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Abstract

Asphalt pavement is present in each roadway in every town or city today and it is
paramount to properly design pavement to efficiently reduce its deterioration. To determine how
pavement fails, pavement specimens prepared in the laboratory undergo performance tests which
demonstrate the pavements strength and durability. Performance tests require little variability from
compacted specimens, and it is critical to have a compaction method which is similar to field
compaction and produces homogenous specimens. Currently, laboratory performance test
specimens are obtained with the Superpave Gyratory Compactor (SGC). That device has few
similarities to the rolling compactor, which performs the actual compaction of pavement in the
field. To obtain precise and accurate performance test results, a compactor has to have an efficient
compaction method and be able to produce repeatable test specimens. The PReSBOX Shear Box
Compactor (SBC) was developed to simulate field compaction, since many test specimens can be
extracted from the same sample, the specimens and as a result the performance test results can be
more uniform.

The focus of this study was to determine whether SBC can produce compacted samples
that were equal or improved as compared to SGC.

The distribution of air voids within compacted SBC samples and the comparison of
performance tests which will be conducted using both the SBC and SGC were thoroughly studied
herein. New specifications were developed for those to transportation agencies that would like to

use SBC as an alternative to SGC.
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Chapter 1: Introduction

1.1 Problem Statement

In mix design, a clear objective is set: to mix, compact, and test the asphalt mixture to
determine its expected performance in service. The laboratory specimens prepared and tested
during mix design should be ideally representative of field-compacted specimens. Hot mix asphalt
(HMA) compaction in the field is performed by a rolling wheel compactor which compresses the
asphalt with multiple passes over the surface. This compaction is achieved with large vibrational
drums and the weight of the compacting vehicle. Contrary to field compaction, gyratory
compaction methods are used to fabricate specimens for performance testing. The type of
compaction method affects the physical properties of the specimens, such as aggregate particle
orientation and void structure, because they depend on the method of compaction used (Lu et al.
2011). To obtain specimens which are true indicators of field performance, a compaction method
that closely replicates field compaction and produces homogenous specimens is needed. In recent
years, the use of gyratory compactors has become common, primarily because of the introduction
of the Superior Performing Asphalt Pavements (Superpave) Mix Design Method. The Superpave
Gyratory Compactor’s (SGC) appeal is that it is a combination of a kneading compactor and a
shear testing machine. The problem with gyratory compactors is that they only produce cylindrical
specimens and there can be a large variability in the density of specimens (Khan et al., 1998).
Therefore a new compaction device is necessary to produce test specimens with a limited
variability and a closer similarity to field compaction.

The shear box compactor (SBC) was recently developed to compact large blocks of HMA
mixtures where many specimens can be extracted from a single compacted sample. The specimens

extracted from one sample can be a variety of shapes: beams, cylindrical or disk-shaped. The SBC

1



attempts to simulate field compaction by compacting the HMA mixture with a constant vertical
force and a cyclic shear force with a constant maximum shear angle.

The objective of this thesis is to evaluate the performance of the SBC. Specimens
compacted by the SBC were evaluated against specimens compacted by SGC. The following four
types of asphalt mixtures were compacted on both devices: two traditional fine mixtures (coarse-
grained Type-C and fine-grained Type-D as per Texas Department of Transportation, TxDOT), a
fine-grained stone matrix asphalt (SMA-D), and thin overlay mixture (TOM). The following three
types of performance tests were used to evaluate both devices: Overlay Tester (OT), Indirect

Tensile Test (IDT), and the Hamburg Wheel Tracking Device (HWTD).

1.2 Organization of Thesis

Chapter 1 describes the problem statement of laboratory compaction and the objective of
the study with the shear box compactor. Chapter 2 gives a brief review of past and current
compaction methods and the standard compactors used in the industry today. Fatigue cracking and
rutting, two types of roadway failures in pavement focused on in this study, are described.

Chapter 3 provides an overview of the research methodology carried out in this study. The
properties of the different types asphalt material used are listed. Background on the performance
tests used to evaluate the SBC as well as how to interpret the data are provided. The process of
preparing a SBC sample and the air void study performed before performance testing are also
shown. The compaction process of the SBC is described and displays of compacted samples in 3D
that show the air void distributions in the samples are presented. The specimen extraction method
for each performance test from a compacted sample is also displayed, as well as the compaction

properties of all the specimens.



Chapter 4 summarizes all the results obtained from performance tests carried out on SBC
specimens. The method used to prepare Overlay Tester (OT) specimens and the OT results are
discussed. The method used to obtain Indirect Tensile Test (IDT) specimens from a compacted
sample and the results are discussed. The method used to extract Hamburg Wheel Tracking Device
(HWTD) specimens from a compacted sample and the results are also discussed. A final
comparison and analysis of the performance test results is given to evaluate the SBC against the
SGC.

Chapter 5 includes the conclusion and recommendations for future implementation of the
SBC.

Appendix A contains the results of the performance tests on the SBC specimens, while

Appendix B contains comparable results on the SGC specimens.



Chapter 2: Literature Review

2.1 Background

There are generally several layers in a flexible pavement that work together to distribute
the vehicular loads over a larger area. These layers include the surface (HMA) layer, base, optional
sub-base, and the subgrade. Each of these is made up of different types of materials which
contribute to the structural support and drainage of the roadway. All layers are compacted by roller
compactors to obtain higher densities, higher stability, and wear resistance. Over its design life,
the roadway will deteriorate and will require maintenance and rehabilitation. Two common types

of road failures are fatigue cracking and rutting seen in Figure 2.1.

Figure 2.1: Fatigue cracking and rutting pavement failures

Fatigue cracking is interconnected cracks on the surface course which are caused by
repeated application of heavy wheel loads or lack of compaction strength from the base or
subgrade. Rutting refers to the surface depressions in the wheel-path which occurs when there is
compaction or mix design issues in the pavement and repeated application of load along the same
wheel-path. To resist these failures, it is important and more cost efficient to evaluate the stability

and performance of the HMA in the laboratory before it is placed in the field. Performance tests



in the laboratory can evaluate the fatigue cracking and rutting potential of HMA. By simulating
field compaction and testing specimens in the laboratory, roadways can be efficiently designed.
However, there is a major difference in laboratory compaction and field compaction. The three
basic types of laboratory compaction methods, (impact compaction, kneading compaction, and
gyratory compaction), do not use the roller compaction method as performed in the field. Shear

box compactor was developed to simulate the roller compaction.

2.1.1 Brief Overview of Compaction Methods

The oldest type of laboratory compaction, the Marshall compaction, uses a mechanical
hammer to prepare specimens by impact. This method was the primary mix design process used
by state agencies for nearly 50 years. It provided a method for asphalt mix design by selecting the
asphalt binder content at a density which would satisfy the minimum range of flow values and
stability (Swiertz et al. 2010). The Hveem design method was introduced in the 1930’s, where the
specimens were fabricated using a kneading compaction by the California kneading compactor.
The compactor applied a uniform series of moving impressions by a ram with a tamper foot onto
the free face of the specimen. The entire surface area of the specimen was not covered while
compacting, so as to produce a kneading action between the particles as the specimen rotated and
compacted with each added blow. Gyratory compactors were developed in the 1930’s by the
TxDOT to simulate the increasing traffic pressures of vehicles operating on flexible pavements. In
that compaction process, a vertical load and a self-adjusting kneading action were applied
simultaneously (McRae, 1965).

An evolution of the gyratory compactor was produced when the Superpave Gyratory
Compactor (SGC) was developed by the Strategic Highway Research Program (SHRP) (Harman

et al.,2002). The SHRP researchers sought a device which would compact HMA specimens to the



densities attained under actual pavement climate and traffic conditions. That device is able to
produce specimens for volumetric analysis, accommodate large aggregates, measure the specimen
height, and provide data to indicate the density throughout the compaction procedure. The SHRP
researchers then developed the SGC from a modified Texas Gyratory Compactor and other
properties of previous compaction methods which produced cylindrical HMA specimens. In the
compaction process, an HMA mixture is placed in a mold and then loaded onto the compaction
apparatus where the SGC applies the required vertical pressure and angle of gyration to begin
compaction (Swiertz et al. 2010).

While the SGC has been considered the best available compactor in the industry today, it
has a number of drawbacks which introduce can variability into the compaction process (Gabrawy,
2000). The SGC can only produce cylindrical samples of limited size, and samples are compacted
individually and successively. This procedure can take an extended amount of time if multiple
samples are required and these samples will not be subjected to the same compaction temperature.

The PReSBOX Shear Box Compactor (SBC) was developed by IPC Global and Pioneer
Road Services to simulate the action of a field compaction-roller (Gabrawy, 2000). SBC produces
samples rapidly, while providing information about the mix workability and strength of the
aggregate structure. In the compaction process, samples are confined in a steel mold with moveable
sides while a constant vertical axial load and an increasing cyclic force is applied from the
horizontal sides with a constant maximum shear angle to exert both compression and shear forces
to the mixture. The SBC compactor features a PC interface for the user where compaction
parameters are inputted and provides a graphical display of the following data: specimen height,

vertical stress, shear stress and air voids per cycle



The produced samples are prismatic in shape with the following dimensions: 17.7 in. (450
mm) in length, 5.9 in. (150 mm) in width, and 5.7 — 7.3 in. (145 mm — 185 mm) in height. The
samples fabricated are large enough to extract a variety of specimens, from beams to cylinders,
with different dimensions depending on which performance test the user selects. With one single

sample an HMA mix can be evaluated for fatigue cracking, rutting, or low-temperature cracking.

2.2 Shear Box Compactor

Qui et al. (2009) evaluated SBC beams for use with four point bending tests and studied
the variability of the air void content between the extracted beams from the blocks. Their findings
suggested that the initial air voids and the air voids after vertical load initiation can be used to
investigate the workability of asphalt mixtures. They also found that there was no influence of
difference in position in void content from the extracted beams. They recommended further
comparisons between different types of mixtures to provide more information for further
application of the SBC.

Qui et al. (2012) evaluated various SBC specimens with different geometries and
properties, different gradations, asphalt binder types, sample geometries, and sampling positions.
They found that asphalt mixtures with larger aggregate sizes required a higher shear stress and
more shear cycles to reach the target air voids content. The asphalt binder type had no influence
on their compaction curves. The total variation of all the measured air voids of all the test
specimens were about 2%, while within one asphalt block the variation of the measured air voids
was less than 1% regardless of the mixture composition, binder type, and specimen shape. They
also found that the specimens obtained from the upper part of the block were more compacted than
the lower part of the block. A 1% higher air voids content was observed when the asphalt
specimens were taken close to the side of the asphalt block compared to those taken from the
middle of the block. In their finite element simulation assessment, the results indicated that the

shear and compressive stresses are distributed homogeneously in the middle of the asphalt block.



No shear was observed at 20 mm from the block sides, and the upper part of the block had a slightly
higher shear stress than the lower part.

Li (2013) investigated the effect of specimen size and test type on laboratory fatigue test
results of HMA using the SBC for sample preparation. Li used cylindrical and rectangular
specimens for the tests and trimmed of 20 mm from all specimens’ edges to avoid inadequate
compacted parts of the block. He was found that the upper part of the block had a higher density
than the lower part, which agreed with the results reported by Qui (2012). The upper part of the
block also experienced more shear stress than the lower part, which had an effect on the

distribution of air voids also seen by Qui (2012).



Chapter 3: Research Methodology

3.1 Study and Materials

In this study, four different HMA mixes were compacted by the SBC and SGC: Traditional
dense-graded mixtures (Type-C and Type-D as per TxDOT), stone-matrix asphalt (SMA-D), and
thin overlay mix (TOM). The general purpose Type C and Type D mixes are used extensively
throughout Texas since they are well-graded, relatively impermeable, and are cheaper than other
mixes. SMA-D and TOM are the gap graded mixes that are generally more expensive due to being
composed of a higher quality of aggregates and modified binder. They are known for their
durability and rut resistance. Table 3.1 shows the general information for the different mixes, such
as the type of asphalt binder it contains and how much asphalt content each mix contains. Table

3.2 shows the gradation for each mix. All mixes follow TxDOT standards.

Table 3.1: Information of the Different HMA Mixes

. Mixing
. . Asphalt Asphalt Binder
Mix Type Location Binder Content, % Source Tempsll;ature,
Traditional Jobe
Fine Mixture El Paso PG-64-22 4.6 . 290
Materials
(Type-C)
Traditional
Fine Mixture | Brownwood PG-64-22 51 Jebro 290
(Type-D)
Stone-matrix
Asphalt Lubbock PG-70-28 6.3 NA 325
(SMA-D)
Thin Overlay :
Mix (TOM) Austin PG-76-22 6.5 Asphalt Inc 325




Table 3.2: Gradation Chart for the Different Mixes

Sieve Type-C Type-D SMA-D TOM
3/4" 99.3 100 100 100
172" - 100 98.4 100
3/8" 824 98.5 71.3 98.9

No. 4 52.7 68 23.2 47.3

No. 8 36.9 37.5 20 21.8

No. 16 - - 17.1 16.5
No. 30 18.6 15.5 16.3 12.9
No. 50 14 11 13.1 10.6
No. 200 5.6 3.4 10 6.3

3.2 Laboratory Test Methods

The following three different performance tests were used to evaluate the SBC and SGC.

3.2.1 Overlay Tester (OT)

The Overlay Tester (OT) is a fatigue testing machine designed in the 1970’s to model
displacements caused by thermal stresses in asphalt pavements resulting from cyclic changes in
the surrounding temperature (Germann et al., 1979). The OT was developed to evaluate the
reflective cracking resistance of asphalt overlays generated by vehicle loading and changes in
temperature: the opening and closing of joints or cracks are the main driving forces inducing
reflection crack initiation and propagation. The setup of the machine consists of two steel plates:
one fixed while the other slides horizontally to simulate the opening and closing of joints or cracks
in the pavements beneath an overlay (Zhou et al., 2003). With this simulation of vehicle loading,
the OT measures the number of cycles to failure of HMA specimens. An OT specimen during

testing is shown in Figure 3.3.
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Figure 3.1: OT Specimen during Testing Procedure

The specification of the OT test procedure has been outlined in the TxDOT test procedure
designation Tex-248-F. The OT test is an electro-hydraulic system that applies tensile
displacements to the HMA specimens and is conducted in a displacement-controlled mode at a
repeated loading rate of one cycle per 10 sec. The maximum separation of the steel plates reach is
0.025 in. (0.635 mm) at a test temperature of 77°F (25°C). A linear variable differential transformer
(LVDT) can be placed on top of the specimen to measure the displacement, but it is not required
by specifications. The OT test will display the number of cycles of applied load until the failure of
the specimen. This failure is explained by Zhou et al (2006): it is the maximum load the specimen

experiences at a given cycle 93% less than the maximum peak load from the first cycle.
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From one compacted SBC sample, 9 OT specimens were extracted. The OT specimen’s
dimensions were: 6 in. (150 mm) long, 3 in. (75 mm) wide, and 1.5 in. (38 mm) thick. A compacted
sample from the SBC would first be produced, and later another cylindrical sample would be cored
from the SBC sample using a water-cooled core drill to obtain sample with a 6 in. (150 mm)
diameter and 6 in. (150 mm) height. Then each cylindrical sample would then be cut and trimmed
to produce three OT specimens. Figure 3.2 shows the typical data produced from the OT test
which the device automatically records. From this recorded data the user can develop the hysteresis

loops from the displacement and load acquired for each cycle.

Time, sec
0 20 40 60 80 100

1200 . . . . 0.03
800 002 &
2 400 0.01 é
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0 2 4 6 8 10
Number of Cycles

Figure 3.2: Typical OT Data
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Figure 3.3: Interpretation of OT Results: a) Typical First Cycle Hysteresis Loop, b) Typical
Second Cycle Hysteresis Loop, and ¢) Load Reduction Curve
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The hysteresis loops can be plotted on one another to view the behavior of the HMA
mixture as seen in Figure 3.3. The first cycle provides the maximum load where the initial crack
occurs as seen in Figure 3.3a. After the first cycle, the remaining cycles display the crack
propagation phase until the failure limit of 93% maximum load is reach as shown in Figure 3.3c.

While studies have considered the OT test as reliable (Bennert et al., 2008, Hajj et al.,
2010), there has been variability in the reported repeatability results of the OT. Walubita et al.
(2012) noted the cause of variability in the results occurred because of the following differences
in the laboratory: specimen preparation and machine calibration. To further evaluate sources of
variability, Garcia and Miramontes (2015) studied several potential sources such as the specimen
preparation and testing mechanisms by evaluating key steps in the OT test procedure. They
proposed a data interpretation method which involved two phases of the OT test: crack initiation
and crack propagation. The number of cycles to failure parameter was used determine the fatigue
life of HMA, but a high variation in test results required new parameters to be sought. Instead the
critical fracture energy and crack progression rate was chosen in their study to properly evaluate
HMA mixes. Critical fracture energy is the energy required for the AC mix to initiate the crack
and the area is illustrated in Figure 3.4a. The crack progression rate shows how fast the crack
propagates through the AC specimen and therefore also shows the fatigue life of that AC mixture.
Figure 3.4b shows the variation of the crack driving forces against the number of cycles. The crack
propagation was quantified by fitting a power equation to the load reduction curve to smooth
uncertainties in the load measurements. The power coefficient of the equation is then interpreted
as the crack progression rate. The design interaction plot was created in Figure 3.4c to evaluate the
cracking resistance of AC mixtures. As an initial failure limit, a crack progression rate of 0.5 was

determined if the mix was stiff or poor in cracking resistance.
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3.2.2 Indirect Tensile Test

The Indirect Tensile Test (IDT) test is used to estimate the tensile strength of mixes and is
performed at a much faster loading rate than the OT. The IDT tests were performed following
ASTM D693, “Test Method for Indirect Tensile (IDT) Strength of Bituminous Mixtures.” The
IDT has been used in structural design research for flexible pavements since the 1960s and in
HMA mixture design research. It is a practical and effective test for determining the elastic tensile
properties and distress related properties of HMA (Kennedy et al., 1983). The IDT is performed
by loading a cylindrical specimen with a single or repeated compressive load, which acts parallel

to and along the vertical diametral plane as seen in Figure 3.5.

E

Figure 3.5: IDT Machine Setup
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With this loading set up, relatively uniform tensile stress develops perpendicular to the
direction of the applied load and along the vertical diametral plane, which causes the specimen to
fail by splitting along the vertical diameter. The calculated failure at the peak load is the strength
of a specimen and of the HMA mix. The current TxDOT asphalt content (AC) mix design
specifications for the maximum and minimum limits for IDT are: a maximum allowable strength
of 200 psi and a minimum allowable strength of 85 psi for dense graded mixes.

Six specimens were cored from one compacted sample for each mix. The dimensions for
the specimens were 2.4 in. (61 mm) thick and a dimeter of 4 in (102 mm). The specimens were
conditioned to a temperature of 77°F in an environmental chamber before the tests were performed
for at least an hour and the tests were also conducted the chamber to ensure the temperature stayed

constant during the test.

3.2.3 Hamburg Wheel Tracking Device

The Hamburg Wheel Tracking Device (HWTD) was developed in the 1970s in Hamburg,
Germany (Romero and Stuart 1998). The HWTD measures the combined effects of rutting and
moisture damage by rolling a steel wheel across the surface of an asphalt specimen immersed in
hot water. In the testing procedure, both steel wheels roll back and forth on the submerged
specimens until the wheels pass 20,000 times or until 12.5 mm of deformation is reached.
Originally, a pair of cubical or beam test specimens were used, but cylindrical specimens
compacted with the SGC are now used. In this study rectangular blocks were chosen as the
specimens and new jigs were constructed to fit the specimens onto the device as shown in Figure

3.6. The specimens are arranged in a series to provide the required path length for the wheels and
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the rut depth is measured continuously with a series of LVDT’s on the sample.

Figure 3.6: HWTD Machine Setup

The results from the HWTD are as follows: the post compaction consolidation, creep slope,
stripping slope and stripping inflection point. The post compaction consolidation is the rut depth
measured at 1,000 passes, assuming that the wheel is densifying the mixture within the first 1,000
wheel passes. The creep slope is used to evaluate rutting potential and it is the number of wheel
passes to produce a 1 mm rut depth due to viscous flow. The stripping slope is measured as the
number of passes required to create a 1 mm impression from stripping and it is a measure of the

accumulation of moisture damage. The stripping inflection point is the number of passes at the
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intersection of the stripping slope and the creep slope. This point represents the moisture damage
potential of the HMA and is the initiation of stripping (Aschenbrener and Currier 1993).

The HWTD specimens were obtained by cutting a sample into six different rectangular
sections. Six specimens were then extracted from one compacted sample from each mix. The
HWTD specimens’ dimensions were the following: 2.4 in. (61 mm) thick, 5.9 in. (150 mm) in
width and 5.6 in. (143 mm) in length. Three HWTD tests were then performed and each test lasted
20,000 passes. Wooden jigs were constructed to keep the specimens firmly in place while the tests

occurred at a constant temperature.

3.3 Sample Preparation

The sample preparation process were performed according to ASTM D7981, “Standard
Practice for Compaction of Prismatic Asphalt Specimens by Means of the Shear Box Compactor.”
The rectangular block produced by SBC has a fixed length and width of 17 in. (450 mm) x 5.9 in.
(150 mm), while the height can range from 5.7 in. (145 mm) to 7.2 in. (185 mm). In this study a
fixed height of 6 in. (152.4 mm) was chosen for all the compacted samples. The equipment
required to compact a SBC sample consists of: three or four pans, a tamping rod, a grease remover,
and a heating jig. It is essential to follow the instructions by IPC Global when turning on and
turning off the SBC. If the SBC is inappropriately turned on or off, the SBC will have trouble
connecting to the software and the SBC will lose its connection when compacting a sample.

The sample preparation is critical phase when compacting with SBC. It should be repeated
in the same manner for each compaction so variability is not introduced in the process. Only one
sample per day was compacted due to the difficulty in moving a finished sample off the SBC,
which could lead to the breakage of the sample. In the beginning, a compacted sample would be

produced by using only two trays of material and no preheating of the SBC machine. This method
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was quick and efficient yet there would be differences in the target air void content for each
compacted sample. The ASTM method was then followed, using a preheated jig and distributing
the sample material into four trays which displayed more consistent results. Figure 3.7 highlights
important steps of the compaction procedure for the SBC of an HMA sample. The compaction

process is shown for one sample in Figure 3.8.

Figure 3.7: Illustration of SBC block production process: feeding (top left), laying (top right),
compaction (bottom left), and finished product (bottom right)
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Figure 3.8: Illustration of Compaction Sample Process with the SBC (IPC Global)

The following steps are followed in order to prepare a specimen:

(1) Preheating: Before the compaction of an actual sample, it is recommended to pour and

compact a hot sample into the mold to allow all the machine components to heat up. In this
study, a steel box jig was developed and heated to the selected compaction temperature for
at least 45 minutes before it was placed into the compaction mold instead of a hot sample.
The mold plates and wearing plates were also placed in the oven at the selected compaction
temperature for at least 45 minutes prior to loading the mix in the compactor. The mold
plates and wearing plates were thoroughly cleaned with a grease remover to ensure a clean

compacting surface.

(2) Mixing: The total mass of a HMA sample is typically 45 — 55 1b (25 — 30 kg) for one block

and therefore it is recommended to evenly distribute this mass onto about 3 — 4 preheated
trays to easily manage the material mass. These trays are then placed in the oven until the

target compaction temperature is reached.
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(3) Feeding: The preheated steel bottom plate and wear plate are placed at the bottom of the
compaction mold, and then the preheated chute box is placed on top of the plates with the
bottom gate closed. The feeding process starts when the HMA meets the selected
compaction temperature. First two trays of the loose mixture are fed carefully into the
chute, alternating the side of the chute into which the mixture is first poured in. The bottom
gate of the chute box is then released to allow the mixture to fall into the compaction mold
and the chute box was removed.

(4) Laying: A long tamping rod is used to poke the mix five times near each of the four vertical
corners of the mold. The mixture is then properly distributed at all four corners within the
mold to ensure the mixture is evenly spread. The preheated loading chute is placed back
on top of the compaction mold, and the previous step, feeding, is repeated for the last two
trays of mixture. The preheated steel top plate and wear plate are placed on top of the mix.
The mold is then slid into the frame and locked to begin compaction.

(5) Compaction: Before the start of compaction, the following required input data are added
to the computer: sample weight, vertical stress, shear angle, target height and the maximum
density. There are four termination criterions for compaction with the SBC: cycles, height,
density, and air voids.

(6) The compaction process is shown for one sample in Fig 3.8. Figure 3.8 displays the
forces applied to the sample. A constant vertical force of 600 kPa is applied to provide
the required vertical stress. A cyclic shear angle of 4° is applied to the sample. When the
height termination criterion of 6 in. (152 mm) is met, the framework centers itself and the
loading is released. The block is ejected by an air pump and allowed to cool down for one

day.
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(7) Sampling: After one day, the block is subjected to sampling as shown in Figure
3.10. The blocks are either sawn or cored into different sizes of beams or cylinders. The
extraction of test specimens from an SBC sample were carried out into three sections: the
front which faced away from the SBC, the middle, and the back which was the part closest
to the SBC.
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Figure 3.9: Loading Curves during the Compaction Process
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Figure 3.10: Extraction of specimens for each performance test from a SBC sample

A naming system was used to identify which section the specimen was extracted from. The
sections were labeled front, middle, and back horizontally along the 17.7 in. (450 mm) length of
the sample. From each section specimens were extracted and labeled one, two, and three
vertically along the 6 in. (152 mm) length of the sample. Only the OT tests had a third level of

specimens for each section.
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Chapter 4: Results and Analysis

4.1 Air Void Distribution

The air void content that is inversely related to the density of a mixture affects the
performance of the HMA mix. Usually air void contents between 3% and 8% produce the best
compromise of pavement strength, fatigue life, and moisture susceptibility. In performance testing
in the laboratory, an air void content of 7% + 1% is set as the standard to achieve by many highway
agencies.

Before the performance tests were conducted, the variations in the air void content were
examined for the traditional fine mixture (Type-C). Two samples were compacted to a nominal air
void content of 7% + 1% and sliced as seen in Figure 4.1. The first slice corresponded to the front

part of the sample which faced away from the SBC while the ninth slice corresponded to the back

of the sample which was closest to the SBC.

Sliced Method

6 1n

Figure 4.1: Sliced Compacted Sample from SBC

The variations in air void content of the nine slices for the two samples are shown in Figure

4.2. The air void contents of the two samples differed slightly as reflected on Table 4.1. Both
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samples required the same number of compaction cycles to achieve their target density. For both

samples, the average air void content was close to 7% with a COV of about 3%.
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Figure 4.2: Sliced Samples Air Void Distribution for Type C Mix
Table 4.1: Air Void Properties of Sliced Samples for Type C Mix
Average . . .
Number of | .\ Max. Air | Min. Air | Standard .
S Cycles all };omds, Voids, % | Voids, % | Deviation o, B
1 4 6.6 6.9 6.2 0.2 3.0
2 4 6.7 7.1 6.2 0.2 3.7

Each slice was then further split into nine cubes as shown in Figure 4.3. The distributions
of the air void content from the 81 cubes for each of the two samples are shown side by side in
Figure 4.4. Sample 1 is on the left side while Sample 2 is on the right in both Figures 4.4a and

4.4b. Sample 1 has a higher air void content near its surface than Sample 2.
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Figure 4.3: Extraction of specimens for each performance test from a SBC sample

Figure 4.4: Distributions of Air Void Contents along Samples 1 and 2
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The back and bottom views of the distribution of air void contents for both samples are
shown in Figure 4.5 with Sample 1 being on the right and Sample 2 on the left. For both samples,

the air void contents are similar with only patches of low air voids.

Figure 4.5: Distribution of the Air Voids along back and bottom of Samples 1 and 2

Table 4.2 contains an overview of the variations in the air void contents of all samples
prepared for this study as presented in Appendix A. The COV’s of the air void contents for the
Type-C and Type-D samples were less than 10%, while the SMA-D and TOM samples exhibited
air void content COV’s of more than 10%. The least amount of time was needed to compact the
Type-C samples. The Type-D and TOM samples required over ten cycles to reach the 7% + 1%
air void content for the OT and IDT tests. The HWTD samples for all mixes required almost double
the number of cycles to reach the 7% * 1% air void content. This occurred because non-standard
specimen blocks were used (see Figure 3.10), instead of the standard cylinders as prescribed in test

procedure Tex-242-F. The reason and process for this pattern are described below.
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In the first trial, cylinders were cored from a compacted SBC sample. By removing the
surface exterior, the cylindrical specimens were too small to fit into the HWTD testing molds. In
the second trial, non-standard blocks were used. The non-standard blocks are rectangular prisms
with the dimensions of 5.8 in. (147 mm) in length, 5.9 in. (150 mm) in width, and 2.4 in. (61 mm)
in height. These specimens exhibited higher air void contents due to the blocks having more
surface area. Therefore the second trial was also discarded. A third trial was conducted were more
material was used in the compaction process to achieve the required 7% + 1% air void content.
The results for the third trial are shown in Table 4.2 and the procedure used in the third trial was
used consequently in later mixes. Due to the added mass, the HWTD samples for all mixes required

almost double the number of cycles to reach to 7% * 1% air void content.

Table 4.2: Sample and Specimen Information

Mix Test Number of | Average Air Max. Air | Min. Air | Standard | COV,
Cycles Voids, % | Voids, % | Voids, % | Deviation | %

oT 2 7.2 8.0 6.2 0.5 7.5

Type-C IDT 2 1.7 8.3 7.0 0.5 6.2
HWTD 4 7.5 1.7 7.2 0.2 2.1

oT 14 7.8 8.9 6.4 0.8 9.6

Type-D | IDT 11 6.9 7.7 6.2 0.4 6.4
HWTD 21 7.8 8.5 6.9 0.5 6.8

oT 6 7.1 8.7 5.7 0.9 13.3

SMA- "ot 7 8.1 10.7 7.0 12 | 152
HWTD 14 6.6 7.7 51 1.0 15.2

oT 15 7.5 9.5 6.0 1.1 14.0

TOM IDT 11 7.8 8.7 6.8 0.6 8.0
HWTD 33 6.8 7.9 5.6 0.8 11.6
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4.2 Overlay Tester Results

In this and subsequent sections, the test results from the SMA-D samples are presented as
illustrative examples. The corresponding results for samples of all mixes prepared with SBC are
shown in Appendix A and the SGC are shown in Appendix B.

Figure 4.6 displays how the nine specimens were extracted from one sample. The typical
results, in terms of the maximum load achieved, displacement, and the number of cycles, for each
specimen are shown in Figure 4.7. Most specimens extracted from one sample behaved similarly.
Figure 4.8 presents the performance of each specimen in the OT design interaction plot. Most
specimens are clustered closely.

Table 4.3 provides the salient properties of each specimen, such as the calculated critical
fracture energy and the crack progression rate. All OT tests were terminated at cycle 200 as
recommended by Garcia et al. (2017). With a COV of 13% for air void contents, the COV’s of

the extracted results varied between 9% and 21%.

17.7m

Figure 4.6: OT Extraction Method
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Figure 4.7: Overlay Tester Results for SMA-D Mix
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Table 4.3: Summary of OT Results for SMA-D Mix
Critical
: Air Voids, Max HLlele) Fracture Crack_ NUmben
Specimen Y Load. Ibs Fracture, Ener Progression | of Cycles
0 ! in-lbs | . ENeray, Rate to Failure
in.-1bs/in.?
Front 1 6.0 542 4.1 0.9 0.38 200
Front 2 6.4 508 6.6 15 0.37 200
Front 3 7.9 457 54 1.2 0.38 200
Middle 1 7.1 465 5.0 1.1 0.50 200
Middle 2 5.7 541 7.3 1.6 0.36 200
Middle 3 8.0 463 7.0 1.5 0.37 200
Back 1 7.1 401 4.3 0.9 0.37 200
Back 2 6.7 511 6.8 1.5 0.36 200
Back 3 8.8 452 7.6 1.7 0.32 200
Average 7.1 482 6.0 1.3 0.38 200
Std Dev 1.0 44 1.2 0.3 0.05 0
Ccov 13% 9% 21% 21% 12% NA

Table 4.4 contains an overview of the variations in the salient properties of all samples
prepared for OT in this study. With COV’s of 7% to 14% for the air void contents, the COV’s of
the critical fracture energy values and the crack progression rates for all mixes were all also more

than 10%, with Type-D sample exhibiting the highest variations for most parameters extracted.
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Table 4.4: Summary of OT Properties for all Mixes

Air Voids, Max BBz e Igg;fﬁle Crack_ ML g

Mix % Load. Ibs F(acture, Energy, Progression Cyc_les to
in-1bs in -1bs/in 2 Rate Failure

Avg | COV | Avg | COV | Avg | COV | Avg | COV | Avg | COV | Avg | COV
Type-C | 7.2 7 803 | 11 | 6.3 17 1.4 17 2.0 20 8 17
Type-D | 78 | 10 |1031| 7 |10.2| 17 | 23 17 1.7 46 34 | 123
SMA-D| 71 | 13 | 482 9 60 | 21 1.3 21 038 | 12 | 200 | NA
TOM | 75| 14 | 734 | 10 |110| 17 | 24 17 | 042 | 22 | 150 | 32

4.3 Indirect Tensile Test Results

The locations of the six extracted specimens from a compacted SBC sample are shown in

Figure 4.9. The load displacement curves captured for all specimens are shown in Figure 4.10.

The specimens exhibited similar load-displacement curves.

’ Middle 1

’Mi le 2

177 m

Figure 4.9: IDT extraction method
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Figure 4.10: IDT Load-displacement Response Curves for SMA-D Mix

Table 4.5 provides the salient properties of each specimen, such as the calculated tensile

strength and the strain at peak load. With a COV of 14% for air void content, the COV’s of the

extracted results varied between 6% and 7%, except the tensile modulus.

Table 4.5: Summary of IDT Results for SMA-D Mix

Specimen | Air Voids, % Maximum Tensile _ Tensile _ Strain at
' Load, Ibs Modulus, psi | Strength, psi | Peak Load, %

Front 1 7.5 1753 10591 115 1.9
Front 2 10.0 1657 10561 109 2.1
Middle 1 7.3 1835 10728 121 2.0
Middle 2 7.0 1864 8796 123 2.0
Back 1 7.4 1840 9147 121 2.2
Back 2 8.5 1676 6722 110 2.3
Average 8.0 1775 9191 117 2.1
Std Dev 1.1 99 1620 7 0.1
cov 14% 6% 18% 6% 7%

Table 4.6 contains an overview of the variations in the salient properties of all samples

prepared for IDT in this study. The COV’s of the tensile strength for all mix samples were less
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than 10%. The COV’s of the strain at peak load for SMA-D and TOM samples were less than
10%, while the Type-C and Type-D samples were more than 10%. Again, the COV of the

tensile modulus was greater than 10%.

Table 4.6: Summary of IDT Properties for all Mixes

Air Voids, Maximum Tensile Tensile Strain at
Mix % Load, Ibs Modulus, psi | Strength, psi | Peak Load, %

Avg |COV| Avg |[COV| Avg |COV| Avg |(COV | Avg |COV

Type-C 7.7 7 1974 14868 18 156 6 1.6 10

Type-D| 6.9 7 | 3685 24085 | 16 | 292 16 | 14

gjio|h~hlo

4
SMA-D 8.0 14 1775 9191 18 117 6 2.1 7
TOM 7.8 9 1904 12923 18 150 5 2.0 7

4.4 HWTD Results

The locations of the six extracted HWTD specimens from a compacted SBC sample are
shown in Figure 4.11. Since two specimens are required to perform one HWTD test, specimens
Front 1 and Middle 1 were paired together for one test. The maximum rut depths was captured for
all specimen are illustrated in Figure 4.11. For the SMA-D mix, the back specimens’ data were
corrupted due to the wooden jigs lifting out of place during the testing procedure. The other two
sets of specimens achieved similar rut depths.

Table 4.7 provides the salient properties of each specimen, such as the air void content
and the number of passes. With a COV of 14% for air void contents, the COV at 20,000 passes

was at 3%.
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Figure 4.11: HWTD Extraction Method
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Figure 4.12: Rut Depth of Three Samples for SMA-D Mix
Table 4.7: Summary of HWTD Results for SMA-D Mix
: : . Rut Depth, mm after
Air V % ’
Specimen | Al Voids, % 5000 Passes | 10000 Passes | 15000 Passes 20000 Passes

Front 1 6.5
Middle 1 75 4.2 4.9 54 6.0
Front 2 7.4
Middle 2 27 3.7 4.5 5.0 5.6
Back 1 5.6 .

Back 2 51 N/A N/A N/A N/A
Average 6.6 3.9 4.7 5.2 5.8
Std Dev 0.9 0.2 0.2 0.2 0.2

cov 14% 6% 3% 3% 3%

* Back specimens’ data are not available due to the wooden jigs lifting out of place during testing
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Table 4.8 contains an overview of the variations in the salient properties of all samples
prepared for HWTD in this study. The COV’s of the rut depth after 20,000 passes for the Type-C
and SMA-D samples were less than 10%, while the Type-D and TOM samples exhibited rut depth
COV’s of more than 10%. From the beginning to end of the test, the COV for TOM samples had

variation over 10% while SMA-D samples maintained COV’s less than 10%.

Table 4.8: Summary of HWTD Properties for all Mixes

Al Vil Rut Depth, mm after

[0)
Mix & 5000 Passes 10000 Passes 15000 Passes 20000 Passes

Avg | COV | Avg | COV | Avg | COV | Avg | COV | Avg | COV

Type-C | 75 | 2 |31 | 15 | 42 6 5.2 8 6.3 9

TypeD | 78 | 6 | 08| 29 | 14 | 14 | 19 | 16 | 25 | 13

SMA-D | 6.6 14 3.9 7 4.7 4 5.2 4 5.8 4

TOM 6.8 11 4.5 23 5.4 20 6 18 6.6 18

4.5 Variability of Performance Tests

The average trends from the OT results, in terms of the maximum load achieved,
displacement, and the number of cycles, for all mixes are shown in Figure 4.13. The error bars in

the figures demonstrate plus/minus one standard deviation from all results.

While Type-C and Type-D mixes achieved the highest average maximum loads in Figure
4.13a, both mixes averaged the lowest amount of cycles in Figure 4.13c. TOM and SMA-D
attained lower maximum loads but both mixes achieved higher number of cycles. Overall, TOM

and SMA-D behaved similarly and had little variation.
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Figure 4.13: Average Overlay Tester Results for HMA Mixes
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The average trends of the load-displacement curves from IDT tests are shown in Figure
4.14. All mixes achieved a similar peak load except for Type-D. TOM and SMA-D mixes again
performed similarly and maintained little variation in behavior.

e Type-C e e=Type-D e= « SMA-D <¢¢--TOM
4000 2P P
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0 0.1 0.2 0.3 0.4 0.5
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Figure 4.14: IDT Average Tensile Strength Performance Mixes Comparison

The average trends for the rut depths measured up to 20,000 passes for all mixes are shown
in Figure 4.15. Type-D mix achieved the lowest amount of rut depth, while the other mixes attained

similar rut depths. TOM was the mixture with the highest variation and maximum rut depth.
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Figure 4.15: IDT Average Tensile Strength Performance Mixes Comparison
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4.6 Compatibility of Results with SGC

The average air void contents for all SBC and SGC specimens are compared in Figure 4.16.
Again, the error bars represent plus/minus one standard deviation. The air void contents for all the
mixes tested by the SBC were above the 7% target. SMA-D and TOM mixes both had higher
variability than Type-C and Type-D mixes for the SBC. The air void contents from the SGC are

typically lower and closer to the 7% target with less variability.

——/SBC mmmSGC - --- Lower Bound  ------ Upper Bound
10

Air Void Content, %

Type-C Type-D SMA-D TOM
Type of Mixture

Figure 4.16: Average Air Voids for all Specimens

Figure 4.17 presents the performance of all mixes in the design interaction plot. The upper
and lower limits were obtained from Garcia and Miramontes (2015). SMA-D and TOM specimens
for both SBC and SGC behaved similarly with small variation. Type-C and Type-D specimens
from the SBC were significantly different than those from SGC. These mixes also demonstrate

large variability in the results.
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Figure 4.17: Design Interaction Plot Comparison of Mixes Performance

Figure 4.18 presents the tensile strength performance for all mixes. Current TXDOT mix
design specifies a minimum and maximum allowable IDT strengths of 85 psi and 200 psi,
respectively. Type-D and SMA-D SBC specimens achieved higher tensile strengths than SGC
specimens. Type-D specimens exhibited higher tensile strengths than the maximum allowable
strength for both SBC (significantly) and SGC (marginally). Type-C and TOM SBC and SGC

specimens behaved similarly. Type-C specimens exhibited the highest variability from all mixes.
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Figure 4.18: IDT Average Tensile Strength Performance Mixes Comparison
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Figure 4.19 presents the rutting performance for all mixes. All SBC specimens produced
higher rutting than the specimens prepared by SGC. The Type-D specimens performed the best

out of all the mixes. The TOM specimens exhibited the highest variability.

—SBC mmmaSGC = = Failure

15
£ 19 .
E 10
£
1=y 5.8
A
5 O . 3.2 4.0

.

Type-C Type-D SMA-D TOM

Type of Mixture

* HWTD Specimens for SGC do not have error bars since only one sample was used for each mix

Figure 4.19: IDT Average Rutting Depth at 20,000 passes
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Chapter 5: Summary, Conclusion, and Recommendations

5.1 Summary

HMA laboratory compactors in the industry today produce adequate performance test
specimens, but at present very few laboratory compactors can compact in the same manner as a
roller compactor in the field compaction. The main objective of this study was to evaluate the
performance of SBC as a standard compactor. This study was focused on studying the air void
distribution on SBC samples and testing different performance test specimens to evaluate the

repeatability of the SBC.

5.2 Conclusions

Upon the completion of testing and analyzing results with the SBC, the following
observations and conclusions are presented:

= Properly preparing an SBC sample for compaction is paramount, the preparation and
compaction method should be followed closely for every compaction

* From a thorough analysis of the air void contents, the COV of the air void content
distribution throughout samples are about 10%

= ]t is important to trim the outer surface of specimens at least 0.5 — 0.8 in. (12 — 20 mm) to
avoid an increase in air void content

= Interms of the mixes performance, SMA-D and TOM for OT displayed similar results with
low variability to the SGC. Type-C and TOM for IDT performed similarly to SGC
specimens, while SMA-D and Type-D mixtures exhibited much higher strengths. All the

HMA mixes for HWTD produced much higher rutting than SGC specimens.

5.3 Recommendations

The following recommendations are suggested to further implement SBC for laboratory

compaction and testing:
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Further evaluation of air void content in compacted samples with either SMA-D, TOM or
similar gap graded mixture

Implement and evaluate other types of performance test specimens extracted from SBC.
In Figure 6.1 an example of a compacted sample with Disk-Shaped Compaction Test
(DSCTT), Repeated Loading Direct-Tensions Test (R-DT), and Semi-Circular Bending

(SCB) is shown.

|._._

(=

= Middle 1

N

Figure 5.1: Extraction of Other Types of Performance Tests
Conduct study on other input parameters, (height, density, vertical stress, angle of
gyration), to determine how they affect SBC compaction
Also, the modulus of the mixture can be examined depending which way the user extracts

specimens from a compacted sample
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Appendix A: Results with the SBC
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Figure A1: Results for Type-C Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis
Loop, and c) Normalized Load Reduction Curves
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Figure A2: Performance of Type-C on Design Interaction Plot
Table Al: Summary of OT Results for Type-C Mix
Critical
Air Max Work of | Fracture Crack Number
Specimen | Voids, Load, | Fracture, | Energy, | Progression R2 of Cycles
% Ibs in-Ibs in.- Rate to Failure
Ibs/in.2
Front 1 7.0 911 7.8 1.7 2.18 0.97 7
Front 2 6.6 912 7.6 1.7 1.81 0.97 8
Front 3 8.0 709 5.1 1.1 1.40 0.98 11
Middle 1 6.9 872 6.1 1.3 291 0.98 6
Middle 2 6.2 855 6.9 1.5 2.03 0.97 7
Middle 3 7.4 762 7.4 1.6 1.84 0.99 8
Back 1 7.6 751 6.0 1.3 1.72 0.97 8
Back 2 7.4 807 5.8 1.3 1.91 0.97 8
Back 3 7.6 650 4.4 1.0 2.13 0.97 7
Average 7.2 803 6.3 14 1.99 1.0 8
Std Dev 0.5 87 1.1 0.2 0.39 0.01 1
cov 7% 11% 17% 17% 20% 1% 17%
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Figure A3: Results for Type-D Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis

Loop, and c¢) Normalized Load Reduction Curves
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Figure A4: Performance of Type-D on Design Interaction Plot
Table A2: Summary of OT Results for Type-D Mix
Critical Number
Air Max Work of | Fracture Crack of Cvcles
Specimen | Voids, Load, | Fracture, | Energy, | Progression R? tg
% Ibs in-1bs in.- Rate Failure
Ibs/in.?
Front 1 8.4 1066 9.2 2.1 2.10 0.97 7
Front 2 7.4 1071 11.6 2.6 1.93 0.97 7
Front 3 8.9 1016 11.4 2.5 2.46 0.98 6
Middle 1 7.2 1099 9.6 2.1 2.42 0.96 6
Middle 2 6.4 898 13.9 3.1 0.61 1.00 67
Middle 3 8.0 1038 8.7 1.9 0.67 0.99 72
Back 1 8.0 1035 7.8 1.7 2.21 0.99 7
Back 2 7.2 1126 10.3 2.3 2.18 0.97 7
Back 3 8.6 928 9.2 2.0 0.58 1.00 128
Average 7.8 1031 10.2 2.3 1.68 1.0 34
Std Dev 0.8 71 1.8 0.4 0.77 0.01 42
cov 10% 7% 17% 17% 46% 1% 123%
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Figure AS5: Results for Type-D Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis
Loop, and c¢) Normalized Load Reduction Curves
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Figure A6: Performance of TOM on Design Interaction Plot

Table A3: Summary of OT Results for TOM Mix

_ Critical Number
. Air Work of | Fracture | Crack
Specime Voids Max Fracture | Ener Progress R2 of Cycles
n " | Load, Ibs . ergy. | Frog to
% ' , in-1bs in.- ion Rate .
Ibs/in.2 Failure
Front 1 8.0 707 8.6 1.9 0.46 0.99 114
Front 2 7.6 721 11.2 2.5 0.35 1.00 200
Front 3 9.5 597 11.6 2.6 0.32 1.00 200
Middle 1 6.9 760 8.8 2.0 0.58 1.00 79
Middle 2 6.5 816 12.7 2.8 0.45 0.99 143
Middle 3 8.5 809 11.2 2.5 0.51 0.99 107
Back 1 6.6 755 9.5 2.1 0.52 1.00 106
Back 2 6.0 799 14.8 3.3 0.33 1.00 200
Back 3 8.0 643 10.6 2.4 0.31 1.00 200
Average 7.5 734 11.0 2.4 0.42 1.00 149
Std Dev 1.1 71 1.8 0.4 0.09 0.00 47
Ccov 14% 10% 17% 17% 22% NA 32%
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Figure A7: IDT Load-displacement Response Curves for Type-C Mix

Table A4: Summary of IDT Results for Type-C Mix

Specimen Air Voids, | Maximum Tensile _ Tensile _ Strain at
% Load, Ibs | Modulus, psi | Strength, psi | Peak Load, %
Front 1 8.3 1942 16025 153 1.4
Front 2 8.2 1833 10113 145 1.8
Middle 1 7.0 2093 16153 165 1.5
Middle 2 7.2 2130 17839 168 1.4
Back 1 7.6 1929 14295 153 1.6
Back 2 7.6 1916 14783 151 1.7
Average 7.7 1974 14868 156 2
Std Dev 0.5 114 2637 9 0.2
cov 7% 6% 18% 6% 10%
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Figure A8: IDT Load-displacement Response Curves for Type-D Mix
Table AS: Summary of IDT Results for Type-D Mix
Specimen Air Voids, Maximum Tensile _ Tensile _ Strain at
% Load, Ibs | Modulus, psi | Strength, psi | Peak Load, %
Front 1 6.2 4000 24678 317 1.6
Front 2 7.1 3712 27689 294 15
Middle 1 6.7 3733 25125 296 15
Middle 2 7.7 3463 17666 275 2.0
Back 1 6.8 3675 25052 291 15
Back 2 7.1 3846 24895 305 15
Average 6.9 3685 24085 292 1.6
Std Dev 0.5 140 3770 11 0.2
cov 7% 4% 16% 4% 14%
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Figure A9: IDT Load-displacement Response Curves for TOM Mix
Table A6: Summary of IDT Results for TOM Mix
Specimen Air Voids, Maximum Tensile _ Tensile _ Strain at
% Load, Ibs | Modulus, psi | Strength, psi | Peak Load, %
Front 1 7.6 1945 10918 154 2.2
Front 2 8.7 1942 11678 153 2.0
Middle 1 6.9 1988 11678 153 2.0
Middle 2 8.3 1812 15863 143 1.8
Back 1 7.3 1991 14790 157 2.0
Back 2 8.0 1786 10607 141 2.2
Average 7.8 1904 12923 150 2.0
Std Dev 0.7 98 2269 7 0.1
cov 9% 5% 18% 5% 7%
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Figure A10: Rut Depth of Three Samples for Type-C Mix
Table A7: Summary of HWTD Results for Type-C Mix
Passes
Specimen | Air Voids, % 5000 10000 15000 20000
Front 1 7.4
Middle 1 = 3.5 4.5 5.7 7.0
Front 2 7.6
Middle 2 77 2.5 3.9 4.7 5.6 Rut Depth, mm
Back 1 7.6
Back 2 -5 3.4 4.3 5.2 6.2
Average 7.5 3.1 4.2 5.2 6.3
Std Dev 0.1 0.4 0.2 0.3 0.5
Ccov 2% 13% 5% 7% 8%
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Figure A11: Rut Depth of Three Samples for Type-D Mix

Table A8: Summary of HWTD Results for Type-D Mix

Passes
Specimen | Air Voids, % 5000 10000 15000 20000
Front 1 7.5
Middle 1 6.9 11 16 21 21
Front 2 8.5
Middle 2 8.0 0.6 1.2 15 2.0 Rut Depth, mm
Back 1 7.6
v 1. 2.2 2.7
Back 2 8.3 0 >
Average 7.8 0.8 1.4 1.9 2.5
Std Dev 0.5 0.2 0.2 0.3 0.3
cov 6% 25% 12% 14% 12%
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Figure A12: Rut Depth of Three Samples for TOM Mix
Table A9: Summary of HWTD Results for TOM Mix
Passes

Specimen | Air Voids, % | 5000 10000 15000 20000

Front 1 6.2

Middle 1 56 3.8 4.5 5.2 5.6

Front 2 7.0

Middle 2 75 6.0 6.9 7.7 8.3 Rut Depth, mm

Back 1 6.5

Back 2 79 3.8 4.8 5.4 59

Average 6.8 4.5 5.4 6.1 6.6

Std Dev 0.7 0.9 0.9 1.0 1.0

cov 11% 20% 20% 16% 16%
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Appendix B: Results with the SGC
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Figure B1: Results for Type-C Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis
Loop, and c¢) Normalized Load Reduction
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Figure B2: Performance of Type-C on Design Interaction Plot
Table B1: Summary of OT Results for Type-C Mix
Critical Number
Air Max Work of | Fracture Crack of
Specimen | Voids, Load, | Fracture, | Energy, | Progression R? Cycles
% Ibs in-1bs in.- Rate to
Ibs/in.2 Failure
Specimen 1 7.6 470 4.8 1.1 0.47 1.00 312
Specimen 2 7.9 439 51 1.1 0.48 1.00 198
Specimen 3 7.4 469 5.7 1.3 0.41 1.00 483
Specimen 4 7.6 497 4.3 1.0 0.46 1.00 370
Specimen 5 7.2 461 4.9 1.1 0.43 1.00 389
Average 7.5 467 5.0 1.1 0.45 1.00 350
Std Dev 0.2 19 0.5 0.1 0.03 0.00 94
cov 3% 4% 9% 9% 6% NA 27%
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Figure B3: Results for Type-D Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis
Loop, and c¢) Normalized Load Reduction
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Figure B4: Performance of Type-D on Design Interaction Plot
Table B2: Summary of OT Results for Type-D Mix
Critical
Air Max Work of | Fracture Crack Number
Specimen | Voids, Load, | Fracture, | Energy, | Progression R? of Cycles
% Ibs in-1bs in.- Rate to Failure
Ibs/in.2
Specimen 1 7.6 1141 13.9 3.1 1.58 0.99 8
Specimen 2 7.9 1145 13.2 2.9 1.05 0.99 14
Specimen 3 7.4 1091 14.6 3.3 0.58 0.99 55
Specimen 4 7.6 1036 11.9 2.6 1.42 0.99 9
Specimen 5 7.2 1168 16.0 35 0.87 0.97 17
Average 7.5 1116 13.9 3.1 1.10 0.99 21
Std Dev 0.2 47 1.4 0.3 0.36 0.01 18
cov 3% 4% 10% 10% 33% 1% 85%
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Figure B5: Results for SMA-D Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis
Loop, and c¢) Normalized Load Reduction
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Figure B6: Performance of SMA-D on Design Interaction Plot
Table B3: Summary of OT Results for SMA-D Mix
Critical
Air Max | Workof | Fracture Crack Number
Specimen Voids, Load, | Fracture, | Energy, | Progression Rz | of Cycles
% Ibs in-lbs in.- Rate to Failure
Ibs/in.?
Specimen 1 6.9 429 8.2 1.8 0.31 1.00 1000
Specimen 2 7.7 457 8.6 1.9 0.31 1.00 1000
Specimen 3 6.6 362 6.7 1.5 0.30 1.00 1000
Specimen 4 6.4 452 7.3 1.6 0.34 1.00 1000
Specimen 5 6.2 428 8.3 1.8 0.32 1.00 1000
Average 6.8 426 7.8 1.7 0.32 1.00 1000
Std Dev 0.5 34 0.7 0.2 0.01 0.00 0
Ccov 8% 8% 9% 9% 4% NA NA

64




——— Specimen 1 ----- Specimen 2 -+ Specimen 3 - - = Specimen 4 — - - Specimen 5
800

400

Load, Ibs
o

0 001 . . 0.02 0.03
Displacement, in

Load, Ibs

0 0.01 0.02 0.03
Displacement, in

o o
(o] oo

o
~

Normalized load

-
-
e
-
N W & 3 o o
~— Sedeiabed s 02 02 o Seseasss

-‘L*h.-h-da—“h_ — e el S 2 e s 00 s s s 2 0esss0es

P S s R G B o W et e, b o

o
()

©
o

50 100 150 200
Number of Cycle

o

Figure B7: Results for TOM Mix: a) First Cycle Hysteresis Loop, b) Second Cycle Hysteresis
Loop, and c¢) Normalized Load Reduction
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Figure B8: Performance of TOM on Design Interaction Plot
Table B4: Summary of OT Results for TOM Mix
Critical
Air Max Work of | Fracture Crack Number of
Specimen | Voids, Load, | Fracture, | Energy, | Progression R? Cycles to
% Ibs in-lbs in.- Rate Failure
Ibs/in.?

Specimen 1 7.6 742 13.7 3.1 0.33 1.00 1000
Specimen 2 7.9 737 12.7 2.8 0.35 1.00 1000
Specimen 3 7.4 663 11.7 2.6 0.32 1.00 1000
Specimen 4 7.6 629 11.0 2.4 0.34 1.00 1000
Specimen 5 7.2 676 12.5 2.8 0.33 1.00 1000

Average 7.5 689 12.3 2.7 0.33 1.00 1000

Std Dev 0.2 44 0.9 0.2 0.01 0.00 0

Ccov 3% 6% 7% 7% 3% NA NA
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Figure B9: IDT Load-displacement Response Curves for Type-C Mix
Table B5: Summary of IDT Results for Type-C Mix

Specimen Air Voids, Maximum Tensile Tensile Pigl;arogg

b % Load, Ibs | Modulus, psi | Strength, psi % '
Specimen 1 6.5 1806 14540 143 2.1
Specimen 2 6.8 1746 13947 138 2.1
Specimen 3 6.9 1803 14018 142 1.8
Specimen 4 7.0 1655 14190 130 2.1
Specimen 5 6.6 1672 13084 132 2.0
Average 6.8 1736 13956 137 2.0
Std Dev 0.2 71 539 6 0.1
Ccov 3% 4% 4% 4% 5%
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Figure B10: IDT Load-displacement Response Curves for Type-D Mix
Table B6: Summary of IDT Results for Type-D Mix
Specimen Air Voids, Maximum Tensile Tensile ng(a:_nogg
b % Load, Ibs | Modulus, psi | Strength, psi % ’
Specimen 1 6.5 2572 20716 204 1.5
Specimen 2 7.3 2476 18633 196 1.8
Specimen 3 6.0 2670 19505 211 1.9
Specimen 4 6.7 2548 18850 202 2.0
Specimen 5 6.5 2535 16251 201 2.1
Average 6.6 2560 18791 203 1.9
Std Dev 0.5 71 1635 6 0.2
Ccov 7% 3% 9% 3% 12%
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Figure B11: IDT Load-displacement Response Curves for SMA-D Mix
Table B7: Summary of IDT Results for SMA-D Mix
Specimen Air Voids, Maximum Tensile Tensile Pizll;arozg
b % Load, Ibs | Modulus, psi | Strength, psi % '
Specimen 1 7.5 1088 5963 86 2.9
Specimen 2 7.0 1075 4810 85 3.6
Specimen 3 7.2 1031 6044 81 3.0
Specimen 4 7.2 1110 5361 88 3.0
Specimen 5 6.8 1128 6074 89 3.0
Average 7.1 1087 5651 86 3.1
Std Dev 0.3 37 553 3 0.3
cov 4% 3% 10% 4% 10%
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Figure B12: IDT Load-displacement Response Curves for TOM Mix
Table B8: Summary of IDT Results for TOM Mix
Specimen Air Voids, Maximum Tensile Tensile ng(a:_nogg
P % Load, Ibs | Modulus, psi | Strength, psi % ’
Specimen 1 6.7 2007 14339 159 2.3
Specimen 2 6.8 2061 13667 163 2.2
Specimen 3 7.0 1867 13479 148 2.2
Specimen 4 7.2 2056 14317 163 2.3
Specimen 5 7.1 2045 12977 162 2.5
Average 7.0 2007 13756 159 2.3
Std Dev 0.2 81 580 6 0.1
cov 3% 4% 4% 4% 5%
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Figure B13: Rut Depth of One Sample for Type-C Mix
Table B9: Summary of HWTD Results for Type-C Mix
. Air Voids, Rut Depth, mm after
Specimen o
l 5000 Passes 10000 Passes | 15000 Passes | 20000 Passes
Specimen 1 7.8
. 2.1 2.8 3.5 4.4
Specimen 2 7.6
Average 7.7
Std Dev 0.1
cov 2%
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Figure B14: Rut Depth of One Sample for Type-D Mix
Table B10: Summary of HWTD Results for Type-D Mix
. Air Voids, Rut Depth, mm after
Specimen o
Y0 5000 Passes 10000 Passes | 15000 Passes | 20000 Passes
Specimen 1 7.4
- 0.6 0.9 1.1 1.4
Specimen 2 7.4
Average 7.4
Std Dev 0.0
cov NA
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Figure B15: Rut Depth of One Sample for SMA-D Mix
Table B11: Summary of HWTD Results for SMA-D Mix
. Air Voids, Rut Depth, mm after
Specimen o
l 5000 Passes 10000 Passes | 15000 Passes | 20000 Passes
Specimen 1 7
. 2.0 2.6 2.9 3.2
Specimen 2 7.2
Average 7.1
Std Dev 0.1
cov 2%
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Figure B16: Rut Depth of One Sample for TOM Mix
Table B12: Summary of HWTD Results for TOM Mix
. Air Voids, Rut Depth, mm after
Specimen o
l 5000 Passes 10000 Passes | 15000 Passes | 20000 Passes
Specimen 1 7.4
. 2.0 2.6 2.9 3.2
Specimen 2 1.7
Average 7.55
Std Dev 0.2
cov 3%
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