201 2409 1"e 210 @z .09 an 128 TSR Information
Mix 4 60 2202 2478 12 214 a8 1023 48 124 Conditionad 1364
144.6
DATA for N-des. 50 0.94
et 3
(Gmb) {Gman) (Pa) A VEA Voo Pbe Gee Pba CA Strip Rating| 2
MiX 1 s 2387 25% 80 134 554 143 324 T4 132 FA Strip Rating| 1
M2 50 2408 2518 45 132 861 an wan a2 120 Additive Prod 8|
M3 55 2424 2490 30 130 e 1001 4 m 128 Additive Product Name |
Mix 4 (1] 2434 2479 18 131 6.3 1131 48 2.71% 124 Additive %|
‘NUMBER OF wVons
GYRATIONS %AC Gmb Gmm (Pa) VMNA VFA Gse Gsb TSR
550 Target.
OPTIMUM DESIGN DATA @Ndos: -=> C w | 55 2424 240 [ a0 ] 120 769 2721 2633 054
REMARKS LINE 1 [Hamburgs & TSR made with warm mix. 7 7‘I :’ﬁ
REMARKS LINE 2 o §
o
fal /o ®
Tosted by : Verified by:
Raviewed by : Final Approval
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Table 29 Plant Mix 9 (P9)

100T Lab Vorflcation Mo —>[ ] Ver. 8.01:08.15.12 DATE: ptember 28 20
Producer Number & Name —>| - 4066-06 |Rock Road Rockford <~ Plant Location RR12002
Materiel Gode Number —>|  19512R  HMA N50 19.0 REC BIND
[Freetting 3 " ) " o W FRAP 3 FRAP 82 RAS #1 ASPHALT
size oazCM11 oazcmte . 0a7FNo o17cM1204 ~ ofTFMes 10122 Designing Lab Woxk|RR 12002
Source {PROD #) o7 80072.01 52010-07 4065.05 01604 562743 Dosigning Lab Name[STATE |
(NAME)) T wee wee | RockRoad Southwind | BP Amoce
(Loc)| T e 7A Nirport - rene So. Belokt Bartitt
(ADD. IN¥O ) . | Caergory2 - L
ar 00 n7 < AC In RAP
|Aggregate Blend: N _ PanPGGrade>] Posezs |
285 | 145 0.0 | 00 | 8.0 0.0 420 0.0 6.0 100.0)
No. s " ) "2 " 3 FRAP 83 FRAP #2 RAS #1 Aggregate | Mixture Comp
E;:l St Blnd Spec
17(25.0mm) 1000 1000 100.0 1000 100.0 1000 100.0 1000 1000 100 100
W4 18.0mm) &0 1000 1000 1000 1000 1000 100.0 10 1000 o 22100 AMOUNT OF AGED RCY AC
12" (12.5mm ) 340 1000 1000 100.0 1000 1000 100.0 100.0 1000 L 50-85
s (8.8mm ) 70 40 100.0 1000 1000 1000 %5 1000 1000 Rl
NoA (478mm) 20 320 1000 1000 960 1000 s 1000 73 » 2080 AC REPLACEMENT (ABR)
No.8 (2:38mm) 20 5o 1000 w000 0.0 1009 257 1000 23 u 2038 04
No.18( 1.18mm ) 20 40 100.0 100.0 @20 100.0 202 100.0 704 1" 10-25
No.30 { 620um ) 20 40 100.0 1000 0.0 100.0 187 1000 617 % VIRGIN AC
No.50 ( 390pm ) 20 40 100.0 100.0 "o 1000 120 1000 523 " 412
No.100 ( 1504m ) 20 40 1000 100.0 10 100.0 .3 100.0 4“7 L] 30
No.208( 78um) 17 32 100.0. 100.0 03 100.0 &1 100.0 40 86 38
[Buk sp Gr 26w | 2812 1000 1900 2026 1000 2800 1000 2500 2830 DustiAC
[Absorption, % 20 | 2w 100 100 3 | e »L 100 100 _ e I 136 Ratio
SP GR AC) 1840 101
SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA BITUMINOUS MIXTURE AGED| 1 HOURS @ 298 ]
[ Hamburg Whea Information ]
[DATA for Nelnt, L] ‘Sample No. Passas)|
AC, %X (Gmb) ( Gmen) (Pa) [ vEA Voo e Pha 181
M1 50 2180 2525 136 212 Lt 761 383 144
~X2 55 zm 2500 124 213 419 s 424 134
M3 a0 2200 2486 "z 21 470 991 485 142 TSR Information
Mxe 85 2215 2488 103 213 sy 1100 518 14 Conditioned| 1336
Uneondtionea] __155.8
[DATA for N-dos. % TsR[ 06
(Gmb) (Gmm) (Pa) VA VIA Voo ) Gae Pha CA Strip Rating| 2
X1 50 2404 2525 48 132 ©ar 839 383 2730 144 FA Strip Rating| 1
M2 55 2423 2500 31 120 73 os7 a2 2222 134 Adcative Prod #
ux3 a0 2438 2488 20 129 s 1092 ass 2728 142 A
NiX4 Y] 2445 2488 s 134 029 1244 518 2720 143 Additive %
WUMBER OF voios
ovRATIoNs %AC Gmb Gmm (Pa) VMA VFA Gso Gsb TSR
e — 554 Torget
(OPTIMUM DESIGN DATA @Ndes: —-> ] s 2424 20 [ a0 130 760 2723 203 026
REMARKS LINE 1 [Hamburgs & TSR made with warm mix. ] §
REMARKS LINE 2 @o4% | o
°
e~ .
Testod by : Verifid &
Reviowod by : _]

Final Apprual :
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Table 30 Plant Mix 10 (P10)

100T Lab Verifiestion oz —>[____] Vor.0.04-06.48,12 DATE: October 18 20
Producer Number & Neme > 4066-06 Rock Road Rockford < Plant Location RR12006
Matarial Code Numbor——>|  19524R  HMA N70 D REC SURF 9.5mm
[Plant Bin s 3 # ) 2 [ FRAP#S Lab Praparing Design|
Size - I oszome | or [ 017CM1204 Designing Lab Mixe[RR1Z006 |
sowrce(proD®)[ 7 soorzen 1 “eses Dosigning Lab Name[STATE |
( NAME )| Ngc PO — Rock Road i
(Loc) rone ‘. R I Rockford
(ADD. INFO )| | L i B - L
o - A
Aggrogate Blend: s e — _ _—
00 580 0.0 0.0 125 05 120
|»¢, No. w ) ) " " W FRAP 3 FRAP 82 RAS#1 Aggregate | Mixturs Comp
Slave Size Blend Spec
1"(25.0mm ) 1000 100.0 100.0 100.0 1000 1000 100.0 1000 100.0 100
347 19.0mm ) 1000 1000 100.0 1000 1000 100.0 100.8 1000 100.0 100 AMOUNT OF AGED RCY AC
A12* (12.6men ) 1000 1000 100.0 1000 1000 100.0 100.0 1000 100.0 100 100
318” ( 8.6mm ) 100.0 840 100.0 1000 1000 1000 %5 1000 100.0 % 90100
No.4 (4.75mm ) 1000 20 100.0 1000 06,0 100.0 489 s 100.0 84 w85 AC REPLACEMENT (ABR)
No8 ( 2.36mm ) 1000 50 100.0 1000 80.0 100.0 267 742 100.0 » 2848 2486
NoAB( 1.18mm ) 1000 40 100.0 1000 620 100.0 202 512 100.0 2 1032
No.30 ( 800pm ) 1000 40 1000 1000 40.0 100.0 167 363 100.0 16 VIRON AG
No.50 ( 300pm ) 1000 40 100.0 1000 "o 100.0 120 289 100.0 10 415
No.100 ( 150um ) 1000 40 1000 1000 10 950 [ &} 174 100.0 7 10
No.200( 76pm ) 1000 32 100.0 1000 0.3 800 6.1 10.9 100.0 49 46
)

Bulk $p Gr | 1.000 2812 1.000 1.000 i 2826 T 2900 2660 2000
abaorgion, % 100 20 | e | o | aw | e | e [ am |

SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA BITUMINOUS MIXTURE AGED)| 1 Hours@ | 285
[oATA for ot 1
AC, SoMX (Gmb ) (Gmm) (Pa) VMA VFA Vbe Pbe Pba
Mx 1 50 2410 2523 " k<t ) M1 s 364 14
MiX 2 55 2422 2803 %2 27 358 LY 4198 142
MiX 3 60 2136 2487 1“1 26 03 853 464 145 TSR knformation
MiX 4 6.5 2142 2.484 134 28 451 10.78 §22 137 Conditioned | 8912
M5
[DATA for peces. 70 L T
(Grab) (Gmm) (Pa) A VFA Voo Phe Gae Pba CAStrip Rafing 1
Mot 50 2384 2523 63 “s 569 828 384 ar 143 FA Strip Rating 1
Mx 2 55 2375 250 51 “e 648 950 4146 am 142 Additive Prod #|
wix3 60 2391 2487 s 1“s 5 10.66 484 2. 145 Additive Product Name|
Mix 4 6.5 2,398 2484 27 147 8.7 1203 522 21273 137 Additive % |
'NUMBER OF WVODS
GYRATONS %AC Gmb Gmm (Pa) VMA VFA Gse Gsb TSR
R 58  Taget
OPTIMUM DESIGN DATA @Ndos: > { 0 | 59 2300 240 [ 4 | s 728 2120 2629 036
X
REMARKS LINE 1 [Hamburgs & TSR Made With W o - 1 ey
REMARKS LINE 2 |MeadwestVaso M1 g 0.4% 'g‘
=1
o
Vertfiod by:
Final Approval :
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Table 31 Plant Mix 11 (P11)
00T Lab VerifiationNo: > | Vor.8.01.06.16.12 DATE: [ October32012 |

Producar Number & Name ->|  4066-06 Rock Road Rockford < Ptant Location RRRO12002
AR e
Material Code Number —>|  19524R  HMA N70 D REC SURF 9.5mm
[Piant Bin # 3 4 ) ) 2 MF FRAP#3 FRAP#2 LabPrepering Design[.__ |
size | eszemee om0t | K Dosigning Lab Mix#[RRRO12002 |
Source ( PROD )| | soor201 | saote07 Dosigning Lab Nams [STATE |
( NAME wee _wee
(ocy | irone Airport
(ADD. NFO ~ 1 e i
rogets Bland;
- 00 _ 510 00 00 8.0 0.0
[Agg No. [3 “ ) 3 " [ FRAP S FRAP £2 RAS#1 Aggregata | Mixture Comp
|_‘vt Siae Bland ﬁ
1 (28.0mm ) 1000 1000 100.0 1000 1000 1000 1000 1000 1000 100
A4 18.0mem ) 1008 1000 1000 100.0 1000 1000 1080 1000 1000 100 AMOUNT OF AGED RCY AG
12* (12.5mm ) 1000 1000 1600 100.0 1000 1000 1009 1000 1000 100 100
e (8.5m) 1000 [y 1000 1000 1000 1000 868 1000 1000 o 90-100
NoA (475ma ) 1008 320 1000 1000 %0 1000 s 816 073 82 265 AC REPLACEMENT (ABR)
No.8(2.36mm ) 1000 50 1000 100.0 80 1000 57 T2 023 » 2848 483
No.16 ( 1.48mm) 1000 4 1000 1000 820 1000 22 s12 4 n 1002
Ne:30 (600ym ) 1000 40 1000 1000 400 1000 167 %8 o1r 16 VIRGIN AC
Ne.50 ( 300ym ) 1000 40 1000 100.0 e 1000 130 %9 s23 1" 415
No.100 ( 150pm ) 1000 40 100.0 100.0 10 100.0 93 174 “ [} 240
No200( 75ym ) 1000 32 1800 1000 [X) 1000 81 0 48 1 48
Bulk p Gr 1.000 2612 l 1000 1.000 2626 [ 1.000 2.860 | 2660 2500 | 2021 DustiAC
(Absorption, % L 100 | am 1.0 100 l 120 wo | 1 100 100 1% Ratio
srorac| 10w 102
SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA MIXTURE AGED 1] wowmse [ |
[DATA for Meint. 7
AC, XMDX (Gmb) (Gmm) (Pa) VMA VA Voo Pbe Poa
x4 50 2122 2522 188 B e 725 355 152
w2 85 2128 250 150 23 89 aar Ity
X3 60 2138 2480 138 23 Y 258 485 144 TSR information
x4 65 2446 2484 128 24 480 1055 st 148 Condtionsd| 1268
Unconditioned| 1314
[OATA for Nedes. 70 TSR ow7
(Gmb) (Gmm) (Pa) A VFA Voo Pbe ) Poa CA Strip Rating) 1
X 1 &0 2388 2522 s “r 550 804 355 2728 152 FA Strip Rating| 1
Mx2 55 2370 2801 52 s 641 1 am 2724 149 Addltive Prod 8|
MX3 60 2388 2480 s s ns 10.08 485 210 144
M4 65 2382 2454 28 "y 0.1 1178 511 218 148 Addive %
WUMBER OF =
GYRaTONS %AC Gmb Gmm (Pa) ViA VFA Gse Gsb TSR
594 Terget
(OPTIMUM DESIGN DATA @iNdes: > [T n 5 238 2482 a0 | s 724 2721 2621 07
x
REMARKS LINE 1 [Hamburgs & TSR Made With Warm Mix_ _l ;
REMARKS LINE 2 M @04% °
3
Tested by : Verified by: §
)
Final Approval :
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Table 32 Plant Mix 12 (P12)

00T Lab Varification No: —>[ ] Ver. 9.01.08.15.42 DATE: m

Producer Number & Name ->|  4066-06 |Rock Road ?Rockford <~ Plant Location RRR12007
Matorisl Coda Number —>|  18435R  HMA Polymer SMA 12.5 REC BIND N80
ot Bin £ 3 M ) | ) [ [ w FRAP 63 Lab Praparing DesignfiL___ |
o31cMI4 | catcmia 038FM20 C04NFOZ Osaigning Lab Wixk|RRR12007 |
Source (PROD #)|  52400-29 52400-29 | seurzon | seseos | aceson Dosigning LabNerm[STATE |
(NAME | Rook Rosd Rock Road wee Rock Rond Rock Roed
(Loc Lathers Lathers Irone. Rockford Rockford
(ADD. NFO) i I
s
|Aggrogate Blend:
%00 a5 | 0.0 [ 80 T 0.0 5.0 8.0 [
| Agg No.. s - ” "” " L FRAP 13 Mixturs Comp
Sieve Slze 2g
1"(25.0mm ) 1000 100.0 1000 1000 1000 1000 1000 100
AN 10,0mm ) 1000 100.0 1008 100.0 1000 1000 100.0 1000 1000 100 100 AMOUNT OF AGED RCY AC
2" (12.5mm ) L8] 1] 1009 1000 1900 1009 100.0 1000 1000 a 82100
V8" (9.5mm ) 330 n2 100.0 1000 1000 1000 e 1000 100.0 “ 65 max
Neo.d (4.75mm ) 13 50 100.0 1000 100.0 100.0 “a 1900 73 28 2030 Ac ﬂEPLAcﬂBn(An]
No# (238mm ) 12 19 100.0 0.0 1000 100.0 218 1900 23 " 1824 221
No.16( 1.18mm ) 11 AR 4 100.0 £3.0 100.0 100.0 154 1000 T4 13
No.J0 ( 600pum ) 11 15 100.0 30.0 100.0 100,0 120 1000 6.7 12 1218 VIRGIN AC
No.S0 ( 300um ) 1.9 1. 100.0 150 1000 100.0 s 1000 823 1 1018
No. 100 ( 1850um ) 10 15 100.0 70 1000 850 10 1000 “r L
No.209( 75um ) 10 13 100.0 43 100.9 00 53 1000 34.0 18 10
Bulk 8p G 210 l 2698 I 1.000 I 2841 | 1000 | 2300 | 2660 1.000 l 2500 I 2608 | DustiAc
|Absorption, % 130 150 1.00 190 1.00 1.00 100 1.00 1.00 131 Ratle
_sporac] e | s |
SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA Acep| 1] Hourse 308 I
[DATA for N-int. 1 —
AC, M (Gmb ) (Gmm) (Pa) VA VA '™ Phe ™ Dopth| |
1 55 2.000 2512 108 287 3t .93 494 0.5%
O 2 €0 2104 2494 158 288 413 100 544 0.00
X3 s 2414 2474 "s 287 455 7 897 057 TSR information
M4 10 2.116 2458 13.8 270 448 1318 842 0.56 Conditioned| 00
0.0
DATA for N-des. L TSR 0.00
(Gmb ) {Gemm) (Pa) VA VFA Vbe Pbe Gse Pba CA Strip Rating
M 1 a5 2383 2512 51 185 €39 13 484 a7 s FA Strip Rating
M2 o0 2408 2484 35 181 T8 1257 544 e L Additive Prod 8|
LS} &5 2413 2474 8 153 s 1384 s97 218 oSy Additiva Product Name
Y S 7.0 2421 2455 14 185 918 1509 ) 2738 056 Acdrive %
AVOIDS
| %AC Gmb Gmm (Pa) VMA VFA Geo Gsb TSR
5% o Target
OPTIMUM DESIGN DATA @Ndes: —> €0 2408 2493 —&!___I 181 LR 213 2,696 000 -
REMARKS LINE 1 SR Made With Warm Mix ;
REMARKS LINE 2 nﬁ!m Ro% I 2
4
7 S
Vorifiod by: O A s M ~
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Table 33 Plant Mix 13 (P13)

0T L Vaibenton o -]

OATE:

Producer Number & Name ->|  4066-06 'Rock Road Rockford <~ Plant Losation RRR12004
Matorial Code Numbor —>| - 18435R  HMA Polymer SMA 12.5 REC BIND N80
Plant Bin # #5 B4 CH 2] i " [ FRAPAS . FRAP#2  RASK ASPHALT LabPreparingDesign[.____ |
size ovtemss | evemnn | . o 004MFO2 eicMIzes | 017FMO00 | o 10430 Designing Lab Mix#[RRR12004 |
Source (PROD#)| 5240020 | 5240020 o 4065-06 408608 “0es06 661604 175706 Designing Lab Nams,
(NAME)|  ReckRoad | RockRosd o RockRoad |  Roek Rosd l Rock Road ' Southwing Seneca
(10G)|  Lathers Lathers Roextord Rookford Roekford | SoBeloit Lomont
(ADD. INFO )| : I P ) | SBS PG T0-28
) ) s | e | a1 |ackme
Aggrogate Bland: - i Plan PG Grade >| PG 70-28
49.0 22.5 i 0.0 0.0 0.0 10.0 8.0 7.8 100.0
Agg No. [ 2 " ” " [3 FRAP#S FRAP #2 RAS 81 Aggregate | Mixture Gomp
love Size Bland Spec
1+ (250mm) 1000 1000 100 1000 100.0 1000 1000 1000 1000 100
34 19.0ram ) 1000 1000 1000 1000 1000 1000 1000 1000 1000 100 100 AMOUNT OF AGED RCY AC
12 (128mm ) a7 s0s 1000 1000 1000 1000 1000 1900 1000 ° 82100
" (9.5mm) 10 72 1000 1000 1000 1000 962 100.0 1000 8 65 max
No.t (&75mm ) 13 1000 1008 1600 1000 “3 o7s 973 » 2030 AC REPLACEMENT (ABR)
No.8(2.36mm ) 12 1000 1000 1000 1000 215 w0 023 " 162e 50.
No.16{ 1.48mm) 11 1900 1000 1000 1000 181 s 704 15
No.30 (600um ) 1 1000 1000 1600 1000 120 ns5 017 2 1216 VIRGIN AC
No.59 (300um ) 11 1 100 1000 1000 1000 s 244 523 1" 1015 [ 59
No. 100 ( 169um ) 1.0 15 100 1000 100.0 95.0 10 157 447 L]
10 13 1000 1000 100.0 300 53 14 0 75 810
2710 2586 1000 1.000 1900 2000 | 2660 2860 2500 2006 DusyAC
L R T T 1w 0 | 100 | am om0 | 1.00 123 Ratio
sporac| 10w 125
SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA a1 ] nourse
[OATA for teint, v
AC, %MIX (Gmb) (Gram) (Pa) A viA Voo Pbe Poa
X 1 85 2002 2807 165 %4 73 6.8 490 084
M2 € 2108 2482 154 22 @3 1083 534 o
M3 [ 2418 2471 144 24 a4 1158 589 085 TSR informatio
M4 70 2134 2454 131 24 500 13.06 637 058 Condioned| 1213
Uncondtionod| 1350
DATA for N-des. % TsR| _oso
(Gmb) (Gmm) (Pa) wa VEA Vbe Pbe Gso Pba CA Strip Rating| 2
o< 1 55 251 2807 51 53 s 1120 490 2131 (™ FA Strip Rating 1
M2 [ 2405 2492 25 158 81 1236 s34 2738 ore Addiive Prod #
M3 65 2418 2471 24 158 s 13.69 sm 2132 088 Additive Product Name
x4 2] _2430 2484 10 158 937 1487 637 2734 08 Aditive %
WUMAER OF Avows
GYRATIONS. %AC Gmb Gmm (Pa) VMA VFA Gse Gsb TSR
_ . 558  Taget
OPTIMUM DESION DATA @Ndos: —> [ o | 60 2485 2492 s 158 9 278 2588 080
REMARKS LINE 1 (Hamburgs & TSR Made With WarmMex g
INEZ estVoco M1 @ 0.4% | A
S
; . 8
(s g
Tostod by : Verified by: »
Reviewed by : Final Approval :
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Table 34 Plant Mix 14 (P14) (Joliet)

asva
Excel Ver. 11.01-05 09.13 i

. lilinois Department
] V03000 of Transportation

¥ % et %
ASSIGNMENT INFORMATION /FORDTY033
inspector #: 910000000 Date 102513 Seq#: 000 Contract / Section No, Job No. Quantity
Bit Mix Plant: 6508-01 Mix Code:  19514R Quantity:  299.4 E0P70 C9160611 299.4
Resp Loc: 91 Lab: PP Dist Mix#:  81BIT13824
Type Insp: PRO Lab Name: Joliet Aspahlt
Mix Name:  HMA N50 D REC SURF
/FOR DTY03309 Producer Material %
Sub Lot: : Type: _—s Washed: -“ Lot | Binder| 1757-05] 10126 , 3.5
Virgin Aggs — BIN7 BING BiNS BIN4 BIN3 BIN2 BINt MF NEW AB% Additive
MEX % B l| I ]f I i 430 | 227 05 35 ]
AGGY ] | 455 | 240 105 7
sulot[ 1 ] Sub Lot:
RCY Aggs _RCY4  RCY 3__RCY2 RCYT{ % PASS  AJMF % PASS — AJMF
MIX% 5.8 24.4 Remarks: 1.5 100 100 1.5
AGG% 8.0 24.0 . 1 100 100 1
RCY AB | 3.7 6.9 . 34| 100 100 3/4
172 100 100 12
Sublot[— 7 Type[ ] washed: Lot: 8| oa 93 318
Virgin Aggs — BIN7 BING BINS BINd BIN3 8iN2 8IN1 MF NEW ABY%  #4 53 53 #4
MIX% [ [ i | 1430 I 227 | 65 [ , #8 32 32 #8
AGG% ! | | | | 35240 |05 #16L 21 21 #16
#30 15 16 ] #30
RCYAggs RCY4 RCY 3 RCY2 RCY1 #50 10 11 #50
MiX% | [ 59 244 ] Remarks: #106 7 7 #100
AGG% | |50 24.0 #200 52 5.5 #200
RCY AB | | 37 6.9 AB 54 5.4 AB

/FOR DTY03000 / TRANS 308

Sub Lot: 1 Sub Lot Sub Lot Sub Lot; DustAB 1:[ 12
Type: | Type | 1| Type: Type: OustAB 2:[ 0.7

Wash: Wash:[ Y| AB%: AB%: AB Replmnt 1] 362
Target AB: Target AB ABRepimnt 2| 335
Corr. % PASS  AJMF Corr._% PASS  AJMF
15 100 100 1.5 [ 100 100 Remarks:
1 100 I 00 1 100 100 Remarks:
34 100 100 374 100 100
12 100 100 112 100 100 Sublot 1 ]  Gsn (308 ] COPIES:
3/8 93 93 3/3 97 93 Gyratory Results: District Office
#4 53 53 #Ha 58 53 Nd Gmb_| Gmm [ Voids | FUMA] inspector
#8 34 32 #8 32 32 50 2763 | 2903 | 48 | 1521  JOLIET ASPHALT
#16 25 21 #16 21 21 RE:
#30 20 16 #30 14 16 sublot[ 2] Gy Jeff Ogrodnik
450 14 11 #50 8 11 Gyratory Results:
#100 10 7—’ #100 5 7 __Nd Gmb | Gmm | Voids {FVMA’
#200 6.3 55 #200 4.1 55 [ 50 2772 | 2902 | 45 15.3
AB[0OSS| 53 54 AB{D62| 57 54
QC Manager Phone:
Remarks: e [Rick Rahn 1 [B15726-10%0 1
Remarks. S e Tested By: . Email: -
N [Dan Donegan ] [ddonegan@joietaspanti 1
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Table 35 Plant Mix 15 (P15) (Sandeno)

10OT Lab Varifieation No-: —4::] Vor. 10.000818.13 DATE: Ej@_'{;:l

- Plant Location complete Rec.

sandeno East

seotucertiumbar s tawe | 5116-08 | |Hazo! Crest

WA N0 D REC SURF 9.5mm

Matorlal Gode Numbar —| '; 9514R

1= (25.0mm )
347 19.0mm )
iz (126mm )
a8’ (9.8mm )
HNo.b (4.75mm )
No.& (2.36mm )
No.16 (1.48mm )
No.30 (600ym )
No.8 ( 300ym }
MNe.100 { 150um )

SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA

Volds (Pa)
123

2819 "s
2600 100
100

Volds (Pa)

“VOIDS (Pa)

Target A

w 7] e

2819 2683 (X1 X 3 ¥

REMARKS LINE 1 o
REMARKS LINE 2 BITUMNOUS MIXTURE AGED:S HOURS & o
prd
. ~
— « -
Lab Preparing Design| Tested by Verified by: J T w
Designing Lab Wixs [COMPLETE Recycle )OO
Designisg Lab Name W Reviewed by i Final Approvels J
- — a—]
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Table 36 Plant Mix 16 (P16) (K5)

A0 gl N e Ry R I
[y i i
007 Lat Variteat on ho: DATE: AR N , /5‘
Praircser tumber & Kame 100T  Stag-Concrate Mix N§0siag-conc 2 - .
. i B . A ] .J>
stort G bt 19514%  HMA N50 D REC SURF 9.5mm
et on W uE RIS fRare RAsat AT 13t Ppaning Oeega{t
£ L amemn _yisua L Baeuas | Caeiquivg Lot Wil [N Wg0g coen
Source (PROD )} _ Gangrng Lad Sams [Schaves birg
£ NAME )|
(Lac)
(a0, 2sa
munrcail  Faaia
240 H 5.0 60,0,
ETR T A3 Aawreave T itire Goma |
i35 1 H) we | e [=H ]
1 19.9mm 1 war we L 100 wig 109 AMOUNT OF 855D KGY 8T
12 s 10i0 w0 W i e e i 53
LS T we wee 1ce weu 24 o
Ko d 42 Sment | 4“0 §5.0 52 AL REFLACEVENT (AT}
Ko #i238mm) 150 111 PO a7
oAl 11t | no a5 2
N3t (8081 1¢ 10 I e A
20 €01 26001 o i " s r 73
Mo 100 ¢ %5 | LL] pLE) 9 REE)
No.203g 15m ! 44 e 8 Al
[ sse vee 1 FE I Y Tor | Sewae |
IAbsaepeion, 5 LN d L Reva
wos ! i
SUMMARY OF SUPERPAVE GYRATORY DESIGN DATA HTUKIFOUS AT AGHO| ) wowesy [ ]
e i (omn ) Commt ionr En e
wx s sus a2 s 1o 6
v e v 1 s My 1u
vy 85 L2 REEN) "3 . LA 181
b 2 i 2 1 t s i
- . 1 ncangticnsd
(GATA for s o § 52!
Tamml TPal P wn G [ H o sy Rty |
vent 0 i 0 2% i [ -
sur 1 I ™ At Pt ¢
a2 2 I ve Pruce
L L 1t iy
Gat 5% é
Gt K IATA 3k o R oy e veoe 22 e
oi

RERARLS UNE ¢
RAVARNS 1InE 7
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Appendix C: IL-SCB Results

Mix
ID

P1

P2

P3

P4

Mix Name

TOL MIX 1

TOL MIX 2

TOL MIX 3

TOL MIX 4

Energy
(LLD)
(J/m?)
1510.4
1784.9
1381.4

1648.6
1856.5
1391.4

1276.3
1029.1
1527.2

1484.7
1304.2
1370.8

Avg

1558.9

1752.6

12775

1337.5

Std
Dev

168.3

103.9

203.3

33.3

Table 37 Plant Mixtures

cov

10.8

5.9

15.9

25

Flexibility

Index

2.6
2.7
1.9

2.8
3.7
1.6

2.1
1.2
1.7

29
1.1
1.4

81

Avg

2.4

3.3

1.7

1.3

Std Dev

0.4

0.5

0.4

0.2

Table C-1.1 P1-P15 IL-SCB (25°C at 50 mm/min)

cov

15.4

14.4

23.8

13.9

Peak

Load

(KN)
3.7
3.9
3.6

4.1
4.0
3.9

3.6
3.4
3.9

3.5
4.2
4.0

Avg

3.7

4.0

3.6

4.1

Std
Dev

0.1

0.0

0.2

0.1

cov

3.2

0.9

5.7

29



P5

P6

P7

P8

P9

P10

P11

P12

TOL MIX 5

TOL MIX 6

TOL MIX 7

N50-50

N50-60

N70-25

N70-50

N80-25

1095.0
986.6
2089.7
1742.8
2039.7
2120.5
21411
1890.6
1040.4
1337.6
1175.8
1059.7
874.8

2024 1
2091.1
1793.0
1141.6
1473.9
1484.7
1145.4

1581.3
1119.5
1557.1
2100.7

1040.8

1957.4

2015.8

1184.6

967.2

1969.4

1366.7

1828.9

54.2

153.1

125.3

121.5

92.4

127.7

159.2

271.8

5.2

7.8

6.2

10.3

9.6

6.5

14.9

Table 37 (cont.)

0.3
0.3
2.8
2.0
3.2
9.7
5.9
4.7
1.5
2.5
1.5
2.2
1.0

9.1

10.9

6.8
1.2
25
24
1.1

26
1.5
6.8
9.7

82

0.3

2.7

5.3

1.8

1.6

8.9

2.0

8.2

0.0

0.5

0.6

0.5

0.6

1.7

0.6

1.4

71

18.7

11.8

26.3

371

19.2

28.3

17.6

4.9
4.8
5.1
4.6
4.6
3.2
3.8
3.5
3.4
3.4
4.1
3.0
2.6

3.1
2.8
3.0
4.8
3.9
4.1
3.8

3.6
3.5
27
3.0

4.9

4.8

3.6

3.6

2.8

3.0

4.3

2.8

0.1

0.3

0.1

0.3

0.2

0.1

0.4

0.1

1.5

5.2

3.2

9.3

7.3

4.3

8.6

4.6



P13

P14

P15

P12

P13

P14

P15

N80-50

TR-JOLIET

TR-SANDENO

N80-25

N80-50

TR-JOLIET

TR-
SANDENO

1603.4
1444.9
556.8
646.2
967.1

2161.3
24417
2208.3
2090.6
1537.1
1434.3
1443.5
1364.1
1581.3
1119.5
1557.1
2100.7
1603.4
1444.9
556.8
646.2
967.1

2161.3
24417
2208.3
2090.6
1537.1
1434.3
1443.5
1364.1

1338.5

2225.5

1444 .8

1828.9

1338.5

2225.5

14448

270.5

131.7

61.5

271.8

270.5

131.7

61.5

20.2

59

43

14.9

20.2

5.9

43

Table 37 (cont.)

1.9
4.7
0.3
0.4
1.7

5.2
8.4
7.2
6.7
2.6
1.9
1.8
2.2
2.6
15
6.8
9.7
1.9
4.7
0.3
0.4
1.7

5.2
8.4
7.2
6.7
2.6
1.9
1.8
2.2

83

2.8

6.9

2.1

8.2

2.8

6.9

2.1

1.4

1.1

0.3

1.4

1.4

1.1

0.3

49.2

16.7

14.5

17.6

49.2

16.7

14.5

4.6
3.0
3.5
3.9
3.3

3.8
3.8
4.0
3.7
4.0
4.0
3.6
3.5
3.6
3.5
2.7
3.0
4.6
3.0
3.5
3.9
3.3

3.8
3.8
4.0
3.7
4.0
4.0
3.6
3.5

3.6

3.8

3.8

2.8

3.6

3.8

3.8

0.7

0.1

0.2

0.1

0.7

0.1

0.2

19.2

23

5.8

4.6

19.2

23

5.8



Mix

P17

P18

P19

P20

P21

P22

Replicate ID
147M-B1.dat
147M-B2.dat
147M-T2.dat

156M-B2.dat
156M-T1.dat
156M-T2.dat

157M-B1.dat
157M-B2.dat
157M-T1.dat
157M-T2.dat
141M-B1.dat
141M-B2.dat
141M-T1.dat
141M-T2.dat
140M-B1.dat
140M-B2.dat
140M-T2.dat

159M-B1.dat
159M-B2.dat
159M-T1.dat

Energy
(LLD)
(J/m?)
2110.8
2215.5
2177.3

2024.8
2185.8
1935.4

1687.6
1942.5
2065.0
1843.9
2095.5
2093.1
1983.8
1890.3
1779.4
1958.1
1716.2

2008.9
2031.3
1850.7

Table 38 P17-P22 IL-SCB (25°C at 50 mm/min)

Average
2167.9

2048.7

1884.7

2015.7

1817.9

1963.6

Std
Dev

53.0

126.9

159.5

98.5

125.5

98.4

cov
24

6.2

8.5

4.9

6.9

5.0

84

Peak Average

Load
(kN)
4.2
4.0
4.1

4.0
4.0
4.1

4.1
4.2
4.4
4.1
3.7
3.7
3.9
3.8
3.1
3.2
29

3.0
3.1
3.3

Peak
Load

4.1

4.0

4.2

3.8

3.0

3.1

Std
Dev

0.1

0.1

0.1

0.1

0.1

0.1

cov

1.3

2.2

2.6

3.2

4.7

4.0

Fl
4.3
4.8
4.6

4.4
4.7
4.4

3.2
4.0
3.7
3.2
5.3
5.3
5.3
4.6
6.7
6.6
7.2

9.0
10.5
6.8

Average
4.5

4.5

3.5

5.1

6.9

8.8

Std

Dev COV
0.2 54
0.2 4.2
04 109
0.3 6.4
0.3 4.6
19 213



Mix

P1

P2

P3

P4

P5

P6

P7

P8

Replicate ID
MIX1-SCB-3-T-1.dat
MIX1-SCB-4-B-1.dat
MIX1-SCB-3-T-1.dat

MIX2-SCB-3-B-1.dat
MIX2-SCB-3-B-2.dat
MIX2-SCB-3-T-2.dat

MIX3-SCB-4-B-1.dat
MIX3-SCB-4-B-2.dat
MIX3-SCB-4-T-1.dat

MIX4-SCB-3-B-2.dat
MIX4-SCB-3-T-1.dat
MIX4-SCB-4-B-1.dat

MIX5-SCB-3-B-1.dat
MIX5-SCB-3-T-1.dat

MIX6-SCB-4-B-1.dat
MIX6-SCB-4-B-2.dat
MIX6-SCB-4-T-1.dat

MIX7-SCB-3-B-1.dat
MIX7-SCB-3-T-1.dat
MIX7-SCB-3-T-2.dat

N50-50-SCBII-1-T-2 Hl.dat

Table 39 P1-P15 IL-SCB (25°C at 25 mm/min)

Energy
(LLD)
(J/m?)
1291.3
13141
1284 .4

1349.0
13931
1408.9

1043.6
1124.9
1053.0

1054.6
1181.7
1100.2

1194.9
1212.0

17381
1865.1
2035.9

1839.1
22471
2033.8

1392.8

Average
1296.6

1383.6

1073.8

1112.2

1203.5

1879.7

2040.0

1161.9

85

Std Dev
15.6

31.1

44.5

64.4

121

149.5

2041

229.4

cov
1.2

2.2

4.1

5.8

1.0

8.0

10.0

19.7

Peak

Load

(kN)
3.2
2.9
3.2

4.5
4.6
4.4

4.1
3.9
4.1

4.3
4.0
4.4

4.4
5.0

4.8
4.5
5.0

3.0
3.2
29

24

Average
Peak
Load

3.1

4.5

4.0

4.2

4.7

4.8

3.0

3.3

Std Dev
0.1

0.1

0.1

0.2

0.4

0.3

0.1

0.9

cov
4.3

24

3.4

4.3

7.9

5.3

4.7

26.4



P9

P10

P11

P12

P13

P14

P15

N50-50-SCBIII-B-1-1 Hl.dat
N50-50-SCBIII-T-2-2 Hl.dat

N50-60-SCB4-B-1 Hl.dat
N50-60-SCB4-T-2 Hl.dat
N50-60-SCBII-2-B-2 Hl.dat

N70-25-SCBII-3-2 Hl.dat
N70-25-SCBIII-T-2-2 Hl.dat

N70-50-SCBII-2-T-1 Hl.dat
N70-50-SCBIII-T-2-1 Hl.dat
N70-50-SCBIII-T-2-1 Hl.dat

N80-25-SCBII-2-B-1 Hl.dat
N80-25-SCBIII-T-2-1 Hl.dat
N80-25-SCBIII-T-3-1 Hl.dat

N80-50-SCBII-2-B-2 Hl.dat
N80-50-SCBIII-B-1-1 Hl.dat
N80-50-SCBIII-T-2-1 Hl.dat

TR-J-4-B-1.dat
TR-J-4-T-1.dat
TR-J-6-B-2.dat
TR-J-6-T-1.dat
TR-S-3-B-2.dat
TR-S-3-T-2.dat
TR-S-5-B-2.dat
TR-S-5-T-2.dat

934.1
1158.8

548.5
690.6
693.0

1224 .1
1315.7

1115.4
1350.0
1315.8

1100.4
1297.9
1551.5

705.6
902.5
627.6

1388.5
1434.3
1419.1
1305.9
970.2

960.1

1082.7
1143.3

Table 39 (cont.)

644.0

1269.9

1260.4

1316.6

745.2

1387.0

1039.1

86

82.8

64.8

126.7

2261

141.6

57.3

89.0

12.9

5.1

10.1

17.2

19.0

4.1

8.6

3.5
41

3.2
3.4
2.8

2.1
2.3

3.5
3.3
3.4

23
2.5
2.7

3.5
3.1
3.3

2.0
2.1
24
23
2.7
2.7
24
2.5

3.1

2.2

3.4

2.5

3.3

2.2

26

0.3

0.1

0.1

0.2

0.2

0.2

0.2

10.4

5.2

3.9

7.6

5.5

7.3

5.9



Mix

P1

P2

P3

P4

P5

P6

P7

P12

P13

Replicate ID
MIX1-SCB-1-B-1.dat
MIX1-SCB-1-B-2.dat
MIX1-SCB-2-T-2.dat

MIX2-SCB-1-B-2.dat
MIX2-SCB-1-T-1.dat
MIX2-SCB-1-T-2.dat

MIX3-SCB-2-B-2.dat
MIX3-SCB-2-T-1.dat
MIX3-SCB-2-T-2.dat

MIX4-SCB-1-B-1.dat
MIX4-SCB-1-B-2.dat
MIX4-SCB-1-T-1.dat

MIX5-SCB-1-B-2.dat
MIX5-SCB-2-B-1.dat
MIX5-SCB-2-T-2.dat

MIX6-SCB-1-B-1.dat
MIX-6-SCB-1-T-1.dat
MIX6-SCB-1-T-2.dat

MIX7-SCB-1-T-2.dat
MIX7-SCB-2-B-1.dat
MIX7-SCB-2-B-2.dat

N80-25-5-B.dat
N80-25-9-B.dat
N80-25-9-T.dat

N80-50-8-T.dat

Table 40 P1-P15 IL-SCB (25°C at 6.25 mm/min)

Energy gLLD)
(J/m")
1145.3
1055.7
1018.8

1071.5
1363.5
959.3

855.9
9771
649.0

976.1
855.2
1007.9

879.9
933.2
9871

879.9
933.2
9871

1369.1
1141.5
1565.9

680.3
744.0
936.3

724.0

Average Std Dev
1073.3 65.1
1131.4 208.7
827.3 165.9
946.4 133.6
9334 80.6
9334 53.6
1358.9 212.4
786.9 133.3
729.4 95.9

87

cov
6.1

18.4

20.0

14.1

8.6

5.7

15.6

16.9

13.1

Peak
Load

(kN)
1.9
2.2
2.3

Average

Peak
Load
2.1

2.2

1.5

24

1.5

2.1

3.1

1.7

23

Std Dev
0.2

0.4

0.2

0.1

0.1

0.1

0.4

0.0

0.1

cov
8.2

16.8

14.8

43

6.7

3.4

0.7

5.6



N80-50-9-B.dat
N80-50-9-T.dat

JOLIET-12-T-2.dat
JOLIET-13-T-1.dat

P14 JOLIET-16-T-2.dat
SANDENO 13-T-1.dat
P15 SANDENO 17-B-1.dat

Table 40 (cont.)

827.8
636.3

1286.2 1201.9 108.8 9.0
1079.1
1240.3

867.4 904.0 51.7 5.7
940.5

88

2.2

1.7

0.2

0.1

8.0

4.6



Table C-2 Laboratory Mixtures

Table 41 L3-L13

Energ SCB
y Streng
Mix (LLD) Std th Std Std
MixID Name (J/m%)  Avg Dev COV  (MPa) Avg Dev cov FI Avg Dev cov
L3 2273.7 0.36 16.1
N90-0
L3 (PG 24076 ,a069 725 3.1 0.38 0.37 0.01 1.79 16.4 15.7 0.77 4.9
70-22) 2239.6 0.37 14.6
L4 1715.2 0.45 10.9
N90-0 8.3
L4 (PG 2043.9 o435 1619 0.31 0.37 0.06 16.4 12.2 12.8 1.75 13.7
64-22) 2071.5 0.34 15.1
L5 1450.6 0.53 2.1
s N90-830 4600 047 048  0.03 72 26 23 026 115
(PG Y 14176 544 3.8 : : : : : : : :
70-22) 1341.3 0.45 2.0
L6 1391.0 0.42 4.4
N90-30 1588.0 1503.5 0.46 4.6
L6 0.51 0.10 18.9 4.6 0.94 20.3
(PG 1510.0 71.24 4.7 0.64 35
58-28) 1525.0 6.1
L7 1747 .4 0.37 9.0
L7 N90-20 4704 036 036 002 46 97 92 039 427
(PG 117182 759 4.4 : : : : : : : :
58-28) 1614.2 0.33 8.9
L8 1964.8 2015 0.5 4.8
N90-10 4
L8 (PG 2174.3 1111 55 0.5 0.50 0.01 1.4 75 5.9 1.14 19.6
64-22) 1919.1 0.49 5.3
L9 1643.3 0.45 35
N90-30
L9 (PG 19703 042 444 002 43 4.8 40 059  15.0
58.28 1642.1 58.2 3.6
e ) 1712.9 0.46 3.6

89



L10

L11

L12

L13

L10
N90-60
(PG
58-28)-
AS
L11
N90-0
(PG
64-22)-
AS
L12
N90-
30-7%
IDOT
(PG
58-28)-
AS
L13
N90-
30-7%
SwW
(PG
58-28)-
AS

1140.3
1235.1
1408.6
1714.0

1651.5
1490.3
1250.7
1510.4
1444.8
1322.2
1430.4
1504.5
1631.6
1833.8
1604.4
1506.3

1127.8

13741

1464.9

1442.5

1540.8

218.4

164.9

67.9

2323

15.9

11.2

4.7

15.1

Table 41 (cont.)

0.50
0.52
0.56

0.67
0.46
0.34

0.31
0.21
0.38
0.42
0.40
0.38
0.39
0.55
0.47
0.55
0.49

0.46

90

0.56

0.33

0.39

0.50

0.07

0.09

0.01

0.04

12.0

273

3.9

7.6

1.3
1.7
2.1
2.0

13.8
12.4
12.5
5.7
4.8
43
4.6
3.9
26
2.7
2.8
25
22

1.8

12.9

4.7

26

0.32

0.61

0.58

0.20

18.1

4.8

12.4

7.6



