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EXECUTIVE SUMMARY

Introduction

The current techniques used to determine the volumetric
properties of asphalt mixtures have changed little since their
initial adoption. However, with today’s technologies, it should be
possible to accurately measure materials properties in real-time.
Bulk specific gravity (Gn,,) is one important measurement that
must be made on compacted asphalt mixture specimens to
determine the volumetric properties of asphalt mixture. Air voids
content (V,), voids in the mineral aggregate (VMA), and voids
filled with the asphalt (VFA) are three important volumetric
properties used to control the manufacture and performance of
asphalt mixtures.

Current conventional methods for determining compacted
asphalt mixture specimen Gy,,, AASHTO T166 and vacuum
sealing (CoreLok), are somewhat limited and subject to some
restrictions. For example, T166 should not be used with
compacted specimens that absorb more than 2% water. The
CoreLok method can often experience difficulties when used with
mixture specimens that make use of larger aggregate sizes, or
specimens that may have rougher exteriors. Using imaging
technology to determine the G,,;, of compacted asphalt mixture
specimens can result in better characterization of the mixtures
through a higher degree of measurement accuracy than can be
done with current techniques.

The main objective of this study is to provide a method that
accurately measures the volume, and thus the G, of compacted
asphalt mixture specimens using a 3-dimensional scanner. To this
aim, the project objectives were threefold—(1) develop a testing
procedures and testing condition for compacted asphalt speci-
mens, (2) complete a parametric study to determine the optimum
values of input parameters, and (3) evaluate the capability of the
scanner to measure G, through a comparative analysis with
current standard methods.

Findings

This study recommends a potential imaging method to measure
the compacted asphalt specimen G, accurately and efficiently,
thus eliminating the limitations and disadvantages associated with
current standard methods. The following are the key findings
drawn from this research study.

® Imaging techniques can be a reliable alternative for
measuring the Gy, of any type of asphalt mixture specimen
and can do so more quickly and accurately than current
standard methods.

® There is no water absorption limitation with imaging
techniques, such as the 2% limit found in AASHTO T166.

® The imaging technique is highly repeatable, when compared
to CoreLok and AASHTO T166 methods.

® The accuracy of imaging techniques can eliminate the need
for measurement replication.

® The proposed imaging method allows the G, measurement
of asphalt mixture specimens, regardless of mixture type,
aggregate size, specimen dimension, and how the specimen is
obtained (laboratory produced or field cores).

® The proposed imaging method can produce a highly
accurate Gp,;, measurement in 8 minutes or less.

® Measuring asphalt mixture G, by imaging does not require
specific operator expertise, therefore the measurement is
independent of the operator skill.

Implementation

The proposed method directly addresses the measurement of
compacted asphalt mixture G,,; in a relative short time and more
accurately than current standard methods. Using the candidate
technique will save time and resources when determining asphalt
mixture volumetric properties, increase the accuracy of such
measurements, and deliver the measurements in real-time.
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1. INTRODUCTION
1.1 Background

There have been continuous enhancements in asphalt
mixture design technology to improve the quality of
flexible pavements under increasingly heavier loads and
traffic volumes (Liu et al., 2022; Montoya et al., 2018;
Takahashi & Partl, 2001). These improvements have
been achieved using high-quality materials, improved
pavement design methods, and careful measurement of
volumetric properties as part of the mixture design
process. Asphalt mixture design is an important step
to ensure asphalt mixture performance. Several factors
are considered when designing and testing asphalt
mixtures, including the volumetric properties (Dukatz
et al., 2009).

Along with laboratory performance testing, asphalt
mixture volumetric properties such as binder content
(Py), voids in the mineral aggregates (VMA), voids
filled with asphalt (VFA), and air voids content (V,)
have been used to design and evaluate asphalt mixtures.
V, refers to the total amount of air between asphalt-
coated aggregate particles as a percentage of the total
volume of the compacted HMA specimen and is
calculated using Equation 1.1 (Griffith, 2009).

Gmb :|

mm

V,=100 x [1— (Eq. 1.1)

where:
V. = air voids content (%),
Gmp = the bulk specific gravity of the compacted
asphalt mixture, and
Gum = the theoretical maximum specific gravity of
asphalt mixture.

It is evident from Equation 1.1 that V, in an asphalt
mixture is directly related to the G,,;, of the mixture.
This equation represents the amount of asphalt mixture
compaction achieved as compared to the G,,,, which is
a mixture’s specific gravity when the mixture contains
no air content.

Voids in the mineral aggregate (VMA) is another
volumetric property directly related to the G, of an
asphalt mixture. VMA is the combined volumes of
asphalt binder and air in a compacted asphalt mixture.
Asphalt mixture VMA can therefore be increased by
adding additional binder to a mixture, increasing air
voids contents in the mixture, or a combination of both.
VMA is calculated using Equation 1.2.

mb PS
GL} (Eq. 1.2)

VMA=100—
|: Gsb

where:
VMA = voids in the mineral aggregate,
G = the bulk specific gravity of the compacted
asphalt sample,
P, = the percent of mineral aggregate in the mixture,
and

G, = the bulk specific gravity of the aggregate
blend.

Finally, a third volumetric property often used with
asphalt mixtures is the voids filled with asphalt (VFA)
(Griffith, 2009). VFA is the proportion of VMA filled
with asphalt binder and is calculated as:

VMA % Va}

VFA=100><[ AT (Eq. 1.3)

where:
VFA = voids filled with asphalt binder,
VMA = voids in the mineral aggregate, and
V. = air voids content.

As is evident in Equation 1.3, if the V, or VMA of an
asphalt mixture changes, the VFA will also change. In
fact, the three volumetric properties, V,, VMA, and
VFA, are interrelated such that if any two are fixed, the
third volumetric property becomes fixed as well.

The importance of these three volumetric properties
in the design and performance of asphalt mixtures
cannot be overstated. The Marshall mixture design
procedure developed by Bruce Marshall in the late 1930s
to early 1940s (ASTM DI1559) requires an optimum
asphalt binder content to be chosen that results in 3%-—
5% V, and meets minimum VMA requirements. Francis
Hveem also used V, to help determine the optimum
asphalt binder content in establishing the Hveem mixture
design method (ASTM D1560). Most recently, asphalt
mixtures designed using the Superpave mixture design
method (AASHTO M323) specify optimum binder
content be selected at 4% V,, at a given design number
of gyrations (Nge). Furthermore, to comply with
Superpave requirements, the VMA and VFA parameters
need to meet specific conditions. Thus, for these three
mixture design methods, two of which are still widely
used throughout the world, the resulting asphalt mixture
design is heavily dependent on mixture volumetric
properties. This highlights the importance of accurately
measuring asphalt mixture volumetric properties.

Among these three volumetric properties, V, has
attracted a great deal of attention and is often used as
the main criterion for determining optimum asphalt
binder content when designing asphalt mixtures. When
investigating the importance of V,, researchers have
evaluated the performance of asphalt mixtures pro-
duced at different V, contents (Finn & Epps, 1980;
Kassem et al., 2011). Zeiada et al. (2014) showed that
changing the V, of a dense-graded asphalt mixture from
4% to 10% resulted in up to a 50% reduction in
dynamic modulus values for the mixture. Harvey and
Tsai (1996) demonstrated the benefit of lower V,
through laboratory fatigue and stiffness tests. The
fracture toughness (K, which indicates cracking
resistance potential and is obtained from semi-circular
bend (SCB) testing, was improved by up to 25% after
reducing the V, from 7% to 3% (Aliha et al., 2015).
Further, Lee et al. (2007) found that by increasing V, in
asphalt mixtures, mixture rutting resistance was

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/12 1



decreased. This was also found to be true in a study
conducted by Brown and Cross (1991). Thus, decreas-
ing V, in asphalt mixtures, to an extent, can improve
mixture rutting resistance. Volumetric properties also
affect the mechanical performance of asphalt mixtures,
with higher V, making mixtures more prone to cracking
(De Freitas et al., 2005; Schwartz et al., 2013; Shen
et al., 2016). Therefore, V, is one of the main asphalt
design parameters that can directly affect the mechan-
ical performance of asphalt mixtures.

1.2 Motivation

Asphalt mixture performance is dependent on
accurately measuring asphalt mixture volumetric prop-
erties, which in turn are dependent on the accurate
measurement of specific gravities. For example, using
Equation 1.1, if Gy, is held constant, when G,
changes by +0.01, V, changes by -0.4%. From Equation
1.2, if Gy, and Ps are held constant, when G, changes
by +0.01, VMA changes by -0.4%. Therefore, G, is a
significant component in determining asphalt mixture
volumetric properties, a measurement that directly
affects asphalt mixture design, field compaction, and
construction acceptance (Yan, 2012). Volumetric prop-
erties, such as V,, VMA, VFA, and percent of maximum
theoretical specific gravity (% Gmnmm), are calculated
during the mixture design procedure (Cooley et al.,
2002). Additionally, the quality control (QC) and
quality assurance (QA) of compacted asphalt pavements
are typically based on the contractor achieving a
minimum percent compaction in the mixture during
construction (Cooley et al., 2002). To properly measure
this, a G,,;, measurement must be obtained for a mixture
by taking cores from the compacted lift and using them
to calibrate density gauges (Cooley et al., 2002). There-
fore, the accurate assessment of Gy, is crucial for
quality asphalt pavement production and acceptance.

The conventional methods for determining the G,
of asphalt specimens—saturated-surface dry (SSD) and
vacuum sealing method (VSM) are limited to average
values, providing average air voids percentage and
density. Also, the current methods are subject to some
restrictions such as aggregate maximum size and
gradations. With the advancements in today’s imaging
technology, the decision was made to try 3D imaging
techniques to measure the G, of compacted asphalt
mixture specimens to determine if a more accurate
measure of specimen volume could be made, in less
time, than can be done with more standard methods.

1.3 Objective

Given the importance of accurately measuring
asphalt mixture G,,, to ensure accurate measure of
asphalt mixture volumetrics, this project seeks to use
imaging technology to better characterize mixtures
through measurement of volumetric properties with a
higher degree of accuracy than can be done with current

measurement techniques. Therefore, the objectives of
this research are the following.

1. Develop image measurement and processing methods to
identify the precise volume of both laboratory prepared
gyratory specimens and field cores.

2. Use the image-determined volume to define bulk specific
gravity more precisely and therefore determine the precise
air void content.

3. Develop a draft standard test method for using the chosen
image measuring and processing methods to accurately
determine bulk specific gravity of both laboratory
prepared gyratory specimens and field cores.

1.4 Organization of the Report

The report is divided into six chapters. In the first
chapter, the introduction, motivation, and research
objective of the study are presented. The second chapter
presents a literature review of current and old methods.
Chapter three provides a description of the materials
and experimental plan for evaluating the candidate
method. In the fourth chapter, the findings of this study
are presented and discussed. The fifth chapter presents
the conclusions derived from this study.

2. ASPHALT MIXTURE BULK SPECIFIC
GRAVITY MEASUREMENT METHODS

The G,,;, of an asphalt mixture is described as the
ratio of the mass of a given volume of asphalt mixture
to the mass of an equal volume of water at room
temperature. The use of specific gravity allows conver-
sion between volume and mass, which is important
since mass is what is measured during asphalt mixture
production. Several test methods have been developed
to measure the G,;, of compacted asphalt mixtures.

2.1 Dimensional Analysis Method

The dimensional analysis method (DAM) is a
simplistic volumetric method for determining the Gy,
of compacted asphalt mixture specimens. The average
height and diameter of the specimen are determined and
used to calculate the specimen volume, given the
specimen is a right circular cylinder. This method
assumes the specimen surface is smooth, typically a
poor assumption (Williams et al.,, 2005). The G,
cannot be calculated accurately if surface irregularities
are ignored. Therefore, DAM is recommended for use
with cut-specimen surfaces, when the specimen surface
tends to be more uniform, to minimize erroneous results.

To obtain the G, of a compacted asphalt mixture
specimens with DAM, the mass and dimensions of the
sample are first accurately measured (Williams et al.,
2005). Equation 2.1 is used to calculate the Gy,

My

G = 7y
" (=D hep,

(Eq. 2.1)

where:
G = the bulk specific gravity of the sample,
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Mg,y = mass of dry sample (g),

d = average sample diameter (cm),

h = average sample height (cm), and
o = density of water at 25°C (77°F).

In this method, the height and diameter measure-
ments are often the source of errors (Buchanan, 2000).
Due to the presence of surface irregularities, this
method tends to overestimate the specimen volume,
and thereby the G,,;;,, measurement is underestimated, as
compared to its true value.

2.2 Saturated Surface Dry

Based on Archimedes concept of water displacement,
the saturated-surface dry (SSD) method for determining
the G, of compacted asphalt specimens has been
widely used for many years (Dukatz et al., 2009).
AASHTO T166 and ASTM D2726 are the standard
test methods. The SSD test can only be performed on
compacted asphalt specimens with water absorptions of
less than 2%, so it is not recommended for specimens
containing open or interconnected air voids (Williams
et al., 2005). According to the standard test methods,
to determine the G,,;, of a compacted asphalt mixture
specimen, the following steps are completed.

® Obtain the specimen dry mass.

® Submerge the specimen in a 25°C-water bath for 441
minutes, then determine the specimen mass while it is still
in the water.

® Remove the specimen from the water, gently pat the
surface dry with a damp towel and measure the specimen
mass. This mass is denoted as the SSD mass.

Once the three masses are determined, Equation 2.2
is used to calculate the compacted asphalt mixture Gp,.
Gy = (Eq. 2.2)
where:
G, = specimen bulk specific gravity,
Mg,y = specimen dry mass(g),

Mssp = specimen mass in SSD condition (g), and
M, = submerged specimen mass (g).

Coarse-Graded Mix

Equal Air
Volumes
(% Air Voids)

The proper SSD condition of a compacted asphalt
mixture specimen can be difficult to determine and is
therefore subject to individual interpretation, which can
introduce variability and error into the results. Mixture
types can also increase errors when measuring SSD
condition. For example, when compared to conven-
tional dense-graded asphalt mixtures, coarsely graded
Superpave-designed and stone matrix asphalt (SMA)
mixtures tend to contain larger air voids that can be
more interconnected, despite being designed at 4% air
voids content. Several issues have arisen when deter-
mining the G,,;, of these “coarser” mixtures via the SSD
method. Due to the internal air void structure within
coarse-graded Superpave and SMA mixtures, the SSD
method can produce erroneous G, measurements
(Cooley et al., 2002).

Cooley et al. (2002) visualized this point as shown in
Figure 2.1. Due to the larger, interconnected air voids
in the coarser specimen, water can rapidly infiltrate into
the specimen when it is submerged in water. However,
when it is removed from the water bath, water can
quickly drain from the sample, causing error in the SSD
mass.

Understanding the principles of water displacement
is imperative to grasping the potential error in Gy,
determination using the SSD method. According to
Archimedes’ Principle, an object submerged in water
has a buoyant force that corresponds to the volume of
water displaced by the object. Therefore, the G, of a
compacted asphalt specimen can be calculated by
dividing the specimen dry mass by the specimen
volume. Figure 2.2 shows the volumes of both coarse-
and fine-graded compacted asphalt specimens. In
Figure 2.2(a), the volume is determined based on
specimen dimensions. In this case, G,,, measurement
would be low because any surface irregularities are
included as part of the volume, which leads to an
overestimation of the specimen volume.

The apparent volumes of the compacted asphalt
mixture specimens are shown in Figure 2.2(b). This
illustration shows the specimen volumes are under-
estimated, because the interconnected air voids into
which water can easily infiltrated are not considered
as part of the specimen volume. This scenario is
mostly associated with coarsely graded asphalt

Fine-Graded Mix

_4.

L

A.’éfr

L

Figure 2.1 Internal void structure for coarse- and fine-graded compacted asphalt mixtures (Cooley et al., 2002).
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Figure 2.2 Illustration of different volumes of the internal structure of coarse- and fine-graded mixtures (Cooley et al., 2002).

mixtures. Figure 2.2(c) shows the specimen volume
ideally suitable for measuring true G, as it accounts
for the interconnected voids and the surface irregu-
larities (Cooley et al., 2002). As this figure shows, the
coarser mixture is more prone to water drainage
from interconnected voids, resulting in inaccurate
SSD mass measurement, and thereby increasing error
in the volume determination of the sample by the
water displacement method. As a result, a higher
specific gravity value than the true value is deter-
mined (Dukatz et al., 2009). Consequently, volu-
metric properties such as air voids, VMA, and VFA
may be overestimated due to an overestimation of
G-

2.3 Paraffin and Parafilm Methods

To overcome the problem inherent in AASHTO
T166 and ASTM D2726 for compacted asphalt mixture
specimens with higher absorption number (i.e., >2%),
the paraffin and parafilm methods were introduced as
standardized in AASTHO T275 and ASTM DI1188,
respectively. With these methods, the asphalt mixture
specimen 1is either wrapped in parafilm or coated with
paraffin. These methods are time-consuming, and in the
case of paraffin, can be messy (Williams et al., 2005). If
a specimen is to be subjected to additional testing, the
parafilm method is recommended, since theoretically,
the parafilm can be removed. In accordance with both
AASHTO T275 and ASTM DI1188, Equation 2.3 is
used to calculate the G, of compacted asphalt mixture
specimens.

Mp,,

Mcp—Mpyy

Gmb:
[MCD_MCS_ o

(Eq. 2.3)

where:
G = specimen bulk specific gravity,
Mp,, = uncoated specimen dry mass (g),
Mcp = coated sample dry mass (g),

Mcs = mass of coated sample submerged in water

(g), and
Gc = coating material specific gravity.

2.4 Vacuum Sealing Method

The vacuum sealing method (VSM) was developed
to determine the G,,, of compacted asphalt mixture
specimens that have coarser and more open-graded
aggregate gradations using a device commercially
known as the “CoreLok” device. This method uses a
plastic bag in which the specimen is sealed to ensure it
remains dry during testing. While the method is similar
to the paraffin and parafilm methods, VSM avoids the
mess of paraffin and the difficulties of parafilm, plus
the added advantage of more reproducible test results.
Hall et al. (2001) demonstrated that VSM shows only a
slight variation in multi-operator repeatability. In the
VSM, compacted asphalt mixture specimen G, is
calculated by a computer program based on the values
determined from steps one through six. In accordance
with both ASTM D6752 and AASHTO T331,
Equation 2.4 is used to calculate the G,,;, of compacted
asphalt specimens.

Mpry
[ (M7 +(Mpag— Mp,y)| — Mss — Mpag Moy 7MD"’]

Gpug

G = (Eq. 2.4)

where:
Gmp = specimen bulk specific gravity,
Mp,y = unsealed specimen dry mass (g),
Mt = unsealed specimen mass, after testing (g),
Mg, = bag mass (g),
Mjss = mass of sealed specimen submerged in water

(g), and
Ggae = Sealing bag specific gravity.

2.5 Methods Comparison

Over the past few years, several studies have
compared the SSD-based methods with alternative
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standard methods for determining the G,,, of com-
pacted asphalt mixture specimens. Buchanan (2000)
compared the SSD method with VSM, the parafilm
method, and DAM. All compacted asphalt mixture
specimens were prepared by a gyratory compactor to
yield specimens with a wide range of air voids contents.
The experiment included fine- and coarse-graded
Superpave-designed mixtures, SMA, and open-graded
mixtures. Results indicate the SSD and VSM methods
provide similar G, results for fine- and coarse-graded
asphalt mixtures, but the data for SMA and open
graded mixtures methods resulted in a higher V,
(Buchanan, 2000). It was concluded that mixtures with
even low absorption (i.e., absorption < 2%) are still
subject to a significant error. The VSM was ultimately
determined to be the most accurate method of
measuring the G, of all specimens, regardless of the
gradation, aggregate type, or compaction level.

A further finding of the study indicates the CoreLok-
based G,,, measurement was somewhat variable
because of the unfamiliarity of operators with the
device (lack of experience) and the specimen dry mass.
This latter error is introduced when the same specimen
is used for CoreLok and AASHTO T166 methods
(Buchanan, 2000). Several factors that contributed to
the difference were CoreLok bag thickness, sample
temperature, and the time sample was left sealed prior
to testing (Buchanan, 2000). The authors argued that
the AASHTO T166 method overestimates the G,
when the water absorption of compacted asphalt
mixture specimens increases. According to this study,
CoreLok had a higher variability than AASHTO T166,
likely due to CoreLok bags losing vacuum over time,
especially when testing coarse-graded and SMA mix-
tures. However, Hall et al. (2001) measured the G,,;, of
various asphalt mixtures and found that VSM provides
measurements with less variability than the SSD-based
method.

Cooley et al., (2002) performed a comprehensive
interlaboratory study to compare the G,,;, measurement
results obtained from ASSHTO T166 and VSM. Their
research showed that VSM results were less precise than
AASHTO T166 for most mixtures tested. The authors
claimed that such enormous errors within VSM could
be attributed to water leaking into the vacuum bag and
the operator’s lack of experience. In another study
conducted by Brown et al.,, (2004a), it was recom-
mended to re-weight the VSM specimen after recording
the submerged specimen, since some water may leak
into the vacuum bag. Also, the authors advocated a

TABLE 2.1

small air voids content correction factor (-0.02% V,)
when VSM is used. Williams et al. (2005) investigated
the G,,;, determination through four methods, includ-
ing AASTHO T166, VSM, dimensional analysis, and
gamma-ray methods. Two coarse-graded mixtures with
different V, were used and the results indicated that
AASHTO T166 had the lowest variability, followed
by VSM.

In the same vein, the NCHRP 9-26 project (Azari
et al., 2006) was performed to estimate the precision of
G,p, measurement by AASHTO T166 and VSM. The
study concluded that mixtures with a different nominal
maximum aggregate size, along with high and low
absorption numbers, yielded similar precision estimates
for G- Table 2.1 from a study by Brown et al. (2004b)
summarizes the recommended precision estimates for
both methods.

Given the limitations of the currently available
methods for determining compacted asphalt mixture
specimen volumes and thereby G,,;, it was postulated
that some form of electronic imaging might provide
improved accuracy of such measurements. It has
become widespread practice to use imaging technology
in many fields of science in recent years. Incorporating
such a technique goes beyond its initial use in
biomedicine (Acharya & Ray, 2005). For instance, in
1982, digital imaging was used to quantify and analyze
the stress and strain zone in the experimental study of
solid mechanics (Peters & Ranson, 1982). Given this, it
might be possible to use non-contact, three-dimensional
(3D) scanning to accurately determine the volume of
compacted asphalt mixture specimens.

2.6 3D Scanner

2.6.1 History

Three-dimensional scanning uses a digital device to
collect and analyze shape and appearance data from
real-world objects. The collected data is then used to
construct a 3D model of the object. In an early attempt,
a 3D scanner was developed to recreate the surface of
an object (Abdel, 2011). The early 3D scanner models
used lights, projectors, and cameras to collect data. The
main problem experienced was the data processing,
something that can take a great deal of time, but
accuracy was thought sufficient (Stojkic et al., 2020).
After 1985, an upgrade was made in which the scanner
could use white light along with lasers and shadowing

NCHRP 9-26 suggested precision estimation for the G,,, measurement of compacted asphalt mixture specimens (Brown et al., 2004b)

Method Precision

Standard Deviation (1s)

Acceptable Range of Two Results (d2s)

AASHTO T166 Single operator
Multi-laboratory
Single operator

Multi-laboratory

ASTM D6752

0.012 0.033
0.016 0.044
0.013 0.036
0.021 0.059
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Figure 2.3 Scanning a tape with the 3D scanner (Abdel,
2011).

Figure 2.4 3D scanner with contact probe (EdI et al., 2018).

to collect data on a given surface (Stojkic et al., 2020).
At that time, the concern that arose was the generation
of the model. Figure 2.3 shows the scanning of a tape.
Today, a variety of technologies are used for the 3D
imaging acquisition. There are two main categories of
scanners—contact and contactless scanner (Curless,
1999) The contactless scanner can be further divided
into two major groups—active and passive scanners.

2.6.1.1 Contact scanner. Three-dimensional contact
scanners commonly have a physical probe to touch the
object being scanned. Generally, the object is placed on
a fixed platform and the probe is attached to an arm
that is manually or robotically rotated around the
object. Each contact point is then measured as a cloud

point in an X, Y, and Z coordinate system. The
recorded points create a “cloud” of the object that can
be transformed into a 3D model by using meshing
techniques. Although the accuracy of contact scanning
is good, the method suffers from a slow scanning rate
and may not be useable with soft and delicate objects.
Figure 2.4 shows one type of contact scanners.
Generally, such scanners were used for quality control
of products in the manufacturing process and would be
very accurate. Again, the concern regarding the damage
or modifying the object under scanning still exists
(Abdel, 2011).

2.6.1.2 Contactless scanners. As the name implies,
non-contact scanners do not need physical contact with
a given object in order to complete a scan. Instead, such
scanners rely on passive and active techniques to
capture the object’s image. The outcome of non-
contact scanning appears as a cloud of captured data
points that must be transformed into a 3D model via
reverse engineering, virtual assembly, analysis, and
other software features (Kersten et al., 2005). Non-
contact active scanners radiate light or other emission,
such as ultrasound or X-rays, and then detect the
waves’ reflections to capture points from the object
surface (Amzajerdian et al., 2011). Such scanners can
work in either active or passive modes.

2.6.2 Three-Dimensional Scanning for Paving Materials

To use 3D scanning for paving materials, it is first
necessary to establish a set of guidelines to filter
available 3D scanners, to better assess their feasibility
for use in pavement material engineering. These
variables include:

accuracy,
resolution,

post-processing time,

scanning time,

ability to capture dark objects (i.e., laboratory com-
pacted specimen),

® dimension and weight limits, and

® the capability of object auto-recognition.

For example, accuracy is important since the
distance between two individual scanned points should
be accurate enough to reproduce a specimen represen-
tation that can be used to measure its volume.
Moreover, some specimens may have rough surfaces
that may affect the final measured volume. Therefore,
a high-resolution scanner will enable more precise
measurements. An example of a specimen that exhibits
some degree of roughness on the surface can be seen in
Figure 2.5. In this figure, scans were done at two
different resolutions, low and high. As indicated, the
scan attributed to the high resolution resulted in a
shape with more details and a more precise volume that
better matches the original specimen. Such analyses
highlight the importance of a scanner’s resolution to
capture data points.
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Figure 2.5 Compacted HMA specimen with a rough surface.

Another example is post-processing time, a crucial
factor for use with asphalt materials. During con-
struction, the more quickly test results can be
returned, the better the decisions made. The post-
processing time is highly dependent on the computer
power used to mesh and render the model once
scanning is complete. Since it is possible to capture
tens of millions of points with one scan, the computer
hardware and software must be powerful enough to
process the data and construct the model in a
reasonable amount of time.

Based on the literature, it is understood that
improper measurement of compacted asphalt mixture
Gnp can lead to an unfavorable mixture design
resulting in premature pavement distress. The accu-
racy with which asphalt mixture volumetric proper-
ties are measured is critical for pavement perfor-
mance. With the advancements in today’s imaging
technology, the decision was made to try 3D imaging
techniques to measure the G, of compacted asphalt
mixture specimens to determine if a more accurate
measure of specimen volume could be made, in less
time, than can be done with more standard methods.

3. EXPERIMENT MATERIALS, EQUIPMENT,
AND TEST METHODS

3.1 Materials

In order to reasonably evaluate 3D scanner cap-
ability and accuracy for measuring the volume of
compacted asphalt mixture specimens, it was necessary
to test various specimen sizes and asphalt mixture
types. Table 3.1 shows the experimental matrix. The
factor levels for specimen sizes include specimen
diameter and height, field and laboratory produced

Low Resolution

High Resolution

specimens, and if a specimen was cored or not (Figure
3.1). Factor levels for mixture types include standard
dense-graded Superpave mixtures, along with SMA
mixtures. It is important to note that laboratory-
fabricated specimens are typically darker in color than
cored specimens, while core specimens tend to be a
lighter shade of color and have more texture. Three-
dimensional scanning was used to determine the volume
of test specimens, which was then used to calculate the
G, of the specimens. These results were compared
with those obtained using the SSD-based (AASHTO
T166) and CoreLok methods.

3.2 Equipment

3.2.1 Three-Dimensional Scanner

A 3D scanner and attendant software were used to
measure compacted asphalt specimen volumes.
Figure 3.2 shows the scanner used. As seen in the
figure, there is an automatic turntable with target
markers that help the scanner better recognize the
object in a shorter time period. The scanner has the
following accessories:

power adapter and cable,
calibration board,
calibration board bracket,
markers,

turntable, and

tripod.

The scanner’s technical information is summarized
in Table 3.2. The minimum computer requirements
suggested by the scanner manufacture are listed in
Table 3.3.
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TABLE 3.1
Specimen information

Nominal Maximum Aggregate Sample Diameter (D), Sample Height, (H), Specimen
Mixture Type Size, mm (inches) mm (inches) mm (inches) Origination
Dense-Graded Asphalt 9.5 (3/8) 38 (1.5) 100 (4) LMLC, core
Mixtures 9.5 (3/8) 100 (4) 150 (6) LMLC, core
9.5 (3/8) 150 (6) 50 (2) FMFC, core
9.5 (3/8) 100 (4) 150 (6) LMLC
12.5 (1/2) 38 (1.5) 100 (4) LMLC, core
12.5 (1/2) 150 (6) 50 (2) LMLC, core
12.5 (1/2) 150 (6) 50 (2) LMLC
19.0 (3/4) 38 (1.5) 100 (4) LMLC, core
19.0 (3/4) 150 (6) 50 (2) FMFC, core
19.0 (3/4) 100 (4) 150 (6) LMLC
19.0 (3/4) 150 (6) 50 (2) LMLC, RS
19.0 (3/4) 100 (4) 150 (6) FMFC, RS
25.0 (1) 150 (6) 50 (2) LMLC
25.0 (1) 38 (1.5) 100 (4) LMLC, core
Stone Matrix Asphalt 9.5 (3/8) 150 (6) 50 (2) FMFC, core
(SMA) 19.0 (3/4) 150 (6) 50 (2) FMFC, core
9.5 (3/8) 100 (4) 150 (6) LMLC
19.0 (3/4) 100 (4) 150 (6) LMLC
Notes:

LMLC: The specimen was compacted in the laboratory using laboratory prepared asphalt mixture.
FMFC: The specimen was compacted in the field using asphalt-plant prepared mixture.

Core: A core was taken from the specimen.

RS: The specimen has a rough texture on the top side.

Figure 3.1

Common size of asphalt specimens used in this study.

3.3 Methodology

3.3.1 Imaging Method

The scanning system used in this experiment has
three available scanning modes for measuring object
volume, fixed, either with or without using a turntable
to hold the object, and handheld, with either a high-
density or rapid scan. Table 3.4 summarizes the
advantages of each scan mode. Among these modes,
the fixed scanning mode is recommended for scanning
small objects with high accuracy, while the other two
modes are recommended for large objects. The
compacted asphalt mixture specimens were scanned in

fixed mode, using a turntable. To accomplish this, the
scanner was placed in a fixed position while the
specimen was placed on the turntable and rotated.
A software overview of the available parameters to be
selected before scanning is shown in Figure 3.3.
As shown, the scanning modes and features need to
be selected within the scan setting. To synchronize
the scanner and turntable, the “with turntable” should
be checked. As the second input, the number of
rotations to be completed by the turntable for each
scanning operation is determined. Depending on the
complexity of the object, the “turntable steps” (steps is
the turntable rotations) can range from 4 to 180.
Increasing the number of steps will result in a greater
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Figure 3.2 3D scanner configuration.

TABLE 3.2
Technical specification of EinScan Pro HD

Scanning Mode

Parameters Handheld HD Scan Rapid Scan Fixed Scan

Accuracy, mm Up to 0.05 Up to 0.10 0.04

Scan Speed, Frames/Second 10 30 A single scan is less than 0.5 second
Degrees of Freedom, mm 100 100 100

Working Center Distance, mm 510 510 510

Light Source LED LED LED

Texture Scan Yes Yes Yes

TABLE 3.3
Minimum computer requirements for the 3D scanner

Item Minimum Requirements
Windows Winl0 (64 bit) or higher
CPU Intel Core i7-8700 or higher

Graphic Card

Memory
USB Type
Resolution

2X Series: NVIDIA GTX1060 or higher 2020 Series:

NVIDIA GTX1080 or higher
8G
USB 3.0
1920*1080 pixels

number of measured points on the object. The higher
number of scanned points, the better the measurement
accuracy, but the longer the necessary post-processing
time.

For each specimen, at least two scan positions are
required to construct an accurate specimen model.
In the fixed mode, one specimen face is never visible to
the scanner. For example, the bottom surface of a
cylindrical compacted asphalt mixture specimen sitting
on the turntable will not be scanned. It is, therefore,
necessary to scan the specimen from two distinct
positions to obtain a consistent number of points
across all surfaces. Doing so will generate two data sets,

known as “clouds” or “clouds of points,” one for each
position. Figure 3.4 illustrates the scanning steps for an
asphalt specimen. The software automatically aligns
two clouds of points after completing the scan of two
positions, and the operator is then required to specify
the level of meshing, low, medium, or high. The higher
the meshing level, the better the measurement accuracy.
After alignment and meshing, depending on the
computer’s processing power, the software can take
several minutes to construct the model, as shown in
Figure 3.5. Once the final model has been rendered, a
measurement toolbox appears in the measurement tab.
Using the toolbox’s measurement menu, it is possible to
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TABLE 3.4
Available scan modes

Technical Parameter'

Scan Mode Accuracy Speed Resolution Object Size Weight Limits, kg
Fixed Scan With 4 2 4 Small objects, up to 15 cm in the Upto5
Turntable horizontal direction and 25 cm
vertically
Fixed Scan Without the 4 1 4 Small objects up to 30 cm in each No limits
Turntable dimension
Handheld HD Scan 3 3 3 Large objects, up to 4 m in each No limits
dimension
Handheld Rapid Scan 4 4 2 Large objects, up to 1.5 m in each No limits
dimension

"Numerical scale with a range from 1 (low) to 5 (high).

Project Group

Scan Setting
HDR
With Turntable

Turntable Steps (4-180) 14

Align Mode
Turntable Coded Targets
Features

Markers

Lightness adjustment to make the object clear

—— Number of sample’s faces to be scanned

Alignment mode

Figure 3.3 Input parameters required for fixed mode scanning.

measure the distance, surface area, and volume of the
scanned specimen.

Another point of interest shown in Figure 3.4, is the
time of each step. As indicated the total time required
to measure the volume of a given asphalt specimen is
the summation of scanning time (t;) and post-proces-
sing time (t,). Scanning time depends on the number of
scanning positions (suggested at least two) and the
number of turntable steps. After obtaining the volume,
the G, can be obtained using Equation 3.1.

M Dry
=07 Eq. 3.1
Gmb VX p ( q 3 )
where:
Gump = asphalt specimen bulk specific gravity,
Mp,y, = asphalt specimen dry mass, (g)

v = scanner measured volume, (cm?), and
p = density of water, (gr/cm?).

Laboratory-fabricated specimens that are not cored
appear totally black, due to the asphalt binder color.
This can sometimes make it difficult for the scanner to

10

recognize all specimen boundaries. If necessary, white
spray paint on the specimen, creating markers on the
sample, can alleviate the problem (Figure 3.6).

3.3.2 AASHTO T166 Method

The Gy, of the specimen was measured following
AASHTO T166. To this end, the dry mass (A), SSD
mass (B), and submerged mass under water (C) of the
specimens were measured and used to calculate the Gy,
(Equation 3.2).

Gy =A/(B—C) (Eq. 3.2)

3.3.3 CoreLok Vacuum Sealing Method

The bulk specific gravity of asphalt specimens was
measured following ASTM D6752. To do this, the
appropriate bag size was selected and then weighted
to the nearest 0.1 g. Then, the dry mass of the specimen
was measured. After vacuuming the bag containing
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Figure 3.4 G, measurement process configuration.

EinScan Pro HD Sep.13 - 00:46 Fixed Scan

o)

Create 3 pairs of common points between 2 scans

Project Group

Group2

Figure 3.5 Alignment interface.

Figure 3.6 Laboratory-compacted specimen partially
marked with white pen and spray.

the specimen, the sealed specimen’s weight was
measured to the nearest 0.1 g. Within two minutes
after sealing the specimen, it was submerged into the
water bath set at 25°C and maintained for 3—5 minutes,

23

then recorded the sealed weight in water. Finally, the
measured values were used as input values in an
attendant software (CoreSuite) to determine the G, of
the specimen.

3.4 Testing Procedures

An experimental testing design was developed to
systematically evaluate the application of a 3D scanner
for measuring the G, of compacted asphalt samples.
To accomplish this, three phases were designed and
executed, including a verification plan, a parametric
study, and a comparative analysis.

3.4.1 Volume Measurement Verification Plan

In this section, two objects with pre-known volume
(Figure 3.7) were tested to verify the accuracy and
reproducibility of the scanner volume measurement. To
this end, the volume of objects was measured in two
scanning positions with 15 turntable steps per each
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Figure 3.7 Two objects of pre-known volume.

position. Following this, the measured and actual
volumes are compared and analyzed.

3.4.2 Parametric Study

A comprehensive testing plan was performed to
determine the optimum location of scanner relative to
the specimen location, the number of turntable steps,
and meshing level that can be considered for an
accurate measurement of an asphalt specimen’s volume
in a shorter amount of time.

3.4.2.1 Working distance. As part of this section, four
common asphalt specimen sizes were selected to
determine the working distance and elevation of the
scanner relative to the specimen (see Figure 3.8). For
this analysis, the number of points the scanner can
measure was devised to find the optimum location of
the scanner (X and Y location of the scanner from the
specimen). To do so, one sample per each specimen size
was scanned in a vertical range from 30 to 91 cm (12 to
36 inches) at 50 mm (2-inch) intervals. The same
procedure was also done in the horizontal direction in a
range from 30 to 51 cm (12 to 20 inches).

3.4.2.2 Meshing effect. The meshing process plays
an essential role in engineering simulation. To obtain
a more accurate volume measurement, it is crucial
to generate the model with a proper meshing size.
In simple words, the meshing step processes the cloud
of points (i.e., at least two million points with
coordination) into the final representative model.
When the clouds became available, the attendant
software suggests three levels of meshing: low,
medium, and high detail as shown in Figure 3.9. In
high detail mode, more 3D elements are used for
generating the final model which is more accurate than
those generated with low detail mode. Although the
result will be more accurate, a substantial amount of
time is typically required to generate simulated volume.
Therefore, it is necessary to determine the optimum
level of meshing detail for measuring the volume of
asphalt samples. To this end, G,,, was measured by
changing the meshing level at different number of

L
)
3
7]
N

1

Working distance range

Figure 3.8 Scanner and specimens’ location.

turntable steps. In parallel, the processing time for each
meshing detail is recorded.

3.4.2.3 Number of turntable steps. The number of
steps refers to the number of stops the turntable makes
during a full 360° rotation to allow the scanner to
collect data. The number of steps significantly affects
the scanning time since a high number of steps entails a
longer scanning time. Depending on the complexity of
the sample, each single step takes approximately 10-15
seconds. Additionally, longer measurement times result
in a cloud with a greater number of measured points
which has a significant impact on the post-processing
time. Therefore, it is necessary to determine the
optimum number of steps for measuring the G,,, of
asphalt specimens in a reasonable time period. To this
end, G, of asphalt specimens of different mixture
types and sample sizes were measured at five turntable
steps, including 10, 20, 40, 60, and 75.

3.4.2.4 Specimen size effect on required number of
steps. The scanner captures points from the surface of
an object. Therefore, the area of an object’s surface
visible to the scanner plays an important role in the
number of points that can be detained at each turntable
step. It is therefore necessary to determine the optimum
number of turntable steps to produce a cloud
containing enough points for each asphalt specimen
size. To this end, three common asphalt specimen sizes
were chosen, including: 38 x 100 mm (1.5 x 4 inches),
150 x 50 mm (6 x 2 inches), and 150 x 100 mm (6 x
4 inches).

3.4.3 Comparative Analysis

To evaluate the feasibility of the candidate technique
for measuring G,;, of any asphalt specimen, a series of
tests on different asphalt specimens (detailed in Table
3.1) was performed, and the measurements then
compared with those obtained from AASHTO T166
and CoreLok methods. To this end, asphalt specimens
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Medium Detail

Figure 3.9 Three available meshing levels.

were first scanned, then a G,,, was obtained using
CoreLok, and finally, specimens were subjected to
AASHTO T166 testing.

3.5 Statistical Analysis

To ensure a rigorous and reliable interpretation of
the study’s findings, it was determined that statistical
analysis using a suitable platform was necessary. In this
regard, the data was analyzed using Analysis of
Variance (ANOVA), which is a commonly used
statistical tool that can help to identify significant
differences between groups and provide a more
nuanced understanding of the data.

ANOVA is a statistical technique that is widely used
to compare the means of two or more groups. The
output of an ANOVA test provides various measures of
statistical significance, including the P- and F-values.

The P-value, also known as the probability value, is a
measure of the strength of evidence against the null
hypothesis. In an ANOVA test, the null hypothesis
is that there is no significant difference between the
means of the groups being compared. A small P-value
indicates that there is strong evidence against the null
hypothesis, which means that there is a significant
difference between the means of the groups. Generally,
a P-value of less than 0.05 is considered statistically
significant.

The F-value, also known as the test statistic, is a ratio
of the between-group variability to the within-group
variability. In an ANOVA test, the between-group
variability represents the differences in means between
the groups being compared, while the within-group
variability represents the differences within each group.
A large F-value indicates that the between-group
variability is greater than the within-group variability,
which provides evidence in favor of the alternative
hypothesis. If the F-value is statistically significant, it
can be used to reject the null hypothesis.

4. RESULTS AND DISCUSSION

4.1 Volume Measurement Validation

The measurement results of two known-volume
objects (Figure 4.1) are shown in Table 4.1. This table
shows that the measured volume varies at the second
digit at each replicate for the rectangular-shape plate.

Low Detail

Considering the magnitude of the volume (~ 94 cm?),
such small deviation is negligible. The same finding also
is observed for the disk-shape object. Moreover, the
difference between the actual and average measured
volume is less than 0.03% for both objects. This
analysis appears to confirm the high accuracy of the
3D scanner in measuring the volume of an object with a
high reproducibility.

An interesting aspect of the scanning ability to
produce more accurate data is the 3D scanner’s ability
to distinguish the thickness of marked lines as shown in
Figure 4.2, confirming the high accuracy of the
scanning when measuring the volume of the object.

4.2 Parametric Study

4.2.1 Working Distance

Table 4.2 shows the testing condition at different
vertical and horizontal working distances (defined in
Figure 3.8) of the scanner from the specimen. There are
five testing conditions, ranging from failed to excellent.
If the scanner is placed less than 30 cm (12 inches) from
the specimen, the scanner cannot recognize the speci-
men regardless of specimen size. Similarly, if the
working distance exceeds 71 cm (28 inches), the scanner
again fails to recognize the specimen. However, the

Figure 4.1 Scan results of known objects.
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TABLE 4.1
Measurement result of known objects
Object Plate Disk
Real 94.530 168.213
Volume, cm?
Measured Rep. 1 94.564 168.117
Volume, cm? Rep. 2 94.591 168.223
Rep. 3 94.523 168.239
Standard 0.048 0.066
Deviation
Average 94.559 168.193
Difference, cm® 0.029 0.019
Difference, % 0.030 0.010

it alsatrion!onValdiation/ NEW/NEW.sin_fix
Iusers/Mohammad/ Deskiop/Scanner

LHINING 3D EinscanProHD  Sepa3 - 00:46

Figure 4.2 Appearance of the scanned steel plate compared
to actual plate.

scanner is able to detect the specimen within a specified
working distance depending on the specimen dimen-
sions. Table 4.2 indicates that the scanner working
condition depends on the specimen size; the scanner
must be placed at a greater distance from the specimen
as the specimen dimensions increase.

The data in Table 4.3 shows the information related
to each testing condition for each specimen size.
To define a criterion for evaluating the testing condi-
tion, it was decided to scan each asphalt specimen to
reach a cloud containing a certain number of points,
i.e., one million points for 38 x 100 mm specimen size.
The data show that 57 turntable steps are required to
produce two clouds, each containing one million points
if the testing condition is fair. Switching the testing
condition from fair to excellent reduces the number of
steps to 20. A reduction of this magnitude would save
15 minutes in scanning time for 38 x 100 mm specimen
size. This explanation extends to the other three

specimen sizes shown in the table. Additionally, the
data indicate the device is able to capture up to 400,000
points per scan step, depending on specimen size.

Finally, Table 4.4 summarizes the optimal scanner
distance for each specimen size. The results suggest that
if the sample is placed within the optimum range, the
scanner is able to capture the highest possible points per
each turntable step that results in a significant time
saving. Increasing the number of points measured by a
scanner reduces the number of steps required for a
given object. Such a reduction can significantly reduce
the necessary scan time without compromising the
accuracy of volume measurement.

4.2.2 Meshing Level

To demonstrate the effect of meshing level on G,
measurement, Figure 4.3 shows G,,, results as a
function of the number of steps for three meshing
levels. Comparing medium and high meshing levels
visually reveals no significant differences, whereas
comparing low and medium meshing levels at all steps
reveals very small differences. This might be due to a
simplification of texture, resulting in a slight change in
the volume of the specimen. A statistical analysis on the
data shown in this figure, reveals that the difference
between the low and medium meshing levels is
statistically significant (p-value 0.004 << 0.050) for all
turntable steps. There is no statistically significant
difference between the medium and high meshing levels
at any number of steps (P-value: 0.993 > 0.050).

Obtaining the final image model requires a great deal
of time, which is why the meshing step is so critical. As
a result of more steps being taken, a greater number of
points are produced, resulting in a longer processing
time. Table 4.5 provides an indication of the post-
processing time involved in meshing and constructing
the model associated with the data presented in Figure
4.3. Since there is no significant G, difference between
the medium and high meshing level, switching the
meshing level from high to medium can significantly
decrease processing time. For 20 or 40 turntable steps,
this decreases the processing time from approximately
35-45 minutes down to 7-8 minutes while providing
adequate information. Thus, the medium meshing
level is appropriate for measuring the G, of asphalt
specimens.

4.2.3 Number of Steps

Figure 4.4 displays the results of G, measurements
for various dense-graded mixtures: 9.5-, 12.5-, 19.0- and
25.0-mm. The data indicate the 12.5-mm mixture has
the highest standard deviation at 10 steps. Despite being
high in comparison to the others, the range is extremely
narrow, i.e., 0.010. However, the G, remains nearly
constant after a total of 20 turntable steps per each
scanning position, according to the results.

Table 4.6 shows the results of an ANOVA statis-
tical analysis performed on this data at a 0.95
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TABLE 4.2
Identified working location of scanner for four specimen sizes

Sample Size

38 x 100 mm (D x H)

Scanner Horizontal Working Distance, cm (inches)

Scanner Height,

cm (inches) 30 (12) 41 (16) 51 (20) 61 (24) 71 (28) 81 (32) 91 (36)
30 (12) Failed Excellent Failed Failed Failed Failed
36 (14) Failed Failed Excellent Failed Failed Failed
41 (16) Failed Good Failed Failed Failed
46 (18) Failed Good Poor Failed Failed Failed
51 (20) Failed Poor Failed Failed Failed Failed
Sample Size 150 x 50 mm (D x H)

Scanner Horizontal Working Distance, cm (inches)
Scanner Height,
cm (inches) 30 (12) 41 (16) 51 (20) 61 (24) 71 (28) 81 (32) 91 (36)
30 (12) Failed Failed Failed Failed Failed Failed Failed
36 (14) Failed Failed Good Failed Failed Failed
41 (16) Failed Failed Excellent Poor Failed Failed
46 (18) Failed Poor Excellent Failed Failed Failed
51 (20) Failed Failed Poor Failed Failed Failed
Sample Size 150 x 100 mm (D x H)

Scanner Horizontal Working Distance, cm (inches)
Scanner Height,
cm (inches) 30 (12) 41 (16) 51 (20) 61 (24) 71 (28) 81 (32) 91 (36)
30 (12) Failed Failed Failed Failed Failed Failed Failed
36 (14) Failed Failed Failed Poor Failed Failed Failed
41 (16) Failed Failed Failed Excellent Failed Failed Failed
46 (18) Failed Failed Good Excellent Poor Failed Failed
51 (20) Failed Failed Excellent Good Failed Failed Failed
Sample Size 100 x 150 mm (D x H)

Scanner Horizontal Working Distance, cm (inches)
Scanner Height,
cm (inches) 30 (12) 41 (16) 51 (20) 61 (24) 71 (28) 81 (32) 91 (36)
30 (12) Failed Failed Failed Failed Failed Failed Failed
36 (14) Failed Failed Failed Failed Failed Failed Failed
41 (16) Failed Failed Failed Failed Failed
46 (18) Failed Poor Good Excellent Failed Failed Failed
51 (20) Failed Failed Good Excellent Failed Failed Failed

confidence level. As can be seen, the P-value for all
mixtures is higher than 0.050, implying there is no
statistically significant difference between G, measure-
ments at any of the number of steps. Moreover, it can be
concluded that the mixture type has no effect on the
variability of measured G,,,, since all P-values are
higher than 5%. On the other hand, the F-value shows
the mean Gy, variation between the number of steps.
Higher F-values suggest higher mean variation. The F-
value of the 9.5-mm mixture is the highest, implying that
there is some slight G,,,;, variation within the number of
steps for this particular mixture.

Since the number of steps used does not significantly
affect the G,,,;, measurement, it will make sense to keep
the number of steps as low as possible, to reduce
scanning and post-processing time. Given the higher
standard deviation of measurement at 10 steps, it seems
reasonable to select 20 turntable steps as adequate to

measure accurate volumes, and therefore accurate G,
values for all mixtures.

4.2.4 Specimen Size

Figure 4.5 shows the G, measurements of three
sample sizes at different numbers of turntable steps.
Comparing Figures 4.5(a) and (b), it is evident there is
negligible standard deviation after 20 steps, suggesting
that the process is highly reproducible. The ANOVA
results of this data are presented in Table 4.7. There is
statistically significant difference of G,,;, measurement
for the 150 x 50 mm (diameter x height) specimen at
different number of steps (0.010 < 0.050), while no
significant differences are noticed for the other speci-
men dimensions. Figure 4.5(b) suggests this significant
difference in test results is largely due to the Gy
measurement at 10 steps. This explanation is supported
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TABLE 4.3

Scanning time associated with each testing condition and specimen size combination

Sample Size

38 x 100 mm (D x H)

Test Testing Number of Recorded Number of Time
Condition Description Points Per Step Steps (min)
Failed Not recognized N/A - -
Poor Missing some parts of the specimen N/A - -
Fair Feasible 35,000 57 23
Good Feasible 60,000 34 14
Excellent Feasible 100,000 20 8
150 x 50 mm (D x H)
Test Testing Number of Recorded Number of Time
Condition Description Points Per Step Steps (min)
Failed Not recognized N/A - -
Poor Missing some parts of the specimen N/A - -
Fair Feasible 180,000 46 20
Good Feasible 300,000 27 11
Excellent Feasible 400,000 20 8
150 x 100 mm (D x H)
Test Testing Number of Recorded Number of Time
Condition Description Points Per Step Steps (min)
Failed Not recognized N/A - -
Poor Missing some parts of the specimen N/A - -
Fair Not recognized N/A - -
Good Feasible 180,000 39 16
Excellent Feasible 350,000 20 8
100 x 150 mm (D x H)
Test Testing Number of Recorded Number of Time
Condition Description Points Per Step Steps (min)
Failed Not recognized N/A - -
Poor Missing some parts of the specimen N/A - -
Fair Feasible 70,000 71 29
Good Feasible 100,000 50 20
Excellent Feasible 250,000 20 8
TABLE 4.4

Optimal specimen distance from the scanner

Sample Size, Diameter x
Height, mm (inches)

Working Distance
Range, cm (inches)

Optimum Distance from
Scanner, cm (inches)

Optimum Scanner Height,
cm (inches)

Working Scanner Height,
cm (inches)

38 x 100 (1.5 x 4) 30-61 (12-24) 51 (20) 30-51 (12-20) 30-36 (12-14)
150 x 50 (6 x 2) 41-61 (16-24) 51 (20) 36-51 (14-20) 41-46 (16-18)
150 x 100 (6 x 4) 41-71 (16-28) 51-61 (20-24) 36-51 (14-20) 41-46 (16-18)
100 x 150 (4 x 6) 41-61 (16-24) 61 (24) 41-51 (16-20) 46-51 (18-20)

by the F-value of the 150 x 50 mm specimen. Its value
is higher than the other two, meaning there is signif-
icant variation among the average G,,,. Therefore, the
use at least 20 turntable steps for scanning and
determining the G, of 150 x 50 mm specimens is
recommended. Moreover, Figure 4.5(c) shows little
deviation at all number of turntable steps, which is
likely because the sample dimension is the smallest.

The G,,,p, deviation is around 0.001 for the 150 x 50 mm
and 150 x 100 mm specimen sizes and increases to
0.005 for the 38 x 100 mm specimens, at 20 turntable
steps.

Given the parametric study results, take all the result
and discussion into account to end up the parametric
investigation section, it is, therefore, suggested that
20-40 turntable steps are an adequate range for
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Figure 4.3 The effect of meshing level on G, at different number of steps.

TABLE 4.5
Post-processing time at different meshing and number of steps

Post-Processing Time (minutes) at
Three Meshing Levels

Number of

Steps Low Medium High
10 4 6 21
20 6 7 33
40 6 8 46
60 9 22 60

measuring G, of asphalt specimen in an excellent test-
ing condition at medium meshing level. Considering the
scanning and post-processing times, it commonly takes
about 10-15 minutes to get the final G,,;, based on the
suggested test inputs. Again, an amount of this magni-
tude is highly dependent on the computing power.

4.3 Comparative Analysis

To evaluate the feasibility of the candidate scanning
method, a comparative study that compares the G,
measurement obtained from the candidate scanning
technique with those obtained from the AASHTO T166
and CoreLock VSM methods was completed using
asphalt specimens of various mixture and specimen types.

4.3.1 Dense-Graded Mixtures

Figure 4.6 shows G, measurement for asphalt
specimens fabricated from various types of dense-
graded asphalt mixtures. The results indicate the
scanner-measured G, has the least variation among
the three measurement methods, regardless of the
mixture type. The AASHTO T166 method has the
widest standard error range, while the CoreLok method
error falls between the scanner and AASHTO T166.
The wider variation in the AASHTO T166 method may

be due to measurement of specimen mass in the SSD
condition, which can greatly vary for each replicate.
The scanner-measured G,,, appears approximately
equal to the CoreLok-measured Gpp.

Table 4.8 presents the ANOVA test results to
statistically analyze differences between the scanner
measurement and traditional methods. The results
indicate no significant difference (P-value > 0.05)
between the scanner and CoreLok results for all four
mixture types. Furthermore, the low F-values resulting
when the scanner and CoreLok methods are compared
suggests there is statistically no significant difference
between the mean G,,;, measured by the two methods.

When comparing the scanner and T166 methods,
Table 4.8 shows a significant difference (P-value <
0.05) between the G,,;, measurements for the specimens
containing the larger aggregate sizes, 19.0- and 25.0-
mm. The higher F-values for these mixtures also
indicates a significant mean variation between G,
measured by the methods. However, for the smaller
aggregate size mixtures (9.5- and 12.5-mm), the data
show the scanner and T166 methods do not statistically
differ.

Lastly, Figure 4.6(d) shows a large difference
between G, measured by T166 and the other two
methods. It was determined that this is a result of high
absorption for the 25.0-mm mixture specimens. This
particular mixture had water absorption values of more
than 4%, exceeding the maximum recommended limit
for the test.

4.3.2 Stone Mastic Asphalt

The surface of SM A mixtures tend to be fairly “open-
graded,” which can result in erroneous results when
T166 is used to determine G,,,. Thus, only the scanner
and CorelLok methods were used obtain G, values for
the SMA mixtures. The results for two SMA mixtures,
SMA 9.5- and 19.0-mm, are shown in Figure 4.7. The
figure shows the scanner-measured Gy, falls within the
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TABLE 4.6
ANOVA test result at all number of turntable steps
Mixture F-value P-value
9.5-mm 1.294 0.336
12.5-mm 0.131 0.968
19.0-mm 0.727 0.593
25.0-mm 0.746 0.583

CoreLok measurement range and has less variability,
especially for the SMA 9.5-mm. Moreover, the SMA
19.0-mm results display a wider variation in CoreLok
data than does the SMA 9.5-mm mixture, which may
reflect the larger aggregate size.

Table 4.9 presents the ANOVA results for the
SMA data, which indicates no statistically significant
difference between the scanner and CoreLok methods
for either mixture size (P-value > 0.05). When
comparing F-values, there is a small variation in mean
G for the SMA 19.0-mm specimens. In spite of this,
neither the scanner nor CoreLok measurement varia-
tion exceeds 0.010.

Since all the results discussed so far have been
obtained for laboratory-fabricated specimens, it is
expected that the candidate method could also be used
for field-cored samples. This brings us to the next topic
of discussion, measuring the Gy, of collected field-
cored specimens.

4.3.3 Field-Cored Specimens

Figure 4.8 illustrates the results of G,,, measure-
ments on field-cored specimens. According to Figure
4.8(a, b), the scanner measurements appear to show the
least variation of the three methods and are within the
range of the other two methods. The ANOVA results
indicate there is no statistically significant difference
between the three methods. In terms of variability, the
scanner measured G, F-value as compared to the
T166 data is relatively high (5.879), indicating there is
a significant difference between the mean scanner-
measured and TI166-measured Gy, values for the
dense-graded 9.5-mm specimens (Figure 4.8(a)).
Moreover, the AASHTO T166 method exhibits the
greatest variability of the three methods, possibly due
to testing operations and the method’s reliance on SSD
condition.

As shown in Figure 4.8(c) and (d), the scanner
measurements are nearly identical to the CoreLok
measurements for both SMA mixtures. The
ANOVA results (Table 4.10) indicate there is no
statistically significant difference between scanner
and CorelLok G,,;, measurements for the two SMA
mixtures. Further examination of P-value shows
that the P-value of SMA 19.0-mm is smaller than
that of SMA 9.5-mm (0.080 < 0.095), indicating
the scanner has a relatively greater difference in
Gnb measurement with CoreLok for larger aggre-
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Figure 4.5 Measured G, as a function of turntable steps for various specimens’ sizes: (a) 150 x 100 mm, (b) 150 x 50 mm, and

(c) 38 x 100 mm.

TABLE 4.7

ANOVA test result of sample size effect on G, measurement

Sample Size, mm F-value P-value
150 x 100 0.729 0.583
150 x 50 5.922 0.010
38 x 100 0.746 0.592

gate size mixtures. Perhaps this is because field-

cored specimens, especially those with larger
aggregate particles, have a rougher surface than
specimens containing smaller aggregate sizes.

These larger aggregate particles and resultant
rougher surfaces can make the CoreLok vacuum
process less efficient, due to some air voids remain-
ing inside the plastic bag once the vacuum has been
applied. This will affect the mass of the specimen in
water.

4.3.4 Water Absorption

The G, values were measured for a set of asphalt
mixture specimens having varying water absorption
values. The results are shown in Figure 4.9. The
AASHTO T166 method was only used for specimens
having less than 2% water absorption. As shown in
the figure, the scanner measurement appears unaf-
fected by absorption characteristics. The ANOVA

results in Table 4.11 show no statistically significant
differences between the three methods. Further
assessment shows the F-value of specimens with
0.98 absorption percentage is relatively high (7.498)
when comparing the scanner and CoreLok measure-
ments, implying there is a small difference in Gy,
variation range measured by CoreLok versus those
obtained via scanner.

4.3.5 Rough Texture

Figure 4.10 illustrates the G, measurement of a
specimen having a rough surface. The results show a
significant difference between the CoreLok and the
other two methods. To statistically test this difference,
an ANOVA test was completed, the results of which are
shown in Table 4.12. These results indicate that both
the mean CoreLok-measured G, and the range
variation are statistically different from the scanner-
measured results (P-value < 0.05). The G,,;, measure-
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Figure 4.6 G, results obtained from variou methods for different dense-graded mixture types: (a) 9.5-mm, (b) 12.5-mm,

(c) 19.0-mm, and (d) 25.0-mm.

TABLE 4.8
ANOVA test results for different dense-graded mixtures

Secondary Method

CoreLok AASHTO T166
Primary Method Mixture Type F-value P-value F-value P-value
Scanner 9.5-mm 0.529 0.520 2.073 0.245
12.5-mm 0.002 0.970 1.208 0.352
19.0-mm 0.300 0.622 68.420 0.004
25.0-mm 0.007 0.939 158.059 0.001

ments determined by the scanner and T166 are not
statistically different.

Further assessment of Gy, tests explain possible
sources of errors in the CoreLLok method. First, as seen
in Figure 4.11(a), after vacuuming to remove air from
the plastic bag, air voids can remain in the sealed bag.
This will affect the measurement of specimen mass in
water. The second cause of the error can be a water leak
into the bag after the vacuum has been applied (Figure
4.11(b)). Again, this will result in a measurement error
in the specimen mass in water. The scanner method is a

good alternative for field specimens with rough
textures. Figure 4.12 shows the measured volume of a
rough-surface specimen.

4.3.6 General Analysis

Lastly, Figure 4.13 shows the G,,, measurement
from the scanner compared to both the CoreLLok and
T166 methods. These plots contain all the data,
regardless of mixture type and aggregate sizes. Both
plots show scanner measurements within a +0.01 range
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Figure 4.8 Gy, results for field cores specimens: (a) 9.5-mm dense graded, (b) 19.0-mm dense graded, (¢) SMA 9.5-mm, and
(d) SMA 19.0-mm.

TABLE 4.9
ANOVA test result of SMA mixtures

CoreLok Method

Primary Method Mixture’s NMAS F-value P-value
Scanner 9.5 0.416 0.565
19.0 1.503 0.308
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Figure 4.9 G, measurements for mixture specimens with different water absorption percentages.

TABLE 4.10

ANOVA test result for G, measured from field cored specimens

Secondary Method

CoreLok AASHTO T166
Primary Method Mixture Type Mixture Size, mm F-value P-value F-value P-value
Scanner Dense-graded 9.5 1.328 0.333 5.879 0.094
19.0 0.058 0.826 0.798 0.438
SMA 9.5 5.833 0.095 N/A N/A
19.0 6.805 0.080 N/A N/A
TABLE 4.11
ANOVA results for G, values of asphalt mixture specimens having various water absorption percentages
Secondary Method
CoreLok AASHTO T166
Primary Method Absorption, % F-value P-value F-value P-value
Scanner 0.56 0.007 0.938 2.236 0.232
0.98 7.498 0.071 0.892 0.415
2.41 0.140 0.733 N/A N/A
3.02 2.010 0.251 N/A N/A
4.54 1.640 0.290 N/A N/A

of both other methods’ results. Again, the higher
variability of T166 can be seen in the distribu-
tion of points close to range boundaries in Figure
4.13(b).

The precision estimates for all measurement methods
used in the research study are summarized in Table
4.13. The results show the Scanner method had the best
precision during replication, in comparison to the other
two methods, AASHTO T166 and CorelLok. One
possible explanation for this finding is that the
Scanner method is less operator-dependent than the
other two methods. This may have resulted in lower
variation between the replicates, contributing to the
lower precision estimate.

4.4 Cost Analysis

The research team was tasked with assessing the
costs associated with using a scanner versus a
CoreLok device. To do so, a quote was obtained
for the same model scanner used in this study along
with its necessary accessories and compared the cost
with the cost of using a CoreLok device. This
comparison was then summarized in Table 4.13,
which provides a breakdown of the costs associated
with each option.

As seen in Table 4.14, the equipment cost of the
proposed method (using the scanner) is approximately
similar to the cost of using a CoreLok device. However,
it’s important to note that over the life of the
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TABLE 4.12
ANOVA test results for rough surface specimen

Secondary Method

Primary Method ANOVA Parameters CoreLok AASHTO T166
Scanner P-value 0.002 0.845
F-value 56.195 0.043
2.440
2.420 T
L
2.400
o 2380
g
O 2360 T
1
2.340
2.320
2.300
AASHTO T166 CoreL ok Scanner

Measuring method

Figure 4.10 G, measurement of rough surface specimen.

Figure 4.11 CoreLok error sources: (a) air voids present, and (b) water leak into the sealed bag.

equipment, the scanner may actually save money. This the scanner does not require such ongoing expenses,
is due to the continued cost of bags for the CoreLok, thus making it a potentially more cost-effective option
which can add significant costs over time. By contrast, in the long run.
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Figure 4.12

Rough surface specimen scanned volume.
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Figure 4.13 Analysis diagram: (a) scanner vs. CoreLok, and (b) scanner vs. AASHTO T166.
TABLE 4.13
Precision estimation of all G, measuring methods
Measurement Method
Mixture Type Fabrication Condition Mixture’s NMAS Scanner AASHTO T166 CoreLok
Dense Graded Lab-compacted 9.5 0.0003 0.0065 0.0075
Mixture 12.5 0.0018 0.0047 0.0070
19.0 0.0006 0.0026 0.001
25.0 0.0028 0.0060 0.0035
Field-cored 9.5 0.0005 0.0010 0.0054
19.0 0.0007 0.0028 0.0025
Open Grade Lab-compacted 9.5 0.0027 N/A 0.0035
Mixture Field-cored 19.0 0.0036 N/A 0.0054
Lab-compacted 9.5 0.0007 N/A 0.0015
Field-cored 19.0 0.0008 N/A 0.0030
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TABLE 4.14
Equipment quote (quotes were obtained in February 2023)

Item Equipment Cost Additional Cost
CoreLok $8.,664 Small 100 bags:
(InstroTek) $79.00
Large 100 bags:
$99.00
Scanner (Afinia Pro $9,970, includes: 0
HD) Device: $7,699.00,
Industrial Kit:
$769.00

Powerful PC: $1,500

5. SUMMARY, CONCLUSIONS,
RECOMMENDATIONS

The current techniques used to determine asphalt
mixture volumetric properties have changed little since
their initial adoption. However, with today’s technol-
ogy it is possible to measure materials properties in a
more real-time format with greater accuracy. It is
critical to obtain accurate bulk specific gravity (Gp)
measurements for compacted asphalt mixture speci-
mens, both in the laboratory and field environments.
Although some limitations of the AASHTO T166
method were resolved with the introduction of the
Corelok device to measure G, of asphalt specimens,
there remains some issues concerning the operation of
the Corelok device. As part of the design of asphalt
mixtures which are based on volumetric properties,
bulk specific gravity of compacted asphalt mixtures is
one of the key values used to determine the amount of
air voids within the mixture. There are some limitations
to the current methods, even though they have
demonstrated some promising results. The AASHTO
T166 method, for example, works for asphalt specimens
with less than 2% water absorption. The research
presented herein introduces the new imaging technique
to overcome some limitations of the current available
methods and to integrate them into a single method
suitable for all mixture types, regardless of the mixture
design, aggregate gradation, size, fabrication condition
(laboratory or field cored), and surface texture. The
results and analysis of this study demonstrate that
introducing the imaging method into the measurement
of G, of asphalt specimens has been highly successful.
The following conclusion can be drawn from the
current study.

® Imaging techniques can be a reliable alternative for
measuring G, of any type of asphalt mixture specimen
and can do so more quickly and accurately.

® There is no water absorption limitation with imaging
techniques, such as the 2% limit found in AASHTO
T166.

® The imaging technique is highly repeatable, when
compared to CoreLok and AASHTO T166 methods.

® The accuracy of imaging techniques can eliminate the
need for measurement replication.

® The proposed imaging method allows the Gy, measure-
ment of asphalt mixture specimens, regardless of mixture
type, aggregate size, specimen dimension, and how the
specimen is obtained (laboratory produced or field
cores).

® The proposed imaging method can produce a highly
accurate Gp,;, measurement in 8 minutes or less.

® Measuring asphalt mixture Gy, by imaging does not
require specific operator expertise, therefore the meas-
urement is independent of the operator skill.

Given these conclusions, the following are recom-
mended.

® The proposed imaging method should be further trialed
in everyday use, both to collect additional data and test
the equipment in less hospitable environments.

® The proposed imaging method recommends asphalt
specimen Gy, be measured using 20 turntable steps
and medium meshing level.

® To measure the Gy, efficiently, the scanner location
should be adjusted based on the specimen dimensions,
with larger specimens requiring a longer working
distance between the scanner and specimen.
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