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Abstract

This research investigates the feasibility of application of high frequency immersion
ultrasonic measurement (UM) to discriminate different performance grade (PG) asphalt
binders. PG asphalt binder is one of the main components of hot mix asphalt used for
roadway construction. UT may provide an inexpensive alternative to sophisticated tests
currently used for quality control of PG asphalt binders. Nine different PG asphalt
binders used were selected for this investigation. Velocity (V) and integrated response
(IR) of the ultrasonic wave were measured. The IR is a measure of the ratio of ultrasonic
energy transmitted into the material to the ultrasonic energy reflected from the surface of
material, in decibels. The physical properties of PG asphalt binders are temperature
sensitive. Accordingly, the UM was performed at five temperatures. The results indicate
that velocity decrease with increase in temperature of the asphalt binder. UT could

distinguish between modified and non-modified asphalt binders. Discriminant Function

Analysis was used to predict the grade of the performance grade asphalt binders using the
UM.
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1. CHAPTER 1 :INTRODUCTION AND PROBLEM STATEMENT

1.1  Introduction

Asphalt binders have been used for many years in Hot Mix Asphalt (HMA) as part of
empirical or mechanistic mix designs. The quality control of pavement materials,
especially for asphalt binders, requires the extensive use of laboratory and field testing.
These tests are time consuming, and they require expensive equipment as well as skillful
technicians. The laboratory tests related to an asphalt binder are based on physical
properties that show how it will perform as a constituent in HMA.

Asphalt binders are categorized into “grades” based on their rheological properties.
Performance Grade (PG) is the most commonly used system and it has several
advantages over the other systems. Three major tests for PG asphalt binders, based on
the Strategic Highway Research Program (SHRP), are the Dynamic Shear Rheometer
(DSR) test, the Bending Beam Rheometer (BBR) test, and the Direct Tension Tester
(DTT). These tests are essential for quality control and quality assurance of asphalt
binders used in HMA. The DSR is used to characterize the shear viscous and elastic
behavior of asphalt binders at medium and high temperatures. The results of the DSR test
on asphalt binder ensure that the HMA pavement will resist against permanent
deformation (rutting) at high temperature and fatigue cracking at medium temperature.
The BBR and DTT provide a measure of low temperature stiffness and relaxation
properties of asphalt binders. These parameters give an indication of an asphalt binder's
ability to resist low temperature cracking. The DTT is used in combination with the BBR
to determine an asphalt binder's low temperature performance grading (Aspahlt-Institute,

2003).
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1.2  Problem Statement

The procedure of quality control (grade verification) of PG asphalt binders involves
testing with expensive laboratory devices. This procedure is time consuming and it needs
expert technicians. There is a need for a rapid, simple and non-destructive test to
determine the physical properties of asphalt binders. Ultrasound testing provides a viable
alternative to physical property tests for characterization of asphalt binders. By
developing a correlation between the results of ultrasound testing and physical testing of
mechanical properties, savings in time and money is possible.
1.3  Objective

The objective of this study is to find the best ultrasound technique to eventually be
used as a substitute for grade verification tests. This objective will be achieved in two
stages. The first stage will explore different ultrasound measurement configurations to
identify the best method that can distinguish between two or more PG asphalt binders. In
the second stage the ultrasound measurements with selected method(s) from the first
stage and physical property tests will be performed on an array of PG asphalt binders in
order to develop correlations. These tests and measurements are done at a range of
temperatures higher that room temperature. The statistical method of Discriminant
Function Analysis is used to predict the grades of asphalt binders when ultrasound
measurements of the asphalt binder samples are available.The potential economic impact

of the proposed method is presented in Appendix E of this dissertation.
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2. CHAPTER 2: GENERAL BACKGROUND

2.1  Basic Principles of Ultrasonic Testing

Ultrasonic Testing (UT) uses high frequency sound energy to conduct examinations
and make measurements. It can be used for, but not limited to, flaw detection/evaluation,
dimensional measurements, and material characterization. A typical Ultrasound Testing
inspection system consists of a pulser-receiver, transducer(s), and a display unit. A
pulser-receiver is an electronic device that can produce high voltage electrical pulse,
which causes the transducer to generate a high frequency ultrasonic energy. The sound
energy is transmitted through the material in the form of waves (McMaster, Non
Destructive Testing Handbook, 1959).

Sound waves propagate due to the vibrations or oscillatory motions of particles
within a material. An ultrasonic wave may be visualized as an infinite number of
oscillating masses or particles connected by means of elastic springs. Each individual
particle is influenced by the motion of its nearest neighbor, and both inertial and elastic
restoring forces act upon each particle.

The sound wave requires a physical elastic medium to travel (NDT, 2012). When a
particle of a material is displaced from its position by any stress, the inertial forces will
restore the particle to its original position; they are not moving away from the stress but
are vibrating around their equilibrium positions. Waves generated by a mechanical stress,
such as a transducer, become pressure waves, which transfer their energy to the material
moving from particle to particle.

The sound frequency range is wide from sub-sonic to high frequency as

demonstrated in Figure 2-1. Ultrasonic Non Destructive Testing (UNDT) utilizes the
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range of frequencies from approximately 20 KHz to over 100 MHz, with most work
being performed between 500 KHz and 20 MHz. Both longitudinal and shear, as well as
surface wave modes of vibration are commonly used. Many material analysis
applications will benefit from using the highest frequency that the test piece will support.
The reason is that the resolution of the measurement is better at a higher versus lower
frequency (NDT, 2012). Sound pulses are normally generated and received by
piezoelectric transducers that have been acoustically coupled to the test material such as

with water or oil.

infrasonic sonic ultrasonic hypersonic

| |
0 10" 10% 10° 10° 105 10° 107 10° 10° 10' Hz

Figure 2-1Acoustic Spectrum (Hyperphysics, 2011)

Descriptive information about wave theory and ultrasonic testing are presented in
chapter 3 of this dissertation.
2.2 Application of Ultrasound in Pavement Materials

Ultrasound has been used for the inspection of Portland Cement Concrete (PCC) for
many years. Its use in the inspection of asphaltic concrete is limited to mainly laboratory
based experimental studies, which have shown promising results (Sztukiewicz, R., 1991;
Dunning M., 1996). The coupling of ultrasonic testing with laboratory-based
performance testing of HMA would provide a vital link to rapid quality control testing
and quality assurance verification. Following are some of the previous researches on

application of ultrasound measurement in asphalt pavement materials.
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MichaelDunning (1996)evaluated the application of ultrasound testing, to detect
aggregate gradation differences in asphalt concrete pavements. Empirical data had
previously been used to suggest that the coarser the gradation, the less incidence's of
rutting. It was his thesis that the more coarse the gradation, the higher the velocity of a
sound wave through the asphalt concrete. This being the case, the velocity measure can
be used in a design or field quality control procedure as a correlation to a performance
test to choose a coarse gradation that has non-rutting field performance properties. Tests
were performed on actual production quality control samples of various gradation types
to demonstrate that the ultrasound velocities detect gradation (Dunning M. , 1996).
Figures 2-2 through 2-4 demonstrate that with further refinements, it would be possible to

develop quality control techniques, which would enable a rapid acceptance of materials.

Velocity vs % Asphalt Cement, Air & % Asphalkt Cement
Absarbed
8.0% 3.0%
70% 1 o 1 2.5%
% 6.0% 1 s, * E
5 5.0% - .. ] v T2 §
g 4.0% - | T Lisw o
g 3.0% 1 Rarel Y
' " 4 . e e 4 1.0%
F 5.0% - : by B
. < :
—_— 4 0.5%
0.0% . : , i : 0.0%
3900 4100 4300 4500 4700 4500 5100
Velocity (m/s)
# Asphalt Content 4 Avg % akr  m Asph Absotb by weight of aggr

Figure 2-2Velocity versus % Binder, % Air content and % Asphalt Absorbed (Dunning M., 1996)
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Figure 2-4Velocity versus % Voids Filled and Film Thickness (Dunning M. , 1996)

Michael Dunning (2006) used non-destructive testing with the non-contact

ultrasound in order to reduce the testing time. Four different asphalt concrete mix designs

were fabricated from four different aggregate sources with varied gradation and asphalt

cement. The comparison of the same sets were discerned with use of two signal

properties, Integrated Response (IR) against the tested material property of specific

gravity and a performance value of the Asphalt Pavement Analyzer (APA) rut test. The

research was performed in three phases. The first phase was to determine the type of

6
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ultrasound system, the sensitivity of the ultrasound system, and its parameters. The

second phase was to see if the ultrasound measurement of attenuation and material sound

wave velocity could correlate to the HMA material property of specific gravity and the

HMA performance rut depth value using APA. The third phase was to see if the

procedure would work in two other designs to demonstrate that the process was reliable.

It was demonstrated (Figures 2-5 through 2-7) that the IR and the material velocity does

relate to the bulk specific gravity average of all data sets within the gradation type or with

the use of individual HMA replicate sample sets (Dunning M. , 2006).
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Figure 2-5Average Gradation Type for Integrated Response and Specific Gravity (Dunning M.,
2006)
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Figure 2-7Average Gradation Type for Integrated Response and the APA Rut Depth (Dunning M. ,
2006)

The use of non-contact ultrasound was explored by AnandKrishnan (2005)in order to
find correlations between physical properties (viscosity and penetration) of asphalt binder
with ultrasound measurements of material velocity and Integrated Response (IR). Two
viscosity grade asphalt binder from two sources were picked and tested. Rolling Thin
Film Oven (RFTO) aged samples were also tested. Final results indicated that IR
correlation showed a peak at 30 degree Celsius which needs further researchincludong
chemical analysis at various temperatures. This research is unable to prove the correlation
conclusively but some trends are noticed (Figures 2-8 through 2-10) . Further research
would help in identifying setup conditions and reduce the errors generated (Krishnan,

2005).
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R.Lakes (2004) applied this technique for viscoelastic materials with the use of a
piezoelectric ultrasonic oscillator, which is based on a device that uses two piezoelectric
crystals, and the material cemented together. The properties of the material are inferred
from electrical measurements upon the sensor crystal and from the dimensions and
masses of the specimen and crystals (Lakes, 2004).

Spectral Analysis of Surface Waves (SASW) method was used by H. Alexander
(1992) to evaluate dispersive characteristics of surface waves to determine the variation
of the shear wave velocity with depth (Alexander, 1992). The SASW testing is applied
from the surface allowing for less costly measurements than with traditional borehole
methods (Figure 2-11). Once the shear wave velocity profilesare determined, the shear
and Young’s modulus of the material can be calculated.The shear wave velocity profiles
are determined from the experimental dispersion curves (surface wave velocity versus
wavelength) obtained from SASW measurements through a process called forward

modeling.

Rayleigh Wave Vertical Particle Motion

Material Short Longer
profile wavelength, wavelength,
AR1 Ar2

Figure 2-11SASW Surface Wave Profile (Alexander, 1992)
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Figure 2-12SASW Transducer Position and Analyzer Setup (Alexander, 1992)

Two receiversare placed on the surface, and a hammer is used to generate the wave
energy. Other sources can be used such as solenoid-operated impactors, large drop
weights, and bulldozers. Short receiver spacing is used to sample the shallow layers while
long receiver spacing is used in sampling the deep materials (Figure 2-12). Two profiles,
a forward profile and a reverse profile, are typically obtained in SASW measurements
where the accessible surface is struck by a hammer on two opposite sides of the receivers.
A signal analyzer is used to collect and transform the receiver outputs to the frequency
domain.

In a study by J. Sztukiewicz(1991) two ultrasound techniques were employed,
shallow transmission and pulse-echo, for the testing of asphalt concrete (Sztukiewicz,
1991). In both cases, the accuracy of the longitudinal wave was measured with an
accuracy of 0.1us. The transmission method was used on laboratory-fabricated samples
with contact transducers on either side of the samples while the thickness was manually
measured between the transducers. For the field application, the only feasible method was

the pulse-echo. The asphalt concrete layer was about 50mm thick and the distance of the

11
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transducers was measured manually. The author states that the longitudinal wave was
used for both and resulted in different velocities. The laboratory samples were tested at
200°C with 500 kHz transducers. The author utilized the Abram’s fractional grading
coefficient, which is similar to the concrete aggregate fineness modulus, to characterize
the mineral mix aggregate grading. It was found that the condition of the pavement could

be defined with ultrasound, which correlated directly with weather and traffic patterns.

12
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3. CHAPTER 3: INTRODUCTIONTO WAVE THEORY AND

ULTRASONIC TESTING

The research for this study utilizes equipment and transducers that use the Chirp
wave. The purpose of this section is to allow the reader to get a better understanding of
what this wave is and why it is used. The following are definitions of some key concepts
in wave theory;

3.1 Traveling Waves

Ultrasonic testing is based on the vibrations in materials, which are generally
referred to as acoustics. All material substances are comprised of atoms, which are able to
be forced into a vibration motion around their equilibrium positions. Acoustics is focused
on particles that contain many atoms that move in unison to produce a mechanical wave.
When a material is not stressed in tension or compression beyond its elastic limit, its
individual particles perform elastic oscillations. When the particles of a material are
displaced from their positions, internal restoration forces occur which can be measured as
a response to the acoustic pressure (Lempriere, 2002).

The three different types of pressure waves generated in the ultrasonic methods that
are applicable for material testing are longitudinal, shear, and surface waves. These
waves travel at three different velocities with the compression waves traveling about
twice as fast as the other two. The particle displacement of the compression wave is in
the same direction of the wave. The shear wave is next in velocity with the particle
displacement at right angles to the direction of wave travel. The Rayleigh (surface) waves

travel the slowest and generate waves along the surface pushing the particle displacement

13
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in an elliptical fashion. Waves that propagate entirely inside of materials are planar and
sometimes spherical represented by simple wave equations. These waves are governed
only by elasticity and inertia (NDT-ed.org).

In a material that is isotropic, the speed of a plane wave is the same in any direction.
Thus a point source excites spherical waves, which can be considered as plane waves
with infinitesimal distances on the perimeter of the sphere (Figure 3-1) (Lempriere,

2002).

Plane Waves

Spherical Envelope
Figure 3-1Example of Plane Waves on Sphere Surface (Lempriere, 2002)

The plane wave can be represented by an envelope of spherical waves emitted from

points over a plane, such as a transducer element as exampled in Figure 3-2.

S1enal Load

W 7 £ BT S SR B Flat Surface
: | es MO ) SRR : (Transducer face)
\ L ,’i P Pisd F 1
4 (1Y s L ] !
. 1 Adav S ! .
"
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7 > »* >
M Pla\','e wayve

Figure 3-2Example of Plane Wave Developed by Overlapping Spheres
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The acoustic waves associated with transmission through the air are longitudinal
waves, which are the type of wave that is used for this research. In longitudinal waves,
the oscillations occur in the longitudinal (parallel) direction to the direction of wave
propagation. The velocity of longitudinal wave is dependent to specimen’s geometry and
wavelength (Brown, 1995). Therefore, the velocity of a set dimensional material will be
different from that of infinite dimensions, which may affect the research results in that
the fabricated samples have fixed dimensions.

The longitudinal wave causes the molecules to be subjected to compression and
subsequent tension, creating a dense wave moving in one plane as demonstrated in Figure
3-3.1t is also sometimes called density wave because their particle density fluctuates as it
moves. Compression waves can be generated in liquids, as well as solids.

When the wavelength is less than one-fifth of the material lateral dimension, the

velocity is often referred to as a bulk specimen longitudinal velocity.

4— W:welnnplh 4>J

WMWWWJ MWNWWMWWWWWWL

Ct.'nmpmssmn Rarefaction C"“‘F""- ssion Rarefaction

«——— Wavelengith ———

Figure 3-3Compression Wave Vibration

3.2 Periodic Motion

The elasticity and a source of energy are what is needed for periodic motion. When
the elastic object is an extended body, then the periodic motion takes the form of

traveling waves (Figure 3.4). To produce a vibration frequency of “/” Hz, the source

15
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object must sustain periodic motion at “‘f” vibrations per second and the time between

cycles is represented in Equation 1:

P [1]
Tf

where
f =frequency

¢, = timerequired to completea full cycle

amplitude
(power])

i rne "

one oscillation
(frequency i=s number of
osoillations per second)

Figure 3-4Wave Properties

A single frequency-traveling wave will take the form of a sine wave. An example of
this wave is demonstrated in Figure 3-5, which represents an instant of time for the
relationship of the wave properties of frequency, wavelength, and propagation velocity.
The displacement of the material is perpendicular to the direction of propagation of the
wave. This wave cannot propagate in a gas or a liquid because there is no means for

driving the motion perpendicular to the propagation of the wave(Hyperphysics, 2011).

16
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Figure 3-5 Example of a Periodic Motion (Hyperphysics, 2011)

Among the properties of waves propagating in isotropic solid materials are
wavelength, frequency, and velocity. The wavelength is directly proportional to the
velocity of the wave and inversely proportional to the frequency of the wave. This

relationship is shown by the Equation 2:

1=2 [2]
f
where
v = velocity

A =wavelength
f =frequency

The wavelength,A, is the distance traveled by one cycle in an instant in time. A
change in frequency will result in a change in wavelength. As an example, for a
frequency of 100 KHz and a material velocity of 3,000 meters per second, the wavelength
would be 0.03 meters, or 30mm. In ultrasonic testing, the shorter wavelength resulting
from an increase in frequency will usually provide for the detection of smaller flaws
(Hyperphysics, 2011).

The reciprocal of a wavelength is the number of cycles for a given distance while the

wave number is the quantity of radians in one cycle:

17
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2 3]
A

where
k = wave number
A =wavelength

The motion relationship of distance with velocity and time is the key to the wave
relationship. One method of visualizing and developing equations is to use a vibrating
string. A solution to the wave equation for an ideal string can take the form of a traveling

wave as displayed in Equation 4:

y(x,t)= Asin%(x —vt)or

y(x,t)=4 sinzjﬂ (x + vt)

where
A = amplitude
v=velocity
x = Location of wave

t =Time

3.3  Phase Velocity
The progression of a wave is the wave-speed also termed phase velocity. The
material itself does not move, however, the wave-speed does depend on the material type

and, with exception of isotropic materials, also on the direction of the wave propagation.

The phase velocity, v is:

18
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v¢=%:f/1 [5]

where
@ = Angular ve locity
f =Frequency
A =Wave length

k = Wavenumber

The speed of sound in gas, liquids, and solids is predictable from their density and

elastic properties namely, the modulus, B. In a volume, the phase velocity is the general

Equation 6.
. \/ elastic property _ \/E [6]
inertial property yo,
where
V= Velocity
B =Modulus
p = Density

The property of the velocity that is calculated from Equation 6 is corresponding to
the modulus of the material. Shear velocity (velocity of the shear waves) is related to
elastic shear modulus and longitudinal velocity (velocity of the longitudinal waves) is
related to compression/tension elastic modulus.

3.4  Angular Velocity

For an object rotating about an axis, every point on the object has the same angular
velocity. The tangential velocity of any point is proportional to its distance from the axis
of rotation. Angular velocity has the unit of radian per second.

Equation 7 is represented by of a point following the perimeter of a circle as
indicated in Figure 3-6. The location on the perimeter at a given time is given by the

phase angle (Equation 8).
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=27 [7]
where

@ = Angular ve locity

f =Frequency

¢=kx—a)t=k(x—vt):27m 8]

where
k = Wavenumbe r
x = Distance
® = Angular ve locity
t =Time
A =Wavelength
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Figure 3-6 Phase Angle (Lempriere, 2002)

|

A steady wave oscillation with a magnitude of a(?z) as a function of time, with an

amplitude 4, and a angular velocity of wyields:

a(t): Asin ot 9]
where

t =Time

A= Amplitude

o = Angular Velocity
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3.5 Group Waves

A group wave will use numerous waves from the same source but at different
frequencies and/or velocities at the same instance by taking advantage of the constructive
influence of the combined wave patterns (Lempriere, 2002). When different waves
overlap, the portions that are in phase at one instant added to produce large peaks, which
are named constructive interference. If the waves are equal in positive and negative, they
cancel which results in no amplitude, named destructive interface.

The constructive and destructive effects result in one waveform of the combined

waves as demonstrated in Figure 3-7 and 3-8.

Costructive Desstructive
Waves Waves

A

Figure 3-7 Individual Waves of the Group

/O~

4

Figure 3-8 Combined Waves
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The use of the group wave is the main constituent in a Chirp signal and is the main

type of waveform that is used in this research. The use of a Chirp, which is a frequency

swept signal, instead of a single frequency, allows for a high power, broad bandwidth

signal to be used which gives excellent time resolution (Gan T.H., 2001).

3.6  Chirp Signal

The Chirp signal is related to the Doppler Effect in that the motion of the source

yields a differential perceived frequency of the transmitted frequency at a given point as

illustrated in Figure 3-9, which is summarized as a “Chirp” due to the similarity to a bird

or bat sound.

Signal in time

” Iy | |
M (A | | }~| | | {I ‘n“ i
-l |\| |

I

il 4 l”] ”'Hl

{i11LA .

Real part
o

Figure 3-9Example Of Doppler Effect Relative To The Chirp Signal (Gan T.H., 2001)

The use of the Chirp is applied in this research with a pulse-compression method.

With the use of pulse compression and the use of a Chirp signal, the result is an elongated

waveform with the width the overall duration of the signal and the rate of the frequency

sweep defining the Chirp (Gan T.H., 2001).

The wave that is generated with the Chirp signal is represented by Equation 10, and

has full amplitude as displayed in Figure 3-10.

22

www.manaraa.com



10
C(t):sin(a)st+%t2) 0<t<T L10]
where
¢ = Starting angular ve locity
B = Bandwidth
T = Pulseduration

t =Time

0 1 2 3 4 5
Figure 3-10Chirp Pre-Gaussian filter time domain (Gan T.H., 2001)
The Gaussian filter operator is a smoothing function that is used to smooth images
and remove detail and noise. It uses a formula that represents the shape of a Gaussian

(bell-shaped) hump as represented by Equation 11. The Gaussian distribution has the

form as displayed in Figure 3-11.

B [11]

2
e2o‘

G(x) =

1
N2
where

x = Distance

o = Standard deviation
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Figure 3-11Gaussian Distribution (Gan T.H., 2001)
If a Gaussian filter is not used, the Chirp would be a straight full amplitude signal

displayed from the lowest to highest frequency (Figure 3-10) which results in a bumpy

Fourier transformed frequency spectrum as indicated in Figure 3-12 (Gan T.H., 2001).

. Aponiay

06

Magnitude

0.4 =

o | . ) ' 1 ‘
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Frequency (MHz)

Figure 3-12Chirp Pre-Gaussian frequency domain (Gan T.H., 2001)

In order to eliminate this, a Gaussian filter is used represented by Equation 11.When
the filter is applied, the frequency spectrum is more defined, and visually there is the
distinctive bell shape as illustrated in Figure 3-13.The importance of this shape is to

assure good sensitivity for the application of non-contact transducers.
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Figure 3-13Filtered Chirp (Gan T.H., 2001)

3.7 Sound Pressure

Sound waves consist of pressure waves (longitudinal) and one of the ways to
quantify the sound is to state the amount of pressure variation relative to atmospheric

pressure caused by the sound as described in Equation 12 (Hyperphysics, 2011):

1(dB) = 1010glo{i} =20log,, {2} 12l
1, B
where
I = Intensity

P =amplitude of the pressure wave

The factor of 20 is from the factor of 10 for conversion from bels to decibels and a
factor of 2 is introduced because in acoustics, a signal characterized by its power is the
square of its magnitude.

Sound intensity, /, is defined as the sound power per unit area with the basic units of
watts/m> or watts/cm’. Many sound intensity measurements are made relative to a

standard threshold of hearing (/):

1 watts
2

1,=10"
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This decibel level of measurement is generally referenced to a standard threshold of

hearing at 1000 Hz for the human ear as stated above or in terms of sound pressure:

s V.
2
m

F,=2x10"
This value has wide acceptance as a nominal standard threshold and corresponds to
zero decibels. It represents a pressure change of less than one billionth of standard
atmospheric pressure.
The sound intensity will obey the inverse square law as long as there are no
reflections or reverberations. A plot as indicated in Figure 3-14 represents this intensity

drop.

sphere area

intensity at
4nr?

surface of sphere

source strength

The enargy twics as far fromihe 2
saurce is-spraad over four limss
the area, hence one-fourth the intensity.

Figure 3-14Inverse Square Example (Hyperphysics, 2011)

The power carried by a plane wave is proportional to the square of the amplitude.
The energy transferred to a material from a pressure wave is represented by the change in

decibels by Equation 13.

(Vz] [13]
AI(dB) =20log,, 7

where

V; and V; are the measured voltage amplitudes
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A plane wave will not change until it encounters a different material property that
affects the elastic response for the wave. The change in amplitude is called attenuation or
gain. This will result in a change in the waveform and affects the wave spectral content.

The attenuation is a negative value, however, if the signal is amplified, the logarithm
is positive which is then called gain.

The amplitude of a constant sine wave is the peak reached in each cycle. When there
are many superimposed waves at different frequencies such as a group wave, the
amplitude 1s defined as the peak. However, it is better to determine the character of the
wave through the amplitudes of the individual waves, which are called the spectrum. The
amplitudes of the stress and velocity in a wave are related by the acoustic impedance
(Lempriere, 2002).

3.8 Attenuation

Attenuation often serves as a measurement tool that leads to the formation of theories
to explain physical or chemical characteristics, which decreases the ultrasonic intensity as
shown in Figure 3-15.Ultrasonic attenuation is the decay rate of mechanical energy as it

propagates through material. A decaying plane wave is expressed in Equation 14.

A=A4.e™ [14]
where

A =reduced amplitude at some location

A, = amplitude of the wave

x = travel distance

e =napiers constant =2.71828

(Dividing by 0.1151 will convert to dB/length)

27

www.manaraa.com



Attenuation can be determined by evaluating the multiple back-wall reflections seen
in a typical display such as Figure 3-15. The number of decibels between two adjacent
signals is measured and this value is divided by the time interval between them. This

calculation produces an attention coefficient in decibels per unit time,U, This value can

be converted to nepers/length by Equation 15.

Sound's energy

Distance
Figure 3-15A-scan Display Example of Attenuation of a Signal

[15]

0.1151
a =
v

Ut

where
o = attenuation coefficiert (nepers/length)
v=velocity of sound (m/s)
U, =decibelsper second

3.9  Internal Friction
Attenuation is the combined effect of scattering and absorption, which is due to the

internal friction Q. This converts kinetic energy into heat from non-elastic material

responses or defects. Internal Friction is the ratio of change of amplitude to the initial

amplitude in a cycle as expressed in Equation 16.
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_ _ 16
Q:1:1 [16]

AA AE
ml— | 27—
) )
where
A = Amplitude
E = Energy

The factor 2 in the denominator is due to the energy being the square of the

amplitude. A frequency-dependent (), is represented by Equation 17.

—ax [17]
A=A,
where
a = -2 = attenuation coefficiert = 0115 lU,
c v

@ = Angular ve locity
QO = Internal friction
v = Velocityof sound

U, =dbs persec

Attenuation over a given distance x for a single wave is then expressed as Equation

18.

_ —8.686ax
20c

[18]

dB =—8.686ax

where
o = Attenuation coefficient

x = Distance

The above equation is expressed for a single wave to calculate the attenuation, and
the phase spectra, which are then used to calculate the phase velocity(Zhao, 2004). This
is the transmission velocity of a sinusoidal wave at a given frequency in a material. The
change of a waveform for a plane wave of this type of ultrasound due to the dispersion

through the material and attenuation can be described mathematically as:
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1

y 19
s(t) = ZAl.efx'x cos2xf, (t —1] [19]
i=1 V.

where
A; =amplitude
X, = attenuation coefficiert
t=time
v, =phase velocity
f. = frequency
n =1s the number of components,

x; and v, are frequency dependant

As an example, to simulate the process of waveform evolution of the pulse described
by Equation 19, an initial pulse s,(2) is first generated at x = 0, as shown in Equation 20.

With the use of a Chirp signal and due to the numerous sine waves, Fourier theory is
introduced at this point, which is any complex periodic waveform that can be
decomposed into a set of sinusoids with different amplitudes, frequencies and phases.
The process of doing this is called Fourier analysis, and the result is a set of amplitudes,
phases, and frequencies for each of the sinusoids in the Chirp waveform. Adding these
sinusoids together again will reproduce exactly the original waveform. A plot of the
frequency or phase of a sinusoid against amplitude is called a spectrumé.

The Gaussian wave is used for the pulse represented by the following:

[_tzj [20]
exp E

A\ (t) = WCOS(QJ?‘J)

where
f, = center frequency
B is the bandwidth
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Or expressed as:

si(0) =2 4,cos(27f1-06))
i=1
Aiis same as Equation 19, but was obtained by calculating a Fourier transform of the

Gaussian pulse and 6;isphase spectrum.

S:(t) /\/\‘

S.(t)

Figure 3-16Ultrasound Pulse Transmission

Assuming the length of the propagation path to be L, (Figure 3-16), the pulse

signals;(?) evolves into the pulse signal sx(2):

, 21
5(0=2 4" °°{2’%[%—£J‘ej -
i=1 %

i

where

v, =v0+f(j—;J

da . .
a, =, + f| — | = attenuation coefficiert
i 0 df

Figure 3-17 shows the transition of a pulsed signal reflection to frequency and time

domain amplitude.
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Figure 3-17Example of a) Pulsed Signal with Reflection, b) Amplitude of the Signal, c¢) Fourier

Transformed Signal

3.10 Acoustic Impedance

Sound travels through materials under the influence of sound pressure. Because
molecules or atoms of a solid are bound to one another, the excess pressure results in a
wave propagating through the solid (NDT-ed.org).Acoustic impedance is a ratio of
acoustic pressure to flow and is somewhat similar to electric impedance. An analogy is
the comparison with electrical resistance, which is often explained with the flow of water.
However, impedance is used instead of resistance because it is more complex than
resistance. In electricity with direct current, resistance is used. However, with high
frequency alternating current, impedance is used because more than the resistance in the
wire is involved. When using hydraulic resistance, it would be the ratio of the pressure
difference between the ends of a pipe to the flow in the pipe.Thus electrical resistance is

the ratio of the voltage applied to the electrical current it produces. The specific acoustic
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impedance is a ratio of acoustic pressure to specific flow, or flow per unit area, or flow
velocity.
The acoustic impedance Z of a material is defined as the product of density pand

acoustic velocity ¥ of that material.

Z=pv [22]
where

Z = acousticimpedance

p =density

V =welocity of the material

g

Unit = 5
cm” —sec

Acoustic impedance is used for the determination of acoustic transmission and
reflection at the boundary of two materials having different acoustic impedances, which
in turn generates the Integrated Response value. The reflected energy is that percentage
not absorbed by the material and reflected back to the transducer, while the transmission
energy is what percentage is passing through the material. Both are expressed in decibels.
3.11 Reflection Coefficient

Change in the acoustic impedance at the interface boundaries affects the amount of
acoustic energy that is reflected and transmitted. The values of the reflected and
transmitted energy are the fractional amounts of the total energy incident on the
interface. Note that the fractional amount of transmitted sound energy plus the fractional
amount of reflected sound energy equals one.

Ultrasonic waves are reflected at boundaries where there is a difference in acoustic
impedances (Z) of the materials on each side of the boundary. This difference in Z is

commonly referred to as the impedance mismatch. The greater the impedance mismatch,
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the greater the percentage of energy that will be reflected at the interface or boundary
between one medium and another.

The fraction of the incident wave intensity that is reflected can be derived because
particle velocity and local particle pressures must be continuous across the boundary
(Figure 3-18). When the acoustic impedances of the materials on both sides of the
boundary are known, the fraction of the incident wave intensity that is reflected can be
calculated with the Equation 23. The value produced is known as the reflection
coefficient. Multiplying the reflection coefficient by 100 yields the amount of energy
reflected as a percentage of the original energy.

N { 7,-7, T 23]
Z,+7Z,

where
R =reflectioncoefficiert
Z, = acousticimpedances of materiall

Z, = acousticimpedances of material 2

Enerey of the Energy ofthe E
R b E = reflected sound incident sound —
wiive
Material 1

Material 2 Energy ofthe

transmitted :Tl‘( E
a

sound wave

Figure 3-18 Reflected and Transmitted Energy of Sound Wave

Since the amount of reflected energy plus the transmitted energy must equal the total
amount of incident energy, the transmission coefficient is calculated by simply

subtracting the reflection coefficient from one.
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[24]

2
T:I—R:I—[ZZ_ZI} -4

Z,+7Z, Z,+2Z,)
where

T = transmiss ion coefficien t

R =reflection coefficien t

Z, = acoustic impedances of material 1

Z, = acoustic impedances of material 2

The reflection and transmission coefficients are often expressed in decibels (dB) to
allow for large changes in signal strength to be more easily compared. To convert the
intensity or power of the wave to dB units, one should take the log of the reflection or
transmission coefficient and multiply this value times 10. However, 20 is the multiplier
used here since the power of sound is not measured directly in ultrasonic testing. The
transducers produce a voltage that is approximately proportional to the sound pressure.
The power carried by a traveling wave is proportional to the square of the pressure
amplitude. Therefore, to estimate the signal amplitude change, the log of the reflection or

transmission coefficient is multiplied by 20.

3.12 Integrated Response

The Integrated Response (fundamental response) is one of the measured values used
in this research, which is directly related to the reflection coefficient of the
material(Bhardwaj, 2004). The Integrated Response (IR) is the calculated attenuation as
measured, in decibels, of the tested material using a Chirp signal.

The basic equation for how the IR is determined in the pulser-receiver is using the
amplitude spectra of the two signals; the initial, and the exiting. The signal is converted
to a decibel value, which is the unit of the Integrated Response, which is a function of the

sound pressure.
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If the material is homogeneous, the measurement of IR related to the reflection
coefficient is expressed as:
IR =20logR [25]
where

IR =integrated response

R =reflectioncoefficiert

Since the reflection coefficient in always less than or equal to one (not negative), the
amount of IR is always negative.
3.13 Ultrasonic Sources

Mechanical vibrations for measurement, analysis, or test purposes are generated by
electromechanical transducers, i.e., elements having the ability to transform electrical into
mechanical energy, and viceversa. For ultrasonic inspection at frequencies above 200
kHz, piezoelectrictransducers are used. These employ materials which generate electric
chargeswhen mechanically stressed, and conversely, become stressed when
electricallyexcited. Transducer elements suitably mounted for inspection work are
commonlycalled search units, crystals, or probes(NDT-ed.org).

The piezoelectric (pz) effect creates a mechanical stress in a pz material when an
electric field is applied as a voltage across it or it creates a voltage when a mechanical
stress is applied. The piezoelectric effect is a crystal, which acquires a charge when
compressed, twisted, or distorted. The transducer will contain a resonant material, a
coupling or wear-face, and a case which includes a reflector as illustrated in Figure 3-19.
The conversion of electrical pulses to mechanical vibrations and the conversion of
returned mechanical vibrations back into electrical energy is the basis for ultrasonic

testing (Figure 3-20).
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Figure 3-19Section of a Piezoelectric Transducer (www.NDT-ed.org)

piezoceramic
\
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Figure 3-20PiezoceramicExcitation (www.NDT-ed.org)

Contact transducers, non-contact transducers and immersion transducers are three
major types of transducers used in the industry and research fields. Following is the
description of each type of transducer.

3.13.1 Contact Transducers

The Contact Transducer is thus named due to it is having physical contact with the
material to be tested. They have elements protected in a rugged casing to withstand sliding
contact with a variety of materials. These transducers have an ergonomic design so that

they are easy to grip and move along a surface. They often have replaceable wear plates
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to lengthen their useful life. Coupling materials of gel, grease, oils, or commercial
materials are used to remove the air gap between the transducer and the component being

inspected.

3.13.2 Non-contact Transducers

A non-contact transducer is used without touching the material to be tested. Unlike
the contact transducer, which transmits the signal directly into the material, the non-
contact transducer signal passes first through air displayed in Figure 3-21.

In the materials industry, one of the early applications of non-contact ultrasound was
the testing of Styrofoam blocks by utilizing a 25kHz frequency (Bhardwaj, M. 2001). A
precursor to high frequency non-contact transducers was the 1982 development of
piezoelectric dry coupling longitudinal and shears wave transducers up to 25MHz
frequency. Dry coupling transducers feature a solid compliant and acoustically
transparent transitional layer in front of the piezoelectric materials. These devices, which
eliminate the use of liquid couplant, do require contact with the material. An important
by-product of dry coupling devices was the development of air-gas propagation
transducers, which utilize less than very low acoustic impedance matching layer of a non-
rubber material on the piezoelectric material. These commercially available transducers
have been successfully produced in a frequency range of 100 kHz to SMHz. These
devices quickly found applications in aircraft/aerospace industries for imaging and for

defect detection in fibrous, low, and high-density polymers, and composites.
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Figure 3-21Example of Contact and Non-contact Method

3.13.3 Immersion Transducers

Immersion transducers do not contact the component. These transducers are designed
to operate in a liquid (usually water) environment and all connections are watertight.
Immersion transducers usually have an impedance matching layer that helps to get more
sound energy into the water and, in turn, into the component being inspected (Figure 3-
20). Immersion ultrasonic tests utilize high-frequency mechanical vibrations to probe test
objects. These vibrations are coupledto test objects by immersing the crystal (which
provides the searching and receiving signals) and the test object in water or other suitable
liquid couplant (Figure 3-22).Immersed ultrasonic inspection may, in a limited way,
utilize the basic electronicequipment employed in contact pulse-reflection ultrasonic
testing(NDT-ed.org).

Higher test frequencies offeradvantages in immersion ultrasonic testing. Low
frequency or longer wavelengthspermit ultrasonic penetration to greater depth in the
material, but this deeperpenetration may cause the loss of near-surface resolution and

small flaw detection.To compensate for the loss of near-surface resolution, the part
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should be scannedfrom both surfaces(McMaster, Non Destructive Testing Handbook,

1959).

Figure 3-22 Immersion Ultrasonic Method (NDT-ed.org)

3.13.4 Radiated Fields of Ultrasonic Transducers

The sound that emanates from a piezoelectric transducer does not originate from a
point, but instead originates from most of the surface of the piezoelectric element. Round
transducers are often referred to as piston source transducers because the sound field
resembles a cylindrical mass in front of the transducer (Figure 3-23). The sound field
from a typical piezoelectric transducer is shown below. The intensity of the sound is

indicated by color, with lighter colors indicating higher intensity(NDT-ed.org).
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Figure 3-23 Cylindrical Beam of Sound Wave from a Transducer (NDT-ed.org)

Since the ultrasound originates from a number of points along the transducer face,
the ultrasound intensity along the beam is affected by constructive and destructive wave
interference as discussed in a previous page on wave interference. These are sometimes
also referred to as diffraction effects. This wave interference leads to extensive
fluctuations in the sound intensity near the source and is known as the “near field”.
Because of acoustic variations within a near field, it can be extremely difficult to
accurately evaluate flaws in materials when they are positioned within this area.

The pressure waves combine to form a relatively uniform front at the end of the near
field. The area beyond the near field where the ultrasonic beam is more uniform is called
the far field. In the far field, the beam spreads out in a pattern originating from the center
of the transducer. The transition between the near field and the far field occurs at a
distance, N, and is sometimes referred to as the "natural focus" of a flat (or unfocused)
transducer (Figure 3-23). The near/far field distance, N, is caused by amplitude variations
that characterize the near field change to smoothly declining amplitude at this point. The
area just beyond the near field is where the sound wave is well behaved and at its

maximum strength. Therefore, optimal detection results will be obtained after this point.
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Figure 3-24 Location of Transition between the Near Field and the Far Field (NDT-ed.org)

However, at some point the pressure waves combine to form a relatively uniform
front. The area where the ultrasonic beam is more uniform and spreads out in a pattern
originating from the center of the transducer is called the far field. Knowing where the far
field starts is important since optimal detection occurs when flaws are located at the start
of the far field. The transition point between the near field and the far field (sometimes
referred to as the "natural focus" of an unfocused transducer) can be calculated if the
frequency and diameter of the transducer and the speed of sound in the material are
known.For a piston source transducer of diameter (D), frequency (f), and velocity (V) in

a liquid or solid medium, Equation 26 calculates the near/far field transition point(NDT-

ed.org).
2 26
N_Df [26]
4y
where

N = near/far field distance
f =frequency
D =transducer's diameter

V = ultrasoun velocity
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3.14 Ultrasound Testing/Measurement Methods

Pulse/receive and pulse/echo and are two major configurations for ultrasound testing
and measurement.

In pulse/receive method one transducer emits the ultrasound wave and another
transducer receives the wave passed through the testing material (Figure 3-25). In the
diagram of amplitude-time (Figure 3-17) for a pulse/receive measurement there is only
one hump corresponding to the wave received by the receiver transducer (Figure 3-26).In
the graphical user interface (GUI) of the ultrasound system the time and IR

corresponding to the received pulse are given (Figure 3-26).

Figure 3-25 Pulse/receive Ultrasound
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Figure 3-26Amplitude-Time for Pulse/receive Ultrasound

Knowing the thickness of the material sample, the distance between two transducers,
and pulse velocity of the ambient medium (water or air), pulse velocity of the material is

obtained using Equation 27.

4 [27]
Vo = I—d
——t
Va
where

V.. =pulse velocity of material

d = thickness of the material sample

| = distance between two transducers
V, =pulse velocity of ambient medium

t =time of pulse

IR of the material is obtain knowing the IR of the regular pulse/receive test (given in
the GUI) and IR of the pulse when there is no sample between the transducer(Figure 3-

27) (Equation 28).
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IR, =IR, - IR, [28]
where

IR =integrated responseof the material

IR, = integrated responseof the pulse when test material presents

IR, =integrated responseof the pulse when test material does not present

IRa

Figure 3-27 Integrated Response of the Material from Pulse/reprieve Test

In pulse/echo method, one transducer emits the ultrasound wave and the same
transducer receives the reflected wave from the near or far surface of the testing materials
(Figure 3-28). In the diagram of amplitude-time (Figure 3-17) for a pulse/echo
measurement there are two humps corresponding to each receives (Figure 3-29). In the
graphical user interface (GUI) of the ultrasound system, the time and IR corresponding to
each reflection are given (Figure 3-29). Knowing the thickness of the material sample,

pulse velocity of the material is obtained using Equation 29.
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where
V_ =pulse velocity of material
d = thickness of the material sample
t, = time of reflectionfromsurface

t, = time of reflectionfrombottom

Tasting

Figure 3-28Pulse/echo Ultrasound

[29]
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Figure 3-29 Amplitude-Time for Pulse/echo Ultrasound
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Integrated response of the reflection from surface of the sample is called IR; and
from bottom of the sample is called IR,. Each IR corresponds to the reflection or
transmission coefficient that the pulse has been through before it receives by the
transducer (Figure 3-30). Equations 30 and 31 show the magnitude of each IR.

IR, =20logR, [30]
where
IR, =integrated response of the reflectionfromsurfaceo f the testing material

RW =reflectioncoefficiert at the inteface that sound wave passes

to material II frommaterial I

IR, =20logT, [31]
where
IR, =integrated response of the reflectionfrombottomo f the testing material

T = transmission coefficiert at the inteface that sound wave passes

through material I frommaterial II
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Figure 3-30 Reflection and Transmission of the Sound Wave at the Interface of Two Materials
(Pulse/echo Measurement)
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4. CHAPTER 4 :INTRODUCTION TO PERFORMANCE GRADE
ASPHALT BINDER

4.1 Asphalt Binder Grades

Grading of asphalt binders has been introduced by different methods over the years.
The main objective of these grading systems is to classify the binders based on their
rheological properties, assuming that these properties relate to the field loading condition
and binder performance. Penetration grading, viscosity grading, viscosity of aged residue
grading and SUPERPAVE performance grading are four major methods of grading
asphalt binders (Papagiannakis A.T., 2007).

Performance grading is the most commonly used system and it has several
advantages over the other three systems. It was developed considering the influence of
rate of loading on the binder properties. The second and the greatest advantage of
SUPERPAVE performance grade is that the laboratory tests are conducted at
temperatures that represent the geographical location in which the binder will be used.
The penetration and viscosity grading systems are based on tests at fixed temperatures

that may not represent the field temperature.
4.2  Performance Grade

Performance grade asphalt binder is noted by two numbers. The first number is the
average 7-day high pavement temperature and the second number is the minimum
pavement temperature in degree Celsius. For example, PG 76-22 is the asphalt binder
which is used in the climate area with average 7-day maximum pavement temperature
lower than or equal to 76°C and minimum pavement temperature higher than or equal to -

22°C. With 6°C intervals the high temperature varies from 46°C up to 82°C and low
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temperature varies from -46°C to -10°C. Figure 4-1 shows the major performance grade

asphalt binders used.

High Temperature, "C

52 bl 64 7o 76
o 10 | 5290 | 58-10 | 840 | 70-10 | 78-10
g 16 | 52-1B £5-1F F4-16 70-16 7616
E.’_ 22 52-29 g8-22 E4-22 Fo-22 il s
é 28 5228 f3-28 F4-285 70-28 7828
= 34| 2w 5834 | B4S4 | 7034 7B-34
40 | 5240 | BR4D | B44D T0-40 7E-40

[= g o

[ ]=High Guality Crude Ol

[ ]=todifier Required

Figure 4-1 Performance Grade Asphalt Binder (Interactive, 2012)

The performance of the asphalt binder as part of HMA under different climate

situations is tested during the procedure of quality control of asphalt binder. Three major

key resistance properties are examined by mechanical tests. Those are permanent

deformation resistance, fatigue cracking resistance and low-temperature cracking

resistance. Permanent deformation or rutting occurs at high temperatures as the asphalt

softens and the mix loses its elasticity and fatigue cracking is due to high volume of load

applications and aging of the asphalt. Low-temperature cracking occurs as asphalt

becomes brittle and the pavement shrinks in cold weather (Atkins, 2003). Table 4-1

shows the specifications of performance grade asphalt binder according to ASTM D 6373

(ASTM, 2007).
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Table 4-1Performance Graded Asphalt Binder Specification

PG 46 PG 52 PG 5B PG B4
Per o Sl —32 4046 | 1016 72 2854 20 46| 1622 28 54 40| 101622 28 3440
Average T-day maximurm <48 <52 <58 <B4
Pavement Design
Temperatura, °G
Minimum Pavement Design >—34> 40 [>-10>—16>-—"22>—P8>-34] >-16>-22>-28 | >—10>-16>-22>-28
Temperaturs,” £ > 45 > 40 = 46 >—34 » 40 = —34 > 40
Original Bindzr
Flash Point Temp., 092, =50
min °C
Viscosity, =
e e
Test Temp.. °C
Dynamic Shear, D7175:C 6 52 8 B4

G*/sind, min. 1.00 kPa
25 mm Plate. 1 mm BEJ:I
Test Temp, &t 10 mdis, °C

Ralling Thin Fiim Dven [Test Method D2872)
Mzss Loss, max, parcenl 1.00
Dynamic Shear, D7175: 4B b2 58 64
G7/sinG, min. 2.20 kPa
25 mm Plats, 1 mm Gap
Test Temp. at 10 radis,"C

Pressune Aging Vessel Residue (Praclice B6521)

PAV Aging Temperalure, °C7 90 80 100 100

Dynamic Shear, D7175: 10 7 4 25 22 18 16 13 10 7 25 22 19 16 13 31 28 25 22 12 {6
G"ging, max 500 kPa
8 mm Plate, 2 mm Gap
Tesl Temp. at 10 radis, "C

Siifiness, DEG4B:5 24 -30-36 0-6—-12-18-24-30-36 |-B 1218 -24-30| D-6-12—16—24-20

&, max 300 MPa.
m-valus; min, 0.300
Test Temp at 605, °C .

Direct Tension, DE7T23:5 —24 3035 0—6-12 18 24 -30-36 |-6-12 18 -24-30| 0-6-12—-18-24-30
Failure Strain, min. 1.0 %
Test Temp. & 1.0 mm/min.,
Gc N

PG 70 PG 76 P& B2
i Ll Lot —10—16 27— 28 54 40 |30 —16 22 28 84| 1016 0298 04
Averdge F-day masimur <70 <76 <B2
Pavement Design
Temperature, *G
Minimum Pavement Design >=10>-16>—22>-28 | >-10>—16>-22 >0 >—16>-22
Temperaiurs,” C* >—34 > 40 » 28 >34 > —28 >34
Flash Poird Temp., 092,
min °C
Vwmﬁg’ , D402
max, 3 Pa-s,
Tesl Temp., *C
Dynamic Shear, D7175:° 70 76 B2

Gsing, min. 1.00 kPa
25 mm Plate. 1 mm BEJ]
Test Temp. at 10 mdis, °C

Mass Loss, max, pamcent
Dynamic Shaar, D7176: 70 76 a2
G7/EinGg, min. 2.20 kKPa
25 mm Plate, 1 mm Gap

Test Temp. at 10 radis,"C

PAV Aging Temperaiure, °CY 100 100 100
Dynamic Shear, DT175: 3431 28 25 22 1B 37 34 31 2B 25 40°37 34 31 2R
&-ging, max OO0 kPa
8 mm FPlate, 2 mm Gap

Tesl Temp. at 10 radfs, "C
Creep Slifiness, DEE4R:E 0—6—-12 =18 —24 =30 0—&-—12-18-24 0D—6-12-18—-24
&, max 300 MPa.
m-value; min. 0.300
Tes! Temp al 80 5, *C :
Direct Tension, DE7F23:5 0—6-12-18-24 20 0-6-12 1824 0-6-12 -18-24
Failure Strain, min, 1.0 % )
E'EEI Temp. & 1.0 mmamin.,
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4.3 Aging of the AsphaltBinder

Aging is the change in the binder structure and composition due to exposure to
oxygen and severe temperature. This change makes the asphalt binder harder and more
brittle.

Two stages of aging occurrs in asphalt binder in the asphalt mix. Short term aging is
the aging of asphalt during the construction of the HMA and it is simulated in the
laboratory using the Rolling Thin Film Oven (RTFO) according to ASTM D 2872
(AASHTO T240) procedure. In this test, bottles with small amount of asphalt are placed
in a rack in an oven at the temperature similar to that used in asphalt mixing in the plant
(typically 162°C). A thin film of asphalt forms inside the bottle as the rack rotates around
its center (Figure 4-2). This film of asphalt is subjected to hot air flow as the bottle rotates

(Papagiannakis A.T., 2007).

Figure 4-2Rolling Thin Film Oven (RTFO)

Aging of asphalt also occurs during the service life of the pavement due to oxidation

which is called long term aging. This process is simulated in the laboratory by the
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Pressure Aging Vessel (PAV) according to ASTM D6521. In a PAV machine a thin film
of asphalt binder is subjected to oxygen at high pressure and high temperature for a
relatively long time (Figure 4-3). Aging in the field is more severe for thin films and

asphalt mixtures with connected voids (Papagiannakis A.T., 2007).

Figure 4-3Pressure Aging Vessel (PAYV)

4.4 SUPERPAVE Performance Tests of Asphalt Binders

Three mechanical tests are done to study the behavior of asphalt binder under
different loading and temperature conditions .The Dynamic Shear Rheometer (DSR) is
used to characterize the viscous and elastic behavior of asphaltbinders at medium and
high temperatures. The basic DSR test uses a thin asphalt binder sample sandwiched
between two circular plates. The lower plate is fixed while the upper plate oscillates back
and forth across the sample at 10 rad/sec (1.59 Hz) to create a shearing action (Figure 4-
4). DSR test is conducted at high temperature on un-aged and RTFO aged samples (first

temperature of the grade) and at medium temperature on PAV aged samples.
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Figure 4-4Dynamic Shear Rheometer, Stress/strain Variation, Test Configuration (Interactive, 2012)

The DSR measures a specimen’s complex shear modulus (G*) and phase angle (9).
The complex shear modulus can be considered the sample’s total resistance to
deformation when repeatedly sheared, while the phase angle is the lag between the
applied shear stress and the resulting shear strain. The larger the phase angle, the more
viscous the material (Figure 4-5) (Interactive, 2012)

In order to resist rutting, an asphalt binder should be stiff (it should not deform too
much) and it should be elastic (it should be able to return to its original shape after load
deformation). Therefore, the complex shear modulus elastic portion, G*/sind should be
large. When rutting is of greatest concern (during an HMA pavement’s early and mid-
life), a minimum value for the elastic component of the complex shear modulus is

specified.
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In order to resist fatigue cracking, an asphalt binder should be elastic (able to
dissipate energy by rebounding and not cracking) but not too stiff (excessively stiff
substances will crack rather than deform-then-rebound). Therefore, the complex shear
modulus viscous portion, G*sind, should be a minimum. When fatigue cracking is of
greatest concern (late in an HMA pavement’s life), a maximum value for the viscous

component of the complex shear modulus is specified (Interactive, 2012).

Viscous Axis
A Total Complex
Shear Modulus (G*)
|
|
Viscous < :
Portion |
|
Phase Angle |
i j' P Elastic Axis
——

Elastic Portion

Figure 4-5Complex Shear Modulus (Interactive, 2012)

The Bending Beam Rheometer (BBR) test and Direct Tensile Tester (DTT) provide
a measure of low temperature stiffness and relaxation properties of asphaltbinders. These
parameters give an indication of an asphalt binder’s ability to resist low temperature
cracking (Interactive, 2012).

The basic BBR test uses a small asphalt beam that is simply supported (Figure 4-6)
and immersed in a cold liquid bath. A load is applied to the center of the beam and its
deflection is measured against time. Stiffness is calculated based on measured deflection
and standard beam properties and a measure of how the asphalt binder relaxes the load

induced stresses is also recorded. Stiffness and the slope of the graph of variation of
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stiffness with time, both in log scale, are measured 60 seconds after stating the load
application. In order to resist low-temperature cracking, an asphalt binder should have a
low stiffness and high rate of stress relaxation. BBR tests are conducted on PAV aged

asphalt binder samples (Interactive, 2012).

Figure 4-6Bending Beam Rheomoter, Stress/strain Variation, Testing Configuration (Interactive,
2012)

The basic DTT test measures the stress and strain at failure of a specimen of asphalt
binder pulled apart at a constant rate of elongation (Figure 4-7). Test temperatures are

such that the failure will be from brittle or brittle-ductile fracture. The test is of little use
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at temperatures where the specimen fails by ductile failure (stretches without breaking).

DTT tests are conducted on PAV aged asphalt binder samples (Interactive, 2012).

4

Figure 4-7 Direct Tensile Tester, Testing Configuration (Interactive, 2012)

Some agencies including the Nevada Department of Transportation (NDOT) have
replaced the DTT test by the ductility test. The ductility test measures asphalt binder
ductility by stretching a standard-sized briquette of asphalt binder at a constant strain rate
(lem/min or 5 cm/min) (Figure 4-8, 4-9) to its breaking point. The stretched distance in

centimeters at breaking is then reported as ductility (Interactive, 2012).
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Figure 4-8Ductility Test

L HenavL

Figure 4-9 Ductility Tests Samples

The standard ductility test is performed at 25°C, but when it is used as a direct

tension test to characterize the low temperature performance of asphalt binder the test
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temperature is 4°C. Table 4-1 shows the specifications of performance grade asphalt

binder used in Nevada for ductility test at 4°C.

Table 4-2 Low Temperature Ductility for Performance Grade Asphalt Binder (NDOT)

Minimum Ductility (cm)
Grade
Original State | RTFO State
Polymer Modified 50 25
64 - *
Non-polymer 10 5
Polymer Modified 20 10
76 - *
Non-polymer 5 2.5

4.5 Modified Asphalt Binders

Modifiers have been added to asphalt cements to improve rheological properties of
asphalts (Theterm “asphalt cement” refers to anunmodified material, while the
term“binder” includes both modified andunmodified materials). These modifiers can
enhance the resistance of the asphalt pavements to permanent deformation, fatigue and
low temperature cracking, stripping, and oxidation. In order to meet the SUPERPAVE
specifications, especially for temperature grades over 70°C and under -28°C, modifiers are
necessary for most asphalt binders. Extreme climate conditions can have a negative effect
on HMA pavement performance. Cracking can occur in cold temperatures when asphalt
cement is too stiff, and rutting or other deformation can occur in hot temperatures when
asphalt cement is too fluid. An ideal temperature range exists for each asphalt cement, in
which it displays the right combination of viscous and elastic properties for good

pavement performance, as illustrated in Figure 4-10 (IllinoisDOT, 2005).
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BINDER STIFFNESS

CRACKING

GOOD
PERFORMANCE

RUTTING !

TEMPERATURE
Figure 4-10 Ideal Temperature Ranges for Good HMA Pavement Performance (IllinoisDOT, 2005)

4.5.1 Polymer Modified Asphalt Binder

Polymers can be added, which modify thenatural viscoelastic behavior of theasphalt
cement; thus, affecting the idealtemperature range. There are two mainclasses of
polymers used for this purpose:elastomers, which enhance strength athigh temperatures,
as well as elasticity atlow temperatures; and plastomers, whichenhance strength but not
elasticity. Threetypes of elastomeric copolymer modifiersare currently used:styrene-
butadiene diblock (SB), styrenebutadienetriblock (SBS); and styrenebutadienerubber
(SBR).

As an example of how polymer-modifierscan be useful, consider the three binders

(I, 11, and III) in Figure 4-10. Binder III has a narrow ideal temperaturerange that
would be suitable for use ina moderate climate with consistent year-roundtemperatures,
but not suitablefor a climate featuring extreme seasonaltemperature variations. In order
forBinder III to perform well in such aclimate, polymer-modifiers could be addedthat

would change its behavior to bemore like that of Binder I or Binder II.Both of those
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materials display wider idealtemperature ranges that are better suitedfor highly variable
temperatures. With allelse being equal, an HMA pavementcontaining Binder I would be
expected toperform the best under those conditions (IllinoisDOT, 2005).

In addition to improving pavement performanceat locations with extremehot-cold
temperature variations, there areother potential benefits of using polymermodifiedbinders
in HMA construction.Polymer-modified binders typically aremore viscous than
unmodifiedbinders, and tend to show improvedadhesive bonding to aggregate particles.
These properties result in athicker binder coating on the aggregateparticles that does a
better job of holdingthe particles together. Thicker bindercoatings usually take longer to
becomebrittle from oxidation, so the durability ofthe pavement can be improved.
Thebetter adhesion helps to minimize drain-downat the time of construction, and
alsohelps to reduce the tendency of thepavement to ravel once it has aged.

Areas which experience frequent heavytruck traffic and/or slow-moving trucktraffic
may benefit from the use ofpolymer-modified HMA mixtures. Thehigher viscosity and
improved adhesionprovided by the polymers help resistrutting under extremely heavy
loads, whileincreased elasticity improves the fatigueresistance from repeated cycles of
heavytruck loading over the lifetime of thepavement.

4.5.2 Rubberized Modified Asphalt Binder

Although they cost more than conventional binders, polymer modified asphalt
binders have been utilized for many years by many State DOTs. The high cost associated
with the modification process is mostly due to the availability of SBS material. The SBS
market was hit with a shortage of Butadiene lately, which affected both supply and cost

of polymer modified asphalt binders. It is important to have some alternative
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modifiers.Ground Tire Rubber (GTR), which contains styrenebutadienerubber (SBR), is a
cheap and “available from recycling” product that can be used as a modifier of asphalt
binder.

Rubberized asphalt-mixtures use this type of modified asphalt binder with improved
temperature susceptibility and flexibility. This modified binder is formed by the
interaction of crumb rubber with asphalt binder at elevated temperatures for a certain
period of time. This type of modified binder has several advantages including: a) increase
in the binder’s elasticity, and b) increase in its resistance to aging due to anti-oxidants
contained in tires.

Use of GTR in hot-mix asphalt increased substantially in the early 1990s due in large
part to FHWA’s mandate imposed in Intermodal Surface Transportation Efficiency Act
(ISTEA). The primary use of crumb rubber modified asphalt binders in pavement
applications include crack and joint sealants; binders for chip seals, interlayers, and hot-
mix asphalts; and membranes. Crumb rubber modifiers have been used in asphalt binders
used to produce quality hot-mix asphalt mixtures since the 1960s. There are several
benefits including: improved resistance to surface initiated cracking, aging and oxidation
resistance, fatigue, reflection cracking, and rutting resistance; increased night-time
visibility due to contrast in the pavement and striping; reduced tire noise, construction
time, splash and spray during rain storms; lower pavement maintenance costs and life
cycle costs; better chip retention, and savings in energy and natural resources by using

waste products.
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5. CHAPTER S :METHODOLOGY AND MATERIALS

This chapter includes the procedures and results which lead to selection of the best
ultrasound method and measurements configuration that can distinguish between two or
more performance grade asphalt binders. It also discusses the selection of asphalt binder
grades that would be tested with the selected method.

Contact and immersion ultrasound measurements have been tried with four different
approaches in this research. Advantages and disadvantages of each approach were
discussed. Some test results were shown. The approach(es) which succeeded to
distinguish between two or more different PG asphalt binders where selected for future
testing and investigation.

5.1 Approach 1: Pulse/Receive Contact Measurement with Contact
Transducers

In the first approach the asphalt sample in a tin cup was placed between two
transducer specified for contact test (Figure 5-1). In order to avoid sticking the transducer
to the sample and also to make sure that there is no air gap between the transducer’s
surface and the sample, a thin layer of couplant gel was applied to the surface of the

sample and bottom of the cup. The measurements were performed at room temperature.
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Figure 5-1Pulse/Receive Contact Measurement nﬁguration

Due to two major issues, this Approach did not deliver reliable results. First, the
sound wave traveled not only in the asphalt sample but also in the tin cup, and subtracting
the effect of the tin (which has a relatively high acoustic impedance mismatch with
asphalt) was almost impossible. Second, the sample was relatively small and the
thickness of the couplant gel, which was extremely difficult to have control on, had a
major effect on the time of flight of the sound wave.

5.2  Approach 2: Pulse/Receive Immersion Test with Contact Transducers

Two major issues involved in the first Approach were tried to be eliminated in the
second Approach. Therefore, instead of the tin cup a brass ring was used to cast the
asphalt sample and instead of the gel, water was used as the couplant. As it was presented
in Chapter 4, when water fills the gap between transducer and the testing material, the
method of ultrasound testing or measurement is immersion.

5.2.1 Design
In this Approach, an asphalt sample was cast in a brass ring with diameter of 2.5 in

(6.1 cm) and a thickness of 1 in (2.5 cm) (Figure 5-2).
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Figure 5-2Asphalt Sample

A top-open box with dimensions of 4x4x12 in (10x10x30 cm) was fabricated for

this Approach, as shown in Figure 5-3.

Figure 5-3Top-open Box for Approach 2

Contact transducers were placed on each side of the box, and the sample was placed
at the center bottom of the box (Figure 5-4). The test box was filled with deionized water
at room temperature .The sound wave emitted from one transducer passed through the
asphalt sample and was received by the other transducer, as illustrated in Figure 5-5 .
Given the distance between face of the two transducers and the speed of sound in water,
by measuring the time of flight of the sound wave from one transducer to the other, one

can calculate the sample’s velocity.
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Figure 5-4Bird’s Eye View of the Sample Placed between the Two Transducers

Asphalt Sample

Transducer ranstiter

Figure 5-SIllustration of the Sound Wave Traveling through the Sample

5.2.2 Measured Parameters

Material velocity and IR according to Equation 27 and 28 has been measured and
calculated, respectively. Testing materials were three PG asphalt binders, PG 64-10, PG
70-10 and PG 76-16, all taken from one source. Three identical samples from each grade
were cast and ultrasound parameters were measured three times at room temperature.

Table 5-1 shows the results of these measurements.
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Table 5-1 Velocity and IR Measured in Approach 2

Sample 64-10 70-10 76-16
no. Veasurement Vi (m/s) | IRy, (dB) | Vi (m/s) | IR, (dB) | Vi (m/s) | IR, (dB)
1 1808.6 0.724 1869.3 1.345 1900.4 1.040
1 2 1810.1 0.808 1869.8 1.346 1880.8 0.894
3 1810.8 0.874 1870.0 1.367 1880.3 0.856
1 1808.6 0.724 1849.2 0.474 1829.8 1.643
2 2 1810.1 0.808 1848.7 0.354 1832.1 1.633
3 1810.8 0.874 1848.5 0.301 1832.6 1.596
1 1808.8 1.115 1850.9 0.111 1850.6 1.725
3 2 1813.2 0.861 1851.0 -0.075 1849.2 1.749
3 1814.7 0.656 1851.0 -0.126 1848.1 1.731

5.2.3 One-way ANOVA on Data from Approach 2
To examine whether the average of each measurement for each PG asphalt binder is
significantly different or not, one-way ANOV A was performed on the data set. Table 5-2

is the summary of statistical analysis and Figure 5-6 illustrates the box plot of the results.

Table 5-20ne-way ANOVA on Data from Approach 2

Between Between Between
PG64-10 & PG70-10 | PG64-10 & PG76-16 | PG70-10 &  PG76-16
p-value 0.000 0.000 0.957
Velocity ioni
Slg.nlﬁcantly YES YES NO
different?
p-value 0.235 0.000 0.003
IR Significantl
gnificantly
different? NO YES YES
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Boxplot of 64-10, 70-10, 76-16 Boxplot of 64-10, 70-10, 76-16
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Figure 5-6 Boxplot of the Results from Approach 2
5.3  Approach 3: Pulse/Echo Immersion Test with Contact Transducer

5.3.1 Design

As it was stated in Section 4.2, in order to verify the high grade temperature of
performance grade asphalt binders, the DSR test is conducted at that temperature. For
example, G*/sind of the PG 64-10 should be higher than 1 kPa when the test is conducted
at 64-C.

This concept encouraged the researchers to conduct the ultrasound measurement at
temperatures higher than room temperature. Having no control on the temperature of the
water in the test box and sagging of the surface of the asphalt sample at high temperature
were the main problems which made ultrasound measurement impossible with the
configuration of Approach 2.

However, conducting a pulse/echo test on the asphalt sample in a tin cup that is
seated at the bottom of a water bath with temperature control (Figure 5-7) could be an

excellent idea for elevated temperature measurements.
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Figure 5-7Ultrasound Measurement Configuration in Approach 2

5.3.2 Measurements

Ultrasound measurements were conducted on asphalt binder samples at four elevated
temperature of 30°C, 40°C, 50°C and 60°C as well as room temperature. Tin cups with
diameter of 68.9 £0.02 mm and depth of 42.5+0.02 mm were used to hold the asphalt
samples (Figure 5-8). Same grades of asphalt binders as previous approach were selected
and three samples were made from each. Since the main testing is done on aged samples
during the grade verification of performance grade asphalt binders, RTFO and PAV aged
samples were also prepared and tested. Pulse velocity, IR; and IR, of the asphalt binders
according to Equations 29 through 31 were measured. Figures 5-9 through 5-11 show the

variation of velocity, IR; and IR, with temperature in measurements of the Approach 3.
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Figure 5-8Configuration and the Time of Flight for a Pulse/echo Immersion Ultrasound
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Figure 5-9Variation of Velocity with Temperature for Original and Aged Samples
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5.3.3 One-way ANOVA on Data from Approach 3
Analysis of variance for original asphalt binder does not show that ultrasound

measurement can distinguish between three asphalt binders.

Table 5-30ne-way ANOVA on Data from Approach 3

PG 64-10 and PG 70-10 PG 64-10 and PG 76-16
24Cc | 30C | 40c | 50c | 60C | 24c | 30c | 40Cc | 50Cc | 60C

p-value | 0.005 | 0.512 | 0.406 | 0.011 | 0.042 | 0.253 | 0.018 | 0.000 | 0.808 | 0.059
Velocity o

Significantly | yves | No | NO | YES | YES | NO | YES | YES | NO | NO

different?

p-value | 0.003 | 0.000 | 0.001 | 0.002 | 0.002 | 0.000 | 0.000 | 0.000 | 0.008 | 0.000
IR1 Significant

‘gnificantly | ves | veEs | YEs | YES | YES | YES | YES | YES | YES | YES

different?

pvalue | 0.101 | 0.001 | 0.301 | 0.545 | 0.700 | 0.000 | 0.000 | 0.001 | 0.050 | 0.002
IR2 | significant!

‘gnificantly | no | YEs | NOo | NO | NO | YES | YES | YES | YES | YES

different?

PG 70-10 and PG 76-16
24C | 30C | 40Cc | 50Cc | s0C

pvalue | 0.910 | 0.033 | 0.000 | 0.001 | 0.340
Velocity s ;

ignificantly

oot | NO | YES | YES | YES | NO

pvalue | 0.157 | 0.000 | 0.038 | 0.084 | 0.012
IR

Significantly

oot | NO | YES | YES | NO | YES

pvalue | 0.059 | 0.876 | 0.000 | 0.002 | 0.434
IR2

Significantly

oot | NO | NO | YES | YES | NO

5.4 Approach 4: Pulse/Echo Immersion Test with High Frequency
Immersion Transducer

Approaches 2 and 3 were involved immersion ultrasound measurement. However,
the transducers used were specified for ultrasound contact measurements. Also, the
recommended frequency of contact transducers was fairly low (250 kHz). According to

literature, high frequency measurement is more reliable for characterizing the behavior of
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viscoelastic materials (Bhardwaj, 2004). This encouraged the researchers to use high
frequency (> 1 MHz) transducers specified for immersion measurements.

Another advantage of the immersion transducers is that the connection cord connects
to the back of the transducer (Figure 5-12) (unlike the contact transducer which connects
to the side). This helps when the operator wants to change the depth of the penetration of

the transducer in to the water.

Figure 5-12 Immersion Transducer in Pulse/echo test

Only two performance grade asphalt binders were used in this Approach (PG 64-22
and PG76-22 and original state only). Similar parameters that were measured in the
Approach 3 were also measured here at the same temperatures. Figure 5-13 shows the
variation of velocity, IR; and IR, with temperature. Sample size (thickness) changed in
this approach due to the better response that could be obtained from a thinner sample.

This is discussed in Section 5.7.
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Figure 5-13 Variation of Velocity and IR with Temperature

5.4.1 One-way ANOVA on data from Approach 4
Analysis of variance for this measurements shows better results than the Approach 3

(using contact transducer).

Table 5-40ne-way ANOVA on Data from Approach 4

24C 30C 40C 50 C 60 C
p-value 0.000 0.010 0.000 0.000 0.542
Velocity ioni
Significantly |y po YES YES YES NO
different?
p-value 0.000 0.000 0.000 0.000 0.553
IR1 -
Significantly |y po YES YES YES NO
different?
p-value 0.000 0.000 0.000 0.000 0.007
IR2 o
Significantly |y po YES YES YES YES
different?
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5.5 Selection of the Best Method

All measurements showed decrease in velocity and IR from reflection from surface
with increase in temperature. Variation of the velocity with temperature using the
immersion transducer is very close to a linear relationship. Integrated response from
reflection from bottom of sample showed a minimum point for all asphalt binders, which
needs further investigation to find its reason. Pulse/receive measurement at room
temperature can distinguish between two grades asphalt binders that are 2 increments
away from each other (PG64-10 and PG76-16). Pulse/echo measurement using contact
transducer at room temperature cannot distinguish between asphalt binders. Increasing
the temperature of samples does not help to relieve the difference between measurements.
However, pulse/echo measurement using immersion transducer showed better results.
The Approach 4 relieved better results compared to 2 and 3 and it is selected for main
measurements of this research.

5.6 Selection of the Optimum Sample Thickness

Immersion transducer used in the Approach 4 was a high frequency (around 1 MHz)
transducer. This resulted in a week response from the bottom of the samples when 1.5
inches deep cups were used to hold the asphalt sample (Figure 5-14). A shallower cup
was needed to get a better response (maximum energy gain) from the surface as well as
the bottom of the sample. Cups with different depths were made and tested to find the

optimum depth (sample thickness).
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Figure 5-14 Week Response (Short Hump) from the Bottom of the Sample

Four tin cups with different depths, %4 *, 17, 1'4%, and 1'42”, were made and filled
with asphalt binder to the top (Figure 5-15). Samples were tested for the ultrasound

response from the surface and bottom at room temperature.

- K
= -

Figure 5-15 Samples with Different Thicknesses Tested to Obtained the Minimum Thickness

Results revealed that a thickness between % “and 1” would give the best response
from the surface and bottom of the sample. Tin cups with depth of 0.8 inch (20.3 mm)

were selected and used for the main body of the research.
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5.7  Asphalt Binder Grade Selection

In the selection of the asphalt binder the researchers started with the grades used in
Nevada. PG76-22 and PG64-28 are two main grades that are used in Southern and
Northern Nevada, respectively. Both grades are modified due to the high and low
temperature grades. Two types of modifiers common in Nevada are SBS polymer and
crumb tire rubber. Asphalt binders modified with the SBS have “NV” at the end of the
grade name and asphalt binders modified with the crumb tire rubber have “TR” at the end
of the grade name. PG64-28NV, PG64-28TR, PG76-22NV, and PG76-22NV, all from
one source, were the first four grades obtained for this research. Having both SBS
modified and tire rubber modified might result in observing the differences in ultrasound
responses. PG76-22 produced by a different source was also used. To avoid confusion,
from now on this grade is noted as PG 76-22E. Next selected grade was PG64-22 which
is also produced and used in the middle part of Nevada. This grade is usually not
modified but some suppliers may produce modified PG64-22.

Other selected grades are used in California. PG64-10, PG76-10, and PG64-16 are
used on the South Coast, Central Coast and Northern Coast of California, respectively.
None of these grades are modified. PG64-10 and PG64-16 as well as PG64-22 are
suitable grades to make comparisons with PG64-28. PG76-10 is a suitable grade to make
comparisons with PG76-22. Table 5-5 summarizes all nine selected grades and the reason

for their selection.
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Table 5-5Selected Grades for the Main Research

Selected Grade  [Reason of Selection

PG64-28NV Used in Northern Nevada

PG64-28TR Compare with PG64-28NV respect to ultrasound response
PG76-22NV [Used in Southern Nevada

PG76-22TR Compare with PG76-22NV respect to ultrasound response
PG64-22 Compare with PG64-28 respect to ultrasound response
PG76-22E Compare different sources

PG64-10 Compare with PG64-28 respect to ultrasound response
PG76-10 Compare with PG76-22 respect to ultrasound response
PG64-16 Compare with PG64-28 respect to ultrasound response

All these grades were ordered from the sources by the researches and were tested
according to the descriptions in Chapter 6.

5.8 Samples

Asphalt binder sample for the ultrasound measurements were cast in the tin cups.
Dimensions of the cups according to Section 5.7 were depth = 20.3mm and diameter =
60mm. Asphalt binder was heated in the oven to the temperature close to mixing
temperature of asphalt concrete (around 163 "C) and then poured in to the cup.

Thickness of the material has a major effect on the results of velocity measurement
in ultrasound. For example, in asphalt binder samples in cups with depth of 20.3mm and
diameter of approximately 60mm, 1 mm difference in the assumed thickness of the
material may lead to 5% error in the calculated velocity of the material. Therefore, the
cups should be filled with the asphalt binder in a way that there is maximum confidence
in the thickness of the asphalt binder. To assure that, the first method used was filling the
cup to its inside marked line. The mark was made through an accurate measurement with
a caliper. The defect of this method occurred when the ultrasound measurements were
performed at high temperature. Due to the softness of the asphalt binder at high

temperature (higher that 45-50 ‘C) and high surface tension between asphalt and tin, a
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concave surface was formed on asphalt sample (Figure 5-16). This had unwanted effects

on the measured parameters.

MNarked line

Filled np to the marlk After heating

Figure 5-16Concave Surface Due to Heating

The second method was to fill the cup with the asphalt binder to the top. Therefore,
the thickness of the asphalt binder is equal to the depth of the cup. For the early
measurement (in approaches of the methodology section) the method that was used was
making a temporary aluminum collar at the top of the cup and then flush trimming the
extra from top of the cup with a hot knife (Figure 6-17). This method was untidy and the
final surface of the sample was not smooth enough. Unsmooth surface had unwanted
effects on the measured parameters, especially on IR; (Integrated Response of the sound

wave reflection from the surface of the material).
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 temporary aluminumn collar

P

.. Tin cup
b \\

Asphalt
- / b

Filled over the top Flush trimming the extra with hot knife

Figure 5-17 Flush Trimming Method

After a discussion with asphalt lab technicians, the method of measured mass was
tried. At the time of pouring the asphalt into the cup, asphalt is hot and liquid with a
lower density (higher volume) compared to room temperature. So the mass of the asphalt
that makes a full cup (volume of asphalt is exactly equal to the volume that the cup can
hold) has higher volume than the cup can hold. Thanks to the surface tension between
asphalt binder’s molecules this amount of mass does not over flow from top of the cup at
high temperature of pouring (Figure 5-18). In a trial and error process the amount of
asphalt that would fill to the top the cup was obtained. This amount for a cup with inside

diameter of 60mm and depth of 20.3 mm was equal to 63 grams.

Tin cap
A A

2
A
P \

Asphalt
:./' "-\\ .

=)

Convex Smrface at High Temperature After Cooling Down

Figure 5-18 Using Surface Tension to Fill a Full Cup
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From each asphalt binder grade, 5 replicates were made from original as well as
RTFO-aged and PAV-aged asphalt binder. Total of 135 samples were fabricated and
ultrasound parameters were measured at five different temperatures.

5.9 Bubbles in the Hot Water

In the early measurements, deionized water was used in the water bath of the
immersion ultrasound. The advantages of the deionized water were availability in the lab
and also the fact that the density and velocity of the deionized water are much closed to
distilled water and could be found in the literature. The only disadvantage was the
bubbles that formed in the water at high temperature. Because the asphalt binder is soft at
high temperature (higher that 45-50 ‘C), when the bubbles form on the surface of the
sample they make rough (unsmooth) surface (Figure 5-19). As it was mentioned before,
unsmooth surface has unwanted effect on the measured parameters, especially on IR ;. To
overcome this defect deionized water was replaced by distilled water. The dissolved air is
removed, to some extent, in the process of making the distilled water. To make sure the
amount of dissolved air is reduced to the minimum amount the distilled water in the
water bath was heated up once to 70°C (maximum temperature of the measurements) over
night and then cooled down in the room temperature. This process reduced the bubbles

formed on the surface of the samples to almost no bubbles (Figure 5-20).
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A

Figure 5-20 Reduction in the Amount of Bubbles after Using Distilled Water
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6. CHAPTER 6 :DISCRIPTION OF THE DATA ACQUIRED

This chapter includes a description of the data acquired during two phases. In the
first phase the mechanical testing was performed on the selected asphalt binders to a)
verify their grades based on SUPERPAVE grading system and b) obtain rheological
properties of asphalt binder for examining the possible correlation with ultrasound
measurements data. In the second phase ultrasound measurements, according to the
selected method in chapter 5, were performed on the selected asphalt binders.

6.1 Phase I; Mechanical Tests

In the first phase some of the mechanical tests, which are done to verify the grade of
the asphalt binder in SUPERPAVE system, were performed on the selected asphalt
binders.

6.1.1 The DSR and BBR

The DSR tests on original and RTFO-aged samples were performed and shear
modulus as well as phase angle were measured. Three replicate samples, from each
grade, were made and tested with the DSR. The average of three samples was calculated
and used for the data analysis. If the measured parameter (G*/sind) was not repeatable
more replicates would be tested and the data point(s) of the range would be eliminated.
Repeatability according to ASTM for original samples means the all the measurements
are in the range of (average + 6% of the average), and for RTFO-ages samples in the
range of (average + 9% of the average). DSR test was also performed on PAV-aged
samples and G*xsind was measured. In order to check for repeatability for PAV-aged

samples all the measurements should be in the range of (average + 11% of the average).
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The BBR tests on PAV-aged samples were performed and stiffness as well as m-
values was measured. Two replicate samples were made and tested with the BBR. The
average of three samples was calculated and used for the data analysis.

Table 6-1 shows the results of the average of replicates for the DSR, BBR and
ductility tests on the selected performance grade asphalt binders. As you can see all

asphalt binders were “passed” in the verification for their grades.

Table 6-1Rheological Properties of Selected Asphalt Binders

DSR DSR BBR (PAV) Ductility at
(ORG) | ®TFO) | PSRPAV) m s | mvalue | 4°C (om)
Grade G*/sind(kPa | G*/sind(kPa | G*xsind(kPa (MPa) at 60 s ORG | RTFO

PG64-28NV 1.50 339 1571 133 0335 | 785 | 411
PG64-28TR 1.42 2.68 1783 170 0338 | 666 | 362
PG76-22NV 1.36 1.90 905 116 0342 | 544 | 223
PG76-22TR 1.42 2.46 732 98 0373 | 31.8 | 22.1
PG64-22 .13 2.95 3589 182 0323 | 184 | 53
PG76-22E 137 2.62 610 71 0364 | 39.6 | 23.8
PG64-10 1.65 443 4257 55 0.418 6.5 0.4
PG64-16 137 3.60 4332 102 0380 | 109 | 43
PG76-10 1.01 239 2148 87 0.352 03 0.6
Specs. >1.00 >2.20% <5000 <300 | >0.300 | ** o

* NDOTaltered this to (>1.80) for PG 76-*
** According to Table 4-2

Descriptive data from mechanical tests is presented in Appendix A of this
dissertation. In those tables the elastic portion (G') and viscous portion (G") of the
complex modulus (Figure 4-5) have also been calculated and presented. They were used
in the check for possible correlation with ultrasound measured data.

6.1.2 Ductility

As it was mentioned in Chapter 4 according to NDOT specifications the low
temperature ductility test is performed as a direct tension test for low temperature
performance of asphalt binders. From each grade three replicate samples were made and

tested for ductility. Figure 6-1 shows the average of the result of ductility test on three

84

www.manaraa.com



replicates for the selected grades. As expected modified asphalt binders showed higher

ductility at low temperature.

90
80
70
60

50
40 ®ORG
30
20 B RTFO
10 L
0 r L
4 NG

Figure 6-1 Results of the Ductility Test

Ductility (¢cm)

Three major types of failure were observed in the ductility test. Type 1, which
occurred in the modified asphalt binders, was a ductile failure after a relatively long
elongation (Figure 6-2). Type 2, which occurred in PG64-22 and PG64-16, was a ductile
failure after a relatively short elongation (Figure 6-3). Type 3, which occurred in PG64-

10 and PG76-10, was a brittle failure after seconds of applying the strain (Figure 6-4).
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Figure 6-4 Type 3 Failure in the Ductility Test

6.1.3 Phase II; Ultrasound Measurements

Ultrasound parameters were measured in selected asphalt binder grades in an
immersion test according to the Approach 4 presented in section 5.4. As it was shown in
the Approach 4, room temperature is not a reliable temperature for ambient conditions
because it changes seasonally and even weekly. For the ultrasound measurements on the

selected grades room temperature was eliminated and 70°C was added to the

temperatures.
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In the process of the recording of the ultrasound data in the Approach 4 it was

observed that the Amplitude of the reflected sound wave from surface and bottom of the

sample changed between grades and also between temperatures. This encouraged the

researchers to record these two Amplitudes as well as velocity and IR. It could be a

suitable parameter to distinguish between different grades. Amplitude of the surface

reflection and bottom reflection were noted as A; and A,, respectively.

6.1.4 Extra Asphalt Binder Grades

To expand the data base of the ultrasound measurement researchers decided to

collect more asphalt binder grades. Four more PG asphalt binders were obtained from

NDOT Material Division Lab in Las Vegas. These are left over from their performance

grade verification tests. Table 6-2 shows the results of the grade verification on the

mentioned asphalt binders.

Table 6-2 Rheological Properties of Added Asphalt Binders

DSR DSR BBR (PAV)
(ORG) | ®TFO) | PSRPAV) 1m0 T mvalue at

Grade G*/sind(kPa) | G*/sind(kPa) | G**sind(kPa) | s (Mpa) 60 s
PG58-28 1.08 2.67 3890 237 0.323
PG70-28 1.97 3.95 1770 180 0.326
PG 76-28 1.15 2.91 1800 205 0.310
PG 58-34 1.24 2.55 2210 211 0.321

Specs. >1.00 >2.20% <5000 <300 >0.300

Since a little amount of these asphalt binders was left, 3 replicate samples only from

the original binder could be made out of them for ultrasound measurements.

6.1.5 Measured Parameters

Time of flight and IR corresponding to each received pulse by the transducer are

given in the GUI of the ultrasound system (Figure 3-29). These four parameters (Tofj,

IR;, Tof,, and IR,) were measured 10 times for each sample and recorded using the GUI.
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The average of 10 measurements was calculated later. Amplitudes for each received
wave, however, were observed and recorded manually. Using Equation 29, velocity of
the asphalt sample was calculated and recorded.

According to Equation 30, the IR, (integrated response from the surface of the
sample) is a function of reflection coefficient of the sound wave when it reflects at the
interface of water and asphalt. Reflection coefficient itself is a function of acoustic
impedance of water and asphalt, according to Equation 23. And finally, according to
Equation 22, acoustic impedance of each material is the production of its density and

velocity. Combining the three equations will result in Equation 32;

_ 2 _ 2 [32]
IR, = 2010gRW/A = 2010g|:M:| — 2010g|:pAVA pWVW}
at Ly PV + Py

This equation is used when the variation of IR; with temperature is discussed in
Chapter 7. Figure 6-5 illustrates the pulse waves involved in the immersion ultrasound
used for this research.

According to Equation 31, the IR, (integrated response from the bottom of the
sample) is a function of transmission coefficient of the sound wave when it passes
through the interface of water and asphalt. Transmission coefficient itself is a function of
acoustic impedance of water and asphalt, according to Equation 24. And finally
according to Equation 22, acoustic impendence of each material is the production of its

density and velocity. Combining the three equations will result in Equation 33;
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42,2, |[z,-2,T 3]
IR, =20logT,, =20lo — L
Y|z +2,

(Z,+2y

where
Z.. = acousticimpedances of tin

Figure 6-5 Pulse Waves Involved in the Immersion Ultrasound

Values of the measured parameters in this phase are presented in tables in Appendix

B of this dissertation.
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7. CHAPTER 7 :ANALYSIS OF RESULTS AND DISCUSSIONS

This chapter includes the analysis of the data presented in Chapter 6. The analysis is
divided into three major categories. In the first category the variation of the ultrasound
measurements with temperature was discussed. In the second category correlations
between the results of the ultrasound measurements (ultrasound properties) and the
results of the mechanical tests (rheological properties) on the asphalt binder were
developed. In the third category the Discriminant Faction Analysis was used to predict
the performance grade of the asphalt binders using the data of ultrasound measurements.
7.1  Variation of the Ultrasound Parameters with Temperature

Variation of the Velocity, IR; and IR, with changes in testing temperature is studied
in this section.

7.1.1 Variation of Ultrasound Velocity with Temperature

General Trend

Molecules at higher temperatures have more energy, thus they can vibrate faster.
Since the molecules vibrate faster, sound waves can travel more quickly. So, the speed of
sound wave in solids and liquids increases with increase in temperature of the material
body. Speed of sound in solids is generally higher than liquids because the molecules are
closer together and more tightly bonded in solids. Asphalt binder is a material that
transforms from solid state to liquid state in a relatively short range of temperature. At
30°C which is close to room temperature asphalt binder is solid with high velocity. When
temperature increases, its state changes from solid to semi-solid and liquid which shows a

lower ultrasound velocity.
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Graphs of variation of ultrasound velocity with temperature for the selected grades
are presented in Appendix C of this dissertation. Following is the discussion on the plot
for only one grade.

Figure 7-1 shows the variation of ultrasound velocity versus temperature for original,
RTFO-aged, and PAV-aged PG76-22NV. All the data points presented in this chapter are
the average of five samples. Ultrasound velocity decreases with increasing temperature,

as expected.

1900
X #76-22NV ORG
1800 | 76-22NV RTFO
o » %76-22NV PAV
-~ 1700 F
g * X
21600 I
g X
= .
~ 1500 | A
1400
1300 1 1 1 1 1 J
20 30 40 Temperifure («C) 60 70 80

Figure 7-1Variation of Velocity with Temperature for PG76-22NV

Aged versus Un-aged Asphalt Binder

It was also observed that the aged asphalt binder has higher velocity compared un-
aged. This confirms the fact that during the aging process the lighter, oily constituents of
asphalt binder either evaporate or oxidize to the heavier, solid constituent like resins and
asphaltenes. This change in velocity is more severe in transition from “RTFO to PAV”

than “original to RTFO”, because of the longer aging time the higher pressure involved.
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Regression
Variation of ultrasound velocity with temperature was fitted in a regression curve
(Figure 7-2). Among the possible functions to examine, logarithmic function showed the

best fit for variation of Velocity with temperature for all grades.

1900 ¢ 76-22NVORG
N 76-22NV RTFO
\.
1800 YN X 76-22NV PAV
s YT A 53T Log. (76-22NV
~1700 F . '~ ' ORG)
R4 S e Log. (76-22NV
£ R o Toe Pe2aNy Pay
21600 + y = -422.9In(x) + 2283 g (76- )
g R = 0.9986
)
Z 1500 |
1400 F y=-397.2In(x) + 3093.5
R® = 0.9969
1300 1 1 1 1 1 ]
20 30 40 Tempergpure (-C) 60 70 80

Figure 7-2 Regression Curve for Variation of Velocity with Temperature

Distinguish between Different Grades

To compare different asphalt binders with the same high temperature grades Figures
7-3 and 7-4 are shown. In these Figures variation of velocity with temperature for
original asphalt binders is presented. As you can see modified asphalt binders have lower
velocity than unmodified asphalt binders. The reason why the modifiers reduce the
velocity of the asphalt binder is discussed in section 7.2. Another observation in these
plots is that velocity measurements can distinguish between SBS modified and tire rubber
modified asphalt binders. In PG64-28 tire rubber modified shows higher velocity than

polymer modified while in PG76-22 is vice versa. These differences were only observed
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in original asphalt binders. Velocity of the aged samples did not show difference between

polymer and tire rubber modified PG76 asphalt binders.
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Figure 7-3 Variation of Velocity with Temperature for Original PG64-*
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Figure 7-4Variation of Velocity with Temperature for Original PG76-*
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Figure 7-5Variation of Velocity with Temperature for RTFO-aged PG64-*
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Figure 7-6 Variation of Velocity with Temperature for PAV-aged PG64-*
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Figure 7-7Variation of Velocity with Temperature for RTFO-aged PG76-*
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Figure 7-8 Variation of Velocity with Temperature for PAV-aged PG76-*

7.1.2 Variation of IR; with Temperature
The IR, (integrated response from the surface of the sample) is a function of density

and velocity of water and asphalt. When temperature increases, density of the water
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decreases and velocity increases, but rate of increase in velocity is higher than decrease in
density, so the acoustic impedance increases. In asphalt, however, by increasing the
temperature, density in velocity both decrease, so acoustic impedance decreases. There is

a point (temperature) at which the acoustic impedance of the asphalt and water are equal.
At that temperature reflection coefficient ([(Z =2, )/ (Z t+Z, )]2) is zero and integrated

response goes to negative infinite (—oo). This point was observed in the variation of IR
with temperature. Figure 7-9 shows the variation of IR1 with temperature for original,
RTFO-aged, and PAV-aged PG76-22TR. Graphs of variation of IR; with temperature for

the rest of the selected grades are presented in Appendix C of this dissertation.

Temperature (°C)
20 30 40 50 60 70 80
-20 T T T T T 1
X
25+ ® .
X
~-30
*
% ®
Z |
*
76-22TR ORG X x
-40 - 76-22TR RTFO
% 76-22TR PAV
45 -

Figure 7-9 Variation of IR; with Temperature for PG76-22TR

As it was shown, when temperature increases, IR; first decreases and then increases.
By fitting a logarithmic curve to the data points, the temperature at which the acoustic

impedances are equal can be found (Figure 7-10). As expected the temperature at which

96

www.manaraa.com



the acoustic impedance of the asphalt binder is equal to the one of water is higher for

aged (T,,, ) than for un-aged (7, ) samples, due to hardening of the asphalt after aging.

20 30 40  Tempgrature (°() 70 80
-20 - T T T : T 1 T 1
1
%'\,\. T*ORG ' T*PAV ’/
25 F 2 2

#76-22TR ORG
40 T 476-22TR RTFO
%76-22TR PAV

Figure 7-10 Approximate Regression for Variation of IR, with Temperature

7.1.3 Variation of IR,with Temperature

According to Equation 33, the IR, (integrated response from the bottom of the
sample) is a function of density and velocity of water, asphalt, and tin. Tracking the
variation on IR, with temperature is not as easy as IR;. However, a general trend of
increasing with increase in temperature was observed. Figure 7-11 illustrates the variation
of IR, with temperature for original, RTFO-aged, and PAV-aged PG76-22NV. Graphs of
variation of IR, with temperature for the rest of the selected grades are presented in

Appendix C of this dissertation.
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Figure 7-11 Variation of IR, with Temperature for 76-22NV

7.2 Correlations

In this section it is tried to form correlations between the rheological properties and
ultrasound measured parameters of asphalt binders. Elastic shear modulus from dynamic
shear test and stiffness from bending beam test are two mechanical/rheological properties
that their variation with Velocity and IR of the ultrasound is studied.

7.2.1 Elastic Shear Modulus of Dynamic Shear

The first possible correlation is between elastic portion of the complex shear
modulus and Velocity of the asphalt binders.

Figure 7-12 shows the variation of elastic portion of the complex shear modulus of
original samples measured at 64°C with the Velocity of the same grade measured at
different temperatures. As the plot shows, the Velocity is lower for the asphalt binders
which have higher elastic portion of the complex shear modulus. In fact, the higher

elastic portion of the complex shear modulus was measured in modified asphalt binders.
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The Velocity that was measured in this research is the speed of compression sound wave

when in passes through the asphalt binder. This velocity has a direct relationship with

compression elastic modulus. The first conclusion that could be driven from these plot is

that although the used of modifiers in asphalt binders improves the shear behavior, it

reduces the compression elastic modulus. There is no mechanical test performed on

asphalt binder to measure the compression elastic modulus, but several researches have

proofed that the use of polymer and rubber modifiers in Portland cement concrete has

reduced the compression elastic modulus (Siringi, 2012) (Reis, 2005). Appendix D

contains the results of these researches.
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Figure 7-12 Velocity vs. Elastic Shear Modulus at 64°C for Original

Same behavior was observed in the PG76-* and also RTFO-aged samples (Figures

7-13, 7-14, and 7-15).

99

www.manharaa.com



1900
¢ 76-10
1800
} 76-22E 76-22NV
_ - & 76-28 o .
21700 * .
g N m 7622TR . ¢30-C
%’1 600 ._. W40 °C
° A AS50-°C
g 1500 gé < A A : %60 oC
X X
1400 % X % X X770 -C
1300 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700
G' @ 76C (Pa) - ORG

Figure 7-13Velocity vs. Elastic Shear Modulus at 76°C for Original
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Figure 7-14Velocity vs. Elastic Shear Modulus at 64°C for RTFO-aged
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Figure 7-15Velocity vs. Elastic Shear Modulus at 76°C for RTFO-aged

For complex shear modulus at medium temperature measured on PAV-aged samples

a different behavior was observed. Figure 7-16 shows the variation of elastic portion of

the complex shear modulus of PAV-ages samples measured at 31°C with the Velocity of

the same grade measured at different temperatures.
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Figure 7-16Velocity vs. Elastic Shear Modulus at 31-C for PAV-aged

As the plot shows, un-modified asphalt cement which has higher elastic shear
modulus at medium temperature happens to have a higher velocity also.
7.2.2 Stiffness of Bending Beam

The variation of Stiffness, measured at low temperature, in asphalt binders with
Velocity is studied in section. Figure 7-17 shows the variation of stiffness of PAV-ages
samples measured at -12°C with the Velocity of the same grade measured at different
temperatures. Excluding the non-modified asphalt cement (PG64-22) from the plot,

increase in stiffness occurs with increase in the Velocity.
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Figure 7-17Velocity vs. Stiffness at -12°C for PAV-aged

7.3  Discriminant Function Analysis

Discriminant Function Analysis (DA) undertakes the same task as multiple linear
regressions by predicting an outcome. The main purpose of a DA is to predict group
membership based on a linear combination of the interval variables. The procedure
begins with a set of observations where both group membership and the values of the
interval variables are known. The end result of the procedure is a model that allows
prediction of group membership when only the interval variables are known. A second
purpose of discriminant function analysis is an understanding of the data set, as a careful
examination of the prediction model that results from the procedure can give insight into
the relationship between group membership and the variables used to predict group
membership.

The purpose of applying DA for this research is to examine the ability of the

ultrasound measured parameters to predict the grade of the asphalt binders. Software “R”
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was used for DA in this research. Ultrasound parameters used were velocity, IR, IR, A;
and A,.

As it was shown earlier in this chapter ultrasound parameters vary significantly with
temperature. Districting the data of different temperatures would improve the predicting
process with DA. Data on aged samples was also significantly different from aged
samples. Data from each temperature and each aging state (original, RTFO-aged, and
PAV-aged) was categorized in different data sets for DA.

The final outcome of a discriminate function analysis is the probability of predicting
the right grade with the developed model. Figure 7-18 shows this number for different

aging state and all states combined for different temperatures.
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Figure 7-18 Probability of Predicting the Right Grade for Each Data Set

As the bar plot illustrates PAV-aged asphalt binder samples are the best for grade

prediction. Temperatures of 40°C and 60°C are the best temperatures for that purpose.
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7.3.1 Functions

Two data sets which showed higher probability (PAV-aged at 40°C and 60°C) were
selected as examples for presenting the predictor functions. Two linear functions were
produced to predict the grade in a two-dimensional coordinate. Each function is equal to
sum of the products of each variable and the coefficient of that variable. For example, for

data set of PAV-aged samples at 40°C the functions are:

F, =-0.0443x Vel + 0.957x IR, -0.334x IR, -358.689x A, - 282.124x A,

F, =0.0276x Vel -1.688x IR, - 0.0358x IR, +320.67x A, -114.611x A,

Figure 7-19 illustrates the plotted points of each sample using Functionl and

Function2. As plot shows the point corresponding to each grade are quit district in the

two-dimension area.

105

www.manharaa.com




108 =

Grade
® ® 5410
& B41E
: . ® 6422
15 - °
X e ® @ B4-2BHY
S ® G4.26TR
™ & 7e10
& TE-22E
% ® [ = ® & THZINY
L2 B & TEZITR

F2

@
ikl ® F |-
L]

| | | I
104 A 95 g2
F1
Figure 7-19 Plotted Data Point Using the Functions Produced for PAV-aged at 40-C

The functions for data set of PAV-aged samples at 40-C are;

F, =0.0094x Vel —0.0707x IR, +0.199x IR, - 70.456x A, +623.875x A,

F, =—0.0269x Vel + 0.609x IR, +0.0432x IR, —661.138x A, -281.127x A,

Plotted data points for these functions are illustrated in Figure 7-20.
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8. CHAPTER 8 :CONCLUSIONS AND RECOMMENDATIONS

The use of ultrasound measurement as an alternative for determining the rheological
properties of asphalt binders and also for prediction of the SUPERPAVE performance
grade of asphalt binders was explored in this research project. The research was
performed in two stages. In the first stage different ultrasound equipment and
measurement configuration were examined to find the best system that can distinguish
between two or more different asphalt binder grades. The second stage had two phases. In
the first phase rheological properties of selected performance grade asphalt binders were
determined with mechanical tests for grade verification. These properties were used later
for possible correlation with ultrasound measured parameters. In the second stage
selected measurement method from stage 1 was used to measure the ultrasound properties
of the selected performance grade asphalt binders. Ultrasound measurements were
performed at five different temperatures on original and aged samples. Following is the
descriptive list of conclusions of this research.

8.1 Conclusions
Conclusions of this research project are presented in the following four categories;
e Feasibility
e Temperature Dependence of the Ultrasonic Measurements
e Correlations between Asphalt Binder Rheological Properties and Ultrasonic
Measurements

e Prediction of the Performance Grade Using Discriminant Analysis
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8.2  Feasibility

o The use of non-contact ultrasound in the work of previous researchers did not show
promising results. Therefore, was not selected for this research project. The need for a
test chamber for elevated temperature measurements was also one of the reasons that
the idea of using non-contact ultrasound vanished.

o Contact ultrasound was examined with two couplants of gel and water. Due to the
small size of the asphalt sample, the thickness of the couplant gel which was hard to
have control on had unwanted effect on the measured ultrasound parameters. Use of
water as the couplant for contact transducers showed some hopeful results.

o The use of high frequency transducer, specified for immersion ultrasound
measurements, resulted in the most reliable responses and those transducers in an
immersion configuration was selected for the main body of the research.

o Submerging of the asphalt sample, poured in a tin cup, gave the opportunity of
elevated temperature testing. Ultrasound measurements were performed with an
immersion transducer in a water bath with temperature control.

o On account of the pulse/echo ultrasound method the effect of holding material (tin
cup) was eliminated from the measurements.

8.3 Temperature Dependence of Ultrasonic Measurements

o Ultrasonic pulse velocity of the asphalt binders decreases with increasing the
temperature. A logarithmic curve fits the best with the data points.

o Aged samples showed higher velocity than original samples due to heavier and more

solid constituents.
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o Modified asphalt binders showed lower velocity compared to un-modified ones. This
confirms the results of the researches which show the use of polymer modifiers in
Portland cement concrete decreases the compression elastic modulus. Velocity of the
compression waves, which were used in this research, has a direct relationship with

compression elastic modulus.

8.3.1 Correlations between Asphalt Binder Rheological Properties and Ultrasonic

Measurements

o Use of polymer or rubber modifiers in asphalt binder improves the elastic shear
modulus whilst they reduce the compression elastic modulus. This behavior was
observed at high temperature. Velocity of the compression ultrasound wave has a
linear relationship with square root of compression elastic modulus.

o At medium temperature asphalt binder with modifiers showed higher velocity at
higher elastic shear modulus.

o Stiffness of the modified asphalt binder, which is the flexural stiffness of the asphalt
beam sample, was higher when ultrasound measurements showed higher velocity.

8.3.2 Prediction of the Performance Grade Using Discriminant Analysis

o When data of ultrasound parameters of PAV-aged asphalt binders at 40°C or 60-C
was used the DA could predict the right grade with 75% chance. Other aging states
and temperatures showed lower numbers.

o Two linear functions were produced to predict the grade of asphalt binders and

plotting them in a two-dimension coordinate.
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8.4 Recommendations

o This research used compression ultrasound wave as an alternative for mechanical test.
The use of shear ultrasound wave could correlate better with shear properties of
materials. Since the shear wave does not propagate in the liquids and air, contact
ultrasound measurements which could be performed at elevated temperatures is a
suitable configurations. Adhesive surface of the asphalt samples specially at elevated
temperatures, need for a temperature control chamber and etc. are some of the
difficulties involved with contact ultrasound.

o Ultrasound measurements in this research were performed at room temperature an
higher. Performing the ultrasound measurements at temperatures lower than room
temperature might results in better correlations with the results of the BBR and the
low temperature ductility.

o This research used limited number of asphalt binder grades; other researches may
expand the data base of the ultrasound measurements by selecting other grades.

o Discriminant Function Analysis was used in this research; one may consider other
prediction methods such as Neural Network or Fuzzy Logic.

o In order to promote the experimental proposed method to a route standard test,
agencies which deal with grade verification of the asphalt binders may adopt the
ultrasound measurements and perform it besides mechanical testing. This will help to
expand the data base of the ultrasound measurements as well as enhance the
measurement procedure and find more sources of errors. After reaching a high and
acceptable reliability the mechanical tests can be replaced by the ultrasound

measurements.
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A. APPENDIX A;

Test Data from Mechanical Tests on Asphalt Binders
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Table A-1 DSR Data on PG 64-28NV

DSR (Original) DSR (RTFO) DSR (PAYV)
Sample # G*(kPa) [d() | G*(kPa) | d(9) G* (kPa) 0 ()
1 1.42 69.9 3.04 65.1 2170 48.9
2 1.40 70.2 2.95 65.3 2010 48.6
3 141 70.2 3.23 64.8
AVG 141 70.1 3.07 65.1 2090 48.8
G' 0.48 1.30 1378
G" 1.33 2.79 1571
Table A-2 BBR Data on PG 64-28NV
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 240 0.274 248 0.273 244.0 0.274
15 201 0.292 207 0.294 204 0.293
30 163 0.311 167 0.316 165 0.314
60 131 0.331 134 0.339 132.5 0.335
120 103 0.350 105 0.361 104 0.356
240 80.4 0.370 80.8 0.384 80.6 0.377
Table A-3 DSR Data PG64-28TR
DSR (Original) DSR (RTFO) DSR (PAYV)
Sample # G*(kPa) | 6() | G*(kPa) | d(°) G* (kPa) 4 (°)
1 1.36 72.6 2.4 69.8 2260 52.1
2 1.35 72.9 2.53 69.7 2260 52.1
3 1.37 72.7 2.61 69.5
AVG 1.36 72.7 2.51 69.7 2260 52.1
G' 0.40 0.87 1388
G" 1.30 2.36 1783
Table A-4 BBR Data PG64-28TR
Sample #
2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 316 0.264 307 0.271 312 0.268
15 265 0.287 256 0.292 261 0.290
30 216 0.312 208 0.315 212 0.314
60 173 0.337 166 0.338 170 0.338
120 135 0.362 130 0.361 133 0.362
240 104 0.387 101 0.384 103 0.386
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Table A-5 DSR Data PG76-22NV

DSR (Original) DSR (RTFO) DSR (PAYV)
Sample | G* (kPa) | 6 (°) | G* (kPa) | & (o) G* (kPa) 0 (°)
1 1.22 59.5 1.71 62.4 1170 55.1
2 1.17 58.7 1.78 63.1 1030 55.7
3 1.11 59.5 1.79 63.9
AVG 1.17 59.2 1.76 63.1 1100 55.4
G' 0.60 0.80 625
G" 1.00 1.57 905
Table A-6 BBR Data PG76-22NV
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 219 0.277 213 0.271 216 0.274
15 182 0.297 177 0.292 180 0.295
30 147 0.319 143 0.315 145 0.317
60 117 0.341 114 0.338 116 0.340
120 91.8 0.363 88.9 0.361 920 0.362
240 70.7 0.386 68.4 0.384 70 0.385
Table A-7 DSR Data PG76-22TR
DSR (Original) DSR (RTFO) DSR (PAYV)
Sample# | G*(kPa) | d(°) | G* (kPa) | & (°) G* (kPa) 4 ()
1 1.29 66.2 2.19 60.0 928 52.9
2 1.24 68.6 2.14 60.1 904 53.1
3 1.27 68.6 2.08 61.0
AVG 1.27 67.8 2.14 60.4 916 53.0
G' 0.48 1.06 551
G" 1.17 1.86 732
Table A-8 BBR Data PG76-22TR
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 191 0.311 196 0.306 194 0.309
15 157 0.330 160 0.327 159 0.329
30 123 0.352 127 0.349 125 0.351
60 96.1 0.373 98.9 0.372 98 0.373
120 73.6 0.395 75.8 0.395 75 0.395
240 55.6 0.416 57.2 0.418 56 0.417
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Table A-9 DSR Data PG64-22

DSR (Original) DSR (RTFO) DSR (PAYV)
Sample | G* (kPa) | & (°) G* (kPa) 3 (°) G* (kPa) 4 (°)
1 1.16 87.3 2.84 84.3 4900 48.2
2 1.12 87.3 2.86 84.1 4730 48.2
3 1.12 87.3 3.11 83.9
AVG 1.133 87.30 2.94 84.10 4815 48.2
G' 0.05 0.30 3209
G" 1.13 2.92 3589
Table A-10 BBR Data PG64-22
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 329 0.259 325 0.254 327 0.257
15 277 0.279 274 0.276 276 0.278
30 228 0.301 225 0.3 227 0.301
60 183 0.322 181 0.324 182 0.323
120 145 0.344 143 0.348 144 0.346
240 113 0.366 112 0.372 113 0.369
Table A-11 DSR Data PG76-22E
DSR (Original) DSR (RTFO) DSR (PAYV)
Sample | G* (kPa) | 3 () G* (kPa) 5 () G* (kPa) Q)
1 1.25 64.7 2.22 58.5 822 48.7
2 1.23 64.8 2.23 58.2 803 48.6
3 1.25 64.9 2.23 58
AVG 1.24 64.80 2.23 58.2 813 48.7
G' 0.53 1.17 537
G" 1.13 1.89 610
Table A-12 BBR Data PG76-22E
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 142 0.312 140 0.309 141 0.311
15 116 0.328 115 0.327 116 0.328
30 91.4 0.346 90.7 0.346 91 0.346
60 71.6 0.363 70.8 0.365 71 0.364
120 55.5 0.381 54.7 0.385 55 0.383
240 42.2 0.399 41.6 0.404 42 0.402
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Table A-13 DSR Data PG64-10

DSR (Original) DSR (RTFO) DSR (PAYV)
PG64-10 PG64-10 PG64-10
Sample | G* (kPa) | & (o) G* (kPa) 0 (°) G* (kPa) 0 (°)
1 1.67 88.2 4.21 86.3 3180 47
2 1.65 88.3 4.29 86.2 3120 46.9
3 1.64 88.2 4.62 86 3030 46.9
AVG 1.65 88.2 4.25 86.2 3110 46.9
G' 0.05 4.47 86.1 2124
G" 1.65 4.65 85.9 2272
4.42 86.1
0.30
4.40
Table A-14 BBR Data PG64-10
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 118 0.319 111 0.319 115 0.319
15 95.3 0.351 89.9 0.349 93 0.350
30 73.8 0.386 69.8 0.382 72 0.384
60 56 0.421 53.1 0.415 55 0.418
120 41.4 0.456 39.4 0.448 40 0.452
240 29.6 0.491 28.4 0.481 29 0.486
Table A-15 DSR Data PG76-10
DSR (Original) DSR (RTFO) DSR (PAYV)
PG76-10 PG76-10 PG76-10
Sample | G* (kPa) | & (°) G* (kPa) 4 (°) G* (kPa) 4 (°)
1 1.00 84.6 2.43 81 2990 47.3
2 1.01 84.6 2.27 814 2890 47.3
3 1.01 84.6 2.02 81.9 2890 47.3
AVG 1.01 84.6 2.56 80.8 2923 47.3
G' 0.09 2.54 81 1982
G" 1.00 2.36 81.2 2148
0.36
2.34
Table A-16 BBR Data PG76-10
Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 166 0.284 166 0.289 166 0.287
15 138 0.304 137 0.309 138 0.307
30 111 0.327 110 0.331 111 0.329
60 87.7 0.350 87 0.353 87 0.352
120 68.1 0.373 67.6 0.376 68 0.375
240 52.2 0.396 51.6 0.398 52 0.397
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Table A-17DSR Data on PG64-16

DSR (Original) DSR (RTFO) DSR (PAYV)
PG64-16 PG64-16 PG64-16

Sample | G* (kPa) | 8 (9 G* (kPa) 0 (°) G* (kPa) 0 ()
1 1.37 86.9 3.59 84.3 3120 45.8
2 1.35 86.9 3.6 84.3 3120 46.3
3 1.39 86.9 3.56 84.4 3130 46.3
AVG 1.37 86.9 3.58 84.3 3123 46.1

G' 0.07 0.35 2164

G" 1.37 3.57 2252

Table A-18 BBR Data PG64-16

Sample #
1 2 AVG
t (sec) S (MPa) m-value S (MPa) m-value S (MPa) m-value
8 203 0.298 200 0.302 202 0.300
15 167 0.324 164 0.325 166 0.325
30 131 0.354 130 0.351 131 0.353
60 102 0.383 101 0.376 102 0.380
120 77.96 0.412 71.2 0.401 78 0.407
240 57.6 0.442 57.8 0.427 58 0.435
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B. APPENDIX B;

Row Data of Ultrasound Measurements on Asphalt Binders
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Table B-1 PG 64-28NV

www.manaraa.com

Temperature 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1664.2 -21.43 -42.84 0.050 0.004 1578.5 -27.74 -42.34 0.024 0.004
= 2 1725.3 -21.73 -44.36 0.048 0.004 1616.6 -26.25 -42.68 0.028 0.004
a 3 1678.8 -20.86 -43.66 0.054 0.004 1576.6 -26.27 -41.49 0.028 0.005
'5 4 1688.4 -21.35 -42.34 0.052 0.004 1585.9 -26.34 -41.50 0.028 0.005
5 1704.5 -21.19 -42.72 0.052 0.004 1625.2 -26.11 -46.35 0.029 0.003
AVG 1692.3 -21.31 -43.19 0.051 0.004 | 1596.59 | -26.24 | -42.00 0.028 0.004
1 1761.9 -24.16 -47.36 0.036 0.002 1633.4 -28.84 -44.98 0.020 0.004
2 1729.6 -22.79 -46.75 0.042 0.003 1618.8 -29.76 -43.61 0.019 0.004
8 3 1752.0 -21.59 -45.19 0.048 0.003 1650.8 -30.27 -45.02 0.018 0.004
E 4 1734.8 -21.33 -44.49 0.048 0.003 1644.1 -27.39 -45.59 0.025 0.004
5 1732.4 -21.85 -45.65 0.048 0.003 1630.4 -26.02 -45.26 0.029 0.004
AVG 1742.1 -21.89 -45.89 0.044 0.003 | 1635.49 | -28.66 | -44.89 0.022 0.004
1 1743.2 -28.97 -49.37 0.021 0.002 1635.2 -30.21 -43.84 0.018 0.004
2 1694.3 -27.44 -49.21 0.025 0.002 1597.2 -27.50 -43.89 0.024 0.004
: 3 1737.2 -25.51 -50.15 0.032 0.002 1661.5 -26.42 -49.90 0.028 0.003
A 4 1756.5 -25.43 -49.78 0.032 0.002 1655.8 -26.76 -44.70 0.027 0.003
5 1758.7 -26.55 -49.41 0.028 0.002 1664.1 -26.00 -44.99 0.030 0.003
AVG 1738.0 | -26.23 | -49.58 0.028 0.002 | 1642.74 [ -26.67 | -44.36 0.025 0.003
Temperature 50-C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1485.4 -37.65 -35.78 0.008 0.010 1409.9 -31.50 -30.91 0.016 0.018
= 2 1509.8 -39.04 -35.17 0.007 0.010 1445.6 -30.46 -28.59 0.018 0.022
E‘) 3 1484.8 -33.77 -36.31 0.012 0.010 1407.4 -31.74 -28.17 0.015 0.024
g 4 1493.0 -33.77 -35.57 0.012 0.010 1413.3 -32.41 -28.18 0.014 0.024
5 1492.3 -32.30 -37.50 0.014 0.008 1413.4 -31.36 -29.88 0.016 0.018
AVG 1493.1 -33.28 | -36.06 0.011 0.010 1417.9 | -31.49 | -29.15 0.016 0.021
1 1466.7 -40.18 -38.99 0.006 0.007 1456.8 -34.70 -33.86 0.010 0.012
2 1604.1 -41.01 -38.55 0.005 0.007 1495.6 -38.54 -30.51 0.006 0.018
E 3 1533.2 -29.97 -38.77 0.020 0.007 1467.8 -27.74 -31.06 0.024 0.016
E 4 1527.4 -31.10 -39.48 0.017 0.007 1485.1 -27.04 -32.09 0.026 0.014
5 1521.7 -30.88 -41.15 0.017 0.006 1499.5 -37.12 -31.59 0.008 0.016
AVG 1530.6 | -30.65 | -39.39 0.013 0.007 1481.0 | -33.03 -31.31 0.016 0.016
1 1529.8 -42.43 -44.44 0.004 0.004 1465.9 -38.93 -38.09 0.006 0.008
2 1503.2 -39.08 -44.79 0.004 0.004 1415.3 -37.78 -37.28 0.008 0.009
: 3 1544.8 -36.00 -44.87 0.010 0.003 1447.1 -40.36 -38.41 0.005 0.006
A 4 1567.7 -36.68 -46.63 0.009 0.003 1480.8 -36.96 -38.53 0.009 0.008
5 1566.1 -35.84 -45.31 0.010 0.004 1499.9 -40.40 -42.74 0.006 0.005
AVG 1542.3 | -36.90 | -45.21 0.007 0.003 1461.8 | -38.89 | -38.08 0.007 0.007
Temperature 70-C
Sample # Vel IR1 IR2 Al A2
1 1338.7 -26.06 -20.76 0.026 0.054
= 2 1379.7 | -26.67 | -20.34 0.026 0.058
En 3 1355.8 | -28.28 | -24.10 0.022 0.060
g 4 1351.0 | -26.71 -20.36 0.026 0.058
5 1365.8 | -27.35 -24.62 0.024 0.058
AVG 1358.2 | -27.02 [ -22.03 [ 0.025 0.058
1 1593.9 | -26.53 | -21.07 | 0.026 | 0.049
2 1366.8 -42.17 -22.09 0.005 0.047
e 3 1513.7 | -31.80 | -22.82 | 0.013 | 0.042
E 4 1478.9 -32.02 -23.78 0.016 0.037
5 1435.3 -30.97 | -26.43 0.016 0.030
AVG 1476.0 | -31.59 | -22.90 | 0.011 0.042
1 1388.0 | -25.89 | -25.02 0.028 0.032
2 1356.9 | -27.49 | -25.03 | 0.004 | 0.034
: 3 1412.9 | -34.93 -33.94 0.010 0.013
S 4 14172 | 3269 | -31.12 | 0.013 | 0.017
5 1401.0 | -34.62 | -28.87 0.013 0.020
AVG | 13952 [ -31.12 | -27.51 | 0.020 | 0.026
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Table B -2PG 64-28TR
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Temperature 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1741.4 -20.35 -42.43 0.058 0.004 1666.9 -24.52 -46.54 0.035 0.003
= 2 1717.7 -20.04 -44.57 0.058 0.004 1629.7 -24.60 -45.99 0.035 0.003
En 3 1746.4 -20.11 -46.70 0.060 0.004 1612.1 -24.82 -44.05 0.034 0.004
g 4 1707.0 | -19.99 -42.28 0.060 0.004 1631.3 | -24.63 -45.99 0.034 0.035
5 1750.7 | -23.77 -43.13 0.039 0.004 1636.3 | -27.83 -42.99 0.024 0.004
AVG 1732.7 | -20.12 | -43.82 0.055 0.004 1627.3 | -24.64 | -45.11 0.032 0.010
1 1755.9 -20.68 -43.86 0.049 0.003 1645.7 -27.01 -45.09 0.027 0.004
2 1775.6 -22.29 -42.55 0.046 0.004 1681.4 -28.45 -45.03 0.022 0.003
8 3 1774.9 | -22.34 -48.25 0.046 0.003 1646.6 | -25.74 -45.29 0.030 0.004
E 4 1764.7 -20.07 -44.04 0.060 0.004 1658.2 -27.84 -44.90 0.024 0.004
5
AVG 1767.8 | -21.35 | -43.48 0.050 0.004 1658.0 | -27.26 | -45.08 0.026 0.003
1 1779.8 | -23.79 -46.97 0.040 0.003 1659.4 | -27.62 -44.07 0.024 0.004
2 1787.5 | -26.58 -48.88 0.028 0.002 1738.9 | -27.04 -52.06 0.025 0.002
: 3 1781.5 -23.56 -47.80 0.038 0.003 1710.8 -24.73 -49.82 0.034 0.002
-9 4 1749.8 -26.49 -48.01 0.027 0.002 1701.6 -24.15 -47.64 0.037 0.004
5 1817.1 -23.56 -51.82 0.040 0.002 1733.9 | -24.65 -52.15 0.034 0.002
AVG 1783.1 | -23.64 | -47.92 0.037 0.002 1708.9 | -24.51 | -50.41 0.154 0.013
Temperature| 50-C 60-C
Sample # Vel IR 1 IR2 Al A2 Vel IR 1 IR2 Al A2
1 1536.9 -33.01 -37.55 0.013 0.007 1479.4 -35.85 -34.55 0.010 0.013
= 2 1521.4 -29.76 -39.36 0.019 0.006 1419.7 -32.32 -32.20 0.015 0.015
a 3 1510.1 -31.96 -38.76 0.015 0.007 1424.7 -33.78 -31.76 0.012 0.015
g 4 0.015 0.006 1417.9 -34.12 -32.03 0.012 0.015
5 1537.8 -30.39 -38.72 0.018 0.007 1446.6 -34.78 -33.18 0.011 0.013
AVG 1526.5 | -31.28 -38.60 0.016 0.007 1437.7 | -34.17 -32.74 0.012 0.014
1 1555.8 -28.26 -41.16 0.023 0.005 1559.5 -38.57 -34.62 0.007 0.012
2 1584.3 -31.16 -39.58 0.016 0.006 1536.4 -33.01 -31.67 0.013 0.016
8 3 1540.8 -26.60 -41.30 0.028 0.006 1536.8 -35.96 -35.56 0.025 0.014
E 4 1574.2 -30.11 -43.66 0.019 0.004 1554.7 -35.54 -37.45 0.009 0.011
5
AVG 1563.8 | -29.03 -41.42 0.022 0.005 1546.8 | -35.75 -35.09 0.014 0.013
1 1561.2 -40.83 -46.73 0.006 0.025 1494.2 -40.86 -40.80 0.005 0.006
2 1572.5 -38.51 -46.95 0.007 0.003 1503.1 -40.78 -41.51 0.005 0.005
: 3 1575.8 -33.36 -46.33 0.013 0.004 1480.4 -41.26 -41.21 0.005 0.005
=2} 4 1592.0 -34.85 -49.36 0.010 0.002 1517.1 -39.52 -45.06 0.006 0.003
5 1596.0 -33.47 -49.32 0.012 0.002 1521.0 -35.12 -41.43 0.010 0.006
AVG 1579.5 | -35.05 -47.74 0.009 0.007 1503.2 | -40.60 -41.24 0.006 0.005
Temperature| 70-C
Sample # Vel IR1 IR2 Al A2
1 1449.6 | -33.13 -24.96 0.012 0.036
= 2 1375.5 | -32.71 -26.60 0.009 0.040
oEn 3 1361.2 -36.27 -23.70 0.014 0.036
g 4 1364.9 | -30.27 | -24.21 | 0.018 | 0.036
5 1376.7 | -28.05 -24.89 0.024 0.034
AVG 1369.6 | -32.03 | -24.44 | 0.017 0.036
1 1475.6 -28.23 -26.10 0.022 0.029
2 1500.3 -28.59 -25.00 0.022 0.032
E 3 1434.9 | -24.37 -26.75 0.036 0.028
E 4 1492.5 | -30.01 -27.39 0.017 0.026
5
AVG 1475.8 | -28.41 | -26.31 0.024 0.029
1 1406.4 | -35.34 | -32.41 0.010 0.015
2 1431.3 | -34.91 -32.40 0.010 0.014
<>t 3 1411.3 | -36.27 -32.23 0.009 0.015
[ 4 1403.2 -38.77 -33.22 0.007 0.013
5 1466.8 -43.12 -34.22 0.004 0.011
AVG 1423.8 [ -36.32 [ -32.90 0.008 0.014
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Table B -3PG 76-22NV

Temperature 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1685.3 -22.60 -43.05 0.045 0.005 1572.0 -33.36 -44.32 0.013 0.004
= 2 1723.0 -20.89 -45.24 0.054 0.004 1607.6 -24.71 -43.54 0.036 0.004
En 3 1734.2 -21.72 -42.69 0.050 0.005 1623.4 -25.97 -42.24 0.030 0.004
g 4 1779.7 -23.47 -41.31 0.040 0.005 1669.7 -25.64 -40.93 0.032 0.005
5 1765.0 -22.25 -43.60 0.048 0.004 1654.2 -26.07 -43.19 0.030 0.004
AVG 1737.4 -22.19 -43.18 0.047 0.005 1638.7 | -25.90 -42.84 0.028 0.004
1 1820.6 -23.34 -49.27 0.041 0.004 1659.8 -27.21 -43.20 0.026 0.004
2 1781.3 -22.27 -45.61 0.045 0.004 1632.0 -28.26 -43.35 0.023 0.004
E 3 1716.6 -21.00 -42.69 0.054 0.004 1654.9 -25.39 -42.73 0.032 0.004
E 4 1806.0 -22.68 -46.51 0.044 0.003 1710.9 -26.28 -49.91 0.029 0.003
5 1782.9 -19.55 -43.76 0.064 0.003 1652.8 -24.12 -42.68 0.038 0.004
AVG 1781.5 -21.98 -44.64 0.050 0.004 1662.1 | -26.29 -42.99 0.030 0.004
1 1813.4 -21.27 -42.09 0.043 0.003 1703.8 -25.21 -44.51 0.032 0.004
2 1835.6 -21.49 -41.56 0.045 0.003 1761.2 -25.73 -48.21 0.030 0.003
: 3 1868.8 -21.39 -42.56 0.050 0.004 1757.8 -24.89 -44.22 0.034 0.004
A 4 1874.9 -22.20 -48.77 0.046 0.003 1762.5 -26.94 -49.23 0.027 0.003
5 1879.2 -24.18 -52.37 0.037 0.002 1684.3 -29.47 -43.89 0.021 0.004
AVG 1854.4 -21.59 -43.75 0.046 0.003 1733.9 | -25.69 -44.21 0.029 0.004
Temperature 50-C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1490.6 -34.76 -43.48 0.010 0.004 1429.7 -36.97 -31.79 0.008 0.016
= 2 1516.8 -34.17 -43.50 0.011 0.004 1456.7 -32.34 -32.89 0.014 0.014
En 3 1526.9 -36.72 -42.51 0.009 0.005 1461.0 -35.00 -30.31 0.010 0.019
'=o': 4 1583.3 -36.88 -42.45 0.009 0.005 1508.4 -35.77 -29.56 0.009 0.020
5 1544.2 -38.00 -45.78 0.008 0.003 1503.1 -37.58 -32.70 0.008 0.013
AVG 1532.3 | -36.11 -43.55 0.009 0.004 1471.8 [ -36.33 -31.45 0.010 0.016
1 1560.7 -30.02 -38.18 0.018 0.007 1496.5 -37.94 -33.71 0.007 0.012
2 1553.4 -31.48 -38.48 0.016 0.007 1489.3 -37.06 -33.49 0.008 0.012
E 3 1557.6 -29.57 -38.60 0.020 0.007 1488.7 -36.64 -33.91 0.009 0.012
E 4 1623.3 -27.75 -44.92 0.024 0.004 1516.6 -30.80 -38.11 0.018 0.007
5 1563.9 -28.02 -38.45 0.024 0.007 1493.9 -32.88 -35.81 0.013 0.008
AVG 1571.8 | -28.84 -38.43 0.020 0.007 1497.0 [ -36.13 -34.23 0.009 0.011
1 1600.8 -31.59 -40.98 0.020 0.005 1516.7 -34.43 -36.03 0.011 0.009
2 1633.6 -29.62 -46.69 0.021 0.006 1553.6 -35.86 -37.70 0.010 0.007
: 3 1652.8 -27.56 -41.02 0.025 0.006 1568.1 -36.08 -37.51 0.009 0.008
" 4 1647.3 -27.56 -42.57 0.024 0.004 1570.4 -35.50 -39.05 0.010 0.007
5 1598.8 -31.17 -41.31 0.017 0.005 1516.6 -38.81 -38.02 0.007 0.008
AVG 1626.7 | -28.98 -41.47 0.022 0.005 1545.1 -35.47 -37.66 0.009 0.008
Temperature 70-C
Sample # Vel IR1 IR2 Al A2
1 1369.0 -28.84 -27.76 0.020 0.024
= 2 1372.1 -29.20 -22.57 0.019 0.040
Eo 3 1416.9 -29.07 -26.71 0.020 0.028
g 4 1442.9 -32.72 -23.09 0.012 0.042
5 1412.8 -35.47 -25.11 0.009 0.035
AVG 1402.7 | -29.04 | -25.05 0.016 0.034
1 1422.0 -31.42 -24.84 0.015 0.033
2 1421.4 -31.66 -25.70 0.015 0.030
E 3 1412.7 -30.83 -26.15 0.016 0.029
E 4 1423.2 -30.45 -29.39 0.018 0.018
5 1412.8 -30.93 -27.71 0.016 0.024
AVG 1418.4 | -31.06 | -26.52 0.016 0.028
1 1428.7 -44.83 -29.17 0.004 0.020
2 1462.0 -37.80 -29.31 0.007 0.020
: 3 1492.9 -39.82 -30.01 0.006 0.020
A~ 4 1461.1 -39.30 -31.17 0.007 0.017
5 1453.9 -34.44 -30.87 0.011 0.018
AVG 1459.7 | -38.97 | -30.11 0.007 0.019
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Table B-4 PG 76-22TR
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30-C 40-C
Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1647.0 -23.91 -46.42 0.040 0.003 1562.7 -29.30 -50.11 0.020 0.002
= 2 1761.4 -35.82 -46.64 0.009 0.003 1596.8 -44.07 -46.22 0.004 0.003
a 3 1710.8 -24.39 -44.71 0.037 0.003 1599.8 -26.35 -44.63 0.030 0.004
g 4 1601.8 -43.53 -45.76 0.005 0.003 1566.7 -32.38 -45.74 0.015 0.003
5 1735.3 -26.40 -45.09 0.029 0.003 1619.6 -36.40 -44.57 0.009 0.004
AVG 1691.3 -24.90 | -45.72 0.024 0.003 1589.1 | -31.11 -45.29 0.015 0.003
1 1739.8 -28.47 -50.06 0.023 0.002 1631.2 -31.32 -50.47 0.016 0.002
2 1834.6 -22.20 -52.11 0.046 0.003 1707.0 -26.26 -52.25 0.029 0.002
8 3 1794.9 -22.01 -45.81 0.048 0.003 1659.7 -27.16 -49.93 0.010 0.002
E 4 1786.4 -22.25 -47.57 0.047 0.002 0.026 0.002
5 1712.2 -22.85 -43.77 0.042 0.003 1670.5 -26.19 -54.06 0.029 0.002
AVG 1773.6 | -22.33 -47.81 0.039 0.002 1667.1 [ -26.54 [ -51.68 0.022 0.002
1 1828.0 -21.15 -43.98 0.046 0.002 1769.9 -25.84 -53.30 0.031 0.003
2 1803.9 -22.19 -44.02 0.047 0.002 1701.2 -26.50 -47.95 0.029 0.003
<>t 3 1810.6 -23.86 -47.57 0.038 0.003 1720.0 -26.28 -49.58 0.030 0.003
A 4 1902.2 -22.56 -47.03 0.046 0.002 1774.3 -25.94 -48.11 0.030 0.003
5 1889.1 -20.99 -48.12 0.054 0.003 1755.4 -24.53 -49.64 0.036 0.003
AVG 1846.8 | -21.72 -46.19 0.043 0.002 1744.2 [ -25.81 [ -48.82 0.031 0.003
50-C 60-C
Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1475.4 -36.32 -48.37 0.009 0.003 1409.9 -36.07 -34.12 0.009 0.012
= 2 1494.0 -38.61 -47.89 0.007 0.002 1448.7 -35.97 -36.56 0.010 0.010
En 3 1515.9 -36.30 -48.37 0.009 0.002 1468.5 -37.61 -34.33 0.008 0.012
g 4 1468.7 -41.92 -47.96 0.005 0.002 1404.4 -37.07 -34.09 0.008 0.011
5 1527.7 -35.35 -46.18 0.010 0.003 1488.9 -36.20 -36.20 0.009 0.010
AVG 1496.4 | -36.64 | -47.75 0.008 0.002 1444.1 | -36.58 | -35.06 0.009 0.011
1 1530.4 -35.11 -44.84 0.011 0.003 1489.7 -40.41 -41.87 0.005 0.004
2 1596.3 -29.16 -48.50 0.021 0.003 1496.7 -43.36 -38.36 0.004 0.006
EE 3 1579.6 -35.45 -45.65 0.010 0.003 1509.4 -44.54 -40.78 0.004 0.006
E 4 1585.3 -31.16 -47.79 0.017 0.003 1503.7 -37.94 -41.87 0.008 0.005
5 1529.6 -30.52 -43.51 0.018 0.004 1465.6 -41.98 -37.67 0.005 0.008
AVG 1564.3 | -32.28 | -46.06 0.015 0.003 1493.0 [ -41.92 | -40.11 0.005 0.006
1 1607.1 -28.75 -43.18 0.020 0.003 1519.2 -38.50 -38.29 0.007 0.007
2 1605.8 -29.57 -44.44 0.020 0.004 1519.6 -36.65 -39.43 0.009 0.007
<>t 3 1634.6 -30.62 -45.43 0.018 0.003 1554.5 -39.13 -42.18 0.007 0.005
A 4 1665.2 -29.63 -44.29 0.020 0.004 1578.3 -36.24 -40.21 0.010 0.007
5 1633.6 -28.69 -43.75 0.022 0.004 1578.7 -35.56 -42.29 0.010 0.005
AVG 1629.3 | -29.45 | -44.22 0.020 0.004 1550.1 | -37.22 | -40.48 0.009 0.006
70-C
Vel IR1 IR2 Al A2
1 1366.8 -30.27 -28.07 0.018 0.024
= 2 1380.9 -28.98 -24.48 0.021 0.035
En 3 1358.2 -31.09 -25.36 0.018 0.020
g 4 1411.5 -31.82 -26.08 0.016 0.032
5 0.015 0.028
AVG 1379.3 | -30.54 [ -25.31 0.018 0.029
1 1425.0 -39.08 -31.92 0.007 0.015
2 1438.6 -36.55 -35.70 0.009 0.011
8 3 1463.9 -38.29 -31.43 0.006 0.015
E 4 1453.7 -32.13 -33.71 0.014 0.013
5 1443.3 -39.95 -36.32 0.006 0.010
AVG 1445.3 | -38.47 | -33.78 0.010 0.013
1 1456.0 -35.76 -31.48 0.010 0.016
2 1441.2 -37.03 -32.57 0.008 0.013
<>t‘ 3 1459.2 -36.02 -32.76 0.009 0.013
A~ 4 1500.5 -37.81 -34.55 0.008 0.012
5 1483.3 -38.48 -33.49 0.007 0.013
AVG 1468.0 | -37.02 | -32.97 0.008 0.013
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Table B-5 PG64-22

Temperature| 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1759.5 -24.51 -45.24 0.035 0.004 1655.2 -28.31 -52.07 0.022 0.002
= 2 1788.4 -26.44 -47.22 0.028 0.003 1679.5 -30.69 -54.33 0.017 0.002
En 3 1762.2 -25.75 -45.73 0.030 0.003 1685.4 -30.58 -54.66 0.018 0.002
"5 4 1784.0 -25.43 -44.54 0.032 0.004 1689.6 -31.70 -53.89 0.015 0.002
5 1767.0 -22.92 -46.99 0.012 0.003 1716.2 -36.29 -57.23 0.009 0.001
AVG 1772.2 -25.53 -45.94 0.027 0.003 1685.2 | -30.99 -54.43 0.016 0.001
1 1797.4 -22.46 -43.76 0.044 0.004 1706.7 -30.09 -54.43 0.019 0.002
2 1819.9 -23.56 -45.20 0.040 0.035 1724.5 -32.85 -57.48 0.013 0.001
E 3 1818.9 -20.27 -44.45 0.059 0.003 1739.6 -27.44 -57.05 0.025 0.001
E 4 1829.0 -22.83 -47.97 0.042 0.003 1711.9 -30.53 -57.42 0.018 0.001
5 1819.9 -22.16 -44.47 0.046 0.003 1680.8 -32.57 -54.61 0.014 0.001
AVG 1817.0 -22.75 -45.17 0.046 0.010 1712.7 | -31.06 -56.20 0.018 0.001
1 1821.5 -23.36 -42.31 0.039 0.004 1758.6 -32.49 -55.29 0.014 0.001
2 1809.4 -23.78 -40.56 0.039 0.006 1701.4 -31.18 -50.80 0.016 0.002
: 3 1852.5 -22.47 -44.55 0.046 0.003 1707.8 -32.76 -52.30 0.014 0.001
= 4 1825.6 -22.91 -42.70 0.043 0.004 1759.5 -29.62 -57.69 0.020 0.001
5 1861.7 -22.32 -44.31 0.046 0.003 1722.8 -30.11 -51.66 0.019 0.002
AVG 1834.1 -22.97 -42.89 0.043 0.004 1730.0 | -31.23 -52.51 0.016 0.001
Temperature| 50-C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1575.1 -37.50 -44.43 0.007 0.003 1538.2 -43.26 -37.72 0.004 0.008
= 2 1574.9 -26.70 -43.27 0.027 0.004 1534.0 -33.66 -38.06 0.012 0.007
En 3 1593.0 -29.54 -45.02 0.020 0.004 1590.6 -40.09 -39.39 0.005 0.006
5 4 1579.7 -29.45 -46.76 0.020 0.003 1596.7 -43.79 -39.77 0.004 0.006
5 1543.7 -28.25 -50.51 0.023 0.002 1520.6 -39.35 -40.83 0.006 0.005
AVG 1573.3 -29.08 -44.87 0.019 0.003 1556.0 -40.03 -39.15 0.006 0.007
1 1590.3 -31.72 -48.36 0.015 0.003 1551.2 -50.57 -42.71 0.002 0.005
2 1602.0 -33.02 -51.25 0.013 0.002 1537.1 -35.43 -45.02 0.010 0.004
E 3 1600.7 -31.26 -51.09 0.016 0.002 1582.4 -50.23 -46.34 0.002 0.003
E 4 1571.9 -37.90 -49.17 0.008 0.002 1475.0 -45.36 -45.29 0.004 0.004
5 1590.8 -28.74 -48.93 0.021 0.002 1519.4 -34.45 -44.49 0.010 0.004
AVG 1591.1 -32.00 -49.76 0.015 0.002 1533.0 -43.21 -44.77 0.005 0.004
1 1658.1 -36.53 -47.00 0.010 0.003 1377.1 -42.55 -43.59 0.006 0.004
2 1616.4 -32.16 -45.92 0.014 0.003 1523.0 -35.41 -42.00 0.010 0.005
: 3 1616.3 -30.53 -49.59 0.016 0.002 1511.7 -28.54 -44.38 0.022 0.004
=) 4 1613.6 -30.12 -51.86 0.019 0.002 1548.0 -39.47 -45.35 0.006 0.003
5 1636.3 -30.09 -50.51 0.019 0.002 1580.5 -33.98 -44.80 0.012 0.004
AVG 1628.1 -30.73 -48.97 0.016 0.002 1540.8 -35.99 -44.02 0.011 0.004
Temperature 70-C
Sample # Vel IR1 IR2 Al A2
1 1436.4 -37.84 -28.72 0.007 0.022
= 2 1418.2 -37.16 -30.17 0.008 0.018
a 3 1436.3 -38.45 -30.75 0.007 0.017
'é': 4 1463.1 -33.27 -35.69 0.011 0.011
5 1304.7 -44.25 -35.92 0.006 0.010
AVG 1438.5 | -37.81 -29.88 0.008 0.016
1 1483.2 -40.78 -34.93 0.005 0.011
2 1480.6 -41.41 -36.00 0.004 0.010
8 3 1427.0 -35.07 -33.89 0.010 0.012
E 4 1340.0 -42.82 -40.92 0.005 0.006
5 1466.3 -36.22 -40.23 0.008 0.006
AVG 1464.2 | -39.26 -37.19 0.006 0.009
1 1511.8 -42.25 -39.37 0.005 0.006
2 1522.3 -40.88 -38.84 0.005 0.007
: 3 1398.5 -38.18 -42.84 0.007 0.005
A 4 1410.0 -41.27 -43.21 0.004 0.004
5 1622.0 -47.50 -43.71 0.002 0.005
AVG 1460.7 | -41.47 | -43.25 0.004 0.005
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Table B-6 PG 76-22E

Temperaturg 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1749.9 -24.04 -49.87 0.039 0.002 1604.0 -29.29 -48.64 0.020 0.002
= 2 1702.6 -23.61 -46.45 0.039 0.002 1588.4 -27.78 -44.27 0.024 0.004
En 3 1738.1 -26.83 -48.42 0.030 0.002 1635.5 -28.09 -46.52 0.023 0.003
'io': 4 1740.5 -24.42 -44.79 0.037 0.003 1629.0 -26.93 -42.67 0.028 0.004
5 1724.6 -26.95 -46.91 0.027 0.003 1613.6 -24.92 -42.83 0.034 0.004
AVG 1731.1 -24.02 -47.29 0.034 0.002 1614.1 [ -27.60 | -44.07 0.027 0.004
1 1760.8 -22.95 -46.39 0.043 0.003 1650.6 -24.51 -42.63 0.036 0.004
2 1736.6 -22.84 -44.87 0.043 0.003 1650.2 -28.93 -44.26 0.021 0.004
8 3 1767.0 -22.49 -48.70 0.045 0.003 1650.2 -23.32 -44.43 0.041 0.004
E 4 1732.1 -22.42 -44.69 0.046 0.003 1646.1 -28.16 -43.80 0.024 0.004
5 1790.7 -24.42 -53.85 0.037 0.002 1669.9 -24.86 -47.22 0.034 0.004
AVG 1757.4 -22.68 -46.16 0.044 0.003 1653.4 | -25.96 | -43.78 0.031 0.004
1 1779.7 -22.41 -46.32 0.046 0.003 1677.1 -24.56 -41.81 0.036 0.005
2 1773.9 -22.28 -46.35 0.046 0.003 1703.9 -23.91 -47.68 0.039 0.003
:‘ 3 1804.3 -24.27 -48.03 0.038 0.003 1685.1 -24.69 -44.00 0.036 0.004
=] 4 1826.9 -25.93 -50.98 0.031 0.002 1667.5 -23.98 -41.49 0.039 0.005
5 1762.2 -23.42 -45.23 0.039 0.003 1701.7 -23.09 -43.72 0.041 0.003
AVG 1789.4 -23.10 -46.48 0.042 0.003 1687.1 | -24.05 -42.75 0.038 0.004
Temp eraturd 50°C 60°C
Sample # Vel IR1 1IR2 Al A2 Vel IR1 IR2 Al A2
1 1501.5 -35.37 -39.61 0.010 0.005 1430.0 -34.52 -30.52 0.011 0.017
= 2 1514.2 -32.75 -38.12 0.014 0.007 1422.3 -33.14 -29.48 0.013 0.020
a 3 1541.3 -29.88 -37.53 0.020 0.008 1445.2 -30.95 -29.42 0.017 0.020
g 4 1531.0 -34.25 -35.58 0.012 0.010 1442.7 -36.60 -28.12 0.008 0.024
5 1513.5 -32.17 -38.26 0.015 0.007 1434.1 -34.13 -30.42 0.012 0.019
AVG 1520.3 | -33.05 -37.82 0.014 0.007 1434.9 [ -33.93 -29.59 0.012 0.020
1 1555.3 -31.51 -38.22 0.016 0.008 1470.7 -33.89 -30.90 0.012 0.017
2 1557.6 -35.89 -39.97 0.010 0.006 1452.0 -39.59 -30.68 0.006 0.017
8 3 1546.4 -28.95 -39.59 0.021 0.006 1456.4 -30.14 -32.75 0.019 0.014
; 4 1552.3 -35.02 -40.51 0.011 0.006 1464.5 -37.77 -34.05 0.008 0.012
5 1574.3 -32.28 -43.31 0.014 0.005 1478.2 -35.44 -35.60 0.011 0.011
AVG 1557.2 | -32.73 -39.57 0.015 0.007 1464.4 | -35.70 -32.57 0.013 0.014
1 1585.0 -30.57 -40.53 0.018 0.006 1508.3 -35.80 -35.31 0.010 0.011
2 1558.8 -31.09 -38.43 0.017 0.007 1502.7 -35.29 -35.38 0.011 0.011
: 3 1579.3 -31.54 -39.09 0.016 0.007 1492.4 -38.36 -31.56 0.007 0.016
A 4 1570.4 -31.78 -38.37 0.018 0.008 1512.7 -35.90 -33.38 0.009 0.013
5 1610.4 -29.35 -44.05 0.020 0.004 1530.2 -42.14 -34.94 0.004 0.011
AVG 1580.8 | -30.87 -39.10 0.017 0.007 1509.2 [ -36.34 -34.75 0.008 0.011
Temperaturg 70-C
Sample # Vel IR1 IR2 Al A2
1 1366.4 -28.94 -23.93 0.036 0.020
= 2 1370.1 -27.24 -23.58 0.025 0.040
Eo 3 1382.5 -27.42 -22.48 0.024 0.042
g 4 1377.1 -27.59 -21.27 0.024 0.054
5 1358.1 -28.72 -25.01 0.021 0.036
AVG 1370.8 | -27.98 | -23.75 0.027 0.035
1 1381.7 -30.59 -23.93 0.017 0.038
2 1380.3 -33.08 -25.17 0.013 0.032
2 3 1369.1 -29.28 -27.05 0.020 0.028
E 4 1376.2 -36.97 -25.85 0.008 0.032
5 1392.5 -32.99 -29.87 0.014 0.022
AVG 1379.9 | -32.22 | -26.02 0.014 0.031
1 1435.9 -31.94 -27.54 0.014 0.026
2 1435.0 [ -32.75 -28.71 0.013 0.022
: 3 1423.2 -32.16 -27.06 0.014 0.024
[ 4 1451.4 | -31.94 -30.86 0.015 0.018
5 1457.2 -31.25 -31.79 0.016 0.016
AVG | 1440.5 | -32.01 | -29.04 0.014 0.022
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Table B-7 PG64-10

Temperaturd 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1787.5 -20.75 -40.12 0.055 0.006 1702.4 -24.58 -46.59 0.035 0.004
= 2 1825.8 -21.30 -38.37 0.051 0.006 1718.2 -22.44 -42.49 0.044 0.005
a 3 1799.2 -22.95 -39.81 0.042 0.006 1719.4 -26.21 -47.85 0.028 0.003
g 4 1814.7 -20.68 -38.47 0.055 0.007 1708.3 -23.70 -43.38 0.038 0.004
5 1814.0 -21.59 -40.48 0.050 0.006 1692.9 -23.80 -43.18 0.039 0.004
AVG 1808.2 -21.08 -39.45 0.051 0.006 1708.3 | -24.03 -43.91 0.037 0.004
1 1833.5 -20.09 -38.01 0.060 0.007 1729.2 -22.54 -41.67 0.044 0.005
2 1803.9 -19.93 -38.29 0.061 0.007 1731.4 -25.53 -44.36 0.031 0.004
8 3 1836.0 -20.39 -38.54 0.058 0.006 1753.5 -23.24 -47.02 0.041 0.003
E 4 1841.2 -21.45 -39.79 0.050 0.006 1720.8 -23.49 -43.74 0.040 0.004
5 1828.4 -21.61 -38.71 0.049 0.006 1743.3 -25.45 -44.06 0.031 0.004
AVG 1828.6 -20.70 -38.67 0.056 0.006 1735.6 | -24.05 -43.46 0.037 0.004
1 1884.8 -21.04 -41.68 0.054 0.005 1756.8 -23.30 -43.06 0.040 0.004
2 1869.8 -19.39 -38.30 0.065 0.007 1754.0 -21.30 -40.95 0.052 0.005
<>t 3 1896.0 -20.38 -39.84 0.058 0.006 1776.4 -23.49 -43.23 0.040 0.004
A 4 1929.6 -19.23 -44.05 0.064 0.004 1794.4 -21.58 -45.89 0.049 0.004
5 1923.2 -19.04 -44.08 0.066 0.004 1765.7 -23.83 -40.14 0.038 0.006
AVG 1900.7 -19.51 -42.41 0.061 0.005 1769.4 | -22.70 -41.84 0.043 0.005
Temperaturd 50-C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1606.7 -41.07 -46.32 0.005 0.003 1486.0 -36.41 -41.65 0.008 0.005
= 2 1613.7 -36.82 -44.28 0.008 0.004 1545.3 -40.95 -42.26 0.005 0.005
ED 3 1580.3 -26.45 -43.74 0.028 0.004 1502.3 -35.23 -42.45 0.010 0.004
g 4 1605.7 -28.57 -44.23 0.021 0.004 1525.5 -31.77 -42.18 0.015 0.005
5 1580.1 -26.37 -43.87 0.028 0.004 1513.6 -34.37 -42.49 0.010 0.005
AVG 1597.3 | -31.86 -44.49 0.018 0.004 1514.5 | -35.74 -42.20 0.010 0.005
1 1613.4 -25.96 -42.89 0.029 0.004 1512.9 -41.42 -40.28 0.005 0.006
2 1613.1 -29.64 -43.77 0.019 0.004 1528.7 -36.54 -41.77 0.008 0.005
E 3 1647.9 -27.73 -48.76 0.024 0.003 1545.7 -44.00 -43.97 0.003 0.004
E 4 1622.1 -26.09 -44.01 0.028 0.004 1530.4 -39.34 -41.02 0.006 0.005
5 1632.1 -29.93 -43.08 0.019 0.004 1544.5 -35.61 -40.57 0.009 0.006
AVG 1625.7 | -27.87 -43.44 0.024 0.004 1532.5 | -39.10 -40.91 0.007 0.006
1 1631.7 -27.68 -43.68 0.024 0.004 1538.2 -30.77 -42.17 0.017 0.004
2 1643.4 -25.20 -41.33 0.032 0.005 1567.9 -33.15 -44.76 0.013 0.004
: 3 1648.1 -26.21 -41.12 0.029 0.005 1559.3 -31.42 -40.05 0.016 0.006
- 4 1680.5 -25.62 -46.72 0.031 0.004 1589.4 -33.47 -44.46 0.012 0.004
5 1672.8 -25.84 -46.09 0.030 0.003 1564.4 -31.48 -42.55 0.016 0.004
AVG 1655.3 | -26.11 -43.05 0.029 0.004 1563.8 | -32.06 -43.48 0.015 0.004
Temperaturg 70-C
Sample # Vel IR1 IR2 Al A2
1 1429.8 -32.16 -38.91 0.012 0.007
= 2 1490.5 -38.57 -35.68 0.007 0.010
a 3 1415.5 -33.29 -35.62 0.013 0.010
g 4 1461.7 -33.99 -38.22 0.012 0.008
5 1525.7 -37.41 -42.77 0.007 0.005
AVG 1464.7 | -35.09 -37.11 0.010 0.008
1 1479.5 -44.06 -36.04 0.003 0.010
2 1454.2 -42.03 -38.55 0.004 0.008
8 3 1450.3 -38.65 -38.91 0.004 0.005
; 4 1465.5 -37.99 -40.95 0.006 0.007
5 1480.7 -37.32 -43.00 0.008 0.005
AVG 1466.1 -40.01 -39.47 0.005 0.007
1 1478.5 -36.82 -41.04 0.009 0.005
2 1473.8 -36.69 -40.45 0.009 0.006
: 3 1499.0 -38.37 -39.81 0.007 0.006
) 4 1530.4 -40.47 -40.88 0.005 0.005
5 1493.6 -37.22 -42.26 0.008 0.005
AVG 1495.1 -37.28 -40.89 0.007 0.005
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Table B-8 PG76-10
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Temp eratur 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1820.9 -18.85 -37.23 0.066 0.008 1747.4 -21.95 -47.34 0.046 0.003
= 2 1850.8 [ -18.22 -39.08 0.073 0.006 1765.0 | -22.08 -50.09 0.046 0.003
E" 3 1869.1 -18.88 -37.87 0.067 0.008 1742.5 -22.03 -44.21 0.047 0.004
g' 4 1843.3 -19.92 -37.44 0.060 0.008 1738.8 -21.66 -46.35 0.048 0.003
5 1843.7 -19.01 -37.00 0.066 0.007 1723.4 -21.44 -47.62 0.050 0.003
AVG 1845.6 | -18.98 | -37.72 0.066 0.007 [ 1743.4 | -21.83 | -47.12 0.047 0.003
1 1862.5 -18.58 -37.34 0.071 0.007 1749.8 -21.33 -44.44 0.052 0.004
2 1902.2 -18.76 -39.01 0.070 0.007 1798.1 -20.95 -49.13 0.054 0.002
8 3 1875.5 -18.21 -36.99 0.075 0.008 1755.9 -21.96 -41.89 0.048 0.005
; 4 1896.6 -19.09 -39.73 0.066 0.006 1748.3 -21.98 -43.22 0.048 0.004
5 1941.2 -18.27 -39.35 0.073 0.008 1824.1 -21.27 -49.21 0.052 0.002
AVG 1895.6 | -18.58 [ -38.48 | 0.071 0.007 [ 1775.3 | -21.50 [ -45.58 | 0.051 0.003
1 1943.6 [ -17.73 -37.16 0.080 0.008 1801.5 -21.09 -41.38 0.053 0.005
2 1930.6 | -18.22 -34.49 0.073 0.010 1804.7 -21.15 -41.02 0.053 0.005
: 3 1980.4 | -17.77 -40.32 0.080 0.006 1805.7 -20.83 -42.12 0.054 0.005
A~ 4 1992.9 -17.78 -42.40 0.079 0.004 1855.1 -21.65 -49.49 0.050 0.002
5 1892.1 -17.53 -34.02 0.080 0.010 1806.9 -21.50 -43.14 0.051 0.004
AVG 1947.9 | -17.80 | -37.68 0.078 0.008 | 1814.8 | -21.24 | -41.92 0.053 0.005
Temperatur 50°C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1631.0 -26.36 -46.69 0.027 0.003 1538.4 -34.52 -40.56 0.011 0.006
= 2 1632.1 -25.59 -46.99 0.030 0.003 1583.6 -32.45 -43.61 0.014 0.004
Eo 3 1634.7 -26.07 -46.27 0.030 0.003 1558.2 -31.79 -43.33 0.015 0.004
'io: 4 1636.6 -26.04 -47.31 0.029 0.003 1520.0 -32.74 -42.82 0.014 0.004
5 1639.6 -26.83 -46.23 0.027 0.003 1547.4 -32.88 -44.80 0.013 0.004
AVG 1634.8 | -26.18 -46.70 0.029 0.003 1549.5 | -32.88 -43.03 0.013 0.004
1 1651.9 -26.05 -47.65 0.030 0.003 1543.7 -33.59 -43.95 0.012 0.004
2 1648.9 -25.21 -45.39 0.032 0.003 1555.8 -31.81 -44.28 0.015 0.004
2 3 1641.7 -25.83 -44.85 0.030 0.004 1546.8 -33.05 -43.83 0.013 0.004
; 4 1639.7 -26.56 -45.42 0.028 0.003 1547.2 -31.96 -46.05 0.015 0.003
5 1664.4 -25.82 -45.02 0.030 0.004 1588.0 -39.55 -46.31 0.006 0.003
AVG 1649.3 | -25.89 | -45.66 0.030 0.003 1556.3 [ -32.60 | -44.88 0.012 0.004
1 1692.0 -24.34 -43.55 0.036 0.004 1605.1 -28.49 -42.94 0.022 0.004
2 1696.0 -24.97 -43.60 0.033 0.004 1617.8 -30.51 -43.73 0.018 0.004
: 3 1709.5 -24.60 -45.44 0.035 0.004 1639.6 -30.03 -46.96 0.019 0.003
A 4 1696.9 -25.05 -44.81 0.033 0.004 1608.2 -30.25 -44.53 0.018 0.004
5 1720.4 -24.90 -47.48 0.034 0.003 1609.1 -30.79 -45.78 0.017 0.003
AVG 1702.9 | -24.77 -44.98 0.034 0.004 1616.0 | -30.01 -44.79 0.019 0.004
Temp eratur 70-C
Sample # Vel IR1 IR2 Al A2
1 1501.9 -43.85 -33.80 0.004 0.012
= 2 1532.2 -35.40 -34.32 0.010 0.011
En 3 1489.6 -34.03 -33.30 0.011 0.013
g 4 1483.5 -33.39 -36.37 0.012 0.009
5 1525.4 -36.33 -35.33 0.009 0.010
AVG 1506.5 | -34.79 | -34.62 0.009 0.011
1 1475.7 -34.96 -37.67 0.011 0.008
2 1488.2 -38.18 -37.33 0.007 0.009
8 3 1482.2 -37.47 -37.09 0.008 0.008
E 4 1491.3 -37.19 -38.65 0.008 0.007
5 1480.4 -38.08 -37.16 0.007 0.009
AVG 1483.5 | -37.18 | -37.58 0.008 0.008
1 1529.1 -39.63 -38.91 0.006 0.007
2 1537.2 -39.87 -41.18 0.006 0.006
<>C 3 1554.7 -35.28 -39.33 0.010 0.007
A 4 1524.4 -36.35 -41.43 0.009 0.006
5 1525.3 -38.90 -42.04 0.007 0.005
AVG 1534.1 | -38.69 | -40.58 0.008 0.006
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Table B-9 PG64-16

Temp erature| 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
1 1824.9 -24.06 -49.06 0.038 0.004 1671.9 -23.31 -45.72 0.040 0.003
= 2 1728.9 -22.71 -42.12 0.044 0.004 1726.7 -24.76 -50.06 0.035 0.002
En 3 1840.5 -20.86 -45.23 0.054 0.003 1714.7 -27.42 -48.33 0.025 0.003
g 4 1828.0 -25.60 -47.44 0.032 0.004 1636.2 -23.26 -46.62 0.041 0.002
5 1809.4 -21.45 -42.09 0.031 0.004 1703.6 -26.68 -46.79 0.028 0.003
AVG 1806.3 -22.94 -44.22 0.040 0.004 1690.6 | -24.50 -47.50 0.034 0.002
1 1823.4 -19.78 -39.22 0.062 0.007 1735.7 -27.43 -52.89 0.024 0.001
2 1821.0 -23.43 -38.08 0.040 0.007 1716.6 -25.46 -50.91 0.032 0.002
8 3 1841.3 -18.56 -39.33 0.072 0.007 1767.2 -30.14 -54.42 0.019 0.002
E 4 1839.0 -21.93 -41.82 0.048 0.005 1748.5 -26.67 -53.80 0.028 0.001
5 1832.1 -23.71 -40.18 0.039 0.006 1740.3 -31.02 -51.12 0.017 0.002
AVG 1831.4 -21.48 -39.73 0.052 0.006 1741.7 | -28.15 -52.62 0.024 0.001
1 1873.8 -19.67 -38.24 0.063 0.008 1778.0 -26.08 -49.88 0.031 0.002
2 1864.3 -19.82 -38.26 0.063 0.008 1781.6 -26.82 -49.91 0.028 0.002
: 3 1850.0 -23.54 -38.27 0.040 0.007 1730.0 -29.83 -47.68 0.020 0.003
A 4 1869.4 -18.65 -36.57 0.071 0.009 1767.8 -26.67 -46.86 0.029 0.003
5 1844.1 -19.69 -36.72 0.063 0.008 1781.1 -26.22 -51.64 0.030 0.002
AVG 1860.3 -19.46 -37.61 0.060 0.008 1767.7 | -26.45 -49.19 0.028 0.002
Temp erature] 50-C 60-C
Sample # Vel IR1 1IR2 Al A2 Vel IR1 IR2 Al A2
1 1559.7 -28.75 -46.17 0.021 0.003 1507.8 -36.87 -44.63 0.008 0.004
= 2 1622.4 -27.41 -50.95 0.025 0.002 1512.9 -43.35 -45.91 0.003 0.003
a 3 1606.4 -28.12 -49.60 0.024 0.002 1528.6 -37.18 -47.58 0.008 0.003
g 4 1592.8 -26.76 -50.65 0.027 0.002 1507.8 -37.45 -49.14 0.008 0.002
5 1580.5 -30.56 -46.62 0.018 0.004 1499.0 -40.99 -44.99 0.005 0.004
AVG 1592.4 | -27.76 -48.80 0.023 0.003 1511.2 -38.12 -46.45 0.006 0.003
1 1624.1 -33.85 -52.60 0.012 0.002 1628.8 -47.55 -46.03 0.002 0.003
2 1680.7 -37.35 -47.34 0.008 0.002 1630.9 -35.82 -46.02 0.008 0.004
8 3 1658.3 -34.21 -50.14 0.012 0.002 1754.8 -44.32 -48.65 0.032 0.002
E 4 1649.4 -30.24 -54.66 0.018 0.001 1615.9 -26.29 -52.55 0.028 0.001
5 1642.9 -32.53 -48.23 0.014 0.002 1633.7 -35.42 -41.90 0.010 0.004
AVG 1651.1 | -33.63 -49.58 0.012 0.002 1627.3 | -37.88 -46.90 0.014 0.003
1 1647.8 -29.95 -47.72 0.020 0.002 1463.0 -32.33 -43.96 0.013 0.004
2 1691.0 -41.33 -47.97 0.005 0.002 1439.4 -35.33 -45.31 0.008 0.003
: 3 1643.0 -34.75 -47.14 0.012 0.003 1482.2 -41.94 -44.18 0.005 0.004
) 4 1587.3 -29.54 -48.03 0.020 0.002 1412.4 -35.78 -45.17 0.010 0.003
5 1649.8 -32.77 -47.69 0.014 0.003 1461.0 -36.35 -41.87 0.008 0.005
AVG 1643.8 [ -31.76 -47.71 0.014 0.002 1451.6 | -34.95 -44.10 0.009 0.004
Temperature] 70-C
Sample # Vel IR1 IR2 Al A2
1 1443.8 -33.48 -33.67 0.012 0.011
= 2 1440.1 -33.14 -33.08 0.012 0.012
Eo 3 1459.7 -32.84 -37.60 0.013 0.008
g 4 1451.9 -34.47 -34.96 0.011 0.012
5 1432.2 -33.31 -32.06 0.012 0.016
AVG 1445.5 | -33.45 | -33.44 0.012 0.013
1 1429.7 -40.65 -48.13 0.005 0.002
2 1569.9 -42.20 -34.04 0.004 0.012
8 3 1495.1 -27.35 -40.44 0.024 0.005
E 4 1484.8 -29.31 -43.87 0.020 0.004
5 1509.5 -36.77 -36.78 0.009 0.009
AVG 1497.8 | -35.26 | -40.36 0.018 0.006
1 1533.4 -42.31 -36.47 0.005 0.009
2 1395.2 -44.56 -36.25 0.003 0.010
: 3 1623.6 -47.56 -36.65 0.003 0.010
A 4 1525.8 -45.15 -36.35 0.003 0.010
5 1552.3 -42.04 -36.99 0.005 0.009
AVG 1537.2 | -43.52 -36.54 0.003 0.009
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Table B-10 PG58-28
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Temperature 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
= 1 1739.9 -26.86 -47.96 0.027 0.003 1618.7 | -26.11 -48.06 0.029 0.003
En 2 1746.2 -24.92 -48.21 0.035 0.003 1621.2 | -29.84 -48.09 0.019 0.002
'é- 3 1735.9 -22.52 -49.18 0.045 0.002 1680.0 | -32.05 -52.78 0.015 0.002
AVG 1740.7 | -24.77 | -48.45 0.036 0.003 1639.9 | -29.33 | -48.08 0.024 0.002
Temperature] 50-C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
= 1 1506.4 | -36.14 -46.55 0.009 0.003 1451.3 -38.61 -39.41 0.006 0.006
En 2 1457.9 | -40.26 -45.55 0.006 0.003 1430.1 -42.98 -40.98 0.004 0.006
g 3 1501.2 [ -35.61 -45.11 0.010 0.004 1427.5 -41.13 -41.01 0.005 0.005
AVG | 1488.5 | -35.88 | -45.73 0.008 0.003 | 1436.3 | -40.91 | -40.47 0.005 0.006
Temperature] 70-C
Sample #| Vel IR1 IR2 Al A2
= 1 1394.1 | -35.75 | -31.75 0.010 0.016
'En 2 1361.6 | -37.41 -26.22 0.007 0.030
g 3 1378.0 | -30.44 | -29.50 0.017 0.023
AVG | 13779 | -34.53 | -29.16 | 0.011 0.023
Table B-11 PG 70-28
Temperature 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
= 1 1734.3 -24.67 -46.25 0.036 0.004 1644.0 | -26.87 -45.82 0.027 0.004
En 2 1771.0 -23.92 -49.16 0.039 0.003 1643.7 | -27.55 -46.32 0.025 0.003
g 3 1777.3 -23.70 -47.83 0.040 0.003 1653.9 | -27.59 -45.73 0.025 0.003
AVG 1760.8 | -24.09 | -47.75 0.038 0.003 1647.2 | -27.33 | -45.95 0.026 0.003
Temperature] 50-C 60-C
Sample #| Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
= 1 1544.1 -33.29 -41.41 0.013 0.005 1466.2 | -37.97 -37.72 0.008 0.008
a 2 1546.8 | -33.86 -42.15 0.012 0.004 1483.9 | -38.80 -39.83 0.007 0.007
g 3 1548.6 | -34.73 -41.13 0.011 0.006 1517.1 -38.30 -44.62 0.007 0.004
AVG | 1546.5 | -33.96 | -41.56 0.012 0.005 | 1489.1 | -38.35 | -38.77 0.007 0.007
Temperature 70°C
Sample # Vel IR1 IR2 Al A2
= 1 1380.4 | -31.72 -28.48 0.015 0.024
En 2 1396.9 | -32.96 -29.14 0.013 0.022
g 3 1397.4 | -33.54 -26.96 0.012 0.026
AVG | 1391.6 | -32.74 | -28.19 | 0.013 0.024
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Temperaturd 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
= 1 1763.3 -23.22 -49.41 0.0420 | 0.0020 1658.3 -26.64 | -49.18 | 0.0280 | 0.0020
Eu 2 1726.8 -27.79 -47.85 0.0250 | 0.0025 1630.9 -26.60 | -44.76 | 0.0280 | 0.0037
g 3 1734.8 -26.41 -48.19 | 0.0290 | 0.0025 1617.0 -27.88 -44.68 | 0.0240 | 0.0040
AVG 1741.6 | -25.81 | -48.48 | 0.0320 | 0.0023 | 1635.4 | -27.04 | -44.72 [ 0.0260 [ 0.0039
Temperaturd 50-C 60-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 IR2 Al A2
= 1 1533.7 -38.16 | -44.24 | 0.0078 | 0.0038 1425.5 -42.33 -37.79 | 0.0044 | 0.0072
En 2 1515.3 -36.09 -40.45 | 0.0095 [ 0.0050 1450.9 | -39.31 -36.89 | 0.0064 | 0.0086
g 3 1516.1 -32.93 -41.08 | 0.0130 [ 0.0040 1432.3 -41.47 -37.79 | 0.0049 | 0.0079
AVG 1521.7 | -35.73 | -41.92 | 0.0101 | 0.0043 | 1436.2 | -41.04 | -37.49 | 0.0052 | 0.0079
Temperaturd 70°C
Sample # Vel IR1 IR2 Al A2
= 1 1412.1 -38.82 | -25.83 | 0.0070 | 0.0300
En 2 1383.4 | -31.05 -25.96 | 0.0160 | 0.0310
'é-: 3 1386.6 | -38.11 -26.53 [ 0.0075 | 0.0280
AVG 1394.1 | -35.99 | -26.11 | 0.0102 | 0.0297
Table B-13 PG58-34
Temperaturd 30-C 40-C
Sample # Vel IR1 IR2 Al A2 Vel IR1 1R2 Al A2
= 1 1654.7 -27.80 -46.03 0.0240 | 0.0030 | 1577.7 | -41.09 -49.75 | 0.0057 | 0.0020
ED 2 1674.2 -25.92 -47.76 | 0.0310 | 0.0020 | 1543.1 -37.19 -47.91 0.0080 | 0.0022
g 3 1693.4 -24.74 -50.04 | 0.0340 | 0.0020 | 1582.2 | -34.12 -50.33 | 0.0115 | 0.0020
AVG 1674.1 | -26.15 | -47.94 | 0.0297 | 0.0023 | 1567.7 | -37.47 | -49.33 | 0.0084 | 0.0021
Temperaturd 50-C 60-C
Sample #| Vel IR1 IR2 Al A2 Vel IR1 1IR2 Al A2
= 1 1429.3 | -38.47 -39.46 | 0.0066 | 0.0064 | 1373.4 | -29.96 -28.86 | 0.0170 | 0.0220
a 2 1424.7 | -37.07 -39.02 | 0.0080 | 0.0066 | 1379.7 | -28.49 -28.59 | 0.0200 | 0.0230
g 3 1498.8 | -40.28 -38.22 | 0.0060 | 0.0078 | 1412.5 | -36.52 -28.01 0.0090 [ 0.0240
AVG | 1450.9 | -38.61 | -38.90 [ 0.0069 | 0.0069 | 1388.5 | -31.66 | -28.49 | 0.0153 | 0.0230
Temperaturg 70-C
Sample #| Vel IR1 IR2 Al A2
= 1 1350.3 | -30.89 | -22.54 | 0.0160 | 0.0440
E‘) 2 1274.1 -32.60 | -23.94 | 0.0120 | 0.0038
g 3 1265.6 | -40.53 -22.60 [ 0.0500 | 0.0043
AVG | 1296.6 | -34.68 | -23.02 | 0.0260 | 0.0174
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C. APPENDIX C;

Graphs of Variation of Ultrasound Measurments with Temparature
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D. APPENDIX D;
Effect of the Use of Polymer and Rubber on Elastic Modulus of
Portland Cement Concrete(Siringi, 2012)
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Figure D-28Stress vs. Strain Comparison between Control Concrete and TDA Concrete at 28 days

(Siringi, 2012)
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E. APPENDIXE :
Economic Impact
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Grade verification of the asphalt binders is a very time consuming process which
requires expensive equipment and skillful labor. Ultrasound devices are inexpensive and
operating them simple and could be fast. The application of the ultrasound as an
alternative for mechanical tests on asphalt binder has the potential of economical saving
for governmental and state agencies as well as private companies. Table E-1 compares

the estimated cost of the proposed ultrasound method with the current grade verification

routine.
Table E-1Economical Impact of the Propsed Method
. . Proposed
Grad;Zs:illtli:atlon Cost Ultrasound Cost
Method
. Pulser/Receiver
Dynamic Shear $40,000 and GUI $10,000
Equipment Bending Beam $23,000 Transducer $700
Direct Tensile $17,000 Water Bath $1,000
Total $80,000 $11,700
Dynamic Shear $20
Sample
Preparation . .
Time (for 100 Bending Beam $200 Tin cup $40
samples)
Direct Tensile $250
Total $470 $40
Dynamic Shear $625
Testing Time Bending Beam $420 Ultrasound shot $60
(for 100 tests)
Direct Tensile $625
Total $1670 $60
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Proposed method could save 85%, 90%, and 95% in equipment, time value of
samples preparation and time value of testing, respectively.

Additionally, unlike all mechanical tests on asphalt binder, the ultrasound
measurement is a non-destructive method which its value could hardly be quantified.
With a non-destructive ultrasound one sample can be tested repeatedly without imposing

any change in the sample’s condition.
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