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CHAPTER 1
INTRODUCTION AND BACKGROUND

OVERVIEW

TxDOT 0-5261 conducted a comprehensive literature search on compaction of hot asphalt
mixtures (Masad et al. 2009a). This chapter presents a summary of previous studies and recent
technologies in field compaction of asphalt mixtures.

Compaction is the process by which the volume of an asphalt mixture is reduced, leading to
an increase in unit weight of the mixture and interlock among aggregate particles (Corps of
Engineers 2000; Roberts et al. 1996). The level of compaction of asphalt mixtures influences the
performance. Insufficient compaction leads to several distresses in asphalt mixtures such as
premature permanent deformation or rutting, excessive aging, and moisture damage even if all
desirable mixture design characteristics are met.

The compaction process is influenced by many factors including the properties of the
materials in the mixture, environmental variables, conditions at the lay down site, and method of
compaction (Corps of Engineers 2000). The required compaction effort increases with an increase
in aggregate angularity, nominal maximum aggregate size, and aggregate hardness. The grade and
amount of asphalt binder also influence the compaction process. A mixture produced with too little
asphalt is stiff and usually requires more compactive effort than a mixture with high asphalt binder
content. Temperatures of the air, mixture, and base are important factors that influence compaction
(Corps of Engineers 2000). The compaction effort increases with an increase in layer thickness.

Although compaction is an important process in determining the overall performance of
flexible pavements, researchers devoted little effort in the past to this topic. Some studies have
attempted to examine the relationship between field compaction methods, laboratory compaction
methods, and mechanical properties. Consuegra et al. (1989) assessed the applicability of producing
laboratory specimens similar to the ones from the field. They found that the Texas gyratory
compactor produces specimens with mechanical properties closer to field cores than other
laboratory compaction devices. However, Harvey and Monismith (1993) carried out a similar study
and found that the laboratory roller compactor produced specimens with mechanical properties
similar to the ones from the field. Peterson et al. (2004) conducted a study to examine the influence
of changing the compaction parameters in the Superpave gyratory compactor (SGC) on hot mix

asphalt (HMA) mechanical properties. The evaluated parameters included angle of gyration,
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specimen height, gyratory compaction pressure, and temperature of the compaction mold. The angle
of gyration was found to be the most important parameter that influenced the mechanical properties.
They found that using a compaction angle of 1.5° with a specimen height of 50 to 75 mm would
produce SGC specimens similar to field cores in terms of the mechanical properties.

Masad et al. (1999) evaluated the air void distribution in SGC specimens using image
analysis techniques. They found that air void distribution is not uniform, and there is a higher air
void content at the top and the bottom than in the middle. Tashman et al. (2001) evaluated the effect
of the compaction pattern in the field on the mechanical properties and air void distribution, and
compared the results to SGC laboratory specimens. The results revealed that the compaction pattern
was not significant in changing the distribution of the air voids. They found that SGC parameters
can be modified to produce SGC specimens that better simulate field cores in terms of air void
distribution and mechanical properties.

Sebaaly et al. (2008) evaluated the effectiveness of various joint geometries and compaction
techniques in order to increase longitudinal joint density and improve the overall performance of
asphalt pavements. The results of this study did not propose a specific joint geometry or a

compaction technique that would ensure achieving proper joint compaction.

RESEARCH PROJECT 0-5261

The following sections provide a summary of the main findings of TxDOT Research Project

0-5261.

Field Study

The study aimed to provide a better understanding of the compaction factors that influence
uniformity and degree of compaction and the resulting mechanical properties of asphalt mixtures.
Such understanding is necessary in order to compact more uniform asphalt pavements with
improved performance. In this study, researchers identified roadway projects with different types of
mixtures, compaction patterns, and compaction equipment, and followed different compaction
patterns in the field. Field cores were obtained from the test sections. Number of passes and the
position of each compactor’s pass were recorded across the mat, and their influence on measured
percent air voids in the recovered field cores were studied. Figure 1-1 shows the number of passes

and percent air voids across the mat for a field project.
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Figure 1-1. Number of Passes and Percent Air Voids (%AYV) across the Mat in the US 259
Test Section (Masad et al. 2009a).

The research team observed that cores compacted close to the center of the roller width
(static or vibratory) tended to have a higher density than cores compacted at the edge of the
compactor even if cores were taken from the middle of the mat and away from the joint. Therefore,
researchers conducted an analysis to determine the relationship of percent air voids as a function of
number of passes of static and vibratory rollers and the location of the core with respect to the
compactor width. Each pass was multiplied by an effectiveness factor, which is a function of the
location of the core with respect to roller width.

The efficiency of compaction at a given point is a function of the location of this point with
respect to the roller width. Therefore, a new index referred to as the compaction index (CI) was
proposed to quantify the compaction effort at any point in the pavement. The CI is a function of
number of passes at a point and the position of the point with respect to the compaction roller width.
The efficiency of compaction across the roller width was found to be non-uniform. Figure 1-2
shows the effectiveness of one pass across the roller width. A point on the mat closer to the center of
the roller is subjected to more effective compaction than a point closer to the edge of the roller. The
percent air voids was plotted against the summation of number of passes multiplied by the
effectiveness factor corresponding to each pass. This summation is termed CI. The CI correlated
very well with the percent air voids for the test sections evaluated in research study 0-5261.

Figure 1-3 shows an example of the relationship between CI and percent air voids.
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Figure 1-3. CI versus the Percent of Air Voids in the IH 35 Test Section
(Masad et al. 2009a).

The relationship between percent air voids and CI can be very useful to set up the
compaction pattern (number of passes and location of these passes). The compaction pattern can be
set up in order to achieve uniform CI distribution across the pavement section, which corresponds to
uniform air void distribution. This point is illustrated in Figure 1-4, which shows a map of percent
air voids (Figure 1-4[a]) and relationship between CI and percent air voids (Figure 1-4[b]). As the
figure shows, higher CI corresponded to lower air voids and vice versa. The map of percent air void
(Figure 1-4[a]) was generated by inputting the location of each core and its percent air voids to the
Matlab 7.1% software. Then an interpolation algorithm in Matlab was used to predict percent air

voids in the whole pavement section.



Lab vs. Field

The compactability of given asphalt mixtures in the field can be predicted based on
laboratory measurements. The CI, calculated based on field compaction data, was plotted against
corresponding percent air voids for different asphalt mixtures. Figure 1-5 shows such a relationship
for some roadway projects (Masad et al. 2009b). In the laboratory, four SGC specimens (6-inch
diameter and approximately 2.5 inches in height) were fabricated at a 1.25° gyration angle, and two
specimens were compacted at a 2.0° gyration angle from different asphalt mixtures. The slope of
percent air voids to number of gyrations in logarithmic scale was calculated. Figure 1-6 shows the
relationship between the average slopes calculated from the initial compaction point to the point of
8 percent air voids in the laboratory versus the CI at this percent air voids for all asphalt mixtures
included in this project. Mixtures with higher slope in the laboratory needed less CI in the field (less
compaction effort). This relationship offers the potential to estimate the required compaction effort
in the field (i.e., CI) based on the slope of number of gyrations and percent air voids in the

laboratory.
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INFLUENCE OF MIXTURE DESIGN ON COMPACTABILITY

The asphalt mixture properties affect the compactability in both the laboratory and field. It is
very useful to determine the ability to compact a given asphalt mixture prior to pavement
construction. Leiva and West (2008) evaluated the compactability of asphalt mixtures in the field
and in the laboratory by measuring mixture characteristics. They examined the following laboratory
characteristics and parameters: compaction energy index, number of gyrations, compaction slope,
locking point, and Bailey method ratios. The accumulated compaction pressure was also evaluated
in the field. That study did not find a simple relationship between field and laboratory compaction
for different asphalt mixtures. However, the researchers used a multiple regression analysis to relate
field compaction and mixture characteristics.

Muras (2010) conducted a comprehensive study to develop a correlation between asphalt
mixture properties and laboratory compaction parameters. In this study, he evaluated 22 different
asphalt mixtures. These mixtures included TxDOT’s dense-graded mixtures (B, C, and D), stone
matrix asphalt (SMA), porous friction course (PFC), and crack attenuating mixtures (CAM). These
mixtures had a wide range of gradations, maximum aggregate size, and binder content. For each
mixture, a number of parameters or characteristics were measured, which included binder content,
binder viscosity, aggregate angularity, aggregate sphericity, aggregate texture, and gradation. He
compacted four SGC specimens (6-inch diameter and 2.5 inches in height) from each mixture in the
laboratory. He recorded the compaction curves that show the change in the percent air voids with
the number of gyrations. The results of this study showed that gradation parameters, binder content,
and aggregate angularity significantly influenced the slope of the compaction curves, while
gradation parameters, binder content, and aggregate sphericity affected the percent of air voids in
the compacted samples after the first gyration. A dense and coarser aggregate gradation, high binder
content, and high angularity were found to aid the compaction of the evaluated mixtures in this
study. In addition, a dense aggregate gradation, high binder content, high sphericity, and high
texture contributed to low percent air voids in the samples after the first gyration.

Stakston et al. (2002) evaluated the effect of the fine aggregate angularity (FAA) on the
compaction characteristics of asphalt mixtures in the laboratory. Different asphalt mixture
designs—a fine gradation and a coarse-shaped gradation—were evaluated. In addition, the
researchers varied the proportions of the manufactured sand to the natural sand from each aggregate

source while maintaining the overall gradation in order to vary the FAA values of the fine
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aggregates. The laboratory compaction data for SGC specimens were analyzed to estimate the effect
of the FAA on compaction of asphalt mixtures to 92 percent of theoretical maximum density
(Gmm) and above 92 percent Gmm. The results of this study showed that the effect of the FAA on
the densification of the asphalt mixtures is highly dependent on aggregate source. Authors
suggested that the mixture design be based on the limits of densification characteristics rather than a

target value for the FAA for different mixture types.

TEMPERATURE SEGREGATION DETECTION

Researchers at the Texas Transportation Institute (TTI) developed an infrared temperature
monitoring system to detect the temperature segregation in hot mix asphalt and evaluate the
uniformity and the overall quality of paving construction (Sebesta et al. 2006; Scullion et al. 2006).
This system employs a bar with an array of infrared sensors bar that are mounted onto the rear end
of a paver, as Figure 1-7 shows. As the paver moves forward, the sensors measure the surface
temperature of uncompacted mixture. Figure 1-8 displays an example of thermal infrared data
collected in real time. Based on the collected thermal imaging data in these studies, different
thermal distribution categories were observed. These categories included the following:

e Uniform, with little thermal variation (less than 25°F) observed in 95 percent of the
measured temperatures.

e Uniform within the truckload, but with a variation in the mean placement temperature
between the truckloads.

e Truck-end cold spot, with significant cold spots between the truckloads observed.

e Seemingly random temperature variation, requiring the most corrective action. This type
of temperature variation could be due to many factors, which include poor control of the
temperature at the plant, truck-end segregation, poor mixing in the material transfer

vehicle, and poor temperature control in the heater of the paver.

Sebesta et al. (2006) recommended including this system as a tool to certify the uniformity
of paving construction. The contractor should be able to provide the TxDOT engineer with thermal
plots to ensure that the mix is placed at uniform temperature. TXDOT then can certify the operation.
Also, Sebesta et al. (2006) recommended using the ground-penetrating radar (GPR) as a quality
assurance in order to determine if the problem areas in the thermal data became low density spots

after rolling.
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WARM MIX ASPHALT TECHNOLOGY

Warm mix asphalt (WMA) technology, recently developed in Europe, is gaining strong
interest in the United States. By lowering the viscosity of asphalt binder and/or increasing the
workability of mixture using minimal heat, WMA technology allows the mixing, transporting, and
paving process at a significantly lower temperature. Using this new technology, asphalt mix can be
produced as much as 100°F lower than traditional hot mix asphalt. Several benefits of lower mixing
and compaction temperature include less emissions, savings in energy cost, longer construction
season, less odor, and construction during non-peak periods. In the last few years, dozens of field
test sections have been constructed throughout the United States using different WMA technologies.
It is too early to report the performance, but so far, no negative performance has been reported in the
literature. In the last few years, several large national- and state-level research projects have been
initiated to evaluate, validate, and implement this new technology (Chowdhury and Button 2009).

Researchers identified as many as 15 different types of WMA technologies available
worldwide. Among them, eight types are commercially available in the United States. Some state
departments of transportation are beginning to accept WMA technologies. TxDOT currently
includes five different WMA technologies in its list of pre-approved materials. Table 1-1 presents
the WMA technologies pre-approved for use on department projects. In the past year, TxDOT has
placed more than 600,000 tons of warm mix around the state, which has included all of the

processes listed in Table 1-1.

Table 1-1. TxXDOT’s Pre-Approved List of WMA Technologies.

WMA Technology Process Type WMA Supplier

Advera Foaming Process PQ Corporation

Double Barrel Green Foaming Process Astec Industries Inc.

Evotherm Chemical Additive MeadWestvaco Asphalt Innovations
Redi-Set WMX Chemical Additive Akzo Nobel Surfactants

Sasobit Organic Additive Sasol Wax Americas Inc.

The FHWA conducted a recent study (D’Angelo et al. 2008) to evaluate the various WMA
technologies in Europe. The FHWA scan team visited four European countries: Belgium, France,

Germany, and Norway. The team reported the benefits of using the WMA technology, which
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included reduced fuel and emissions, improved field compaction, better working conditions, and
ability to haul mixtures for long distances and pave in cooler temperatures. Below are the main
findings of this research.

In Norway, the team visited six WMA pavement sections. Two sections were constructed
using stone matrix asphalt (SMA), and four sections were dense-graded mixtures. The team
observed rutting in the pavements, but it was not related to the WMA technology, as Norway allows
the use of studded tires, which cause significant wear to the pavements.

In Germany, the team constructed trial WMA field pavement sections and collected field
data during the construction that included mixing temperature, emission data, mix samples, and
initial profile. The team constructed these test sections side by side with HMA pavement sections. A
total number of seven WMA test sections were constructed between 1998 and 2001. One test
section was a dense-graded mixture, and the rest were SMA mixtures. The WMA test sections had
the same performance as the control HMA sections and in some cases were even better (Table 1-2).
In addition, some suppliers presented to the search team the results of some WMA commercial
projects that they carried out. The results showed that the performance of the WMA sections was
the same or even better than the performance of the HMA sections. Some of the WMA additives
used in Germany have the ability to increase the stiffness of the binder at high temperatures; also,
they may affect the properties of the binder at low temperatures.

In France, the researchers conducted laboratory studies and field trials on various WMA
projects. The laboratory test results showed that rutting resistance and fatigue testing of the WMA
was the same as that of the HMA. The moisture resistance results were slightly lower for the WMA.
The workability of the WMA tended to improve in the laboratory. In 2004, the city of Paris
constructed six WMA projects in conjunction with HMA. When the team conducted its search on
WMA in Europe, these WMA projects were still under evaluation. In the meantime, a private toll
road operator evaluated the trial WMA section compared to the performance of the HMA section.
The in-place voids for the WMA (7.3 percent) were higher than for the HMA (6.5 percent);
however, the modulus of the HMA (10,414 MPa) was slightly lower than the modulus of the WMA
(11,376 MPa).
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Table 1-2. Evaluation of WMA Sections Compared to Control Sections

(D’Angelo et al. 2008).
SmB35B  50/70 Pen + 4% 50/70 Pen+ 50/70Pen+ 50/70 Pen +
209 Sasobit Asphaltan B Asphaltan B Aspha-min
(preblended (added at plant)
Sasobit) Hamburg B 193 L 303 B3
Section Number 1 2 3 4 5
2 Rutting' Equal Equal Equal Equal Equal Equal Low
% Post-compaction Equal Better Equal Better Better Equal None
% densification in
m
o | the wheelpaths
=
s
© | Cracking Equal® Equal? Equal® Equal? Equal? Equal
ic
@ | Thermal stability Better Better Equal Better Equal Better Very
;9_. Good
-g’ Low-temperature Equal Equal or Better Equal Equal Equal or Equal or | Good
4 performance Better Better
‘i Aging of the Equal or Equal or Better Equal or Equal or Equal Equal Low
& | binder Better Better Better
g Adhesion Equal or Equal or Better Better Equal Equal or Equal or | Good
-_'QH Better Better Better

"Low level = <10 mm (0.4 in)
2Equal = none
*No control section available

Newcomb (2010) pointed out that since certain WMA technologies require a mixing process
that is different from conventional HMA, new guidelines need to be developed for proper quality
control/quality assurance (QC/QA) of the mix. He further stated that the suitability of WMA for the
high production rates of asphalt plants in the United States needs to be examined. Some engineers
are concerned that those WMA products that utilize moisture may induce some clogging in bag
houses; however, the literature has reported no such problems.

Chowdhury and Button (2009) noted that except for the temperature of the mat, there are
generally no differences in construction activities, whether using HMA or WMA, after the product
leaves the plant. The experience of the authors has shown that Evotherm can be stored in a silo in a
manner similar to HMA. Romier et al. (2004) indicated this is also true for low-energy asphalt (LEA).

When studying WAM-Foam, Koenders et al. (2002) recommended keeping the breakdown
roller directly behind the paver; otherwise, the compaction effort required seemed to be
considerably increased. This recommendation is likely to maximize the advantages of the
lubricating effects of the moisture in the mat before it dissipates. Chowdhury and Button (2009) also
mentioned that compaction temperature of a WMA mat is apparently less critical than that of HMA,
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but it is still important to complete compaction quickly and efficiently while the mat temperature is

within the appropriate window for the specific WMA product.

ON-SITE POSITIONING AND TRACKING TECHNOLOGIES

On-site positioning and tracking technologies can facilitate tracking of construction rollers
and provide an automated data collection means for sophisticated, data-driven analytical techniques.
In the past, there were some efforts for developing automated methods for monitoring the
compaction during the paving construction. These automated methods include the compaction
documentation system (CDS), laser, and global positioning system (GPS). The CDS system is an
old system that was developed in the mid-1980s in Sweden. This system was utilized to provide a
conceptual system for monitoring compaction during construction (Li et al. 1996). In this system,
the data include lane change, direction change, number of passes, layer numbers, and start and stop
of the compactor. Initially, the operator of the compactor had to follow a fixed route that was
decided beforehand due to the unavailability of the automatic sensors that detected the location of
the roller in real time. Later, studies began to use new technologies to track the position of the
compactors in real time. These technologies include the laser and GPS. The laser positioning system
is very accurate but requires many laser targets, which act as receivers (Li et al. 1996). The GPS is
relatively less expensive, and its measurements should be accurate enough to be applicable in the
pavement project application. Li et al. (1996) reported the accuracy of using GPS on real-time
quality control of compaction operations in highway construction by applying differential GPS.
Roberts et al. (1999) applied the GPS positioning to aid autonomous control and guidance of
construction plants. Their system provided coordinate precision of a few millimeters when a
reference receiver was located at a nearby point with well-defined coordinates. The application
setting was limited to an open-air road construction site and real-time communication between the
reference receiver and the GPS unit on board that the construction plant required for line of sight.
Peyret et al. (2000) also evaluated the precision of using the real-time kinematic (RTK) GPS for the
elevation control of the screed of an asphalt paver. The researchers found that the drift error due to
the multipath effects of GPS signals rendered the raw positioning measurements not accurate
enough for supporting the control systems. Oloufa (2002) showed the applicability of using a
GPS-based positioning system for monitoring multiple compactors in real time during paving

construction.
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Lu et al. (2007) demonstrated the drawback of using GPS in highly dense urban areas due to
the blockage of satellite signals and the multipath effect, which is due mainly to deflection and
distortion of satellite signals by neighboring buildings and temporary structures/facilities on the site.
In contrast with the open, outdoor settings of earth-moving and mining operations, the use of GPS
for tracking the movement of construction equipment and vehicles on and off building sites situated

in a highly dense urban area presents distinctive challenges to the technology itself (Mattos 2003).

NEW TECHNOLOGIES IN FIELD COMPACTION

Recently, intelligent compaction (IC) has drawn attention as a tool to determine the degree
of compaction of asphalt mixtures in the field. The concept of IC is to use rollers that can adapt the
compactive effort to produce asphalt pavements with the desired stiffness. Maupin (2007)
conducted a study to evaluate the correlation between the stiffness measured by a particular IC
roller and the density of a thin surface layer of asphalt being compacted. In this study, two types of
rollers were used in the field. The first roller was an IC breakdown tandem vibratory roller,
BOMAG BW190-4 AM, while the second was a conventional Sakai 800 series tandem vibratory
roller. These rollers were used in the pavement construction of two adjacent test sections in
Smoketown Road near Dale City, Virginia, as Figure 1-9 shows. The nuclear density gauge was
used to record the density in the field after the construction; in addition, field cores were extracted
for density and permeability tests. The nuclear density measurements were more than the recovered
cores. The author believed that the density measurements for the extracted cores give more
consistent results than nuclear density measurements. The researcher applied correction factors to
the density measurements recorded by the nuclear gauge based on the density of the recovered
cores. The density values were plotted against the roller stiffness measurements for each site, as
Figure 1-10 illustrates. Results showed that the correlation between IC stiffness measurements and
density of the pavements was very poor. The results also showed that the IC roller was not more
efficient than the conventional vibratory roller. The IC roller could not provide more compactive
effort when needed. The researcher believed that relatively small thickness of the asphalt layer
hindered the IC roller from using its intelligent features of applying more compactive effort when it
was needed. This study concluded that the IC was not ready to be used in asphalt construction at the

time.
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In a recent study, Commuri et al. (2011) developed a neural network-based intelligent
asphalt compaction analyzer (IACA) to estimate the level of compaction in the field using a steel
vibratory compactor. The researchers reported that density measured using the IACA correlated
well with the field cores densities. However, there is still a need for further developments of new

methods to better predict density of asphalt pavements in real time during construction.

IC Roller

Test Section IC Roller

Pattern

Jacks Drive

Conventional
Roller Test Section
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Figure 1-9. Locations of the Test Sections (Maupin 2007).
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Figure 1-10. Roller Stiffness Measurements vs. Field Density (Maupin 2007).

One of the members of the current research team in TxDOT Project 0-6992 attended a
webinar organized by the Asphalt Institute (AI) in March 2010 to collect relevant information on
using IC in pavement construction. This webinar provided an overview of the IC and its
implementation in pavement construction in the United States. Figure 1-11 shows a couple of
instrumented rollers for the intelligent compaction process. The requirements of an IC roller include
a roller measurements value (RMV), GPS-based documentation system, on-board color-coded
display, surface temperature measurements system, and optional automatic feedback system. The IC
rollers are designed to help in achieving the in-place density, which is very important for good
performance. The conventional compaction rollers and procedures have many limitations that yield
poor results in the field (Al 2010). These limitations include on-the-fly feedback during construction
and over- and under-compaction (non-uniform density) paving. Also, the density measurements on
extracted cores are conducted after the compaction is completed, which makes it impossible to
apply more compactive effort if needed. There is a need for real-time feedback to guide the roller
operator during pavement construction. Such a system is very fruitful, as it makes the compaction
more effective and efficient. In this webinar, the presenter showed many IC rollers manufactured by
different suppliers, including Ammann/Case, Volvo, Dynapac, Bomag-America, Caterpillar®, and
Sakai America. The presenter presented some of the findings of applying the IC in pavement
construction. The first outcome was improving the rolling pattern by mapping the number of passes
during the construction in real time, as Figures 1-12 through 1-14 illustrate. The second finding was

mapping the underplaying layer prior to placing the surface asphalt mixture layer. The results of this
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finding are quite important, as they show that the roller measurement values taken after placing the
asphalt mixture layer were influenced by the soft or hard spots within the underplaying layers, as
Figure 1-15(a) demonstrates. Also, the good correlation (R-squared = 0.69) between the roller
measurement values for the sub-base and the HMA explained clearly that roller measurement values
of the HMA were highly influenced by the stiffness of the sub-base (Figure 1-15[b]). This could be
due to the thin HMA layer. Figure 1-16 illustrates the correlation between the roller measurement
values and the density of extracted cores in one of the projects where the IC roller was utilized. This
poor correlation (R-squared = 0.20) questions the applicability of using the IC in HMA pavement

construction in terms of measuring stiffness rather than mapping the rolling patterns.

GPS Receiver / Radio On-board hardware/ software

Vibratory Single Drum Vibratory Tandem Drum
Soil Roller Asphalt Roller A

We'raea drivemn.Ridtirct it sifiw.T ]

Figure 1-11. Intelligent Compaction Rollers (Asphalt Institute 2010).
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Figure 1-13. Color-Coded On-Board Display (Asphalt Institute 2010).
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Sakai IC roller
Figure 1-14. Improving Rolling Pattern (Asphalt Institute 2010).
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MONITORING DENSITY IN THE FIELD

Harris and McNaught (1978) developed a system that gives a direct reading of the
maximum resultant peak particle velocity of a vibration. These readings are measured using a
velocity-type, triaxial geophone, apparently mounted on the ground.

In 1978, Dynapac introduced the compactometer system to monitor and analyze the signals
of the first harmonics of the vibrations. The system continuously reads relative values of the bearing
capacity or modulus of elasticity of the materials and reports instantly to the roller operator
(Forssblad 1992).

The density on the run (DOR) is the first attempt at continuous density reading
measurements. This device can be removed from the roller in minutes and mounted on a
two-wheeled cart to measure and optimize density performance of the asphalt paver. Seamon (1988)
reported that DOR can be used to take stationary readings and provide moisture data for base course

construction. Density on the run can be used to:
e Deal with shortcomings of nuclear and conventional coring specifications in which one
test in 1200 lane-ft is often considered adequate agency acceptance.
e Reduce rolling hours and optimize asphaltic concrete paver performance to avoid

penalties and solve problem variables of compaction.
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e Measure density of large areas, furnishing the added data to statistically analyze
uniformity of density and its relationship to quality in flexible pavements.

e Offset the shortcomings of stationary nuclear density meters.

¢ Implement high-speed nuclear testing and pneumatic roller compaction testing and

measure the density of thin-lift overlays as small as 0.75 inch in 1-inch increments.

In 1987, Troxler introduced Model 4545, a roller-mounted continuous density gauge similar
to DOR. The gauge is mounted on the compactor near the pavement surface with capability to store
and download compaction data. Gamma photons emitted by the source radiate into the pavement
and are scattered back to detectors located in the gauge. Density is continually measured in sections
with the average being automatically updated (James Informational Media 1987).

Investigators from Japan developed a method that uses the behavior of an exciter that
vibrates on the ground and relates it to the ground stiffness (Tateyama et al. 1995). They reported
satisfactory results with the method except for when measuring the base layer under the ground.

Saarenketo (1997) presented a study on using ground-penetrating radar and capacitance-based
dielectric surface probe measurements to measure the fluctuations in voids, bitumen content, or both
in newly compacted asphalt pavement. Both methods rely on the compaction of asphalt to reduce the
proportion of air, low dielectric, in the material, which increases the volumetric proportions of higher
dielectric bitumen and rock and thus results in an increase in the measured mat dielectric value. GPR
has the additional advantage that readings can be taken at short intervals: for example, 1 foot intervals.

Geodynamik developed a system based on the continuous measurement of the most
important compaction parameter in hot-mix construction process, i.e., the mat temperature.
Geodynamik has long had a compactor-mounted compaction meter that is designed for
embankments and other soil layers (Thurner 1998).

Jaselskis et al. (2001) presented another approach to monitor asphalt density. The study
described the use of two antennas to measure differential microwave signals to indicate when
optimal compaction is achieved. A roller-mountable real-time asphalt pavement density sensor was
used.

At the University of Wisconsin-Madison, a path planning system for asphalt compaction
operations, called AUTOPAVE, was developed to estimate the number of passes to be made by the

roller and generate a motion path that ensures coverage of the entire pavement area and controls the
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overlap regions between subsequent passes. Instrumented with an on-board guidance system using
GPS and compass orientation, the path planning system provides a semi-automated hybrid to track
the paver and roller path and perform real-time processing of the motion information (Veeramani et
al. 1998; Krishnamurthy et al. 1998). This system operates together with another system called the
instantaneous motion planning and controlling tool (IMPACT). IMPACT uses RTK-GPS for
multiple construction equipment. The system measures the location of equipment, as well as static
obstacles, to plan the shortest collision-free paths for equipment to increase productivity and safety
(Tserng and Russell 1997). Figure 1-17 provides a description of the system.
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Rinehart and Mooney (2008) described the development of a comprehensive
instrumentation system to monitor the vibration of a roller compactor. Their paper discussed the
selection and placement of accelerometers to capture the three-dimensional response of critical
roller components and the measurement of the rotating eccentric mass position within the drum to
reproduce the input force time history. Instrumentation was placed at the drum, and frame vibration
was monitored in three dimensions using accelerometers. Figure 1-18 shows the position of the

rotating eccentric mass, which monitors using sensors connected through a data acquisition system.
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The location of the rotating eccentric mass inside the drum enables the determination of the forcing
function that the roller compactor inputs to the soil and pavement layers, as well as the phase lag of
drum displacement with respect to eccentric force, both of which are important to determine
compactor-soil system parameters. The installed sensors also enable the position of the eccentric
mass to be monitored. The measurement of eccentric position and the determination of phase lag
were found to be very important in properly characterizing the contact force between the drum and

the soil and in understanding fundamental roller and soil responses.
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Figure 1-18. Schematic of the Front Drum and Frame Showing Axis Orientation, Six
Degree-of-Freedom Motion, and Sensor Locations (Rinehart and Mooney 2008).

Recently, commercial IC systems have been developed to facilitate and track highway
construction and compaction processes. For instance, Amman-America Inc. and Bomag-America
Inc. have taken the lead in the development of a commercially feasible intelligent compaction
system. Amman has developed rollers that continuously and automatically change roller parameters
based on measured materials’ stiffness and inputted stiffness criteria. This system, called the
Amman Compaction Expert (ACE), stores data in the continuous compaction control (CCC)
computerized system and offers GPS technology as an option. Following are descriptions of the five

most widely used commercially available IC systems.

Caterpillar® Compaction System

Caterpillar has developed three measuring systems to monitor compaction of soil and
pavements, machine drive power (MDP) measurements, compaction meter value (CMV), and

Caterpillar compaction value (CCV), which is the commercial version of CMV.
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The CMYV technology uses accelerometers installed on the vibratory drum to measure

accelerations during compaction operations. It is defined as:

CMV =c*% (D)

0
where C is a constant equal to 300 to give a full-scale reading of about 100, and A; and A are the
amplitudes of the first harmonic and the fundamental frequency. White et al. (2005) correlated the
ratio of the amplitudes to conventional in-situ field compaction measurements for several soils.

The use of MDP determines the stresses acting on the drum and the energy necessary to
overcome the resistance to motion to relate the soil properties controlling drum sinkage (Komandi
1999; Muro and O’Brien 2004). White et al. (2005) documented using MDP for describing soil
compaction, where higher power indicates soft or weak material and lower power indicates compact
or stiff material.

CCV follows the same theoretical background of CMV with the integration of a GPS
system and an on-board compaction monitor that displays the real-time roller location, vibration
amplitude and frequency, and roller speed. The technology enables a roller operator to make
judgments regarding the condition of the compacted material.

In field evaluation testing, soil properties (e.g., dry unit weight, moisture content, strength,
and modulus) of the clean sand material were determined using in-situ testing devices and compared
to the above system outputs. White et al. (2007) documented that intelligent compaction technology
may not accurately indicate compaction for unbound granular materials that do not compact at the
surface. Clean sands often lack sufficient confining pressure and base friction to achieve high
density immediately under the roller. Also, they found no correlation between CMV measurements
and MDP for loose layers.

The White et al. (2005) study also implied that based on CCV data, little compaction
occurred after the initial roller pass. The CCV was an effective tool in indicating uniformity of
compacted materials. However, poor correlation with in-situ test results was noticed because

insufficient variation was observed in the smaller compacted areas.
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Ammann Compaction System

The Ammann system calculates kB—soil stiffness—as a measure of stability and the level of
compaction achieved with the roller. The roller-measured stiffness is reportedly independent of
machine-related parameters such as the frequency and rotating eccentric shaft mass (Anderegg 2000).
The Ammann system combines soil stiffness measurement with automatic feedback control of both
amplitude and frequency parameters based on existing materials characteristics.

Using six test strips compacted with the Ammann vibratory smooth-drum roller and tested
using a lightweight deflectometer, dynamic cone penetrometer, Clegg impact hammer, and static plate
load tests, the researchers found strong relationships between kB and in-situ test results for strips with
a relatively wide range of stiffness. However, comparatively weak relationships for strips with more
uniform conditions were found. The roller-measured stiffness measurements were also useful to

identify sections with weak compaction that showed rutting by test roller (White et al. 2007).

Sakai Compaction System

The basis of the Sakai IC system is the IC roller (equipped with CCV measurement system,
temperature sensors, and GPS radio/receiver) and a GPS with radio base station. All measurements
are consolidated to the CIS display. IC data can then be transferred to personal computers (PCs) via
universal serial bus (USB) ports for further reporting/documenting and integrating with
computer-aided design (CAD) systems (FHWA 2009).

The Sakai CCV is a unit-less, vibratory-based technology that makes use of an
accelerometer mounted to the roller drum to create a record of machine-ground interaction. Its value
represents the stiffness of the compacted pavement layers underneath. The concept behind the CCV
is that as the ground stiffness increases, the roller drum starts to enter into a “jumping” motion,
which results in vibration accelerations at various frequency components. The current Sakai IC

system does not yet consist of auto-feedback.

Dynapac Compaction System

The Dynapac compaction system DCA system measures CMV as an indicator of
compaction quality. The CMV technology uses accelerometers to measure drum accelerations in

response to soil behavior during compaction operations. The ratio between the amplitude of the first
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harmonic and the amplitude of the fundamental frequency provides an indication of the soil
compaction level. An increase in CMV value indicates increasing compaction.

CMV is a dimensionless parameter that depends on roller dimensions (i.e., drum diameter,
weight) and roller operation parameters (i.e., frequency, amplitude, and speed). The machine used
on this project reported a measurement value approximately every 0.5 m at the drum center along
the direction of travel. The machine also reported a bouncing value (BV), which provides an
indication of the drum behavior (e.g., continuous contact, partial uplift, double jump, rocking

motion, and chaotic motion).

Roller Integrated Measuring and Documentation Systems (Bomag)

Bomag developed a wide range of smooth-drum vibratory intelligent rollers for granular
base and asphalt pavement compaction. Similar to the Amman system, the Bomag system, called
the VARIOMATIC, is capable of reading the stiffness of the lift being compacted and also can
change the roller parameters based on measured material stiffness and inputted stiffness criteria
(Minchin et al. 2003).

The Bomag Eyip meter BEM provides the first step to reducing the cost of soil compaction.
The Evig meter enables the determination of a measuring magnitude directly related with the
deformation modulus Ey of the soil and the interrelationship between force and immersion of the
roller into the ground. The measuring value is called vibration modulus Evig.

Bomag has developed a system called the Terrameter BTM, which consists of a recorder
unit with two acceleration sensors, an electronic unit, a travel sensor, an operating and display unit,
and a printer. The Terrameter display continuously shows the Eys value, working speed, frequency,
and amplitude. The paper strip documents the recorded Evs value as a continuous line record and
documents the operating parameters of the compaction equipment. Weak points and areas with a
low bearing capacity can be precisely localized along the measuring route.

The BCM 05 software creates detailed data summaries with calculations of areas and static
examination of the Eyp values for assessing compaction quality both on the BCM display for the
roller driver and in the site office for the data evaluator (Figure 1-19). During the compaction
process, any measured data are displayed graphically and numerically to the roller driver on a color
display and are analyzed, managed, and documented on a PC. The M3 method works as a spot-check

test of the working procedure. The compaction status is displayed to the roller driver during the
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compaction process using the documentation system. Altogether, this leads to uniform,
quality-assured, and cost-optimized compaction. In addition, the quality control tests demanded by

the contractor can be carried out in a targeted way using the documentation functions of the BCM 05

system.

Figure 1-19. Components of the Bomag IC Software (Kloubert et al. 2007).
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CHAPTER 2
COMPREHENSIVE EVALUATION OF COMPACTION OF ASPHALT
PAVEMENTS AND A PRACTICAL APPROACH FOR DENSITY
PREDICTIONS*

The degree of compaction has a significant influence on the performance of asphalt
pavements. Providing all desirable mixture design characteristics without adequate compaction
could lead to premature permanent deformation, excessive aging, and moisture damage. These
distresses reduce the useful life of asphalt pavements. In practice, the compaction pattern to achieve
the desired density in a certain project is established based on experience and trial and error. This is
a time-consuming and expensive process. Consequently, there is a need for developing a systematic
method to quantify the compactive effort and predict the density of the mat in real time during
asphalt pavement compaction. Such a method should be developed based on a clear understanding

of the factors that affect the compactability of asphalt mixtures.

OBJECTIVES

The objectives of this part of the study were as follows:

e Study the effect of the following factors on mixture compactability:
0 Compaction methods (vibratory steel roller, static steel roller, pneumatic tire roller).
0 Mixture type (coarse versus fine, or HMA versus WMA).
0 Support condition (flexible base versus rigid concrete base).
O Asphalt pavement temperature.

e Verify the concept of the compaction index developed by Kassem et al. (2008) as a tool
to control uniformity of asphalt pavement compaction.

e Study the effect of joint conditions (restricted versus unrestricted) on the density of the
longitudinal joints.

e Propose a method for predicting the density of asphalt pavements in the field.

*Revised from the research paper “Comprehensive Evaluation of Compaction of Asphalt
Pavements and a Practical Approach for Density Predictions” by Kassem, E., Scullion, T.,
Masad. E., and Chowdhury, A., in review at the Transportation Research Record: Journal of the
Transportation Research Board
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RESEARCH TASKS

Researchers carried out the following tasks in order to achieve the objectives:

1. Construct a number of field test sections using different asphalt mixtures and compaction
methods.

2. Monitor and record different construction parameters, including the roller movement.

3. Extract field cores from different locations across the mat.

4. Measure percent air voids in the recovered cores and develop maps of air void
distribution in the test sections.

5. Analyze the relationship between compaction method, mixture type, mixture design,
compaction temperature, base support, and joint condition on the compactability of
asphalt mixtures.

6. Use the data to develop a method for predicting density of asphalt pavements.

DESCRIPTION OF THE TEST SECTIONS

The research team constructed five test sections at the Riverside Campus of Texas A&M
University using different asphalt mixtures. Test Sections No. 1 and 4 were HMA constructed
using Type C mix with PG 76-22 binder, Test Sections No. 2 and 5 were HMA constructed using
Type D mix with PG 64-22 binder, and Test Section No. 3 was WMA Type D mix with PG 64-22
binder. Table 2-1 describes the properties of different mixtures used in these test sections. Both
Type C and Type D are dense-graded mixtures commonly used by the Texas Department of
Transportation. Type C has coarser gradation than Type D (TxDOT 2004). They are comparable to
0.5 inch (12.5 mm) and 0.375 inch (9.5 mm) Superpave mixture, respectively. The appendix

provides the mixture designs of these mixtures.
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Table 2-1. Properties of Mixtures Used in the Test Sections.

Section | Mix Type | NMAS', | Binder Aggregate | Binder Comment
No. inch Type Type Content

1 Type C 0.5 PG 76-22 | Limestone 4.8 1% lime

2 Type D 0.375 PG 64-22 | Limestone 5.2 1% lime & 20% RAP>
3 TypeD | 6375 | pG64-22 | Limestone | 5.2 | 1% lime & 20% RAP

with WMA ) '
4 Type C 0.5 PG 76-22 | Limestone 4.8 1% lime
5 Type D 0.375 | PG 64-22 | Limestone 5.2 1% lime & 20% RAP

'Nominal Maximum Aggregate Size
*Recycled Asphalt Pavement

Test sections 1, 2, and 3 were constructed on a rigid base site (Location 1) located on

Runway 35C, as shown in Figure 2-1(a) and (b) (Location 1). Test sections 4 and 5 were

constructed on a flexible base site (Location 2) located on the southern taxiway, as shown in

Figure 2-1(a) and (¢).
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Figure 2-1. (a) The Location of the Test Sections at the Riverside Campus; (b) Rigid
Pavement Site; (c¢) Flexible Pavement Site.

The research team conducted GPR and falling weight deflectometer (FWD) testing at both
the rigid and flexible sites before the construction and GPR testing after the construction. Figure 2-2
and Figure 2-3 show the GPR data before the construction for the rigid pavement and the flexible
pavement sites, respectively. The dimensions of the concrete slabs in the rigid base side were 12-ft
wide and 20-ft long. The GPR results showed that a uniform support condition was provided, and

the FWD data showed the load transfer efficiency (LTE) was around 95 percent, as Figure 2-4
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illustrates. The flexible site had uniform layer thickness, 3 inches of HMA above 14 inches of
flexible base on a sandy subgrade. Figure 2-5 presents the FWD deflections for the flexible site.
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Figure 2-2. GPR Results for the Rigid Base Site.
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Figure 2-5. FWD Deflections for the Flexible Base Site.

Each test section was 9-ft wide and 700-ft long, and lift thickness was about 2 inches. Figures
2-6 through 2-10 present the schematic layouts and the rolling patterns for each test section. Each test
section was divided into sub-test sections that were compacted using different compaction methods.
Each sub-test section was then divided into several smaller strips (approximately 30-ft long) that
were compacted using a varying number of roller passes. Researchers used different compaction
rollers—static steel roller, vibratory steel roller, and pneumatic tire roller— to construct these test
sections. Three of these test sections (sections 1, 2, and 3) were constructed over a jointed rigid
(concrete) base, and sections 4 and 5 were constructed over a flexible base. Different joint
conditions—free edge, restricted, and semi-restricted—were considered in the test sections to
evaluate the effect of the joint conditions on the density of the longitudinal joints. A free longitudinal
joint refers to one that is not confined by any material to the side during compaction. A restricted
joint refers to one that is compacted against an existing asphalt layer, which provides confinement to
the compacted mix. The semi-restricted joint is one that is compacted against a newly placed loose

asphalt mixture.
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As Figures 2-6 through 2-10 illustrate, each of these five test sections was divided into a
number of sub-test sections as follows:

e Sub-test section 1 was compacted at a temperature of 180°F, which is lower than the
designed one for each mix. This sub-test section was compacted using a vibratory steel
roller.

e Sub-test section 2 was compacted using a static steel roller.

e Sub-test section 3 was compacted using a vibratory steel roller.

e Sub-test section 4 was compacted using both vibratory and static steel rollers.

e Sub-test section 5 was compacted using a vibratory steel roller for breakdown, and then a
pneumatic tire roller was used to conduct the compaction. Earlier attempts to compact
this test sub-section with only a pneumatic tire roller did not work, as the rubber tire was

picking loose the mix.

FIELD CORE EXTRACTION

Researchers extracted field cores from different locations across the mat from each strip. As
Figure 2-11 displays, two rows of cores (seven cores in each row) were taken from each strip that
was subjected to a different number of passes. The field cores were exacted for saturated surface dry
(SSD) density, vacuum sealed density, and performance testing. Figure 2-11 shows a typical coring
layout. About 1200 field cores were extracted from the constructed test sections—240 cores from
each test section. In addition to the laboratory density measurements, field density was measured

using nuclear and non-nuclear density gauges on the same locations where the cores were extracted.

AIR VOID DISTRIBUTION IN ASPHALT PAVEMENT SECTIONS

Researchers developed maps for the air void distribution across the width of the mat for all
the test sections, as Figures 2-6 through 2-10 demonstrate. These maps of air void distribution were
generated by inputting the location of each core and its percent air voids into the Matlab 7. 1"
software (Matlab 2004). Then, an interpolation algorithm in Matlab was used to predict and plot a

color map of percent air voids in a whole strip.
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Figure 2-6. Test Section # 1, Schematic of Sub-Test Sections and Rolling Patterns, and
Maps of Air Void Distribution.
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Figure 2-11. Layout of Coring in Test Sections.

COMPACTION EFFORT UNDER THE ROLLER AND ITS RELATIONSHIP TO
DENSITY UNIFORMITY

The paving width was 9 ft, but only 7 ft from one edge was compacted by driving a roller
with a width of 7 ft straight back and forth to evaluate uniformity of the density across the roller
width. Field cores were extracted from seven locations across the mat width with two replicates at
each location, as shown in Figure 2-11. The density of these cores was measured in the laboratory.
The percent air voids for all the extracted cores were plotted against the number of passes for each
sub-test section. Examples of such correlation are given in Figures 2-12 and 2-13 for test sections 1
and 5, respectively. Figures A-4 through A-13 in the appendix show the results for the remaining
test sections. These results clearly indicate that uniform density cannot be achieved simply by
applying a uniform number of passes; this finding is consistent with the previous work of Kassem et
al. (2008).

Kassem et al. (2008) showed that cores compacted close to the center of the steel roller
(static or vibratory) tend to have a higher density (less air voids) than cores compacted at the edge of
the compactor. They also showed that the compaction efficiency can be described well by the CI,
which is defined as the summation of the number of passes multiplied by an effectiveness factor
corresponding to each pass. The effectiveness factor describes the efficiency of compaction across

the roller width. Kassem et al. (2008) described the statistical and analytical methods used to
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determine the effectiveness factor in detail. Figure 2-14 shows the effectiveness factor that was

found for the test sections constructed in this study.
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Figure 2-12. Percent Air Voids versus Number of Passes for Test Section 1.
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Figure 2-13. Percent Air Voids versus Number of Passes for Test Section 5.
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Figures 2-15 and 2-16 illustrate examples of the relationship between CI and percent air
voids, respectively. Figure 2-15(a) and (b) shows this correlation for test section 1 compacted using
static and vibratory rollers, respectively. Figure 2-16(a) and (b) shows the correlation for test
section 5 compacted using static and vibratory rollers, respectively. Figures A-4 through A-13 in the
appendix show the results for the remaining test sections. Table 2-2 summarizes the R-squared
values of the correlation between the percent air voids and number of passes (N) and correlation
between the percent air voids and CI for the same test sections. The R-squared values show that
using the CI improved the correlation for most of the test sections. This finding emphasizes the
importance of taking the CI into consideration in order to achieve uniform density distribution
across the mat through proper overlapping and overhanging of the roller. Also, it is important to

predict the density of the mat across the whole width, as discussed later in this paper.
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Figure 2-16. Percent Air Voids versus Compaction Index for Test Section 5.
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Table 2-2. R-Squared Values between Air Voids, Number of Passes,
and Compaction Index.

Test Compaction R’ Value
Section # Method %AV vs. N | %AV vs. CI
1 Static 0.44 0.83
1 Vibratory 0.52 0.86
2 Static 0.60 0.63
2 Vibratory 0.68 0.81
2% Vibratory 0.81 0.88
3 Static 0.87 0.79
3 Vibratory 0.89 0.87
3* Vibratory 0.84 0.91
4 Static 0.64 0.93
4 Vibratory 0.57 0.93
4* Vibratory 0.47 0.75
5 Static 0.27 0.81
5 Vibratory 0.18 0.76
5% Vibratory 0.27 0.76

*These test sections were compacted at a lower temperature, below compaction temperatures.
INFLUENCE OF LONGITUDINAL JOINTS ON DENSITY

A major difference between the earlier work of Kassem et al. (2008) and this current study
is that the earlier work considered only the influence of the position of the mixture with respect to
the roller width on density; however, this study also evaluated the influence of longitudinal joints on
density. As discussed earlier, three types of joints were considered: free, semi-restricted, and
restricted. Figure 2-6 shows that the free joints to the left of the air void plots had higher air voids
than the semi-restricted joints to the right of the plots. The analysis of other sections showed that
there was no difference in densities between restricted and semi-restricted joints. Figure 2-14 shows
that the effectiveness factor was higher for semi-restricted and restricted joints compared to a free
joint. In fact, the effectiveness factor was found to be about 0.55 for the semi-restricted or restricted

joint, while it was only 0.32 for the free joint.

INFLUENCE OF COMPACTION METHOD ON DENSITY

Researchers examined the change in density with the CI in each sub-test section to evaluate
the influence of the compaction method—vibratory steel roller, static steel roller, and pneumatic
roller—on achieving the required compaction level. The densities of the six middle cores from two

rows (Figure 2-11) were averaged to represent the average density at a given CI. Figure 2-17(a) and
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(b) shows examples of changing the density of the mat with the CI for test sections compacted using
vibratory and static steel rollers. Figure A-14 in the appendix shows the results for the remaining
test sections. The results were consistent for all test sections and showed, as expected, that the
vibratory roller was more effective in increasing the density of HMA and WMA compared to the
static steel roller. In order to obtain the compaction curves under the pneumatic roller, the vibratory
roller was used for breakdown for only a few passes before applying the pneumatic roller.
Researchers attempted to use the pneumatic roller for breakdown, but the pneumatic tires were
picking up loose mixtures and compaction could not be accomplished. Therefore, it was decided to
use a vibratory roller for breakdown and wait until the temperature dropped before using the
pneumatic roller. Figure 2-18(a) and (b) present examples of the compaction curves for sub-test
sections compacted using the pneumatic roller. The results showed that the pneumatic roller was

still capable of applying compactive effort when it was used as an intermediate compaction roller.

INFLUENCE OF COMPACTION TEMPERATURE ON DENSITY

Sub-test sections in test sections 2, 3, 4, and 5 were compacted using a vibratory roller at a
compaction temperature of 180°F, which is lower than the pre-determined compaction temperatures
for these mixtures. The field compaction temperatures of Type C PG 76-22, Type D PG 64-22
HMA, and Type D PG 64-22 WMA mixtures were about 270°F, 250°F, and 230°F, respectively.
The compaction curves for these sub-test sections were compared to the corresponding sub-test
sections that were compacted using a vibratory roller at the designed compaction temperature.
Figure 2-19(a) and (b) present examples of the compaction curves for some test sections.

Figure A-15 in the appendix shows the results for the remaining test sections. The compaction
temperature had a great effect on compaction regardless of mixture type—HMA or WMA.
Compaction at a lower temperature shifted up the compaction curves. On average, there was a

10 percent increase in the measured percent air voids per 30°F reduction in the compaction
temperature. The sub-test sections compacted at lower compaction temperatures had higher air
voids compared to the corresponding ones compacted at the designed compaction temperatures, as
Figures 2-7 through 2-10 illustrated. The results of this part demonstrate the importance of real-time
recording of mat temperature during the compaction due to its great effect on the compactability of

asphalt mixtures.
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INFLUENCE OF MIXTURE DESIGN AND TYPE ON DENSITY

To evaluate the effect of the mixture type (HMA versus WMA) on compaction, researchers
compared the compaction curves for test section 2—Type D, HMA—to the corresponding ones for
test section 3—Type D, WMA. Figure 2-20(a) and (b) show the change in percent air voids using
the vibratory and static rollers, respectively. Figure 2-20(a) demonstrates that the WMA was easier
to compact than the HMA. However, the compaction curves for both WMA and HMA using the
static roller were comparable and did not show any difference. This could be due to the fact that in
general, the static roller applies less compactive effort compared to vibratory rollers, as was
discussed earlier.

In order to evaluate the influence of the mixture design on the compactability, the
compaction curves for test section 1—Type C, HMA—were compared to the compaction curves for
test section 2—Type D, HMA. Both of these test sections were constructed on a rigid (concrete)
base. In addition, the compaction curves for test section 4—Type C, HMA—were compared to
those for test section 5—Type D, HMA. Both test sections 4 and 5 were constructed on a flexible
base. The results showed that HMA Type C was relatively easier to compact than HMA Type D.
Type C, a relatively coarse mixture, included PG 76-22 binder, and Type D included PG 64-22
binder, but the Type D mixture had 20 percent RAP. Figure 2-21(a) and (b) show examples of the
compaction curves for the Type C mixture and Type D mixture. Figure A-16 in the appendix shows

the results for the remaining test sections. The difference between these mixtures was evident when
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the vibratory roller was used in the compaction. Previous field experience by the research team
indicates that typically Type D mixtures with unmodified binder are easier to compact than Type C.

However, it seems that incorporating RAP in the Type D mixture made it more difficult to compact.
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Figure 2-21. Influence of Mixture Design on Density: Test Section 1 vs. Test Section 2.
INFLUENCE OF BASE SUPPORT TYPE ON COMPACTABILITY

To assess the effect of the base conditions (rigid versus flexible) on compactability, the
research team compared the compaction curves of mixtures HMA Type C and HMA Type D
constructed on a rigid base to the compaction curves of the same mixtures compacted on a flexible
base. Figure 2-22(a) and (b) show examples of the compaction curves using vibratory and static

rollers. Figure A-17 in the appendix shows the results for the remaining test sections. The results
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showed that compaction of HMA over a rigid base had slightly higher density than the

corresponding mixtures on a flexible base.
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Figure 2-22. Influence of Base Support Type on Compactability: Test Section 1 vs. Test
Section 4.

METHOD FOR PREDICTION OF DENSITY IN REAL TIME

Researchers compacted five sub-test sections using different combinations of compaction
methods (vibratory and static). Sub-test section 4 in Figures 2-6 through 2-10 shows the rolling
patterns. These sub-test sections were constructed to assess the possibility of predicting the density
under realistic combinations of compaction methods in real time if the compaction curves for each
compaction method are known. For each test section, researchers had the compaction curves for
each compaction method (vibratory and static) from the sub-test sections that were compacted using
a single compaction method as discussed earlier. Researchers used these curves to predict the
density of the sub-test section that was compacted using both vibratory and static methods.

Figure 2-23 presents an example of such prediction. The rolling pattern, predicted percent air voids
after each pass, and measured final percent air voids of the mat for test section 5 are given in
Table 2-3. The procedure can be summarized as follows:

e The percent of air voids after one CI or one pass of vibratory roller, since the density was
recorded in the middle of the mat, could be determined from the vibratory roller
compaction curve, which was 12.9 percent.

e From this air void level (12.9 percent) on the compaction curve for the static roller, one

could determine the percent air void after applying one pass of static roller, by moving
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one pass toward the right on the static compaction curve. This would give a percent air
void of 12.0 percent.

e From this air void level (12.0 percent) on the vibratory roller compaction curve, one
should move one pass toward the right to get the air void after one extra pass of the

vibratory roller. This would result in 10.9 percent air void.

The above steps were repeated until the final roller pass, as shown in Figure 2-23 and

presented in Table 2-3.
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Figure 2-23. Prediction Density Level Using the Compaction Curves: Test Section 5.

Table 2-3. Percent Air Voids for Different Compaction Methods.

No. of | Compaction | Predicted | Measured
Passes Method %AV %AV

1 Vibratory 12.9

2 Static 12.0

3 Vibratory 10.9

4 Static 10.5

5 Vibratory 9.8

6 Static 9.6

7 Vibratory 9.2

8 Static 9.0 8.9
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The predicted air void level in all the sub-test sections that were compacted using mixed
compaction methods were compared to the measured final density after the compaction was
completed, and Figure 2-24 presents the results. The results showed that the predicted densities
were very close to the measured values. This means that if the compaction curves for each
compaction method can be established at the beginning of a job, the density can be predicted in real
time for the remaining part of the job. However, this can only be achieved if the field conditions
such as weather, mat thickness, and underlying base remain fairly consistent during construction.

Figure 2-24 shows a comparison between the predicted percent air void and the measured
percent air void in the middle of the mat or under the middle of the roller. In order to predict the
percent air void across the whole mat, another factor should be introduced, which is the efficiency
distribution of the compactive effort (Figure 2-14). After generating the compaction curves for
mixed compaction methods as given in Table 2-3, the number of passes should be multiplied by the
effectiveness factor across the roller width in order to obtain the density across the mat under the
roller. Figure 2-25 and Figure 2-26 show examples of the introduced error (the difference between
the measured percent air void and the expected percent air void) for all the cores taken across the
mat in two cases. The first case considers only the compaction curves without considering the
non-uniform efficiency distribution of the compactive effort, and the second case considers the
efficiency distribution. Figures A-18 through A-20 in the appendix show the results for the
remaining test sections. For most of the test sections, considering the efficiency distribution reduced
the error in predicting the density for the cores taken at the edges of the mat.

These results show that one can develop test sections at the beginning of the work that are
compacted by static rollers and vibratory rollers in different modes of operation (vibration
amplitude and frequency). Then, one can record the compaction under each roller and combine this
information to predict the best combination of compaction pattern to achieve the required density.
The number of passes can be combined with the efficiency distribution of the compactive effort in
order to produce CI maps in real time. This information can be presented in real time to the roller
operator to adjust the compaction patterns (by changing number of passes, overlapping, and
overhanging) needed to achieve a uniform CI in order to obtain the required density uniformly

across the mat.
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CONCLUSIONS

This part of the study provided a comprehensive experimental evaluation of important

factors that influence the compaction process of asphalt pavements. The main findings of this part

are summarized as follows:

The efficiency of the compactive effort across the steel rollers was found to be
non-uniform. A point on the mat closer to the center of the roller was subjected to more
compaction than a point closer to the edge of the roller.

Cores compacted close to restricted or semi-restricted joints had more density than cores
near free or unrestricted joints.

The compaction temperature had a great effect on compaction irrespective of mixture
type—HMA or WMA. On average, there was a 10 percent increase in the measured
percent air voids per 30°F reduction in the compaction temperature.

The WMA was relatively easier to compact compared to the HMA, in spite of the fact
that WMA was laid and compacted at lower temperatures than HMA.

Incorporating RAP in asphalt mixtures could require increasing the compaction effort to
achieve the desired density compared to mixtures without RAP. However, several other

factors besides the use of RAP may affect the compactability of HMA, such as aggregate
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gradation, voids in the mineral aggregate (VMA), aggregates characteristics, etc.

e HMA compacted on the top of a rigid base had a higher density than the mixture
compacted on a flexible base.

¢ A method was presented for predicting the density of asphalt pavement compacted using
static and vibratory rollers. This method utilizes the location of the roller on the mat and
the compaction curves for each roller to predict the density. The predicted density was
close to the measured one. More work is recommended to validate and further
demonstrate this approach. This approach could be used to set up the rolling pattern that

is needed to achieve the desired asphalt pavement density.
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CHAPTER 3
MEASUREMENTS OF ASPHALT PAVEMENT DENSITY USING
GROUND-PENETRATING RADAR AND ITS RELATIONSHIP TO
PERFORMANCE

The level of asphalt pavement compaction in the field significantly affects its mechanical
properties. The traditional methods of measuring air voids can be destructive, expensive, and
time-consuming and can only provide point-specific information. The GPR is a non-destructive tool
that has been used to perform structural assessment of asphalt pavements and has been proven to be
a successful tool. In this study, the research team utilized GPR as a tool to assess the compaction
level in asphalt pavements. Such evaluation was conducted on both HMA and WMA in order to
address any compaction concerns of WMA compared to HMA. In addition, the effect of level of
compaction on the mechanical properties of asphalt pavements was evaluated through conducting
performance tests. The results of these tests shed light on how significant the effect of the percent

air voids is on some of the mechanical properties of asphalt mixtures.

OBJECTIVES

The objectives of this part of the study were as follows:

e Examine the feasibility of using GPR as a non-destructive quality control tool to
determine density (air void distribution) of asphalt pavements.

e Study the effect of compaction level on the mechanical properties of asphalt mixtures.

e Compare the compactability and mechanical properties of WMA to HMA.

RESEARCH METHODOLOGY

The researchers conducted GPR scanning at different lateral positions for all the test sections
described in Chapter 2. They developed maps of percent air void distribution in the test sections
using GPR data. The distribution maps developed using GPR were compared to the ones developed
using extracted field cores (Figures 2-6 through 2-10). The researchers conducted several
performance tests (indirect tensile test, Hamburg, and overlay) on the recovered field cores with

different percent air voids.
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BACKGROUND ON TEST METHODS
Basics of Ground-Penetrating Radar

The GPR measurements for quality control or forensic study of highway pavements are
conducted typically with 1.0 Gigahertz (1-GHz) air-coupled horn antenna. Figure 3-1(a) shows the
Texas Transportation Institute’s 1-GHz air-launched GPR unit. This system sends discrete pulses of
radar energy into the pavement system and captures the reflections from each layer interface within
the structure. Radar is an electromagnetic wave and, therefore, obeys the laws governing reflection
and transmission of e-m waves in layered media.

Figure 3-1(b) shows the operating principle of GPR. The reflection A; is the energy
reflected from the surface of the pavement, and A, and Aj are reflections from the top of the base
and subgrade, respectively. These are all classified as positive reflections, which indicate an
interface with a transition from a lower to a higher dielectric material. These amplitudes of
reflection and the time delays between reflections are used to calculate both layer dielectrics and
thickness (Scullion and Chen 1999). Figure 3-1(c) shows a typical plot of captured reflected energy
versus time for one pulse, as a graph of volts versus arrival time in nanoseconds. The dielectric
value of the HMA layer is computed by measuring the amplitude of reflection from the top of the
pavement and comparing it with the reflection from a large metal plate which is the 100 percent
reflection.

The dielectric constant of a material is an electrical property that is most influenced by
moisture content and density. An increase in moisture will cause an increase in layer dielectric; in
contrast, an increase in air void content will cause a decrease in layer dielectric. The examples
below illustrate how changes in the pavement’s engineering properties would influence the typical
GPR trace shown in Figure 3-1(b).

e If the thickness of the surface layer increased, then the time interval At; between A; and

A, would increase.

o If the base layer became wetter, then the amplitude of reflection from the top of the base

A, would increase.
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e For well-compacted hot mix layers, the GPR wave would be reflected at the top of the
asphalt layer and the top of the base layer. If the asphalt layer had uniform density with
depth, then no intermediate reflections would be observed. If there was a significant
defect within the surface layer, then an additional reflection would be observed between
Aj and A;. This could indicate areas of poor compaction or moisture trapped between
pavement layers.

e Large changes in the surface reflection A; would indicate changes in either the density or
moisture content along the section. The variation in surface reflection is used to check
segregation within a new HMA surface layer, and it can also be used to test the quality of

longitudinal construction joints.

In most GPR projects, researchers collect several thousand GPR traces. In order to
conveniently display this information, color-coding schemes are used to convert the traces into line
scans and stack them side by side so that a subsurface image of the pavement structure can be
obtained. Figure 3-1(c) illustrates a typical display from a good-quality, thick HMA pavement. This
is taken from a section of newly constructed thick asphalt pavement over a thin granular base.

Color coding consists of converting this trace into a single-line scan of different colors
where the high positive volt areas are color coded red, the negatives are blue, and the areas
around zero volts are green. Using the color-coding and stacking scheme, these data are
transformed into Figure 3-1(d), which shows a COLORMAP® subsurface image for a section of
highway. The zero on the depth scale is the reflection from the surface of the pavement. The
important features of this figure are the lines marked H, I, and J; these are the reflections from
the surface, top, and bottom of base, respectively. The pavement is homogeneous, and the layer
interfaces are easy to detect. The variation in surface dielectric is shown at the bottom of the
figure. For good-quality, uniform-density HMA, this would be almost a horizontal line.
Significant areas of high dielectrics would indicate wet areas on the surface. Significant dips in
surface dielectric are associated with areas of low density in the mat, typically “truck-end”

segregation.
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Radar Antenna

(b) Principles of GPR
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(d) Color-Coded GPR Traces for a Thick Hot Mix Section
Figure 3-1. GPR Equipment and Principles.
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Overlay Test

The overlay test, developed at TTI, was employed in this study to evaluate the cracking
potential of specimens compacted at different air voids. Overlay tests were conducted on laboratory
test specimens following the recommendations by Zhou and Scullion (2003) and the recently
adopted TxDOT standard Tex-248-F—“Overlay Test.” Figure 3-2(a) depicts the schematic diagram
of the overlay apparatus. The overlay tester is comprised of two steel plates; one plate is fixed while
the other moves horizontally to simulate the opening and closing of joints or cracks from an existing
pavement beneath an overlay. A cyclic load was applied in a triangular waveform at 10 cycles per
minute. The overlay test was run at 77°F in a controlled displacement mode with a peak
displacement of 0.025 inch until the sample failed. The overlay tester acquires time, displacement,
and load data for each load cycle. In addition, the crack length can also be measured manually.
Three prismatic specimens (6 inches x 3 inches x 1.5 inches) were sawed from 6-inch diameter field
cores. The parameters of interest from this test were the number of load cycles applied to the sample
before failure, and the maximum load at the first cycle to initiate cracking. Failure was determined
as the point when one continuous crack was visible completely through the exposed portion of the
specimen, i.e., cracks visible through two vertical sides and one horizontal (top) surface or when the

load reached 8 percent maximum load, whichever occurred first.

Hamburg Test

The Hamburg wheel-tracking (HWT) device is an accelerated loaded wheel tester. This test
is commonly used to assess the rutting and moisture susceptibility of asphalt mixtures. Researchers
in this study used this test to study the effect of the air void distribution on rutting of asphalt
mixtures. The Hamburg test was conducted following TxDOT standard Tex-242-F—“Hamburg
Wheel-Tracking Test.” In this test, steel wheels are operated on submerged cylindrical HMA
specimens (Figure 3-2[b]). The Hamburg test is conducted under water at a constant temperature of
122°F. The steel wheel is 1.85 inches wide and 158 Ib-force and travels in a reciprocating motion.
The rut depth is measured at several locations along the test sample, including the center where the
maximum rut depth occurs. Typically, the test is conducted at 20,000 cycles or until certain rut

depth is achieved.
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Indirect Tensile Test

The indirect tensile (IDT) test has been used extensively in structural design research for
rigid pavements since the 1960s and, to a lesser extent, in HMA mixture design research. However,
the indirect tensile test is a popular test for HMA mixture characterization in evaluating pavement
structures. The primary reason for its popularity is that cores from thin lifts can be tested directly in
the laboratory (Witczak et al. 2002). The indirect tensile method is used to develop tensile stresses
along the diametral axis of the test specimen. The test specimen is placed with its axis horizontal
between the platens of the testing machine. A compressive load is applied on the diametrically
opposite ends of the test specimen. Figure 3-2(c) shows the test setup. The horizontal tensile
strength of the mixture was determined from the following equation:

2P
— max 2
O-max 7Z't d ( )

where o, is the horizontal tensile strength at the center of the test specimen, P, is the maximum

load achieved when the specimen is loaded at a rate of 2 inches per minute, d is the diameter of the

specimen, and t is the thickness of the specimen.
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(a) Schematic Diagram of TTI Overlay Tester System (Zhou and Scullion, 2003)

(b) Hamburg Wheel-Tracking Setup (c) IDT Setup
Figure 3-2. Performance Tests.
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GPR MEASUREMENTS

After construction of the test sections was completed, the research team conducted GPR
scanning on these test sections. On each test section, the research team drove the GPR van three to
five times to measure the dielectric constant values. Each time, the antenna was moved laterally to
cover the whole compaction width (7 ft). Typically, the GPR captured the dielectric constant across
an 8-inch-wide area during each pass. The GPR data, dielectric constant values, were calibrated
with measured bulk densities of a few cores extracted from different locations of the mat. Such
calibration is done to convert all the dielectric constant values to density or air voids of compacted
mat. Figure 3-3 shows an example of the correlation between measured density and the dielectric
constant values. Strong correlations were found between dielectric constant values and percent air

voids of recovered cores.
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Figure 3-3. Correlation between Dielectric Constant and Percent Air Voids
of Recovered Cores.

Each GPR profile contains hundreds of dielectric constant measurements along the test
section, and three to five GPR profiles or traces were recorded across the mat. Using a correlation
such as the one presented in Figure 3-3 for each test section, the dielectric constant measurements
were converted to percent air voids. COLORMAP® software was used to convert these
measurements into color maps of air void distribution across the mat width and along the test

section length. Figures 3-4 through 3-6 provide examples of such distributions.
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AIR VOID DISTRIBUTION USING CORE MEASUREMENTS

As previously discussed in Chapter 2, researchers constructed the test sections with a
varying number of roller passes that resulted in varying air voids in smaller test strips within the test
sections. Field cores were extracted from different locations across the mat from each strip after the
GPR scanning and other non-destructive density measurements. As Figure 2-11 shows, two rows of
cores (seven cores in each row) were taken from each strip that was subjected to a varying number
of roller passes. The density of the field cores extracted across the mat from each strip was used to
generate maps of percent air void distributions by inputting the location of each core and its percent
air voids into the Matlab 7.1 software. An interpolation algorithm in Matlab was then used to
predict percent air voids in the whole pavement section. Examples of the color-coded air void

distribution maps for the test sections are shown in Figures 2-6 through 2-10.

COMPARISON OF AIR VOID DISTRIBUTION MAPS

Comparing the air void distribution maps developed using the GPR data and densities of the
recovered cores, researchers made the following observations:

e There is an excellent correlation between GPR void distribution maps and the void maps
generated using the extracted field cores (Figure 3-4 versus Figure 2-6, Figure 3-5 versus
Figure 2-7, and Figure 3-6 versus Figure 2-8). These results show that GPR is a very
good tool for assessing the compaction level in asphalt pavements and in general can be
used as a quality control tool in asphalt pavement construction. The advantage of the
GPR is that it is a non-destructive tool that operates at the traffic speed. The GPR van can
be driven over the mat many times without any interference to the traffic.

e The density increased with the increase in the number of passes, as expected.

e Test sections compacted using vibratory rollers had a higher density than the
corresponding ones compacted using static rollers. In addition, sub-test sections
compacted at lower temperatures had a lower density than the ones compacted at the
designed compaction temperature.

e When comparing the air void distribution maps of HMA test section 2 (Figures 3-5 and
2-7) with WMA test section 3 (Figures 3-6 and 2-8), researchers found that air void
distributions were comparable, although WMA was produced and compacted at lower

temperatures than HMA. In fact, WMA asphalt was found to improve the compactability
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of the asphalt mixtures, as discussed in Chapter 2. The researchers did not observe or

experience any compaction problems during the construction of the WMA test section.

PERFORMANCE TEST RESULTS
Indirect Tensile Strength

Thirty-six field cores were tested for indirect tensile strength. Half of the specimens were
tested in dry conditions, and the other half were tested in wet conditions following the modified
Lottman procedure without the freezing stage (American Association of State Highway and
Transportation Officials [AASHTO] T-283-07). A vacuum of 3.38 kPa absolute pressure
(736.6 mm Hg. partial pressure) was used to achieve the required saturation level between 70 to
80 percent, as required by AASHTO T-283-07 (AASHTO 2007). This procedure was followed by
placing specimens in a 60°C water bath for 24 hours. Then, the test specimens were taken to another
20°C water bath to cool down before testing. Twelve field cores were tested from each asphalt
mixture. These cores were collected from strips that were subjected to a different number of roller
passes, resulting in different levels of compaction. Three levels of compaction that produced asphalt
mixture specimens with different percent of air voids were evaluated. Figure 3-7 presents the results
of the IDT test. The results showed that, as expected, the IDT values for dry specimens were much
higher than the IDT for wet specimens. Also, the IDT decreased with the increase in percent air
voids in both dry and wet conditions (Figure 3-7[a]). This emphasizes the importance of the
compaction level on the performance of asphalt mixtures. However, the Type D WMA performed
the best in dry conditions and the worst in wet conditions. Figure 3-7(b) shows the percent reduction
of IDT. Compared to the Type C HMA and Type D HMA, the Type D WMA mixture had the

highest loss of IDT due to moisture conditioning.
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Hamburg Wheel-Tracking Test

Similar to IDT testing, researchers tested 36 field cores using the Hamburg wheel-tracking
test. Twelve field cores were tested from each asphalt mixture. These cores were taken from strips
that were compacted using a different number of roller passes. One set of HWT tests required four
field cores—two cores on the left side and two cores on the right side (Figure 3-2[b]). The rut depth
was recorded with the number of cycles until failure. The failure criteria depended on the type of
binder. TxDOT specifications allow a rut depth less than 0.5 inch (12.5 mm) after 20,000 cycles for
mixtures with modified binder and less than 0.5 inch (12.5 mm) rut depth after 10,000 cycles for
mixtures with unmodified binder. According to TxDOT specifications, all the tested cores passed the
failure criteria. The rut depth and number of cycles displayed in Table 3-1 show that Type C HMA
did not rut as much as the other two mixtures—Type D HMA and Type D WMA. Type C HMA had
modified binder (PG 76-22), while the other two mixtures had unmodified binders (PG 64-22). The
results showed that the compaction level affects the performance of the asphalt mixtures; field cores

with higher percent air voids rutted more than field cores with less percent air voids.

Table 3-1. Hamburg Wheel-Tracking Test Results.

Mixture No. of Rut
% Air Voids Depth,
Type Cyeles inch (mm)
13.1 20,000 0.173 (4.4)
Type C HMA 9.1 20,000 0.158 (4.0)
7.4 20,000 0.146 (3.7)
14 10,934 0.579 (14.7)
Type D HMA 9.9 20,000 0.441 (11.2)
8.6 20,000 0.287 (7.3)
12.7 16,292 0.539 (13.7)
Type D WMA 9.2 20,000 0.383 (9.7)
6.1 20,000 0.232 (5.9)

Overlay Test

Specimens with three levels of air voids from each asphalt mixture were tested using the
overlay tester. Three replicate specimens were tested at each air void level. Like other performance
tests, specimens for overlay testing were also collected from strips that were compacted using a

different number of roller passes, resulting in different levels of air voids. Researchers evaluated
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two parameters: the maximum load required to initiate crack at first loading cycle and the number of
load cycles required to cause specimen failure. Usually, failure is defined when the crack propagates
all four faces of specimens or decreases to 7 percent of the maximum load, load measured on first
cycle, whichever comes first.

Figure 3-8(a) shows the maximum recorded load needed to initiate the crack in the first
cycle for all tested specimens. Figure 3-8(a) shows a fair relationship between the load needed to
initiate the crack and the percent air voids in the specimens. Specimens with less percent air voids
required higher loads than the specimens with higher percent air voids. The results demonstrated the
effect of compaction level on fatigue cracking in asphalt pavements. Figure 3-8(b) shows the
number of cycles until failure for different asphalt mixtures. There was no specific trend or
relationship between the number of cycles until failure and percent air voids in the specimens.
However, the Type C HMA lasted longer than the other two mixtures. This is due to the fact that
this mixture, Type C HMA, had modified binder (PG 76-22) while the other two mixtures had
unmodified binders (PG 64-22) with 20 percent RAP. Earlier work by Masad et al. (2009a) pointed
out the influence of sample air void distribution on cracking life, this being on lab molded samples.
The variability of results from these field cores with widely different air void distributions is not
surprising. The PG64-22/WMA/RAP samples have the lowest cracking resistance. The cracking life
for these samples decreases with increasing air voids, but even at low air voids the overlay tester
results are poor at less than 25 cycles to failure (for lab molds samples at 7 percent air voids, the
recommended results is more than 300 cycles for good quality surfacings). Air voids is only one
factor influencing cracking resistance; the percent binder used, amount of RAP, and aggregate

gradation are other factors.
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CONCLUSIONS

This part of the study assessed the applicability of using the GPR as a non-destructive

quality control tool to assess the compaction level in asphalt pavements. In addition, it evaluated the

effect of level of compaction on performance of WMA and HMA mixtures. The following are the

findings of this study:

The GPR was found to be an effective tool for rapidly assessing the compaction level in
asphalt pavements. There was an excellent correlation between GPR air void distribution
maps and the air void maps generated from core measurements. This new application of
GPR is useful to obtain maps of air voids in asphalt pavements at a relatively low cost
and without causing interference to traffic.

The compaction level highly affected the performance of asphalt mixtures. Specimens
that had less percent air voids performed better in both wet and dry conditions.
Specimens with less percent air voids had less rutting in the Hamburg wheel-tracker,
higher load in the first cycle of the overlay tester, and a higher strength in the indirect
tensile test. These results can be useful to set the quality control limits for percent air
voids during construction.

There were no problems in compacting WMA to the desired density. In fact, the
compaction of the WMA mixture was achieved with slightly less compaction effort than
with the HMA mixture.

The IDT results showed that WMA specimens performed better than the corresponding
HMA specimens in dry conditions. However, the reduction in strength of the wet WMA

mixtures was higher than the wet HMA mixtures.
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CHAPTER 4
OVERVIEW OF TTI’S COMPACTION MONITORING SYSTEM

In the second phase of this study, the researchers developed an automated system called the
compaction monitoring system (CMS) for monitoring the quality of compaction in real time. The
CMS consists of a GPS unit mounted on the roller to track the location of the roller on the mat.
Temperature sensors are attached to the sides of the roller to record the mat surface temperature. In
addition, an accelerometer sensor is mounted on the roller to determine the mode of operation—
static or vibratory. The CMS monitors the location of the roller on the mat and the number of passes
across the mat. Each pass is multiplied by the effectiveness factors across the roller’s width
(Figure 2-14) in order to produce the CI distribution. Such distribution is converted to colored maps
in real time. The operator of the roller and the engineers at the site are able to see the colored map
on a screen during the compaction. The operator can use the colored maps to adjust the compaction
patterns (by changing number of passes, overlapping, and overhanging) needed to achieve a
uniform CI in order to obtain the required density uniformly across the mat. In addition, these maps
can be converted to predict density distribution if the compaction curves for each compaction

method are already known, as discussed later in Chapter 6 as future work.

INTRODUCTION

In TxDOT Project 0-5261, Application of Imaging Technology to Improve the Laboratory
and Field Compaction of HMA, the researchers recommended developing a setup that can be used
on board that records the number of passes and compaction index in real time (Masad et al. 2009a;
Masad et al. 2009b). The results of Chapter 2 confirmed the need for such a system to improve and
document the compaction process of asphalt mixtures. In this part of this current study, the
researchers of TxDOT 0-6992 developed CMS and field tested to measure the uniformity of new
HMA overlays. This system uses the latest GPS technologies and various sensors to provide
100 percent coverage of the new mat. The post-processing software system produces color-coded
maps showing;

e The number of roller passes on the entire mat.
e The compaction effectiveness (number of passes * effectiveness factor).

e The temperature of the mat on the first pass of the roller.
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The complete system was demonstrated on a number of new overlay projects in Texas, and
Chapter 5 reveals the typical results. The complete system developed in study 0-6992 is described in
detail in report 0-6992-1, which details the system components and data acquisition and processing
systems. The system provides a real-time display for the roller operator to determine if all areas of
the mat are receiving a similar compaction effort as well as post-processing capabilities to document
the uniformity of mat temperatures and compaction effectiveness.

The following items were integrated into TTI’s asphalt compaction monitoring system:

e A high-accuracy GPS positioning system.

e Two infrared sensors for measuring the asphalt surface temperature.
e One accelerometer for detecting whether the roller is vibrating.

e A “Toughbook” computer for collecting and viewing the data.

e A battery for the power supply.

e A data acquisition system for converting the analog signals to digital data.

Figure 4-1 shows the operational system.

Figure 4-1. TTI’s Compaction Monitoring System.
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DATA COLLECTION WITH THE ASPHALT COMPACTION MONITORING
SYSTEM

The intention of the designers of the compaction monitoring system was that the data would
eventually be collected and viewed by the roller operator. The system should take less than
10 minutes to install on any roller, and all of the sensors are attached using magnets that can be
easily removed. The data acquisition system uses a rugged computer that can withstand the harsh
environment on the roller. The operator can view in real time a color-coded map showing the total
mat coverage for the entire mat being compacted. Also, the same data can be saved and post
processed to document the effectiveness and uniformity of the compaction process.

As the operator moves back and forward over the new mat, the GPS system accurately tracks
the position of the roller and the infrared sensors measure the mat temperatures on either side of the
roller. The location and temperature information are displayed in real time for the operator to view.
The number of passes and compaction effectiveness displays are continually updated as additional

passes are applied to the mat. Figure 4-2 shows a typical compaction effectiveness chart displayed in
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Figure 4-2. Real-Time Display of Compaction Effectiveness.
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The right side of the screen is the scale for the color display. The numbers at the top and
bottom of the scale (5 and zero) are the range of compaction index (# passes * effectiveness factor)
values displayed in the figure. Any location with a compaction index of 5 on the effectiveness scale
would be colored red, and values close to zero would be blue. On the bottom left of the screen, the
user can see all the information from the temperature and displacement sensors and the GPS

receiver. This display is shown below in Figure 4-3.

2 No. B06 Lat 31 .28880569SPD (.0
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Figure 4-3. Sensor Display from Data Acquisition Screen.

In Figure 4-3, the top box displays the GPS information showing both the latitude and
longitude of the current position of the roller. The left- and right-side temperature readings are
shown in degrees Fahrenheit. This is a typical first pass of most overlay compaction projects where
the left-side reading is 86°F and the right side is 217°F. As with most roller operations, the first pass
runs down the edge of the mat, where the left-hand sensor is not on hot asphalt. The analysis/display
system takes this into consideration; if there is more than a 30°F temperature difference between the
two sensors, then the system assumes that one sensor is off the mat. The high value is therefore used
and displayed on the color plot. However, if reasonable readings are found on both sensors, then the
system averages these values and saves and reports the value for the entire width of the roller
(typically 7 ft) at that location. Under normal operations, a temperature reading is taken for every
8 inches of travel along the mat. It is the temperature on the first pass of the roller that is displayed.

On the right side of Figure 4-3, there is a sine wave showing the current vibration amplitude
of the roller. If the operator turns off the vibration, this chart will show a flat line. Currently,
accelerometer data are collected and saved to the data file, but with this prototype system, these data
are currently not processed or displayed.

Figure 4-4 is a blowup of the compaction effectiveness display from Figure 4-2. This
information is displayed in real time for the roller operator to view the coverage on the mat.
Displays such as this should be useful to ensure that a uniform effort is being applied to all areas on

the mat. The red colors represent a compaction index of 4 to 5, the green 2 to 3 and the blue 1 to 2.
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Under ideal conditions the map should be all a similar color, blue areas could be areas where the

operator needs to apply more passes.

Figure 4-4. Color-Coded Compaction Effort Map Real-Time Displayed.

j 245
If the user starts the data acquisition by selecting either the ® '-'-l-ll or » "’ button,

then the real-time display viewed by the roller operator will be either the number of roller passes or

mat temperature at the first roller pass.

POST-PROCESSING AND DISPLAY SOFTWARE

This section illustrates the steps required to post process the field data with the
CompactView software developed in study 0-6992. Researchers submitted this software as a
deliverable to project 0-6992. Figure 4-5 displays the main menu screen in the post-processing

mode. Table 4-1 lists the options available for post processing the raw field data.

CompactView E| @| E|
Eile Edit Wiew Help
= = Ogn O ® i - - o4 op Zb—yi?

File numbe File name MNumber of GPS reco Test Date Te:

Figure 4-5. Post-Processing Toolbar and Main Interface.
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Table 4-1. Explanation of the Post-Processing Tool Bar Buttons.

Button Explanation of Each Button

Image

=+1 | Load the single file to do the single-file processing.

Z#+i | Load one project folder and do the group-file processing.

® gle | Show the compaction effectiveness color map chart on the display screen.

® = | Show the number of roller passes color map chart on the display screen.

@ j Show the temperature at the first roller pass color map chart on the display screen.

® . | Show a line diagram of all the roller passes over the section.

@)L | Show the rolling path chart for all files in the project folder.

o 4 Show the previous file in the project.

ep Show the next file in the project.

1 . ' | Zoom the data to fit the screen.

AW | Change the roller compaction effectiveness chart. These relate the compaction
effectiveness for different lateral locations on the drum, where the edge is less

effective than the center of the drum.

The field studies conducted as part of project 0-6992 and described in Chapter 2 of this
report demonstrated that based on controlled field studies and lab-measured cores, the center of the
roller has better compaction effectiveness than the edge. This is believed to be based on the lack of
confining of the mat at the edge of the roller. This non-uniformity of roller compaction effort will
affect the final density of the mat. Pressing the AW icon displays the currently recommended
compaction index profiles for steel-wheel rollers. The recommended profile based on this study and
earlier studies is the model shown in Figure 4-6. From this profile, for a 7-ft-wide roller drum, 3 ft
in the middle part gets full compaction (this value is defined as 1.0). At the edge of the roller drum,
the effectiveness factor is only 0.3 or 30 percent of that in the middle of the drum. This is the key
calculation made by the CompactView system. The accurate GPS tracks the position of the roller
and for each pass calculates the compaction effectiveness for the entire roller width by multiplying
the number of passes by the effectiveness factor index from Figure 4-6. Therefore, locations that

only receive passes with the edge of the roller will have a computed compaction index much less
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than those compacted under the center of the roller. Currently, it is recommended that the TTI

distribution shown in Figure 4-6 be used for all data processing.

Roller Compaction Patern Control Li:h,lw
1.3
1.27]
1.17]
1.0
0.8
0.8
0.7
0.87)
0.57
0.47
0.2
0.2
0.17)
0.0 T T T T T T T
0.0 1.0 20 2.0 a0 5.0 6.0 7.0 2.0
Roller compaction [ndex Paterm Calar 4 ap Linit Comtrol
Minimum P axirnurm
" Standard Distribution Bt el |D |5
* TTI Distribution
Roller Rolling Times |'I |53
" Flat madel
" Sine model First Rolling Termp. [F] |30 |3UU
Fioller Drurn ‘width [it) |7 o]

Figure 4-6. Recommended Roller Effectiveness Distribution Based on Study 0-6992.

This dialog box also permits the user to control the graphical display of the color map by
changing the max and min limits on each of the color maps. For example, for the temperature map,
the lower limit (blue color) is 80°F and the upper limit (red color) is 300°F. These values can be

changed in this dialog box.

SINGLE-FILE POST PROCESSING

To process a single file, the user clicks the toolbar button EZ#[; then a file open dialog box
permits the user to select the raw data file to open and display. All of the files collected have the
*.GPS extension. Once selected, the system displays the data for the complete section tested, which
in the example shown in Figure 4-7 is over 2300 ft on this section. As described below, the user has

the option to zoom into any location in the data set.
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Figure 4-7. First Display Screen Showing the Entire Section Length.

The user can then click any one of the buttons to display the following: # sl (compaction
effectiveness), ® = (number of passes), or @ & (first pass temperature). Figure 4-8 displays an

example of what the user sees when selecting the @ il button.
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Figure 4-8. Compaction Effort Color Map View of the Loaded Data File.
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Since the width of the paved lane is typically 12 ft, this distance is relatively small compared
with the length of the section. Therefore, the display of the complete section is very difficult to
review to find problem areas. For this reason, an option was included to permit the user to zoom
into any part of the project. To zoom in, the user puts the cursor in the required location and while
holding down the left mouse button, drags the mouse, as shown in Figure 4-9, as a black rectangle is
superimposed on top of the project. When the user releases the mouse button, the information from

only the selected section is displayed, as shown in Figure 4-10.
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Figure 4-10. New Zoomed View of Color-Coded Compaction Effort.
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If the user places the mouse cursor on any location in the zoomed view, some very useful
information will be displayed in the upper five boxes of the color plot. As shown in Figure 4-11,
placing the cursor at the location of the “X” will result in the following data being shown in the

boxes at the top of the screen:

Longitudinal Position from GPS 30.01208

Latitudinal Position from GPS —96.167853

Compaction Effectiveness 6.32

Number of passes of roller over this location 8

Temperature at the first roller pass 239°F

30.01208437 -96.16785376 6.322 8 239
W0 35
5 %:10: 4 300
1 1 1 1 1 1 1 1 o | 1 1 1 1 A

L 150%
1408
1%

Figure 4-11. Point-Specific Compaction Data.

Also, if the user clicks the mouse at a location of interest, the transverse distribution of
compaction and temperature data across the mat will be displayed, as shown in the box in the upper
left corner of Figure 4-12 and in detail in Figure 4-13. The upper chart is the compaction
effectiveness index, the middle one is the number of passes placed across the mat, and the lower one
is the temperature profile during the first pass over the mat. The width shown in Figure 4-13 is 15 ft,
but the paving width is only 12 ft. This means that there was at least a 1.5-ft overlap of the roller off
each side of the mat.

If there is any uncertainty about the number of passes placed over any section of the mat,
then clicking the . button from the main menu screen will display the path of the roller over
that segment. Figure 4-14 shows an example of this. The normal rolling pattern is typically two

passes on either side of the mat with a final pass down the center of the mat. Clearly, in this case,
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the center pass was not made, and at this location, the effectiveness of compaction in the middle of

the mat is in question.
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Figure 4-12. Transverse Distribution of Compaction Data at User-Selected Location.
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Figure 4-13. Details of the Transverse Distribution Data.
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Figure 4-14. Paths Taken by the Roller in the Compaction of This Segment.
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One last option available to the user is to modify the color display by using the mouse to
change the upper limit on the color scale. To do this, the user places the mouse over the red arrow
and drags the arrow down to a different level, as Figure 4.15 illustrates. The two numbers at the top
of the screen are the maximum values set up in the initial setup menu screen. In this case, the max
temperature (300°F) is the surface temperature, at which the display is colored red. By moving the
red triangle, the upper level is reset to 260°F, as shown. In this case, the red color will be associated
with temperatures at or above 260°F. The color display is automatically changed to reflect the color
associated with the new level. The lower end of the temperature scale can also be changed, as can

the compaction effectiveness and number of passes charts.

260.0
300.0

Figure 4-15. Resetting the Color Scale.
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CHAPTER S
FIELD VALIDATION

INTRODUCTION

The research team identified and conducted testing at seven field asphalt mix compaction
projects in Texas. The research team made an attempt to find wide ranges of HMA or WMA
projects to validate the compaction monitoring system. The primary objective was to find projects
with varieties of mixture types and lift thicknesses, as well as roads with different configurations.
All of the projects were constructed during the summer of 2011. Some of these mixtures also

contained recycled asphalt pavement (RAP) and recycled asphalt shingle (RAS).

DESCRIPTION OF TEST SECTIONS

The research team sought TxDOT districts and contractors to volunteer to participate in this
field experiment. Based on the responses from TxDOT districts and contractors, seven projects that
also met criteria mentioned earlier were selected. These projects are as follows:

e FM 2854 in the Houston District.
e SL 340 in the Waco District.

e SH 31 in the Waco District.

e SL 111 in the Austin District.

e US 87 in the Austin District.

e US 290 in the Austin District.

e SH 159 in the Yoakum District.

The researchers recorded the compaction patterns and number of passes; conducted tests in
the field; obtained field cores and plant mix; and conducted laboratory tests on laboratory-
compacted specimens and field cores. In these construction sites, the research team manually
recorded the movement or position of each roller at some selected locations. Later, cores were
extracted across the mat from those locations. Typically, the research team did not ask to change the
rolling pattern. However, in a few instances, contractors were asked to change some rolling pattern
for a small length to carry out some mat density testing after each roller pass. Table 5-1 provides a

summary of mixtures used in these field projects. Table 5-2 summarizes the equipment used in these
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these construction projects.

projects for mixture compaction. The following paragraphs briefly describe the research effort at

Table 5-1. Summary of Mixture Designs.

Highway | Mixture | Date of | Aggregate | Binder Optimum | Max VMA | Design
ID Type Field (Major) Grade AC % Rice at Air
Testing (Virgin) Sp Gr. | Op. Void,
AC. Y%
FM 2854 | Type D June Sandstone | PG 64-22 | 4.8 (with | 2.570 15.0 3.5
2011 with RAP RAS)
SL 340 Type C June Gravel with | PG 64-22 | 4.8 (with | 2.448 14.0 3.0
2011 RAP RAS)
SH 31 Type B July Limestone | PG 64-22 | 5.2 (with [ 2.491 15.6 3.0
2011 with RAP RAS)
SL 111 Type C August | Limestone | PG 64-22 | 5.2 (with | 2.392 15.2 3.0
2011 with RAP RAS)
US 87 CMHB-F | August | Sandstone | PG 76-22 | 6.0 2.395 17.4 3.0
2011 with LS
US 290 Type C August | Limestone | PG 64-22 | 5.2 2438 14.9 3.0
(detour) WMA 2011 with RAP
SH 159 Type D August | Limestone | PG 64-22 | 5.3 (with | 2.427 15.4 3.5
2011 with RAP RAS)
Table 5-2. Description of Compaction Patterns.
Test Section Compaction Pattern
Breakdown Intermediate Finish
FM 2854 St'e cl-Wheel Pneumatic Tired [None
Vibratory
SL 340 Steel-Wheel Pneumatic Tired  |Steel-Wheel Static
Vibratory
SH 31 St.e cl-Wheel Pneumatic Tired Steel-Wheel Static
Vibratory
SL 111 St.eel—Wheel Pneumatic Tired Steel-Wheel Static
Vibratory (small)
Steel-Wheel Steel-Wheel Static
US 87 Vibratory None (small)
teel- 1 A - i
[US 290 (detour) S .e el-Whee Pneumatic Tired Steel-Wheel Static
Vibratory (small)
SH 159 St'e cl-Wheel Steel-Wheel Static [Steel-Wheel Static
Vibratory
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FM 2854 in the Houston District

Testing at the Houston District site was the first field experiment during the summer of
2011. This overlay job was located on FM 2854 near the Conroe area in the Houston District. This
project used a Type D mixture with RAP and RAS in it. Unlike other job sites, the vibratory roller
operator moved the roller in a curved way from one side of the mat to the other side, which made
the manual location tracking very difficult. The width of paving was 16 ft with 2 inches of
compacted mat thickness. The longitudinal joint was restrained by overlay already paved on the

opposite direction. The other edge of the mat was free.

SL 340 in the Waco District

Testing at this site was conducted on the northbound entrance ramp of SL 340 just north of
US 84 in Waco. Type C overlay paving at this site was conducted during the nighttime. Prior to
paving, the surface was milled. This site was particularly interesting in that the paving width at
some palaces was as high as 20 ft. Since it was a ramp, the paving width was variable along the
length of this test section. This variable width provided the opportunity to compare the manual
tracking of the roller position with the tracking recorded by CMS. Along with checking the
temperature using a handheld laser gun, the researchers collected the mat temperature using the

Pave-IR bar. Cores were taken at two rows as well as at low-temperature spots.

SH 31 in the Waco District

This construction site was located on the east side of Waco. This part of the highway is a
new construction. The research team conducted testing at two locations on this highway while the
contractor was paving a Type B mix on top of a flexible base. The first test section was located on
the westbound shoulder of the main roadbed, and the second location was on a side road. The
Type B mixture contained limestone aggregate with RAP and RAS. The paving width at the two
test locations were 13 and 15 ft, respectively. The thickness of the compacted mat was 4 inches. The
first location had one free edge, while the second location had both edges free. Figure 5-1 shows the

coring location on the SH 31 test section.
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Figure 5-1. Coring Location on SH 31 in the Waco District.
US 87 in the Austin District

The US 87 test section was located just northwest of Fredericksburg in the Austin District.
The mixture used at this site was CMHB-F designed with primarily sandstone and PG 76-22 binder.
The mat thickness was only 1 inch. The mix was placed on top of a milled HMA layer. Figure 5-2

shows density measurement using a nuclear gauge.

Figure 5-2. Density Measurement on US 87 in the Austin District.
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SL 111 in the Austin District

SL 111, or Airport Boulevard, is an urban street located in the city of Austin. It has three
lanes in each direction with a turning lane in the middle. The test section was located on the inside
lane. The paving width was 12 ft with both edges free or unrestrained. The contractor used a Type C
mix with RAP and RAS. The thickness of the compacted mat was 2 inches. This site was paved
during night.

US 290 in the Austin District

This test site was located on US 290 near US 183 in the city of Austin. The test was
conducted on asphalt overlay construction intended for a traffic detour. The contractor used a
Type C WMA mixture that contained limestone with some RAP. Evotherm 3G technology was
used to produce this WMA mixture. The paving width was 12 ft with 2 inches of mat thickness. The

mat had one free and one restrained edge.

SH 159 in the Yoakum District

This rural highway with one lane in each direction is located just east of Bellville in Austin
County under the Yoakum District. A Type D mixture was paved on top of a recently paved
level-up course. The mixture used primarily limestone aggregate with some RAP and RAS.

PG 64-22 virgin binder was used in this mixture. Both edges of the paving mat were free or

unrestrained. During compaction, the contractor used only steel-wheeled vibratory and static rollers.

EVALUATION OF THE DENSITY ACROSS THE MAT

In these field projects, the researchers recorded the number of roller passes and their relative
locations during each pass with respect of the edge of the mat. Field cores were obtained from
different locations of the paving mat (Figure 5-1). The percent air voids of the extracted field cores
were measured using the SSD procedure (AASHTO 2002). Table 5-2 shows the compaction
patterns for each test section. The steel-wheel vibratory roller was utilized as a breakdown roller,
while the pneumatic and static rollers were used as intermediate and finish rollers, respectively. The
pneumatic and static rollers were applied after the mat relatively cooled down. The number of
passes of the steel-wheel vibratory roller was plotted along with the percent air voids across the test

sections. The percent air voids represents the average percent of air voids of at least two cores taken
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longitudinally at a given distance from the pavement section edge, as Figure 5-1 illustrates. In
addition, the CI, which is the summation of the number of passes of the steel-wheel vibratory roller
multiplied by the effectiveness factor corresponding to each pass, was plotted against the percent air
voids for each test section. As discussed in Chapter 2, the efficiency of compaction (reducing air
voids) at a given point on a paving mat was found to be a function of the location of this point with
respect to the roller width. The effectiveness factor describes the efficiency of compaction across
the roller width. The efficiency distribution of the compactive effort across the roller width was
presented in Figure 2-4.

Figures 5-3 and 5-4 show examples of the distributions of the average percent air voids and
compaction index across the mat, correlation between the average percent air voids and number of
passes, and correlation between the average percent air voids and compaction index. The results of
the remaining test sections are presented in Figures A-21 through A-25 in the appendix. The results
show that the CI correlated very well with the percent air voids for the test sections. Low CI resulted
in higher air voids across the mat and vice versa. The correlation between the CI and percent air
voids is better than the correlation between number of passes and percent air voids for most of the
test sections, which confirms the findings in Chapter 2. Table 5-3 presents the R-squared values
between percent air voids, number of passes, and compaction index for the field test sections.
Strong correlation was found between compaction index and percent air voids except for in two test
sections: US 87 and SL 111. The researchers noted that in the SL 111 test section, two passes of the
steel-wheel vibratory roller were applied as breakdown, while 10 passes of the pneumatic roller
were applied as intermediate rolling while the mat was still hot. The researchers believe that the
compaction was accomplished mainly using the pneumatic roller in this project. The mixture used
in the US 87 test section was CMHB-F; however, it had higher average percent air voids, about
15 percent. This particular mixture was found to be comparable to fine PFC. The density of PFC

mixtures does not change much with the increase in the number of roller passes.
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Table 5-3. R-Squared Values between Air Voids, Number of Passes, and Compaction Index
for the Field Test Sections.

Section R-squared
Project
No. % AV vs. No. of Passes 7 AV vs. CI
US 290 1 0.12 0.75
1 0.66 0.98
SH 31 2 0.78 0.85
1 0.75 0.85
FM 2854
2 0.59 0.95
SL 340 1 0.54 0.71
US 87 1 * *
SL 111 1 0.28 0.33
SH 159 1 * 0.69

* No correlation was found

PREDICTION OF FIELD DENSITY

In this section, the researchers verified the proposed method in Chapter 2 to predict the
density in several test sections: FM 2854, SH 31, US 159, and US 290. The researchers obtained the
compaction curves—compaction index versus percent air voids for the breakdown rollers used in
these test sections. They recorded the change in density at two locations with the number of
breakdown roller passes. These two spots were chosen to be within 2 to 5 ft from the edge of the
roller during compaction, where the efficiency of the compaction effort is uniform (Figure 2-4).
Figure 5-5 shows an example of the recorded field compaction curves. These field compaction
curves were used to estimate the density at different locations in the mat based on the recorded CI.
Field cores were extracted from different locations in the mat (Figure 5-1) after the compaction. The
predicted densities for the recovered field cores were compared to those measured in the laboratory
(Figure 5-6). Good correlation between the predicted densities and the measured ones was found.
This verifies the applicability of the proposed method in Chapter 2 to predict the density in real time

during compaction.
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LABORATORY AND FIELD COMPACTABILITY OF ASPHALT MIXTURES

The researchers at TTI and University of Texas San Antonio (UTSA) worked separately to
develop indices that can be used to assess field compactability based on laboratory measurements.
Loose mixtures were collected from the field from all the mixtures evaluated in this study and
previously described in Tables 2-1 and 5-1. There were 10 different asphalt mixtures evaluated in
this study. In addition, the researchers added 10 more mixtures; seven of these mixtures were
evaluated in a previous TxDOT project, 0-5261 (Masad et al. 2009a, 2009b), and three were
evaluated in project 0-6132 at UTSA. Table 5-4 gives a summary of these mixtures.

Table 5-4. Summary of the Asphalt Mixtures.

Mixture Project Mixture Compaction

# 1D Type Index LCT | WEL | PI

1 Riverside 1 HMA Type C 545 2421 | 493|534
2 Riverside 2 HMA Type D 7.4 23.85| 3.19]4.69
3 Riverside 3 WMA Type D 4 2598 | 6.87]5.59
4 SL 111 HMA Type C 4 27.14 | 540|532
5 SH 31 HMA Type B 5.5 2475 | 3.90 | 4.54
6 Loop 340 HMA Type C 4.8 22.03 | 4.28 |4.54
7 FM 2854 HMA Type D 1 29.69 | 7.53]6.22
8 US 87 HMA CMHB-F * 1890 | 1.18 ] 3.61
9 US 290 WMA Type C 3.6 2190 | 2.57 | 4.68
10 US 159 HMA Type D 1 28.21 | 7.01 | 6.87
11 LAREDO HMA Type C 20.13 | 3.36 | 4.61
12 LA-modified | HMA Type C 2.5 24.09 | 7.29 | 6.14
13 LA-control HMA Type C 3.5 23.12 | 6.14|5.53
14 IH 35 HMA SMA 1.4 2792 | 532 |4.16
15 HW 6 HMA SMA 2 26.24 | 4.44 | 4.12
16 SH 44 HMA Type B 3 25.19 | 5.1315.89
17 SH 36 HMA Type D 2.1 24.83 | 4.21 |5.05
18 US 259 HMA Type C 3.8 27.13 | 5.79|5.46
19 SH 21 HMA Type C 4.4 21.59 | 2.72 14.89
20 US 87 HMA Type C 6.1 22.74 | 3.65| 544

* Could not achieve 8 percent air voids in the field

At TTI, the researchers molded two laboratory SGC specimens (6-inch diameter and
approximately 2.5 inches in height) at a 1.25° gyration angle from each mixture. They recorded
the SGC compaction curves, as shown in Figure 5-6. The intercept (a) and the slope (b) of percent
air voids to number of gyrations in logarithmic scale were calculated for each mixture, as shown
in Figure 5-7. The slope was calculated from the initial compaction point to the point of 8 percent

air voids.
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Figure 5-7. Example of SGC Compaction Curves.

Researchers at TTI developed an index called the laboratory compaction index (LCI) to

quantify the laboratory compaction effort, and it was correlated to the field compaction index
needed to achieve the same percent air voids (8 percent). The LCI is calculated using the following
formula:

b 1.2

LCl =100 *— €)
a

where a is the intercept and b is the slope of the compaction curves (absolute value). The LCI index
was found to have fair correlation with the CI. Figure 5-8(a) shows the correlation for all the mixtures
evaluated at TTI, while Figure 5-8(b) shows the correlation for all the mixtures, including the three
mixtures (11, 12, and 13) from UTSA. UTSA provided TTI with the laboratory compaction curves for
these three mixtures. This correlation is considered a good correlation since there are many factors
that affect the compactability of the mixtures. These factors are not related to the characteristics of the
mixtures, and they include compaction temperature, compaction method, weight of the rollers, mode
of the operation (static vs. vibratory), base conditions, ambient temperature, wind speed, etc.
Researchers believe that such correlation is very useful in assessing the compactability of asphalt
mixtures while in the mixture design stage. Mixtures with higher slope and lower intercept in the
laboratory needed less CI in the field (less compaction effort). Higher slope means that there is a steep

reduction in percent air voids with number of gyrations, while mixtures with lower intercept means
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that these mixtures have low percent air voids after the first gyration. Mixtures with high LCI are

preferred since they need low CI or a few number of roller passes to achieve the target air voids.
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Figure 5-8. Correlation between LCI and CI.

Researchers at UTSA utilized two workability indices—workability energy index (WEI)
and porosity index (PI)—to evaluate the compactability of asphalt mixtures. The workability index

is determined using a distinct zone in the compaction curve, as shown in Figure 5-9.
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Number of gyrations

Figure 5-9. The Distinct Areas Used to Determine the Workability Index.

The area from the loose (non-compacted) phase until 8 percent air voids (92 percent density)

reflects the mix workability in the field. The workability index can be defined as:

Nop
ad? /4% P* > h
WEI = N (N/m) (4)
92%

where d is the mix diameter and is equal to 6 inches [150 mm]; P is the compaction pressure,
which equals 600 kPa; h is the mix height during compaction; N is the number of gyrations; and
Ny, corresponds to 92 percent Gmm (8 percent air voids).

The numerator reflects the energy imposed to the mix, and the denominator reflects the
number of gyrations needed to achieve the target density. Mixes with difficulty compacting from a
loose state to 92 percent Gmm will need more numbers of gyrations, resulting in higher WEI values.
Mixes that achieve higher WEI are desirable, as they take less energy and/or rolling passes to
compact to target density. Higher WEI values are associated with simpler and faster mat
compaction during construction.

The second index, PI, is defined as follows (Cabrera and Dixon 1994):

_100
A

PI (5)

where A is the intercept of the Gmm-N compaction curve plotted in a logarithmic magnitude. The
index correlates the workability of the mix to its initial air voids obtained from the placement prior
to the rolling compaction.

Researchers at UTSA evaluated the first 13 mixtures in Table 5-4 in their lab while, TTI
provided them with the laboratory compaction curves for the last seven mixtures. The TTI research
team used Servopac SGC, while the UTSA team used Pine® SGC compactor. A good correlation
was found between the WEI and the CI for the mixtures that were evaluated at UTSA (Figure 5-10),
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while poor correlation was found when all the mixtures were included (Figure 5-11). Similarly,
there was a good correlation between the PI and CI for the mixtures that were evaluated at UTSA
(Figure 5-12), while no correlation was found when all the mixtures were included (Figure 5-13).
This could be due to the effect of combining two different laboratory compaction methods—
Servopac SGC and Pine® compactor. In summary, the WEI and PI were correlated to the CI if one
compaction method was considered. These indices can be used to identify the number of passes
needed to achieve desirable air voids in the field. For instance, a WEI and PI of five or more is
equivalent to four roller passes or less in the field. A series of similar relationships can be developed

at various target air voids, and the equivalent roller passes can then be predicted for a particular mix.
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Figure 5-10. Correlation between WEI and CI (for the First 13 Mixtures in Table 5-4).
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Figure 5-11. Correlation between WEI and CI (for All the Mixtures in Table 5-4).
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Figure 5-12. Correlation between PI and CI (for the First 13 Mixtures in Table 5-4).
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Figure 5-13. Correlation between PI and CI (for All the Mixtures in Table 5-4).

UTILIZING THE COMPACTION MONITORING SYSTEM IN THE FIELD

The researchers tested the compaction monitoring system, described in Chapter 4, in the
field on a number of experimental projects around Texas. The first testing of the system occurred at
the Pecos test track construction site where six 1000-ft-long experimental thin pavement layers were

placed. Figure 5-14 shows the use of the system at Pecos.

Figure 5-14. Compaction of the SMA.
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Figure 5-15 shows typical data from the Pecos test section. The upper plot shows the roller
paths. In the middle area, the data show two passes down the edge of the mat and one pass down the
middle. The second and third plots show the compaction index and number of passes from
approximately the same locations. The number of passes may be significantly different in 4, 5, and
9, but the compaction effectiveness may be very similar in 3.9, 4.6, and 4.3, with the difference
being associated with the non-uniform compaction index applied across the width of the roller. The
lower graphs show the temperatures recorded at the first pass of the roller. The compaction effort

and roller passes were judged as good in the compaction of the SMA layer at Pecos.
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Figure 5-15. Complete Data for a 140-ft Section from the SMA at the Pecos Test Track.
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Figure 5-16 shows the transverse distribution plots (compaction effectiveness, number of
passes, and mat temperatures) from the approximately 593-ft location. The number of passes in the
middle was close to nine, but since many of these were under the edge of the roller, the compaction

effectiveness was reasonably uniform across the mat.
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Figure 5-16. Transverse Distribution Plots from 593-ft Location.

The CMS was also utilized in several field projects in this study. Typical data sets are shown

in the following sections.

US 87 in the Austin District

The mix used on this project was the thin-lift CMHB Type F mix designed by the Austin
District. The nominal lift thickness for this lift is 1.0 inch. Figure 5-17 shows the placement
operation. This project was conducted in the middle of summer 2011, when ambient temperatures

were over 100°F. Figure 5-18 shows the data from this project.
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Figure 5-17. Placement of the CMHB-F on US 87.
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Figure 5-18. Compaction Data from US 87. Top Left Clockwise: (a) Roller Paths,
(b) Compaction Effectiveness, (c) Mat Temperatures, and (d) Number of Passes.
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The rolling pattern for US 87 was the traditional two passes along each side of the mat with
a final pass down the middle of the mat. The most significant feature of this plot was the large drop
in temperatures experienced while compacting both sides of the mat. In the first pass on the right of
the mat, the lift temperature, as indicated in Figure 5-18, was 237°F. For the next passes on the left
of the mat, the mat temperature dropped to 176°F. This clearly points out a construction issue with
these thin mats, specifically the rapid drop in temperature. For a typical 2-inch mat, temperature
drops of around 20° were found for similar passes. For US 87, a drop of 50°F plus was found. This
clearly points to the need to modify construction practices with these thin lifts. For future projects,
TxDOT should consider either the use of warm mix additives as compaction aid or the use of two
steel-wheel rollers working in tandem (or both). It must be remembered that US 87 was placed
under ideal conditions and that lacing these mixes in the cooler parts of the year could lead to
compaction problems.

Cores were taken from US 87, and very low densities were found in some areas, air void

contents as high as 15 percent were found, and the mix was very open, as Figure 5-19 shows.

Figure 5-19. Typical Core from US 87.

The researchers verified the number of passes recorded using the CMS by manually
recording the location of the roller during construction. Figure 5-20(a) shows color maps for the
number of passes in a section of US 87. Figure 5-20(b) and (c) show the number of passes across
the mat recorded manually and using the CMS, respectively. It is obvious that both distributions

match each other. In fact, the CMS provided better accuracy.
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Figure 5-20. Verification of Number of Passes.

US 84 in the Waco District

On several of the projects, the Pave-IR was attached to the laydown machine to measure the
temperature at placement. Figure 5-21 shows the Pave-IR output for one problem location on US 84
in Waco. At this location, the paver stopped and the temperature of the mat at placement in the blue
areas was between 217°F and 229°F. Figure 5-22 shows the same location in the compaction
monitoring system. By the time the roller first got to the cold spot, the mat surface temperature had

dropped to below 160°F.
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Figure 5-21. Pave-IR Output from US 84 in Waco District—Cold Spot Caused by
Paver Stop.

Figure 5-22. Temperature at Time of Compaction for Cold Spot in Figure 5-21.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

CONCLUSIONS

Chapter 1 of this study presented a literature search on compaction of hot and warm asphalt
mixtures; a previous comprehensive literature search was conducted in TxDOT 0-5261 (Masad et
al. 2009a, 2009b). The search included recent technologies in field compaction of asphalt mixtures.
The intelligent compaction was found to be a promising technology; however, its applicability in
monitoring the compaction of thin lifts of asphalt pavement is still questionable, especially in Texas
where the HMA surface layers are relatively thin and the deflections measured on the surface will
be strongly related to base and subgrade strengths. Recent studies have found that the correlation
between the IC stiffness measurements and HMA density was poor. The relatively small thickness
of the asphalt layer could hinder the IC roller from using its intelligent features of applying more
compactive effort when it is needed. New intelligent rollers are equipped with GPS systems that
track the location of the roller during compaction and produce color maps of coverage in real time.
This is very useful information; however, it is not sufficient, as previous studies (Masad et al.
2009a, 2009b) showed that the efficiency of the compactive effort under rollers is not equally
uniform. Moreover, there is a need to develop a practical approach for density prediction in the field
during compaction.

Chapter 2 reported the findings of a field study that the researchers conducted at the
Riverside Campus of Texas A&M University. They constructed several test sections for
comprehensive evaluation of important factors that influence the compaction of both HMA and
WMA. The researchers found that the efficiency of the compactive effort across the steel rollers was
non-uniform. A point on the mat closer to the center of the roller was subjected to more compaction
than a point closer to the edge of the roller. The cores compacted close to restricted or semi-restricted
joints had more density than cores near free or unrestricted joints. The compaction temperature was
found to have a great effect on compaction irrespective of mixture type—HMA or WMA. On
average, there was a 10 percent increase in the measured percent air voids per 30°F reduction in the
compaction temperature. The WMA was relatively easier to compact when compared to the HMA in
spite of the fact that the WMA was laid and compacted at lower temperatures than the HMA. The
researchers noticed that incorporating RAP in asphalt mixtures could require increasing the

compaction effort to achieve the desired density compared to mixtures without RAP. However,
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several other factors besides the use of RAP may affect the compactability of HMA, such as
aggregate gradation, VMA, aggregate characteristics, etc. In addition, the results showed that the
HMA compacted on the top of a rigid base had a higher density than the mixture compacted on a
flexible base. The researchers presented a method for predicting the density of asphalt pavement
compacted using both static and vibratory rollers. This method utilizes the location of the roller on
the mat and the compaction curves for each roller to predict the density. The predicted density was
close to the measured one. This approach can be used to set up the compaction pattern that is needed
to achieve the desired asphalt pavement density.

Chapter 3 described the researchers’ use of the GPR as a non-destructive quality control tool
to assess the compaction level in asphalt pavements. In addition, the researchers evaluated the effect
of level of compaction on performance of WMA and HMA mixtures. The GPR was found to be an
effective tool for assessing the compaction level in asphalt pavements. There was an excellent
correlation between the GPR predicted air void distribution maps and the air void maps generated
from core measurements. This application of the GPR is useful to obtain maps of air voids in
asphalt pavements at a relatively low cost, without the need for mass coring, and without causing
interference to traffic. The results showed that the compaction level highly affected the performance
of asphalt mixtures. Specimens that had less percent air voids performed better in both wet and dry
conditions. Specimens with less percent air voids had less rutting in the Hamburg wheel-tracker,
higher load in the first cycle of the overlay tester, and a higher strength in the indirect tensile test.
These results can be useful to set the quality control limits for percent air voids during construction.
Researchers found no problems in compacting WMA to the desired density. In fact, the compaction
of WMA mixtures was achieved with slightly less compaction effort than HMA mixtures. The
performance IDT results showed that WMA specimens performed better than the corresponding
HMA specimens in dry conditions. However, the reduction in strength of the wet WMA mixtures
was higher than the wet HMA mixtures.

Chapter 4 discussed the development of the compaction monitoring system. This system
uses the latest GPS technologies and various sensors to provide full coverage of the newly
constructed mat. The post-processing software system produces color-coded maps that show the
following in real time: (a) the number of roller passes on the entire mat, (b) the compaction index
(number of passes multiplied by the effectiveness factors), and (c) the temperature of the mat for the

first pass of the roller. The developed system has several components that include a high-accuracy
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GPS positioning system, two infrared sensors for measuring the asphalt surface temperature, one
accelerometer for detecting whether the roller is vibrating, a Toughbook computer for collecting and
viewing the data, a battery for the power supply, and a data acquisition system for converting the
analog signals to digital data. The CMS documents the compaction process for the whole project,
and the data are saved on the computer. The data can be opened using the same software for
reviewing the whole compaction process. The system was found to be simple and easy to use.

Chapter 5 described the field testing that the researchers conducted on several test sections to
validate the findings of Chapter 2 and 3 and to test the developed software for monitoring field
compaction in real time. The researchers monitored and documented the compaction process on seven
field projects in Texas. These projects used hot and warm asphalt mixtures, and some of these mixtures
also contained RAP and RAS. The density of the received field cores had better correlation with the
compaction index than the number of passes. Asphalt mixtures near the center of the roller were
subjected to more compactive efforts that the mixtures near the edges of the roller. The researchers
verified the proposed method presented in Chapter 2 for density prediction. They verified this method
to predict the density in several test sections, and the results showed good correlation between the
predicted densities and the measured ones. The researchers also developed several indices that
correlate the laboratory compaction characteristics to the compaction effort needed in the field to
achieve certain percent air voids. The developed indices had good correlation with the compaction
index, and these indices have the potential to be used to estimate the CI required for field compaction
of asphalt mixtures. In addition, the researchers field tested the compaction monitoring system
described in Chapter 4 on a number of experimental projects around Texas. The CMS was found to be
simple to install and use. The results of the CMS were very useful in monitoring the compaction
process. The CMS maps showed coverage, compaction index, and temperature in real time. The CMS
was able to document some inconsistencies in the compaction process, for example, unequal converges
across the mat, non-uniform temperature, significant delay in compaction after placement of the

mixtures, etc.
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FUTURE WORK

The researchers presented two practical tools for improving the uniformity of HMA

compaction as follows:

e A compaction monitoring system (CMS) to monitor in real time the HMA compaction
process. At the basic level, the roller operator can see a color-coded display of the number
of passes and compaction index that each area of the mat has received. The agency can
also monitor coverage and temperature profiles to determine if the field operation is
providing satisfactory results.

e A new method was proposed for predicting the density of asphalt pavements during
field compaction in real time. This was partially verified in several field test sections
where the predicted densities using the proposed method correlated well with the

measured ones.

The TxDOT should consider an additional implementation study to proceed with the

implementation of both of these products of their research program.

Implementation of the CMS

The benefits of the CMS system were clearly identified in this project, especially with the
work on US 87 where rapid cooling of the HMA lead to significant compaction concerns.
Providing the roller operator with a simple color map showing compactive effort will also be a great
help, as shown in some of the field testing in some locations the mat only receive a single roller pass
where as other adjacent areas the mat received 6 or more passes. Implementation of this new
technology should take the same approach as the Pave-IR system which was proposed and field
tested in a TxDOT research study and successfully developed into a robust field system by a
commercial company (MOBA). The research agencies (TTI) have the capability to develop and
pilot test new systems but full implementation and product support is best handled by commercial
companies.

It is proposed that TTI contact several companies such as roller manufacturers and
equipment developers such as MOBA to determine their interested in developing a commercial

system based on the CMS system developed in this study.
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Further Development and Implementation of the Automated Field Density Prediction

This method requires having the compaction curves for each roller, the compaction pattern
(sequence of rollers), and efficiency distribution of the compactive effort across the roller. There is
also a need for integrating this method into the CMS software in order to predict the field density in
real time. This can be achieved through a number of steps, as shown in Figure 6-1 and explained
below:

e Step 1: Record the compaction curve of each compaction method in the field. The
compaction curve—change in percent air voids with number of passes—should be
obtained for each roller. The initial step in the development of these curves will be to
calibrate the nuclear density gauge for the mix being compacted. This will require a test
strip where cores are taken and densities measured in the laboratory and correlated to
nuclear density gauge (NDG) measurements. After calibration the compaction curves will
be simple to generate on a test strip where density measurements are taken with an NDG
after every pass of the roller. Compaction curves will need to be developed for both static
and vibratory modes. The temperature at the time of compaction will also need to be
recorded. The density should be recorded toward the middle of the roller where the
efficiency distribution of the compactive effort is uniform. This step needs to be
integrated into the CMS software.

e Step 2: Measure temperature distribution using the CMS. The temperature has a
significant effect on the compactability of asphalt mixtures. Currently, the CMS is
capable of recording temperatures across the mat in real time, as Figure 6-1 (Step 2)
illustrates. The temperature measured by the CMS is a surface temperature; however, the
internal temperature should be higher than the surface temperature. The difference
between the surface and internal temperature depends on many factors, which include the
ambient temperature, thickness of the mat, wind speed, etc. There is a need for further
research to better correlate the surface and internal temperatures.

e Step 3: Determine the modified compaction curve. The researchers found that on average,
there was a 10 percent increase in the measured percent air voids per 30°F reduction in
the compaction temperature; hence, the original compaction curves obtained in Step 1
need to be revised at different compaction temperatures. This step needs to be automated

and integrated in the CMS software so that the CMS can use the correct compaction
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curves at a given compaction temperature. Figure 6-1 (Step 3) shows an example of the
compaction curves at different temperatures for given mixtures.

e Step 4: Record the number of passes distribution using the CMS. The CMS records the
number of passes across the mat in real time. Each pass is then multiplied by the
efficiency factor to produce the compaction index distribution, as presented in Step 5 in
Figure 6-1.

e Step 5: Determine the CI distribution using the CMS. Currently, the CMS shows the
compaction index distribution in real time, which can be converted to density distribution
upon obtaining the proper compaction curves. It would be possible to convert the
compaction index to density measurements in real time upon integrating Step 3 into the
CMS software. The CMS is currently capable of defining the mode at which the roller
operates, whether static or vibratory. The CMS utilizes the correct compaction index
based on the type, mode, and type of roller.

e Step 6: Determine the predicted density distribution using the CMS. The CMS can
produce density distribution maps in real time that can be used by the operator of the
roller to adjust the number of passes and the location of the roller to achieve the target

density across the mat, which is the ultimate goal of the compaction process in the field.

In addition to recommending the further development of the CMS, the authors suggest
evaluating other laboratory equipment (procedures) for assessing the compactability of asphalt
mixtures. In this study, the researchers developed several laboratory compaction indices, based on
the SGC measurements, which have acceptable correlation with the compaction index required in
the field. However, the researchers believe that other equipment, such as the linear kneading
compactor or the small walk-behind roller compactor, may better simulate the field roller

compactors.
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Figure A-1. Mixture Design of HMA Type C with PG 76-22 Binder.
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Figure A-2. Mixture Design of WMA Type D with PG 64-22 Binder.
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Figure A-3. Mixture Design of HMA Type D with PG 64-22 Binder.
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Figure A-4. Percent Air Voids versus Number of Passes for Test Section 2.
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Figure A-5. Percent Air Voids versus Compaction Index for Test Section 2.
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Note: Sub-test section was compacted at lower temperature.

Figure A-6. Percent Air Voids versus Number of Passes and Compaction Index for

Test Section 2.
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Figure A-7. Percent Air Voids versus Number of Passes for Test Section 3.
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Figure A-8. Percent Air Voids versus Compaction Index for Test Section 3.
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Note: Sub-test section was compacted at lower temperature.

Figure A-9. Percent Air Voids versus Number of Passes and Compaction Index for
Test Section 3.
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Figure A-10. Percent Air Voids versus Number of Passes for Test Section 4.
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Figure A-11. Percent Air Voids versus Compaction Index for Test Section 4.
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Note: Sub-test section was compacted at lower temperature.

Figure A-12. Percent Air Voids versus Number of Passes and Compaction Index for

Test Section 4.
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Note: Sub-test section was compacted at lower temperature.

Figure A-13. Percent Air Voids versus Number of Passes and Compaction Index for
Test Section 5.
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Figure A-14. Percent Air Voids versus Compaction Index for Different Rollers.
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Figure A-16. Influence of Mixture Design on Density:
Test Section 4 vs. Test Section 5.
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Figure A-17. Influence of Base Support Type on Compactability:
Test Section 2 vs. Test Section 5.
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Figure A-18. Error in Predicting Density Level for Test Section 2.
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Figure A-20. Error in Predicting Density Level for Test Section 4.
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Figure A-21. Test Section SH 31 (Test Section 2).
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Figure A-22. Test Section FM 2854 (Test Section 1).
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Figure A-23. Test Section FM 2854 (Test Section 2).
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Figure A-24. Test Section SL 340.
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