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ABSTRACT

The failure of longitudinal construction joints is one of the critical factors causing
accelerated pavement deterioration. Poor-quality longitudinal construction joints are
often characterized by a difference in elevation between adjacent lanes or by unraveling
of the hot mix asphalt (HMA). Current wave-based non-destructive testing (NDT)
methods are efficient and economical for the evaluation of material properties. In this
thesis, an innovative surface wave testing technique for condition assessment of
longitudinal construction joints in asphalt pavements is presented. This method enables
reduction of the number of cores required for large-strain testing and provision of a more
uniform quality assessment of longitudinal joints as well as the relative condition of the
asphalt pavements. The technical development is based on a theoretical study of the wave
attenuation mechanisms and on the reported deficiencies in current seismic wave-based

methods.

Traditionally, the use of ultrasonic testing to determine small-strain elastic property for
asphalt concrete was uniquely based on the measurement of wave velocity. However,
isolated use of wave velocity does not provide complete information of the materials
strength because of the different variables that affect the strength-velocity relationship.
Therefore, it is necessary to complement velocity data with independent information such

as the change in attenuation and frequency content of the propagating pulse.

The existing deficiencies in current seismic wave-based methods were addressed to
improve reliability, accuracy and consistency for asphalt concrete material
characterization in the laboratory and in the field. Refined and improved signal
processing techniques were used to overcome the shortcomings in the existing wave-
based methods that contribute to uncertainties in the interpretation of test results. To
capture more information from a wave, the signal was analyzed in the time and frequency
domains. The basic analyses included a simple method such as peak to peak amplitude of
the first cycle of arriving wave, and complex methods such as maximum magnitude and

area of corresponding frequency spectrum through Fourier transform. A novel approach
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based on wavelet transform of the signal was presented, which provides an alternative

method to determine wave characteristics.

Material characterization tests (experiment Phase I) were carried out to study the
relationship between the wave characteristics obtained from UPV test and the quality of
the asphalt concrete specimens prepared in the laboratory. The specimens were identical
in terms of aggregate and asphalt binder ratio, but varying in volumetric properties
produced by different compaction efforts. The specimen quality was determined using
two methods: 1) the traditional method using density measurement and 2) an innovative
approach using dynamic modulus which is recommended by the Federal Highway
Administration (FHWA) for use as a fundamental material property for characterizing
Superpave mixes (Witczak, et al., 2002; Bonaquist et al., 2003; Christensen et al., 2004).
The measured wave characteristics showed excellent correlations (R* > 0.9) with the
fundamental properties of the mix. The results revealed that the wave amplitude
parameters as the condition index have the potential to provide a reliable assessment of
the quality of HMA mixtures. The finding is very critical to moving the technology

forward in the right direction, and form an important basis for the experiment Phase II.

Experiment Phase II investigated the feasibility and effectiveness of using the wave
characteristics identified in experiment Phase I to assess the condition of longitudinal
construction joints. Particular attention was given to examining the sensitivity of the
wave-based technique to different types of construction joints. For this purpose, three
types of construction joints (good, fair and poor) were fabricated in the laboratory and
identified using the wave-based technique. The research was intended to develop a
suitable test procedure for condition assessment the longitudinal joints in asphalt
pavement in the field. The data from experiment Phase II revealed that the wave-based
technique enables assessment of not only the quality of different types of longitudinal

construction joints but also the relative condition of asphalt pavements.
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CHAPTER 1
INTRODUCTION

1.1 Background

One of the major challenges facing pavement engineers and researchers is the
development of non-destructive test (NDT) methods for the in-situ condition assessment
of pavement structures. An efficient quality control and acceptance procedure is
important to prevent premature pavement failures. The effects are costly in terms of
additional maintenance and early rehabilitation costs. One of the critical sources causing
accelerated pavement deterioration is the failure of longitudinal construction joints. Poor-
quality longitudinal construction joints are often characterized by a difference in
elevation between adjacent lanes or by raveling of the hot mix asphalt (HMA).

Construction joint failures also permit the intrusion of water causing further deterioration.

Traditionally, the quality of construction joints is evaluated in terms of achieving
adequate density at the joints between adjacent and paving lanes. This evaluation is done
by comparing the in-place density obtained through pavement cores at five locations
across the longitudinal joint of the pavement (typically at the centerline, 150 mm, and
450 mm on either side of the centerline). In general, it is assumed that good compaction
at joints would lead to good performance. Asphalt density is believed to be a good
performance indicator of the construction of longitudinal joints. However, this

assumption needs validation.

Recent developments in quality control and quality assurance testing program for asphalt
pavements identified the need for the use of fundamental material properties for assessing
the HMA mix quality in addition to volumetric design properties such as density, void
ratio, asphalt content, and so forth. The quality of asphalt concrete materials is often
characterized by material properties such as dynamic modulus determined on the basis of
the simple performance tests (SPT) recommended by the Federal Highway
Administration (FHWA) (Witczak et al., 2002; Bonaquist et al., 2003; Christensen and



Bonaquist, 2004). The dynamic modulus (E) test is the oldest test recently modified for
use as a part of simple performance tests for the evaluation of the long term performance
of asphalt concrete mixture. Therefore, it is felt important that the parameters selected for
use in the proposed NDT tests for the in-situ condition assessment of the longitudinal
joints should be closely correlated to the mix properties such as dynamic modulus values

determined in the laboratory using SPT.

1.2 The Need for Developing an innovative NDT Method

Highway transportation agencies are actively searching for innovative NDT methods for
in-situ condition assessment of pavement structures because of the physical and
economical constraints of destructive testing. Current density measurements are
destructive and time consuming. This creates a need for a simple non-destructive test
(NDT) that will be suitable for evaluating not only the quality of longitudinal
construction joints but also the relative condition according to the HMA mix design
material properties. NDT will reduce the number of cores as well. NDT methods are
commonly used for material characterization (concrete, earth, steel, pavements, and
wooden structures), flaw and crack detection (sewer systems, tunnel linings), and
detection of underground anomalies (mining, detection of unexploded ordnances) and
have been successfully used for the location of underground voids (Phillips et al. 2000,

2001, 2002, 2003).

Common wave-based methods such as ultrasonic pulse velocity (UPV), impact echo, and
spectral analysis of surface waves (SASW) have gained increased use for material
property evaluation for decades. However, there are some limitations in each of these
methods. For example, the UPV method is one of the most widespread wave-based
methods in NDT. Yet, its potential for assessing the quality of materials is limited
because it is only based on measurement of wave velocity. Other important wave
characteristics such as amplitude only received little attention. Since different variables
can affect the strength - wave velocity relationship, wave velocity alone becomes less
reliable for provision of complete information of the material strength. This may be the

reason why poor correlation was observed between the wave propagation parameters



determined from the standard pulse velocity test method (ASTM C597) and the field
rutting reported in FHWA, NCHRP Report 465 (Witczak et al, 2002). This limitation
entails improved techniques for processing the output pulse signals such as the spectral
analysis of attenuation to complement the strength-velocity data. Improvement in signal
processing through innovation will enhance the utilization of wave-based techniques in

highway applications in the future.

1.3 Objectives and Scope of the Research

The main objective of this research is to develop a simple and efficient non-destructive
test method for the condition assessment of longitudinal construction joints in asphalt
pavements. As a first step, the most promising non-destructive technique (transmission
coefficient as described later) in conjunction with suitable static destructive tests will be
explored in the laboratory for a comprehensive evaluation of pavement condition. The
relationship between good compaction (typically equivalent to 100 gyrations) at joints
and good bonding between the two adjacent lanes will be evaluated with a laboratory
experimental program. Based on these test results, the most suitable NDT method will be

recommended for testing in the field.

The scope of this research involved the following tasks:

7

¢ Understanding the propagation of ultrasonic wave in a material, with particular

attention to the wave attenuation.

3

%

Reviewing the literature and studying the recent developments of wave-based
NDT methods and Superpave (Superior Pavement Performance) test methods for
material characterization. Analyzing the limitations and advantages of the NDT
techniques and developing an improved UPV-based technique with
complementary use of wave characteristics for material characterization tests.

% Performing material characterization tests (Phase I) using laboratory-fabricated
cylindrical specimens. The UPV tests in conjunction with the standard dynamic
modulus tests (Superpave tests) were explored in the laboratory for a

comprehensive evaluation of material quality. Examining the relationship among



the different parameters such density, dynamic modulus values and the wave
attenuation measured in terms of signal amplitude and frequency content.

¢ Conducting laboratory experiments using fabricated pavement slabs to investigate
the feasibility and effectiveness of using the wave characteristics identified in the
experiments of Phase I to assess the condition of longitudinal construction joints.

¢ Investigating the complementary use of condition indices determined from the
laboratory experiments, and developing a test procedure suitable for condition
assessment of the longitudinal construction joints in the pavement slab prepared in

the laboratory as well as the joints in asphalt pavements in the field.

1.4 Research Significance

The development of ultrasonic testing techniques for inhomogeneous, high damping
construction materials such as asphalt concrete has made little progress in comparison to
the progress made in the development of techniques for relatively homogeneous materials
such as metals and ceramics. There has been ongoing research on the use of ultrasonic
testing for bituminous materials, but no standard wave-based test protocol is available for
condition assessment of asphalt concrete. The ultrasonic inspection of asphalt concrete is
difficult because the composite characteristics of the materials result in scattering of
waves and limit the penetration of waves into the object being investigated (Carino and

Sansalone, 1988).

It is felt that further refinement of signal processing techniques involved in different NDT
methods through research will help overcome the existing limitations in the use of
seismic based NDT techniques and make it suitable for routine application in the

condition assessment of asphalt pavements.

Traditionally, ultrasonic velocity measurements are used to assess material quality. The
underlying principle is that the velocity of wave propagation depends on the elastic
modulus, density, and Poisson’s ratio of the medium concerned. In practice, however, the
velocity-strength relationship is affected by the combined effect of aggregate size, air

void, and moisture condition which can cause some degree of variability in the results.



Moreover, observations indicate that ultrasonic pulse velocity is not sensitive to the level
of damage until nearly 80% of ultimate strength is reached (Suaris et al, 1987; Daponte,
1995). Therefore, traditional ultrasonic pulse method is not sufficient for condition
assessment of asphalt concrete. It is necessary to complement velocity data with
independent information such as the change in attenuation and frequency content of the
propagating pulse. The attenuation characteristics of a medium are obtained from the
frequency domain analysis of the data (Fourier analysis). This involves additional signal
processing techniques to determine these wave attenuation parameters. However, these
parameters are more sensitive than wave velocity in the detection of system flaws (Suaris
et al, 1987; Daponte, 1995). In order to explore the use of additional wave characteristics,
more extensive research and effort are required to improve signal processing techniques.
It is expected that this study would contribute to increasing the reliability and consistency
of NDT measurements which eventually will play an important role in taking the existing

technology to the next level.

The findings of this research show excellent correlations (R* > 0.9) between the
fundamental properties of the mix and the wave characteristics. Furthermore, the results
show that wave attenuation parameters are effective in distinguishing between the poor
and good construction joints of asphalt slabs fabricated in the laboratory. The proposed
technique has the potential for development by further research into a more complete

method suitable for field implementation.

1.5 Thesis Organization
The first chapter of the thesis gives the general outline of the existing problem, the need

for further investigation and objectives of the study.

Chapter 2 begins with a theoretical background mainly on the theory of wave propagation
related to elasticity the material. The characteristics of propagation of surface waves and
body waves are illustrated. Basic wave equations are stated. The physical phenomena of
wave propagation including wave reflection, refraction, mode conversion and

superposition are discussed.



Chapter 3 provides the basic principles of associated signal processing techniques which
allow for characterization of material properties in the subsequent research. The signal
processing techniques mainly includes Fourier transform, windowing technique, short

time Fourier transform, and wavelet transform.

Chapter 4 provides a review of wave-based NDT methods commonly employed to
evaluate internal conditions of a structure. The testing procedures and associated
computation process are described. The limitations and advantages with each test are
discussed. This chapter provides information for the design of the experimental program

of this research.

Chapter 5 provides the details of the experimental program of Phase 1. The description of
tests involved in Phase 1 and their testing procedures are presented, with a particular
attention to the Ultrasonic Pulse Velocity measurements. The instrumentation
requirements for the ultrasonic testing are highlighted. The analyses and discussions of
the experimental results of Phase 1 are presented. The most suitable condition indices
were selected from wave characteristics for assessing the mix integrity. The information
provided in this chapter forms an important basis for the design of the experiments of

Phase 2.

Chapter 6 describes in detail the experimental program of Phase 2, focusing on
fabrication of HMA slabs and application of the condition indices identified in the
experiments Phase 1. This chapter concludes with the analysis and discussion of the

experimental results for the slabs.

Finally, the main conclusions and recommendations of this research are summarized in

Chapter 7.



CHAPTER 2
THEORY OF WAVE PROPAGATION

2.1 Background

Mechanical waves are generated by particle oscillation in a solid, liquid, or gas. No
mechanical wave is able to propagate in vacuum because no particle oscillation occurs.
The wave propagation depends on the elasticity of the material which acts as a restoring
force returning each oscillating particle to its original position and starting its
neighborhood particles oscillating. Individual particles will not move to another place;
they only oscillate back and forth a distance from the equilibrium position. This distance

of oscillation is defined as the amplitude of the wave.

Human beings are able to detect sound waves of a certain frequency range, roughly from
16 Hz to 20 kHz, known as the audible range. Sound waves below 16 Hz are considered
subsonic; and those above 20 kHz are above the ability of human hearing and hence

called ultrasonic (Hellier et al., 2001).

2.2 Modes of Propagation

In general, stresses and strains created by a transient disturbance on a half-space
propagate as two types of waves: body and surface waves. Body waves consist of
compression and shear waves which propagate radially outward from the source. The two
major types of surface waves are Rayleigh and Love waves. In contrast to body waves,
surface waves are confined to the near surface and are similar to waves propagating on
the surface of water. Wave propagation modes are usually described in terms of the
direction of particle motion in relation to the direction of propagation (Hellier et al.,

2001).
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2.2.1 Compression wave (P-wave)

Compression wave is an oscillation mode propagating away from the source by
successive compressive and dilative motions. It is also called longitudinal waves because
it travels with particle motions (elongation and compression) parallel to the direction of
propagation, as illustrated in Figure 2.1. Compression waves exist in solid, liquid and gas
because the three substances can provide resistance forces to prevent the particles from
being compressed and dilated. In solids, this force is attributed to the elastic properties of
the medium (Young’s modulus of elasticity). Compression waves are the fastest among

other modes, hence they are also known as primary wave or P-wave.

2.2.2 Shear wave (S-wave)

Because solids also possess shear rigidity, another type of propagation mode is possible,
which is known as shear wave. Shear waves propagate with particle motion normal to the
direction of propagation, and thus they are also called a transverse waves (Figure 2.1). In
contrast to the P-wave propagation, volume of an element does not change during the S-
wave propagation. Since shear waves travel at a lower speed than P-waves, they are also

called secondary waves or S-waves.

Wave velocity (group velocity)

Wave velocity is the speed of a wave propagating in a medium. It is indicative of material
properties, such as stiffness, elasticity and density. Each material permits a distinct
velocity of a wave. Measurement of wave velocity is, thus, a major step in material

characterization using wave-based methods.

Factors affecting velocity

A wave travels at a characteristic velocity in a given medium. It travels fastest in solids,
slower in liquids, and slowest in gases. The wave velocity is governed by two dominant
factors which are the density and the elasticity of the material. This principle can be
explained logically using a ball and a spring (Hellier et al., 2001). The ball represents a
particle making up the material, and so its weight represents the material density. These

balls are held together by springs which represent the elasticity or stiffness of the material.



For balls of given weight, stronger springs are faster to transmit the motion. Likewise, for
springs of given strength, balls of lighter weight will take up the vibration faster. Thus,
wave velocity is directly proportional to material elasticity and inversely proportional to
material density. For a given material, P-wave velocity is controlled by the Young’s
modulus, while S-wave velocity is controlled by the shear modulus. Because the Young’s
modulus is higher than the shear modulus for a given material, P-waves always travel

faster than S-waves.

In addition to density and elasticity, there is another factor affecting velocity, known as

Poisson’s ratio. The Poisson's ratio (v ) is expressed as:

&

transverse

V= — e 2.1)

glongitudin al

where ¢ is the transverse contraction strain of a material being stretched and

transverse

& onginainar 1 the longitudinal extension strain. When a material is stretched, it contracts in

the cross section as illustrated in Figure 2.2. Any contraction displacement is considered
negative, while the extension displacement is considered positive. There is a minus sign
in front of the Poisson’s ratio expression, thus resulting in a positive Poisson’s ratio for
normal materials. The Poisson’s ratio of elastic materials falls between 0 (compressible
materials) and 0.5 (incompressible materials). The Poisson’s ratio that exceeds 0.5

represents a material dilated under loading.

Contracted from original unreformed

Stretched by a force

| |
| |
|
€« — >
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Figure 2.2: Poisson’s ratio concept (length /y and diameter dj are initial dimensions.)
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Wave equations

Wave propagation in isotropic infinite elastic solid satisfies Newton’s second law (force

is a product of mass and acceleration). The acceleration and force can be represented by

partial derivatives of displacement and stress respectively. In the Cartesian coordinate

system x(x;, x2, x3) as shown in Figure 2.3, the following three equations are obtained

(Buirks, 1991).

o> ox, ox, Ox,
o 0’u, _ 0o, 00, 00
ot ox ox,  Ox,

(2.2)

(2.3)

(2.4)

where u(u;, uy, us) are the displacements of a point in the three coordinates x(x, x2, Xx3)

respectively, ¢ is time, and o,,, 0,,... 0;; are stress components on the cube (Figure 2.3).

I‘xZ
AP 22

/ > 0,

O3
1 O

O3
O34 Y &,
dx; < 033 ©13

\ dx

X3

/ ~
dx,

Figure 2.3: An element in an elastic, isotropic, and homogeneous solid

11



Hook’s law states that the stresses acting on an elementary volume can be expressed as a
linear combination of strains. As results, the stress components in Equation 2.2 to 2.4 can

be rewritten in terms of strain and elastic constants as:

o, =AA+2uE, 0, =AA+2ue,, Oy =AA+2us,, (2.5)

O = Hép Oy = HéEy; O3 = Héys (2.6)

where A is the Lamé’s elastic constant, x is the shear modulus, and A=¢,, + &), + &5,

the change in volume of the element. Based on strain-displacement relationship, the six

components of strain are given by:

_ Ouy. _ Ou, Ou,

= £ = Ene = —— 2.7
11 axl 22 axz 33 ax3 ( )
SIZZ%Jﬁﬁ 523:%+% 513:%#3& (2.8)
Ox, Ox, ox; Ox, Ox,  Ox,

According to the Equations 2.5 to 2.8, the wave Equations 2.2 to 2.4 can be rewritten by

using displacements as:

o’u, 0 (Ou, Ou, Ou
=(A+u)—| L+ 24 |4 4V? 29
P ”)axl(axl ox, 6x3J i @9)
o’u, 0 (Ou, Ou, Ou
=(A+ Ly —2 4+ 2|+ uVu 2.10
Lo “A+a) ox, ((%cl ox, 8x3j Y (2.10)
o’u, 0 (Ou, Ou, Ou
=1+ Ly —2 4+ 2|+ uV? 2.11
P ATH )6x3(6x1 ox, axJ Yt 11)
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Equations 2.9 to 2.11 are the most general form of the wave equation and are known as

the displacement equations of motion. These equations can be reduced to a vector form as:

2

o°u
yo, . =(A+ w)V(V-u)+ uV’u (2.12)
where V is the vector operator
vy-| 2 @& 9o (2.13)
Ox, Ox, Ox,
And V? is the scalar operator
2 2 2
V?= 62+82+82 (2.14)
ox; Ox; Ox;

The Lamé’s elastic constant and shear modulus can be expressed in terms of Young’s

modulus (£) and Poisson’s ratio (v) as:

Ev

E
A0+ (2-16)

Because solving the Equation 2.12 is difficult, it is necessary to assume a form of
solution. Based on the assumption that the wavefront is an infinite plane normal to the

traveling direction, a solution is obtained as:

u = Ae' "7 4 't (2.17)
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where k is the wave number which is a ratio of 27 to wave length; @ represents the

i(fox, —ax)

angular frequency; the term Ae represents a wave traveling in the positive x;

i(kx; +ax)

direction with amplitude 4; and Be represents a wave traveling in the opposite

direction with amplitude B. By differentiating Equation 2.17 and substituting into

Equation 2.12, two possible solutions are obtained:

o= /“2“ (2.18)
Yo,
p= |~ (2.19)
Yol

Substitution of Equations 2.15 and 2.16 into these two solutions respectably yields the

following expressions:

\//7.4—2/1:\/ E(1-v) _y, (2.20)
p p+v)1-2v)

\/Zz /L:VS (2.21)
P \2p(1+v)

Equations 2.20 and 2.21 are known as the velocity of compression waves (Vp) and the
velocity of shear waves (Vs) in an infinite elastic isotropic medium. Equations 2.20 and
2.21 are often used in ultrasonic testing to characterize material properties, £ and v,
from the measured wave velocity and density of the material. This will be discussed in

detail in Chapter 3.
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2.2.3 Lamb waves

In a slab, P-wave and S-waves interact with two parallel boundary surfaces generating
Lamb waves. This phenomenon was first studied by Lamb (1917). He proposed two
types of waves that are able to exist in a plate; one is symmetric mode (also known as
longitudinal or extensional), and the other anti-symmetric (also called flexural or
bending). Later, it was found that the Lamb wave motion followed a Rayleigh-Lamb-

frequency equation (Viktorov, 1967):

tanh(fh) _[ 4api® | 222)
tanh(ah) | (k* + B7) '

where @’ =k> —(w/V,)* and B* =k’ —(@/V,)*, Vp and Vs are the P-wave and S-

wave velocities, / is half the thickness of the plate, wis the circular frequency, and £ is
the wave number. The exponents +1 and -1 represent the solutions for symmetric and
anti-symmetric lamb modes, respectively (Viktorov, 1967; Krautkramer and Krautkramer,
1990; Graft, 1991). Each mode has a characteristic dispersion curve. By using
MathCAD®, an example of lamb mode dispersion curves in a HMA slab was obtained, as
shown in Figure 2.4. Fundamental Lamb modes are present at frequencies below 40 kHz

and behave analogous to Rayleigh wave modes for frequencies higher than 40 kHz.
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Figure 2.4: Dispersion curves of two Lamb wave modes for a HMA slab (80mm
thickness, Vp = 3913m/s, Vp = 1830m/s) (S0: Symmetric fundamental mode; A0: Anti-

symmetric fundamental mode)

2.2.4 Rayleigh wave (R-wave)

A surface wave is usually referred to as Rayleigh waves (R-wave). Rayleigh waves were
first studied by John William Strutt, Lord Rayleigh (1885). They travel along the surface
with the particle motion in a form of retrograde ellipse with the major axis of the ellipse
perpendicular to the direction of propagation (Figure 2.1). This particle motion results
from the combined effect of its vertical and horizontal displacements as shown in Figure
2.5 (Richart et al., 1970). The particle motion exhibits exponential decrease as increasing
depth. R-waves penetrate to a shallow depth of approximately one wavelength. However,
a penetration depth of roughly one-third their wavelength has been measured to be
effective for material characterization (Stokoe and Nazarian 1983; Hevin, 1998). This is
because its amplitude of motion experiences exponential attenuation with depth. At a

depth of approximately one and a half times the wavelength, the vertical amplitude

16



reduces to approximately 10% of the original amplitude at the surface of the medium

(Baker et al., 1995).
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Figure 2.5: R-wave horizontal and vertical displacements with normalized depth (Richart

etal., 1970)

In a homogeneous half-space, R-wave velocity (V) is constant and is independent of
frequency (Nazarian et al., 1984). Thus, each frequency ( /') is corresponding to a certain

wavelength (L, ) through the relationship:

Vi=fLg (2.23)

However, in a layered medium with different material properties at different depths, R-
wave velocity varies with wavelength (or frequency). The phenomenon associated with
different wavelengths propagating at different velocities is known as dispersion. Short
wavelengths (or high frequencies) sample the near surface, and the wave velocity
depends on the surface material only. Long wavelengths (or low frequencies) allow for

deeper investigations, and the wave velocity is strongly affected by the material
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properties of the layers involved. The dispersion phenomenon is utilized in spectral
analysis of surface waves (SASW) technique to evaluate elastic moduli and layer

thickness of layered systems, such as pavement.

In a homogeneous medium, the R-wave velocity (V) is related to S-wave velocity (V)

through the ratio of S-wave velocity to P-wave velocity (Vs/Vp) as:

—4s2 s —n? s =1+ (1-252)> =0 (2.24)

where s is the ratio V/V; and n is V/Vp.

A solution to this equation indicating the R-wave velocity was found by Lord Rayleigh
(1885). According to the equation, the R-wave velocity is nearly 10 percent slower than

the S-wave velocity. Later, the relationship between V, and V', can be approximated in

N

terms of Poisson’s ratio (Achenbach, 1973):

~0.862+1.14v

V
K 1+v

V, (2.25)

Although the V,, /V_ ratio is in direct proportion to the Poisson’s ratio, the variation of

this velocity ratio is not significant. Since the Poisson’s ratio falls between 0 and 0.5
which gives Vzx= 0.86 to 0.95V 5 according to Equation 2.25. Thus, for practical purposes,

the equation ¥, = 0.9V has less than 5 percent error (Nazarian et al., 1999).

2.2.5 Love wave (L-wave)

Love waves were first mathematically studied by A.E.H. Love (1911). They are the
fastest surface waves. Love waves are confined to a horizontal plane with the particle
motion perpendicular to the direction of propagation (Figure 2.1). However, this type of
surface wave cannot be generated unless low-velocity layers overlie higher-velocity

layers, because the waves are generated by total multiple reflections between the top and
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bottom surfaces of the low-velocity layer. Therefore, Love waves do not exist in

pavements (Baker et al., 1995).

Figure 2.6 illustrates the propagation of body and surface waves away from an impulse
source at the surface of a homogenous half-space. Approximately 67 percent of the
introduced energy from the source is carried by Rayleigh waves (Miller et al., 1955;
Richard et at., 1970). Of the remaining energy, 26 percent propagates as compression

waves and 7 percent as shear waves. Thus, larger amplitudes are found in Rayleigh waves

than in body waves on the surface.
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Figure 2.6: Distribution of seismic waves from a circular footing on a homogeneous,

isotropic, elastic half-space (Richard et al., 1970)
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2.3 Physical Phenomena of Wave Propagation

Wave-based methods are analytical methods used to nondestructively evaluate material
properties. The theoretical stresses and displacements are analyzed to predict the long-
term structural performance. Because of the complex nature of seismic wave propagation
in civil engineering constructions, most analytical models assume that there are no
additional boundaries or interfaces in a layered half-space where seismic waves
propagate (Sheu at al., 1988). In other words, reflected waves from discontinuities such
as edges, joints, or cracks, although known to occur in pavements, are not included in the
analytical models. However, the existence of these reflected waves in a real system is
inevitable. Thus, it is essential to investigate their impact on test results so that an
appropriate approach adjusting the test procedure can be developed to minimize the

adverse effect of the reflections.

Wave-based NDT methods basically consists of three steps: (1) send an impulse into a
medium being investigated; (2) observe and record the signals from the medium by
appropriate devices; and (3) extract information about the unknown properties of the
medium by analyzing the signals. These methods are based on monitoring the
propagation of different types of waves interacting with a volume of material between the
transducers. The waves are modified by the material morphology and parameters
including elasticity, density, texture, and boundary conditions (e.g. surfaces, edges,
curvatures) (Vary A., 1991). For example, the most widely used Impact Echo (IE)
technique is based on measurement of reflection and refraction of body waves, while the
spectral analysis of surface waves (SASW) method is based on the dispersion properties
of surface waves in a layered medium. Therefore, a good understanding of wave

propagation in a layered medium is essential.

2.3.1 Acoustic impedance of materials

When a traveling wave strikes a boundary between two different media 1 and 2, a portion
of the incident wave in media 1 is reflected back and the remainder is transmitted through
media 2. The amounts of wave energy transmitted and reflected are governed by the

acoustic properties of the two media. For each material, the reflectivity at an interface can
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be quantified by a factor, known as “acoustic impedance” (Z ), given by the product of

density ( o) and velocity (V) of ultrasound for that material as follows (Krautkramer and

Krautkramer, 1990; Hellier et al., 2001):

Z=p-V

(2.26)

Typical acoustic impedance values for various construction materials are listed in Table 1

(Garbacz, 2003). The transmission coefficient for

between two materials 1 and 2 is defined by (Kramer, 1996):

normal incidence at an interface

(2.27)

where Z, and Z, represent the acoustic impedance of the media 1 and 2 respectively.

Table 1: Acoustic impedance of common construction materials (Garbacz, 2003)

Material Acous(tli:g /ilnrzgst)edance
Air 4.1-10"
Water 1.5-10°
Soil (1to3)-10°
Bitumen 1-10°
Asphalt 5-10°
Concrete (8 to 10) - 10°
Granite (15t0 17) - 10°
Steel 4.6-10
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2.3.2 Reflection
When a wave is introduced obliquely to an interface, part of the wave energy is reflected
and the other transmitted (refracted). The directions of the waves reflected follow the

general law stating that the angles of incidence (8,) and reflection (8, ) are identical for a

same type of wave in the same material, as shown in Figure 2.7 (Krautkramer and

Krautkramer, 1990; Hellier et al., 2001). This law is known as Snell’s law.

As described in the previous section, the reflectivity at an interface is governed by the
acoustic impedance values of the materials separated by the interface. If on one side there
is metal and on the other air, the reflection is nearly 100% because the acoustic
impedance of metal is significantly larger than that of air (Table 1). Even at a metal-to-
water interface, most of the energy will be reflected for the same reason. Interfaces inside
an object can be its grain boundaries and discontinuities (e.g. cracks and voids).
Interpretation of the waves reflected from these interfaces enables determination of the

microstructural properties of the object.

2.3.3 Refraction

When an oblique wave encounters an interface between two different materials, part of
the wave energy passes through and propagates in a new direction. This phenomenon is
known as refraction. The angle of refraction is related to the angle of incidence and to the

wave velocities of the two materials through Snell’s law (Figure 2.7):

sin®, sinf,
4 7,

(2.28)

where 6, is the angle of incidence, 8, is the angle of refraction, ¥, and V, are the wave

velocities in media 1 and 2 respectively.
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Figure 2.7: Snell’s law for wave reflection and refraction (Hellier et al., 2001)

2.3.4 Mode conversion

When waves propagate from one medium to another, mode conversion occurs at the
interface. Mode conversion is defined as the transformation of one wave type into another.
For example, if a longitudinal wave obliquely strikes a plane interface, it can start a
particle vibration in two directions: longitudinal and transverse. These two directions of
vibration produce longitudinal (P) and transverse waves (S) at the vicinity of the interface.
As a result, reflection and refraction of these two types of waves can occur, as illustrated

in Figure 2.8.

The velocities and directions of the waves are governed by Snell’s law, expressed as:

sind, _sing,, _sinf, _sind,, _sinfy (2.29)
VPl VPl VSl VS2 Vsz

where Vp; and Vs represent the compression and shear wave velocities in medium 1, and

Vpr and Vs in medium 2. 6,, 6, 0, 6,,, and O, represent the angles (Figure 2.8).

The subscript label i indicates incident, r reflection, R refraction, P P-waves, and S S-

waves.
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Figure 2.8: Mode conversion concept (Hellier et al., 2001)

Mode conversion can also arise when an oblique shear wave strikes an interface. The
reflected angle of shear wave is again equal to the incident angle. In addition, a mode
converted compression wave develops at the interface and is reflected at an angle

determined by Snell’s law.

The complex mode conversion phenomenon enables different types of waves to
propagate at different velocities and in different directions. This phenomenon can cause
uncertainty in wave analysis and signal interpretation. The solution of increasing the
angle of incidence to eliminate the adverse effect has been used since 1947 (Hellier et al.,

2001).

2.3.5 Superposition of waves

Waves traveling along the same path tend to overlap each other to produce a new wave.
Their amplitudes corresponding to the same position of arrival are added. The sum
reaches its maximum when there is no phase difference (Figure 2.9a), and gives its
minimum when there is a m phase difference (Figure 2.9c). Figure 2.9b shows that
superposition of two identical signals with phase differences between m/2 and zero

produces amplitude between zero and double.
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Figure 2.9: Superposition of two signals with identical amplitude — (a) identical in phase,

(b) with /2 phase difference, and (c) with w phase difference.

Stacking (averaging) can be described as another example of wave combination used to
reduce noise in signals. In the operation, a series of signal traces are captured individually;
and then the signal elements in the different traces are added and averaged to obtain a
single average signal. Since noise is assumed to have a zero mean, the random noise

component would be canceled out by algebraically adding multiple received traces
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2.4 Wave Attenuation

Attenuation is the gradual loss of wave energy as a function of time and distance. It has
been observed to be dependent on the porosity of materials (Generazio et al., 1988;
Winkler and Murphy 1995), grain size (Winkler, 1983; Prasad and Meissner, 1992), and
saturation levels (Tittmann et al., 1980; Prasad and Meissner, 1992; Velea et al., 2000).
Thus, evaluation of attenuation enables characterization of the microstructural properties

of a material.

Attenuation occurs as a result of three basic causes (Blitz and Simpson, 1996; Owino and

Jacobs, 1999):

e deviation of energy from the parallel wave beam by reflection, refraction, mode
conversion, and scattering;

e absorption, a conversion of part of the wave energy into heat; and

e wavefront spread.

As described in the foregoing section, wave reflection, refraction and mode conversion
are caused by discontinuities within the object under test. Combination of scattering and
absorption is called material attenuation (Krautkramer and Krautkramer, 1990; Owino
and Jacobs, 1999). Wavefront spread leads to loss of wave energy in the far field, referred

to as geometric attenuation.

2.4.1 Material attenuation

Material attenuation consists of scattering and absorption (Krautkramer and Krautkramer,
1990; Owino and Jacobs, 1999). Scattering losses depend on the acoustic impedance
change at the interfaces (or scatterers), as well as on the number, distribution and sizes of
these scatterers in an inhomogeneous material. Attenuation induced by scattering can be
described in term of the transmission coefficient (7C) for a wave incident normally at an

interface (Kramer, 1996):

4,

—2=TC 2.30
) (2.30)

26



where 4, and A, represent the wave amplitudes in media 1 and 2 separated by the

interface; 7C is the transmission coefficient (Equation 2.27).

Absorption losses are associated with intrinsic dissipation by the relative motions at the
particles and interfaces. Absorption decreases the wave amplitude exponentially as a

function of distance, expressed as (Aki and Richards, 1990):

A, = A, e (2.31)

where « is the absorption coefficient of the material and has units of neper/m; 4, and
A, represent the wave amplitudes at distances x, and x, from the acoustic source

respectively. The absorption coefficient (o) is a measure of the fractional loss of energy
per unit distance and depends on the type of material. The absorption coefficient
increases with frequency, thus high frequencies (small wavelengths) attenuate faster than
low frequencies. Wave amplitude also decreases because of reflection, refraction, mode

conversions, and diffraction at interfaces and anomalies.

Alternatively, material attenuation can be quantified by damping ratio. Damping ratio (D)

is a measure of amplitude reduction per cycle of oscillation, and it is defined as:

__Va 1n(i] (2.32)
2afAx | 4,

where V5 is the Rayleigh wave velocity, f frequency, Ax the distance between the two
measurements, and 4 signal amplitude, while the subscripts denote the receiver locations.

The calculation of damping ratio will be discussed in more detail in Chapter 6.
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Scattering

The phenomenon of reflection becomes very complicated in inhomogeneous materials
containing grain boundaries which are randomly oriented to the wave beam. In addition,
there is a significant acoustic impedance contrast at these boundaries because the
materials that meet at these interfaces are different in density and wave velocity. As a
result, the wave is reflected in random directions, which is known as scattering. In a
material with very fine grains, waves can pass through with less scattering. However,
when the grain sizes are comparable to the wavelength, the scatter can be significant. For
example in asphalt concrete mixtures, scattering of waves higher than 100kHz is
significant because of the effects of aggregates and the presence of discontinuities such as
cracks, laminations and air voids. Asphalt concrete mixtures are composed of a complex
network of aggregates held with asphalt binder, considering a typical acoustic speed of
4000 m/s. The boundaries of these aggregates are randomly oriented to the wave beam. In
addition, the aggregates may have a diameter up to 25mm. When the wavelength is
comparable to the size of the aggregates, the waves will be reflected in random directions
(scattered) from these interfaces. The dependence on the grain dimension also allows for
the estimation of grain size from attenuation analysis (Krautkramer and Krautkramer,

1990; Hellier et al., 2001).

Discontinuities in an asphalt concrete are mostly in the form of air voids and cracks. The
percentage and size of air voids in a given asphalt concrete mixture vary with compaction
levels. For a wave incident at an aggregate-to-air interface, the reflection is almost 100%
because of the extreme impedance mismatch between air and aggregate. In the case of
discontinuities filled with water, such as water-filled cracks, up to approximately 60% of
the energy can be reflected dependant on the type of asphalt concrete mixture.
Reflections will also be affected by the geometry of the discontinuities (Gallan, 1990).
For example, the reflections at a smooth interface are quit uniform, while at an irregular
interface, the reflections can be completely scattered. As the wavelength increases to an
extent from 100 to 1000 times the scatterer dimensions, the effect of scattering may

become insignificant which appears as reduction in attenuation (Huntingdon, 1940).
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Absorption

Absorption is referred to as the part wave energy directly converted into heat. Absorption
of ultrasound in solids is attributable to a number of causes. Wave propagation in a solid
is based on the particle oscillation. The relative motion of these particles causes friction
and absorbs some of the energy. In general, a slow oscillation (low frequency) causes less
energy loss than does a rapid oscillation (high frequency), and therefore low frequency is
able to penetrate deeper into the material. Both absorption and scattering increase with

frequency, but absorption increases at a slower rate (Krautkramer and Krautkramer,

1990).

Absorption may also be caused by the presence of microstructural flaws in a material.
These small details may absorb some of the wave energy transmitted through the material.
Their existence can adversely affect the rigidity and elasticity of the material (Blitz and

Simpson, 1996).

2.4.2 Geometric attenuation

As a wave propagates away from its source, the wavefront spreads out over an increasing
area. This behavior leads to a decay in the wave amplitude, known as geometric
attenuation. Geometric attenuation is based on the principle of energy conservation
stating that the energy remains constant in the wavefront, irrespective of distance. Since
the energy is distributed on an increasing wavefront surface. With geometric attenuation,

the ratio of two amplitudes at distances x, and x, obeys the relation:

A X 7

2 1
—=|— 2.33
) (Xz J (2.33)

where the exponent £ is the geometric attenuation coefficient governed by the shape of

wavefront. Rayleigh waves propagate away from the source with cylindrical wavefronts,

for which £ is equal to 0.5 (Figure 2.6); the amplitude decreases in proportion to the

square root of the distance from the source. Body waves propagate with spherical
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wavefronts, for which £ is equal to 1.0 (Figure 2.6); the amplitude decreases in

proportion to the distance. However, as shown in Figure 2.6, because body wave energy
leaks into the free space (Richard et al., 1970), the body waves at the free surface exhibit

a decrease of amplitude proportional to the square of distance ( # = 2 at the surface). An

impact on the surface imparts most of its energy (approximately 67%) as surface waves.
Therefore, Rayleigh waves are virtually dominant events at great distance from the

source.

When comparing geometric attenuation and material attenuation, both types increase with
propagation distance from the source. However, material attenuation is smaller than
geometric attenuation, and it can be as low as one percent of the decay caused by
geometric spreading in a spherical wavefront (Aki and Richards, 1990). The combination

of geometric and material attenuations can be described as:

-p
AZ xl —a-(x,—x;)
—=|—] e " 2.34

Xy

2.5 Summary

This chapter provides a review of seismic wave theory, including body waves (P and S-
waves) and surface waves (Rayleigh, Love and Lamb waves). Wave equations have been
summarized to describe the concepts of wave velocities for P-waves, S-waves and R-
waves. The relationship between wave velocity and material elasticity is introduced. In
addition, the physical properties of wave propagation including wave reflection,
refraction, mode conversion and superposition are discussed. The mechanics of
attenuation is presented. Information from the areas provides the basis for wave analysis

and interpretation.
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CHAPTER 3
SIGNAL PROCESSING TECHNIQUES

3.1 Introduction

Seismic wave signals measured from nondestructive tests (NDT) are analyzed using
different signal processing techniques. In wave-based NDT investigations, surface
displacements are commonly recorded in time domain. Time domain analysis is
straightforward and the results can be examined visually for preliminary assessment of
the medium through which the waves travel. In addition, the analysis in the frequency
domain provides information on wave energy and phase distributions as a function of
frequency. This chapter provides an overview of several signal processing techniques

used in this study.

3.2 Time Domain Analysis

A typical time history of a recorded signal is illustrated in Figure 3.1. The amplitude is
referred to as the distance from the mean position of the signal (Figure 3.1). In addition to
the variation of the signal amplitude with time, other information includes the first arrival
of the signal, subsequent wave reflections, and scatterings. This information permits
determination of wave velocities, and hence, depths to reflecting interfaces, medium

thickness, as well as the elastic profiles of the medium.

3.2.1 Stacking

The presence of noise in a signal can lead to an inaccurate determination of the arrival
time and hence an erroneous estimation of wave velocity. Signal stacking or averaging is
a common approach to eliminate random noise in a signal. Stacking is the simple
operation of evaluating the average of the signal at every discrete measurement in time.
This method works if the noise has zero mean; whereas, the real signal is repeatable and
not affected by averaging. The random noise component is canceled out by algebraically
adding multiple signals, and thus the real signal measurement is enhanced (signal-to-

noise ratio). Stacking of 35 to 100 signals is sufficient to obtain clear measurements (De
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Alba and Baldwin, 1991; Nakagawa et al., 1996). Figure 3.2 shows the effect of stacking
8 to 256 signals on the signal quality. After stacking 256 signals, the output signal is
more clearly defined and its first arrival is well recognized. Signal stacking requires a
repeatable signal. Thus, it is necessary to use ultrasonic transducers of high consistency,
and synchronize with the signal the triggering of the recording device to eliminate

random time shifting.

I
0.2 Input pulse |
Output signal
S
< g
=]
2
=
£ oF— N1 1 T "\ RS
- \
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Mean value
| | |
0 0.05 0.1 0.15

Time (ms)

Figure 3.1: Typical input pulse and the output signal in time domain
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—— Stacking 8 signals 7

Amplitude (V)

— Stacking 256 signals
-3

First arrival |
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Figure 3.2: Noise control in time domain by signal stacking

32



3.3 Frequency Domain Analysis

The frequency domain analysis or spectral analysis is a common signal processing
technique. A signal is translated from the time domain to the frequency domain by
performing the Fourier transform. However, the Fourier transform provides an average of
the frequency content over the complete duration of the signal. The evolution of the
frequency components over time is not evaluated with the Fourier transform. The
following sections describe different techniques such as the short-time Fourier transform
and wavelet transform, which are used to estimate the evolution of frequency content as a

function of time.

3.3.1 Fourier Transform

Fourier transform is one of the most conventional signal processing tools used by
scientists and engineers. By means of Fourier transform, a signal is decomposed into
sinusoidal functions of various amplitudes and frequencies. Thus, the signal is
represented as a superposition of a series of sine and cosine functions. This representation
enables examination of the frequency content of a given time domain signal, as illustrated
in Figure 3.3. The Fourier transform of the signal can be reversed back into time domain
by performing the inverse Fourier transform. The two transforms are given by the

following relationships:

oo}

X(@)= [x()-e ™" ds G

—00

1 % -
- X . Jot
x(1) 2ﬂ£ (0)-e" " do (32)

where o is angular frequency, 7is time, and j denotes the imaginary component of

complex numbers. The expression 3.1 is known as the continuous Fourier transform

which identifies the similarities between the signal x(¢#) and complex sinusoidal

33



functions. The expression 3.2 is called the inverse Fourier transform. The above two

. . @
formulas can be rewritten as a function of frequency (2— ) as:
V4

o0

X(f)= j x(t)-e " dt (3.3)

—00

x(t)= [ X(f)- e/ df (34)

Equations (3.1) to (3.4) are all in continuous form. However, digital signals recorded at
discrete points are Fourier transform and inverse Fourier transform using the discrete

representation of Equations (3.3) and (3.4) which are given by:

X(k-Af) = Arf x(n- At)- eii(kan (k=0,1...N-1) (3.5)
I I (- R
x(n~At)—me:(;X(k Af)-e (n=0, 1...N-1) (3.6)

where N is the total number of sampled points of the time domain signal, k£ and » are

integer counters, Af is the frequency interval and At is the sampling interval in time. Af

is related to Az through the relationship:

1
Af =
4 N - At 37

The discrete Fourier transform of the signal can be represented by a set of complex

numbers, expressed as:
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X(f,)=RelX(f,)]+j - Im[X(f,)] (n=0,1...N-1) (3.8)

where f, =n-Af, Re[] and Im[] are the real and imaginary components, respectively.
The functions of amplitude ( A(f,)) and phase (®(f,)) for each complex number are

defined as:

ACS,) = {Re[X(f)]F +{Im[X(f,)]}’ (3.9)
X ()]
d(f,)=tan {—Re[X(fn )]} (3.10)

Accordingly, a time signal represented by a summation of a series of harmonically related

sinusoidal functions can be expressed as:
N-1
x(t) = 4y + D A(f,)-sinlaf, 1 + ()] 3.11)

where x(7)1s the time signal function, A4, is the offset of the signal also called the DC

component.
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Figure 3.3: (a) Typical time signal and (b) corresponding Fourier transform

The main deficiency of Fourier transform is that it fails to indicate clearly a signal’s
frequency distribution over time. This deficiency can be overcome by performing a

windowed Fourier transform.

Windowing

Windowing consists of isolating a given portion of the signal by multiplying a time
window function and then performing Fourier transform on the isolated portion of the
signal. There are several types of windows commonly used in signal processing,

including rectangular, triangular, Hanning, and Hamming windows (Brook and Wynne,
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1991; Baziw, 1993; Porat, 1997). The windowing operation is illustrated in Figure 3.4.

The time window function used in this study is given by:

w(t, @) = (3.12)

0 otherwise

where w(¢, w ) represents time window as a function of time ¢ and angular frequency w

that is equal to 27 f.

The windowing technique is capable of reducing signal noise and scattering effects. In
addition, it allows the frequency domain analysis of a specific section of the time signal

rather than processing of the entire signal at once.

A parameter known as the peak-to-peak (PTP) amplitude of the first arrival is also
identified (Figure 3.4). It measures the difference between the positive and the negative
peak values of the first arrival of the signal. The PTP amplitude is indicative of wave
energy. The maximum spectral amplitude and area of the frequency spectrum are also
used as indicators of wave energy. The maximum spectral amplitude represents the peak
value of the frequency spectrum, while the spectrum area (4s) can be mathematically

expressed as:
A4g = IOOO Fw(f)df (3.13)

where FW/(f) is the Fourier representation of the windowed signal.
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Figure 3.4: (a) Typical time windowing of the first arrival and (b) the corresponding

Fourier transform

3.3.2 Shot Time Fourier Transform (STFT)

The use of time window forms a basis for the shot time Fourier transform (STFT). The
concept of STFT was introduced by Dennis Gabor (1946). The STFT allows the
evaluation of the time dependent behavior of the different frequencies in a signal. Its
concept is illustrated in the Figures 3.5. The time signal function x(7) is multiplied by a
window function w(t), followed by computing Fourier transform. This process provides
the frequency domain representation of the windowed signal. As the window is shifted
along the time signal, the Fourier spectra are computed. Eventually, a contour plot is

obtained, which shows the variation in frequency content of the signal with time.
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The STFT can be mathematically defined as:

STFT (b, ) = Tx(t) y(t—b)-e /7D gy (3.14)

—00

where f'is the frequency, x(¢) is the time signal, y/(¢) represents a window function which

is time-shifted according to parameter » and frequency-modulated by e /““™ . The
width of the window applied determines the resolution in frequency domain through the

relationship:

Asz — (3.15)

w

where Af and At are the frequency and time resolutions respectively, while N is the

number of points in the time window, which is fixed for the different frequencies in the
signal. The expression 3.15 indicates a trade-off in selecting the time and frequency
resolution. A short-time duration window has a good resolution in time, but it is only
suitable for capturing the spectral information in a relatively high frequency range
(Figure 3.6). For a low frequency, a window of correspondingly large width is necessary,

but information regarding high frequencies is lost because of the low time resolution.
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3.3.3 Wavelet Transform (WT)

The Wavelet transform (WT) can be considered an improvement to the STFT. It
overcomes the drawback of STFT where the frequency resolution and the time resolution
cannot be enhanced simultaneously. The WT compares the similarities between the time
signal and a window of variable size as it is time shifted along the signal. The WT is

given by:

WT(a,b) = *(%)dt (3.16)

\/, j x(t)-

where x(z)is the time signal; w(¢) represents the window known as mother wavelet;
parameter b is used to time shift the window (¢) ; parameter a is used to define the

center frequency of w(z); the star denotes the complex conjugate; and the coefficient

Jld

signal.

ensures the same energy for all dilated versions of y/(¢) used to measure the time

For practical applications, the wavelet transform (Equation 3.16) is computed in discrete

form, given by:

lNl
Wem =7 2%

) (3.17)

where x, represents the discrete-time signal over a time period given by N - A¢, At is the

time sampling interval, & is an integer counter giving the center frequency of the wavelet

,and m is an integer counter giving a shift time m - Az .

fo= 2k At

For the inverse WT to exist, the mother wavelet has to satisfy the following condition,

known as the admissibility condition:
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0

¢, =|

—00

(o)

dew < o (3.18)
o

where o is the angular frequency and w(w) is the Fourier transform of the wavelet

w(t). w(¢) must further satisty the following condition:

Tz//(t)dt =0 (3.19)

Equation 3.18 indicates that mother wavelet must have a zero mean. Then the original of

x(¢) can be reconstructed by:

1 5% b
x(1) :C__L | a—zWT(a,b)-l//(tT)da db (3.20)

Y —oo—

Several types of wavelets are available for wavelet transform implementation (Qian,
2002). A common choice for seismic wave analysis is the Morlet wavelet, which is also
used in this study to simulate the output of an ultrasonic transmitter. The Morlet function

w(t) is expressed as:

_a(=b) _(=b)’
Y 2

l//(ﬂ)Ie “@ .e (3.21)
a

where jis the imaginary unit, the parameters a and b control the center frequency and

time position of the wavelet, respectively. An example of Morlet wavelet is illustrated in
Figure 3.7a in MathCAD file, where a; = 0.01 milliseconds result in a center frequency fj
= 1/(2a;) = 50 kHz, a; = 0.02 milliseconds result in fy = 1/(2a;) = 25 kHz, and b = 0.05

milliseconds correspond to the time shift. The wavelet transform peaks at b = 0.096
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milliseconds representing the time when the Morlet wavelet arrives at the receiver, as

shown in Figure 3.7b.
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Defined parameters for Morlet function with center frequency (f;) defined by parameter “a”:

i=1.2'0

At = 0.001 tj:=
a:=(0.01 0.02)) b := 005

Define Morlet function:

2
b-t.)

_j.g.(b_ti) — 1.( )
-e

Morlet(a,b) ;= ¢

a; =10 us
(fo= 50 kHz)

Morlet Wavelet
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Fourier transform of the Morlet:
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Figure 3.7 (a): A MathCAD file to illustrate a Morlet function
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Figure 3.7 (b): Illustration of wavelet transform using Morlet wavelet (fo = 50 kHz)

Mallat’s pyramid algorithm

Mallat’s pyramid algorithm (Mallat, 1998) enables the detailed representation of the
frequency content of a signal over time. In the discrete wavelet transform, Mallat’s
algorithm is used to decompose an arbitrary signal function into its components, as
illustrated in Figure 3.8. Each component is called a level starting from level -1 and
onwards. The summation of all the wavelet levels reconstructs the original signal. The
number of levels is determined by the number of sampling points contained in the signal.
If there are a number of points equal to N = 2" in the signal, there are (n + 1) levels in the
wavelet transform. The increase in the number of levels enhances the resolution in
frequency. The shape of each wavelet component depends on the selection of the mother

wavelet.
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Figure 3.8: Decomposition of a signal into its wavelet components (Tallavo, 2007)

The WT decomposition of a signal f{x) can be mathematically expressed as:

WT(4x)

f() = a,(x) + a WT(x) + [a, ag][me |l

WT(2x) WT(4x-1)
} la, as a, a;] WT(4x —2)

WT(4x - 3)

+otay, WIQRx—k)+...

where a,...a,,

(3.22)

are coefficients defining the amplitudes of the corresponding wavelets

WT(), j=0...0, k=—o0...+00, ¢(x) is a scaling function, and a,4(x) can be visualized

as a constant or static component. Note that each wavelet has a zero mean. Accordingly, a

signal with a non-zero mean cannot be represented solely by a combination of these

wavelets without addition of a static component.
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Table 3.1: Comparison between levels and frequency

Spacing Central
Level Number of Number of
Description | between | frequency
# coefficients wavelets
wavelets Hz
-1 1 None @(x) N/A N/A
0 1 1 WT(x) 1024 1/T
1 2 2 WT(2x-k) 512 2/T
2 4 4 WT(4x-k) 256 4/T
3 8 8 WT(8x-k) 128 8/T
4 16 16 WT(16x-k) 64 16/T
5 32 32 WT(32x-k) 32 32/T
6 64 64 WT(64x-k) 16 64/T
7 128 128 WT(128x-k) 8 128/T
8 256 256 WT(256x-k) 4 256/T
9 512 512 WT(512x-k) 2 512/T

Note: T represents the time span of the signal being decomposed, in second.

WT(x) is a dilated version of WT(2x) that itself is a dilated version of WT(4x), and so on.
It is indicated that higher levels in the transform capture finer detail or higher frequency
components in the signal. In Figure 3.8, the signal is decomposed into 11 wavelet levels.
Most of the wave energy propagates at frequencies between 15,625Hz and 125,000Hz as
indicated by their relatively high amplitudes. A wavelet level represents a frequency
range. The comparison between 11 levels and the corresponding central frequencies for
an arbitrary signal of 2'°= 1024 sampling points is shown in Table 3.1. For example, at
level 5 (the 7™ level), there are 2° = 32 wavelets. In other words, the frequency range is

centered at 32 cycles in T sec., which is a frequency of 32/T Hz.

Equation 3.22 identifies that an arbitrary signal with 2" sampling points is approximated
using 2" coefficients. Then, the operation of decomposition for a signal f with 2" points

can be conceptually illustrated in Figure 3.9a. The original signal goes through a high-

pass filter H and a low-pass filter L respectively. The outputs of H and L are
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downsampled by 2 (4 2) to obtain, respectively, 2" coefficients for wavelet level,:
and the coarser approximation (CA) of the signal defined by another 2" coefficients.

This process repeats itself recursively until the last coefficients are obtained for the 2nd

level (level 0) and for ¢(x) that is level -1 (Table 3.1).

The reconstruction of the original signal, known as inverse discrete wavelet transform, is
achieved by iteratively upsampling each level through inserting zeros between sampling
points, followed by passing through the corresponding L and H, as illustrated in Figure
3.9b. The operations of signal decomposition and reconstruction are implemented using

MATLAB®.
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Figure 3.9: (a) Discrete wavelet transform and (b) Inverse discrete wavelet transform

(Qian, 2002)

The frequency content of the signal is obtained by using the wavelet transform based on
Mallat’s algorithm (Equation 3.22), as shown in Figures 3.10a and 3.10b. The vertical
axis in “scales” is equivalent to the “Spacing between wavelets” in Table 3.1 and is

indicative of frequencies. For example, the dominant frequency is 22.2 kHz at the scale

70 (Figure 3.10b). The frequency decreases as the scale number increases.
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Figure 3.10 (b): Frequency content at scale 70 (Tallavo, 2007)
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3.4 Summary

This chapter provides an introduction to the signal processing technique for analysis of
signals in the time and frequency domains, including Fourier transform, windowing
technique, short time Fourier transform, and wavelet transform. Understanding these

techniques is crucial to material characterization using the wave-based testing methods.
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CHAPTER 4
ULTRASONIC TESTING METHODS

4.1 Introduction

Most of the current NDT methods were invented in the late 1930s, after the first
experiments using quartz transducers to create ultrasonic vibrations in materials by
S.Y.Sokolov (1929) in Russia. With the rapid advancement of computer techniques for
digital data acquisition and signal processing in the early 80’s, significant improvements
were made in seismic techniques that were previously impractical. Over the years,
various NDT methods have been developed and applied in engineering with different
degree of success (Nazarian et al., 2004; Nazarian et al., 1986; Phillips et al., 2000;
Phillips et al., 2001; Phillips et al., 2004). Almost all the ultrasonic testing methods
developed are based on monitoring wave propagation properties that are a function of the

elastic properties and fracture pattern of the medium.

Wave-based methods are often employed to evaluate internal conditions and elastic
properties of materials; which are not economically measured with traditional destructive
methods. Four common techniques used in ultrasonic wave testing are Ultrasonic Pulse
Velocity (UPV), Impact Echo (IE), Spectral Analysis of Surface Waves (SASW), and

Fourier transmission coefficient (FTC).

4.2 Ultrasonic Pulse Velocity (UPV)

The UPV method is the oldest and most popular ultrasonic method used for the
evaluation of construction materials such as concrete and rock. The application of the
ultrasonic pulse velocity through concrete began in the early 1950’s. The UPV method
was later standardized for determination of pulse velocity through concrete (ASTM C597,
1967), and for laboratory determination of pulse velocities and ultrasonic elastic
constants of rock (ASTM D2845, 1969). Other standards include BSI 98/105795 DC for
determining the ultrasonic velocity of concrete, and ACI 228.2R for NDE applications.

However, the successful application of these techniques to viscoelastic materials such as
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asphalt concrete are still limited (Moorer et al., 1978; Smith et al., 1985; Rose et al., 1987,
Rose et at., 1988).

4.2.1 Use of UPV test

The UPV method relies on the measurement of wave velocities through a test object.
Wave velocities are indicative of elastic moduli that are in turn indicative of compressive
strength of the material. Thus, it is theoretically possible to relate the wave velocities to

the strength of the material (Chapter 2).

Measurements are performed by allowing ultrasonic stress waves to interact with a
volume of material between the transducers. The waves are modified by the material
morphology and parameters including elastic moduli, density, reflection and attenuation,
texture, microstructure, and boundary conditions (surfaces, edges, curvatures, etc.) (Vary,
1991). The UPV test setup is illustrated in Figure 4.1. Two piezoelectric crystal
transducers, one for pulse generation and the other for pulse detection, are placed in line
with each other and on opposite ends of a specimen. The transmitting transducer converts
a pulse of electric energy into a pulse of acoustic wave energy. The transducers are
attached to the specimen with a coupling material such as vacuum grease. When the
energy propagates through the specimen and reaches the receiver, it is converted back
into an electric pulse; which is then displayed in an oscilloscope. The travel time of the
wave through the specimen is measured and used to calculate the corresponding wave
velocity, since the length of the specimen is known. Alternatively, given the wave
velocity of a material, the travel time can be used to determine the thickness of a test
object or the depth to a flaw. The measured signals are stored in a computer for further

signal processing.
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P- and S-wave velocities in ultrasonic testing are determined as the length of the

specimen ( L) divided by the travel time (¢):

L
V, or Vg :7

(4.1)

Wave velocity is directly proportional to material stiffness and inversely proportional to

material density (Chapter 2). Equations 2.20 and 2.21 can be used to compute the

Poisson’s ratio (v ) and the Young’s modulus (F) of the medium as:

0.5V, /1Vs)* -1
V,1Vs) =1

g PAEVA=20))  pVi(Vy —475)

1

v V7=V
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If a specimen is restricted from lateral deformation, the axial stress-to-strain ratio defines

the constrained modulus (A ). The constrained (M ) and shear modulus (G ) are given

by:

M =pV; (4.4)

G=pV; (4.5)

Other applications of UPV method include detection of flaws and voids. The presence of
a void in a medium delays the arrival of waves and thus results in lower wave velocities.
If a honeycomb structure is present, wave velocities may remain unchanged, but the high
frequency components of the signal are attenuated. For large voids, a complete loss of
wave arrival may occur (McMaster, 1963; Olson, 2004). On the other hand, the signal
amplitude also becomes small in a flawed object because the wave energy is attenuated
by the reflection and/or scattering. In the UPV method, access to two surfaces of a test
object is required and the distance between the transducers must be known. Depending on
the locations of the transmitter and the receiver, three UPV test methods are possible:
direct transmission, semi-direct transmission, and indirect transmission, as shown in

Figure 4.2.
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Figure 4.2: UPV test methods (Olson, 2004)

4.2.2 Limitations of UPV Test

Three principle limitations of the UPV method are:

1. Wave velocity is correlated to the Young’s Modulus and hence the compressive
strength of the test material. In practice, however, the relationship between ultrasonic
pulse velocity and material strength for some composite materials (e.g. concrete) is
complex (Popovics, 1969; Malhotra et al., 1980; Sturrup et al., 1984; Schickert, 1984;
Popovics et al., 1990; Galan, 1990; Popovics and Popovics, 1992; Popovics and Rose,
1994). The reason is two fold. Firstly, the theoretical relationship (Equation 4.3)
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works on the assumption that the materials tested at small-strain level (< 10°%)
exhibit isotropic linear elastic properties. However, concrete or asphalt concrete has
none of these properties (Rose, 1985; Popovics and Popovics, 1992; COST 333,
1999). The relationship between Young’s modulus and strength for composite
materials has been obtained empirically by curve fitting with a relatively low
correlation (Popovics and Popovics, 1992). Secondly, there are other variables in
composite materials affecting the wave velocities; or variables affecting the strength
that may not have a significant effect on the wave velocity and vice versa (Popovics
et al., 1990; Popovics and Popovics, 1992; Popovics and Rose, 1994). There is
experimental evidence showing that while a significant decrease was observed in
material strength with increase in porosity, almost no change was observed in wave
velocity (Popovics, 1969). Experiments by Schickert (1984) also demonstrated the
insensitivity of the pulse velocity to the presence of an opening cut in a slab. However,
compared with strength, the pulse velocity was shown to be sensitive to changes of
other factors such as moisture content, aggregate content, aggregate type, and
maximum particle size of the mixture (Sturrup et al., 1984; Popovics and Popovics,
1992). Therefore, ultrasonic pulse velocity alone is not sufficient for condition and
strength assessment of composite materials.

The common use of low frequencies (20 — 150 kHz) leads to a low axial resolution of
waves. Low frequency measurements have been demonstrated to be insensitive to
small voids and micro-cracking that are smaller than the signal wavelength (Suaris et
al., 1987). However, the effect of increased attenuation and scattered noise must be
compensated for when high frequencies are used.

The UPV method for concrete operates on the assumption that the wave velocities are
frequency independent (ASTM, 1988). However, the wave velocity increases
significantly (about 20%) as frequency increases from 25kHz to 2.25MHz (Popovics
and Rose, 1994).
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4.3 Impact-Echo (IE)

The IE method was a technique researched and developed at the national Institute of
Standards and Technology (NIST) in the early to mid 1980’s (Sansalone and Carino,
1986). This method was later standardized as a method for measuring the P-wave speed
and the thickness of concrete plates using the Impact-Echo method (ASTM C1383-98a).
The IE method has been successfully employed to locate voids, cracks, delaminations,
and other damage in concrete, wood, stone, and masonry structures (Carino, 1984;
Sansalone and Carino, 1986; Carino et al., 1986; Sansalone and Carino, 1988; Sansalone
and Carino, 1989; Ghorbanpoor et al., 1992; Jaeger et al., 1996; Lin, 1996; Abraham and
Philippe, 2002).

The basic principle of the IE method is shown in Figure 4.3. A short-duration mechanical
impact by a hammer or impactor introduces into a medium a stress pulse that propagates
radially outward from the source as compression (P) and shear (S) waves. Additionally,
at the surface, Rayleigh waves propagate along the surface in a shallow zone (Figure
4.3a). The P- and S-waves reflect back and forth between the top surface and internal
defects or the bottom of the test member. The multiple wave reflections arriving at the
surface produce periodic displacements which are detected by a receiver adjacent to the
impact source (Figure 4.3b). The recorded time-domain displacement waveform is
transformed into frequency-domain for further interpretation of the test data. The single
large peak at a frequency spectrum (Figure 4.3b) results from the multiple wave
reflections from a reflector or the bottom boundary of the object. This dominant
frequency is known as resonant frequency. The fundamental relationship to interpret the

frequency spectrum in IE method is:

h=—= (4.6)

where 7 is the distance to a reflecting interface, V, is the compression wave velocity ,

and f is the frequency of P-wave reflections.
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Figure 4.3: Principle of the IE method (Sansalone and Streett, 1997)

An advantage of the IE method is that access to only one surface of the object is required.
This method is able to generate low frequency stress waves by a small hammer or steel
ball to measure a thickness of up to several meters. However, a significant limitation of
the IE method is that small details such as small voids and micro-cracks in

inhomogeneous materials are not easy to detect because the relatively low frequency
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range is commonly used (Popovics and Rose, 1994). Use of high frequencies (typically
above 100 kHz) produced by a short duration impact, on the other hand, limits the
investigation to relatively thin masonry structures because of the scattering of the high

frequency stress waves.

4.4 Spectral Analysis of Surface Waves (SASW) Method
The SASW method was first introduced by Heisey et al. in 1982. Today it is commonly

used as an in-situ seismic technique for determination of shear modulus profile and layer
thicknesses in a layered medium. This method is based on the dispersion of the surface
waves in a layered medium, that is, surface wave velocities vary with frequency or
wavelength. The experimental dispersion curve is computed first, and then through an
inversion process of the dispersion curve, the corresponding shear wave velocity profile,

elastic moduli, and layer thicknesses are computed.

Surface waves attenuate much slower than body waves. In addition, surface waves (R-
waves) carry 67% of the total energy generated by a surface impact, while body waves
(P- and S-waves) only carry 33%. These properties of surface waves allow SASW
measurements to cover a large testing area. The SASW method is able to accurately
predict the thickness and stiffness of the surface layer in a pavement with an error less
than 5% (Olson, 2004; Sheu and Rix et al., 1988; Sheu and Stokoe et al., 1988; Roesset et
al., 1990; Akhalghi and Cogill, 1994). In addition, the SASW method has been used to
detect the presence of moisture in the subgrade and aging of an asphalt concrete layer

(Gucunski and Woods, 1992).

The SASW investigation commonly involves three steps (Nazarian et al., 1983; Nazarian,
1984; Hiltunen, 1988; Gucunski, 1991): 1) data collection in the field, 2) construction of
a dispersion curve, and 3) inversion of the dispersion curve. The inversion process
involves construction of a theoretical dispersion curve by assuming a shear wave velocity
profile, and match of the theoretical with the experimental dispersion curves by
iteratively adjusting the shear wave velocity profile. Once the pre-established threshold

for the match is passed, a shear wave velocity profile is obtained. A computer-based
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linearized iterative least squares algorithm has been used widely to compare the
theoretical and experimental dispersion curves (e.g. Horike, 1985; Herrmann and Al-

Eqabi, 1991; Lai, 1998; Foti, 2000).

The experimental arrangement is illustrated in Figure 4.4. Waves with various
frequencies are transmitted to the medium by a mechanical impact (e.g. an impulsive
hammer) on the ground surface. The propagation of the waves is monitored by an array
of receivers on the surface. The receiver spacing depends on several factors (Nazarian et
al., 1983): the wave velocity in the test medium, the expected investigation depth, the
frequency range used; the attenuation properties of the medium, and the instrumental
sensitivity. In general, short receiver spacings are used for shallow measurement, while
long spacings are used for deep measurement. In addition, seismic waves must travel a
minimum distance from the source before becoming fully formed (near-field effects).
Conversely, low signal-to-noise ratios can be present at large distances from the source,
relative to the wavelength (far-field effects). A number of criteria that relate receiver
spacing to wavelength have been proposed (e.g. Lysmer, 1965; Sanchez-Salinero et al.,
1987; Sheu et al., 1988; Roesset et al., 1989; Gucunski, 1991). One commonly accepted
is expressed as (Heisey et al., 1982):

/%R<x<21R 4.7)

where A, denotes wavelength of R-wave, and x represents the receiver spacing that is

commonly selected as equal to the distance between the source and the first receiver.
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A Fourier spectral analyzer is used to process signals in the field. The phase difference
beween the measured signals in obtained from the phase of the cross-power spectrum

(CPS) of the two receivers. The CPS is expressed as:

CPS(f) =Y,(NY, (/)" = 4 ()4 (4.8)

where Y(f) and Y»(f) are the Fourier transforms of the two signals, * denotes the complex
conjugate, A;(f) and A,(f) are spectral amplitudes, j is the imaginary unit, and

Ao =@, — ¢, denote the phase differences as a function of frequency.

The wavelength 4, can be obtained as a function of frequency and as a function of the

receiver spacing (x) as:

x-27

=50

(4.9)

63



Thus, the surface wave velocity Vz or phase velocity for a given frequency f is:

V() =4 () S (4.10)

Care should be taken to select an appropriate frequency range of analysis to ensure that
reliable information is obtained for construction of the dispersion curve. The coherence
function is used to evaluate the quality of linear correlation between two signals. If
coherence is smaller than 0.9, the measured data should not be considered reliable
(Nazarian and Stokoe, 1986). A coherence value of 1 indicates perfect linear correlation

between the two signals. The coherence function ( y,,) can be expressed as:

Yo =+ 4 (4.11)

where Gy, is the CPS as described in Equation 4.8, G,, =Y,(f)Y,(f)" is known as the

auto power spectrum (APS) of signal 1, and G,, =Y,(f)Y,(f)" is the APS of signal 2.

A surface impact simultaneously generates surface waves and body waves in all
directions. If there exist surface discontinuities or boundaries, some surface and body
waves will be reflected and reach the receivers. Some body waves reach the receivers
either directly from the source or through reflections from the bottom of the surface layer.
All these waves contaminate the direct surface waves, thus leading to fluctuations or
abrupt changes in the phase velocity profile and the dispersion curve as well (Jones, 1962;
Vidale, 1964; Ullidtz, 1987; Sheu and Stokoe et al., 1988; Martincek, 1994). This
problem may be overcome by proper adjustment of the source-receiver geometry (Sheu
and Stokoe et al., 1988). On the other hand, the source-receiver geometry determines the
measurable depth in the test. The elastic modulus profiles are computed from the wave
velocities. However, these relationships for inhomogeneous, high dispersive materials

such as asphalt concrete are not unique.
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4.5 Fourier Transmission Coefficient (FTC)

Fourier transmission coefficient (FTC) method is an improved SASW measurement for
the determination of the depth of a surface-breaking crack. This method allows the
removal of unknown characteristics of the receiver, the wave source and the coupling
(Popovics et al., 2000; Song et al., 2003; Yang, 2007). This method requires two sources
and two receivers placed along a line at both sides of a surface defect as shown in Figure
4.5. The two sources are placed at locations A and E. First, the surface waves generated
at location A are recorded by a receiver at location B as a signal f;5 and subsequently
recorded at location D as f;p across the crack. The process is repeated by generating
surface waves at location E and receiving fzp and fzp at locations D and B respectively

(Figure 4.5). These four received time signals can be expressed in frequency domain as:

Fap=384Cy Map CpRp (4.12)
Fap=84Cy Myp Mpp CpRp (4.13)
Frpp=S8SgCeg Mep CpRp (4.14)
Fgp=Sg Cp Mgp Mpp Cp Rp (4.15)

where Fyc, Fup, Fpp and Fpc are the Fourier transforms of the time signals fic, fis, o5
and fpc; the first subscript denotes the source location, generically labeled as “i”” in the
following discussion, whereas the second subscript is the receiver location, labeled as ;.
S; represents the source transfer function at locations i; C; and C; are the coupling transfer
functions at locations i and j; Mj is the transfer functions of the medium between
locations 7 and j; and R; is the receiver transfer function. The terms Mpp and Mpp can be
considered equal because they indicate the same wave path and the same geometric
attenuation. Accordingly, the signal transmission between locations B and D can be

expressed as (Popovics et al., 2000):
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The FTC is actually an amplitude ratio between measurements near the source and far
from the source. It is indicative of wave attenuation for each frequency component
transmitted through the crack. In ideal situations where the medium is intact, there is a
total transmission of energy and the FTC = 1. FTC falls between 0 (complete attenuation)

and 1 (complete transmission).
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Figure 4.5: Test set up for the measurement of Transmission Coefficient (TC) (Song et

al., 2003)

The FTC technique has the advantage that the wave velocity of the material is not
required in advance and that the results are independent of the type of source, receiver,
and coupling between the medium and the transducers. The main limitation of this
technique is that surface waves detected at the near receiver are less affected by
geometric attenuation than the signals at the far receiver. In addition, surface waves at the
near receiver are also less affected by the reflected P-waves from the bottom of the slab.
Besides, reflected waves from the surface crack could also interact with surface waves at

the two receiver locations. The superposition of the reflected waves amplifies or reduces
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signal amplitudes. Care should be taken to select appropriate source-receiver spacing as

well as the distance between the receiver location and the crack concerned.

4.6 Summary

The NDT techniques of ultrasonic pulse velocity (UPV), impact echo (IE), spectral
analysis of surface waves (SASW), and Fourier transmission coefficient (FTC) are

reviewed in this chapter. The main advantages and limitations of these techniques are

summarized in Table 4.1.

Table 4.1: Literature summary of the NDT techniques

Technique

Brief description

Advantages

Limitations

Ultrasonic pulse
velocity
(UPV)

Wave velocities are
measured to assess
material strength or
stiffness with simple
equations.

Wave velocities can
be used to indicate
presence of flaws as
well.

Easy to perform and
mathematically
simple.

The velocity-strength
relationship for some
composite materials
needs validation.
Commonly used low
frequencies are not
sensitive to small
flaws.

Impact echo
(IE)

The spectral analysis
of multiple wave
reflections enables
detection of location
and extent of flaws.

Low frequency
waves used enable
sampling up to
several meters deep.

Only large flaws and
material boundaries
are accurately
assessable with the
low frequency wave
used.

Spectral analysis of
surface waves

Dispersion curves of
Rayleigh waves are
developed to
determine the shear

Use of surface
waves enables
testing of a large

Boundary reflections
from and direct body
waves could adversely
affect measurements of

attenuation through
the creak.

of source, receiver,
and coupling
condition.

(SASW) modulus profile and . surface wave velocity
. . distance. . .
layer thickness in a and the dispersion
layered medium. curve.
The wave velocity | Interference of
The FTC is a of the material is reflections from
. transmission ratio of | not required in boundaries could cause
Fourier .
- surface waves advance. erroneous amplitude
transmission
. through a crack. The results are measurements.
coefficient L . . . .
(FTC) It indicates wave independent of type | A time window is

required for isolated
analysis of the surface
wave portion.
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CHAPTER 5
QUALITY ASSESSMENT OF HMA MIX
CYLINDRICAL SPECIMEN TESTS: PHASE I

5.1 Introduction

The analytical investigation described in the previous chapter provides a basis for the
design of suitable experimental program for the development of an innovative non
destructive test procedure for condition assessment of longitudinal joints in asphalt
pavements. A carefully planned laboratory study is necessary prior to testing in the field
to develop an effective testing protocol suitable for field evaluation. The main objective
of the laboratory experimental program was to evaluate the effectiveness of the proposed
complimentary non-destructive testing methodology for assessing the condition of

longitudinal joints in asphalt layers.

The experimental program consisted of two phases. Phase I mainly focused on studying
the relationship between the wave characteristics obtained from UPV test and the quality
of the asphalt concrete specimens prepared in the laboratory. Traditionally, the quality of
asphalt concrete mix placed in the field is assessed in terms of percent compaction
achieved in the field as compared to the density of the design mix obtained in the
laboratory. Pavement experts agree that the percent compaction is necessary but not
sufficient to ensure good quality. This agreement is because the quality of mix
particularly in terms of durability and resistance to fatigue cracking and thermal cracking
depends on good bonding between the asphalt binder and the aggregates. The bonding at
the asphalt-aggregate interface relies on the adhesive binder properties and the binder-
aggregate interface conditions in addition to good compaction. Therefore, a fundamental
mix property that is sensitive to the asphalt-aggregate interaction within the mix is
needed to ensure good quality mix. In this study, the specimen quality was determined
using two methods: 1) the traditional method using density measurement and 2) an
innovative approach using dynamic modulus which is recommended by the Federal

Highway Administration (FHWA) for use as a fundamental material property for
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characterizing Superpave mixes (Witczak, et al., 2002; Bonaquist et al., 2003;
Christensen et al., 2004).

The experiments of Phase II (Chapter 6) focus on developing suitable test procedures for
assessing the condition of longitudinal construction joints in asphalt pavements in the

field based on the wave characteristics identified in the experiments of Phase 1.

The following sections provide a detailed description of the approach used in the
experimental program of Phase I. As well, the analyses of the experimental results are

presented after description of each test.

5.2 Instrumentation
As a first step, it is important to select the appropriate sensors required for NDT testing in
the laboratory. The assemblies of instrumentation and specimens used in the ultrasonic

measurements are summarized in Table 5.1

5.2.1 Description of data acquisition system used in UPV tests

HMA mixtures exhibit large damping and heterogeneity. These characteristics entail a
sufficiently high amplitude of signal output for detection of transmitted waves. In
addition, precise detection of transmitted wave arrivals is needed to avoid erroneous
velocity measurements. Therefore, it is necessary to select a suitable pulse transmitter
device and data acquisition system capable of providing large amplitude motions,
amplified received signals, and enhanced signal-to-noise ratio. For testing of HMA
cylindrical specimens in this study, the transmitter and the data acquisition system were
selected to meet the all these requirements for testing. The system included a pair of
piezoelectric transducers (Panametrics V102, 1 in. diameter, 1MHz), a corresponding
pulser/receiver (Panametrics 5052PR), a digital oscilloscope (HP 54610B), and a desktop

computer. These devices are described in detail as follows.
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Table 5.1: Assemblies of ultrasonic instrumentation and specimens

Phase Specimen Transmitter Receiver Purpose
PVC blocks;
Steel blocks; 1MHz 1MHz To calibrate the
Group A HMA (Panametrics V102) | (Panametrics V102) | test system.
| (cylindrical)
To determine
Group B HMA 1MHz 1MHz wave attributes,
(cylindrical) (Panametrics V102) | (Panametrics V102) | e.g. attenuation
and velocity.
To estimate wave
velocities; and
Slab 1 IMHz 50kHz
] _ determine wave
(roller compaction) | (Panametrics V102) (PCB353B65) )
attenuation due
to a joint.
50kHz 50kHz
) Same as in slab 1
(Pundit) (PCB353B65)
Slab 2
11
(Traditional manual To see the real
compaction  using frequency
50kHz 100kHz
hand-held hammer) response of the
(Pundit) (PCB353A60)
slab (below
60kHz).
Slab 3
50kHz 50kHz .
(Improved manual _ Same as in slab 1
(Pundit) (PCB353B65)

compaction )
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Piezoelectric transducers

A piezoelectric transmitter generates a stress pulse when the piezoelectric crystal is
deformed under the effect of an electric charge. A piezoelectric receiver produces electric
energy when the crystal is deformed by a mechanical pressure. The compression (P)
wave transducers used in this study are based on a typical deformation mode of
thickness-expansion as illustrated in Figure 5.1. Since P-waves are the fastest traveling
waves, use of P-wave transducers to generate and receive a P-wave allows a unique

initial arrival to be identified.

1 1
i i
1 1
1 1
1 1
T T
1 1
Compression motion

Figure 5.1: A basic deformation of a piezoelectric element (Hellier et al, 2001)

On the other hand, the traditional use of low frequencies (typically 50 kHz) in ultrasonic
testing of concrete makes the test method insensitive to small details which are orders of
magnitude smaller than the wavelength. Thus, for testing of HMA specimens in this
study, a relatively high frequency is used by means of the IMHz P-wave transducers to

improve the sensitivity.

The signal waveform and frequency response of the 1MHz transducers are provided by
the manufacturer, as illustrated in Figure 5.2. The center frequency is 0.92MHz and the
transducer bandwidth typically measured at -6db level from the maximum amplitude is
from 0.397 to 1.44 MHz, representing the effective frequency range of the pulse

generated by the transducer.
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Figure 5.2: (a) Signal waveform and (b) frequency response of the IMHz transducers

Pulser/receiver

Figure 5.3 shows the front panel of the pulser/receiver used in this study. The

pulser/receiver setting described in the following sections were used throughout the

testing of HMA specimens.

Figure 5.3: The front panel of the pulser/receiver model 5052PR
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Rep. Rate control

This switch enables alteration of the internal pulse repetition rate from 200 to S000Hz. In
general, the repetition rate of the pulse sent should be sufficiently low so that the waves
generated by the previous pulse do not contaminate the waves generated by the following

pulse. In this study, the minimum repetition rate 200Hz was used.

Energy control

This control provides four levels of excitation amplitude for a given transmitter. The
output energy and its corresponding pulse amplitude are summarized in Table 5.2. In
order to compensate for attenuation of wave energy through a high damping HMA

specimen, energy “4” setting was used which is the maximum power available.

Table 5.2: Energy control specification of the pulser/receiver (Panametrics, 1984)

Energy Damping resistance | Available pulse energy | Pulse amplitude
setting (ohms) (ujoules) (volts)

1 50 14 140

2 100 36 200

3 100 58 200

3 250 58 240

4 500 94 270

Attenuation control
This control consists of a course and a fine attenuation switches. They allow the received
signals to be attenuated to a maximum of 68dB in 2db increments. Zero attenuation was

selected to produce the maximum possible signal amplitude in testing of asphalt concrete.
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H. P. Filter control

This control allows passage of either a complete bandwidth of an original signal or just
the high frequency components above the set cut-off frequency. In other words, it is used
to remove the unwanted low frequency components. The cut-off frequency should be
always set below the center frequency of the transducer. Since analysis of complete

bandwidth signals was expected in this study, the setting should be adjusted to position

(13 2

out

Damping control

This control allows selection of an optimum damping resistance applied on a given
transducer to achieve an optimum waveform. The control setting and the corresponding
damping resistance are illustrated in Figure 5.4. This control setting is recommended to

be in position “4” for common application (Panametrics, 1984).
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Figure 5.4: Damping control setting versus damping resistance (Panametrics, 1984)
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Gain control

Gain control is functionally similar to attenuation control. The difference is that
increasing gain level allows amplification of signals while increasing attenuation leads to
decrease in signal amplitude. For application in asphalt concrete material, “40db” was

selected corresponding to an amplification of 100 times.

T/R and RCVR connectors coupled with mode switch I and 2

When the mode switch is in position 1, only one transducer is needed and it is connected
to the T/R connector. In this case, the transducer functions as both the transmitter and
receiver. This setting is especially applicable to pulse-echo operation. When mode switch
is in position 2, two transducers are needed and are respectively connected to T/R
connector as the transmitter and to RCVR connector as the receiver. This setting is

especially applicable to UPV operation.

Oscilloscope and computer

An oscilloscope allows the received electrical energy to be displayed as a digital signal
waveform from which the travel times of waves through a given distance are measurable.
In this study, the resolution for the travel time measurements in the oscilloscope was

0.2 ps. In addition, a sampling interval of 0.5 ys was applied for measurement of a full

length signal of 1,024 sampling points.

Besides, clear recognition of wave arrivals permits high accuracy evaluation of wave
velocities. This goal is achievable by performing stacking in the oscilloscope. In this
study, a series of 256 transient signals were stacked in the oscilloscope with the internal
software to produce a single resultant signal with cancellation of noise. This stacked
signal was stored in a computer for further analysis and study of the signal in frequency

domain, for instance, using MathCAD and MATLAB software.
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5.3 HMA Quality Assessment Using Wave Characteristics — Phase 1

The goal of the experiments in Phase I is to determine the wave characteristics that are
sensitive to the quality of the mix. For this purpose, HMA mixtures were compacted
using the Superpave gyratory compactor at varying gyrations to produce specimens of
different volumetric properties. It has been shown in the literature that the percent
compaction increases with the number of gyrations for a given mixture and so the quality
of the specimen (Nazarian and Stokoe, 1986). The correlations among wave
characteristics, density, and the number of gyrations were examined in the experiments of
Phase I. Based on these results, the potential correlations between the fundamental
properties (e.g. the dynamic modulus) and the wave characteristics were explored for the
selection of the most suitable parameter for assessing the mix integrity. The experimental

design in Phase I involved five steps:

1. Sample preparation.

2. Calibration of newly purchased sensors to account for the delay time during wave
transmission as well as to assess the reliability of the measurements.

3. Ultrasonic Pulse Velocity (UPV) testing of the asphalt concrete samples prepared in
the laboratory. Selection of efficient signal processing techniques for characterizing
output signals that could be used for condition assessment of asphalt concrete mixes.

4. Bulk density measurements of the asphalt concrete mixes prepared in the laboratory.
Determination of dynamic modulus values of the asphalt concrete mixes based on
Superpave testing protocol.

5. Examination of potential correlation between the dynamic modulus and the wave
characteristics for identification of parameters suitable for condition assessment of

asphalt mixes.

5.3.1 Preparation of asphalt concrete specimens

A plant mix (Superpave 19.5 mm) from Hwy 26 in southern Ontario was used to prepare
samples required for testing. This mix is equivalent to the heavy duty binder mix
commonly used in southern Ontario. The gradation of the batched aggregate was mixed

according to the Job Mix Formula using 4.6% asphalt cement, as illustrated in Figure 5.5.
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Figure 5.5: Aggregate gradation curve of SP 19 HMA mix

Two groups of HMA cylindrical specimens (Group A and Group B) were prepared in this
study. Group A samples are used for calibration of the UPV test system. They are
identical in terms of material type and compaction but different in lengths varying from
50 mm to 200 mm. Group B samples were used for the establishment of relationship
between wave characteristics and the material quality compacted at different gyration
levels varying from 40 to 140. The purpose of the different gyrations was to force the air
void values to have a wide spread to check for correlation with wave characteristics and
with the material quality as well. The following procedure was used for the preparation of

cylindrical specimens in the laboratory.

1. A sufficient amount of loose material, in conjunction with the mixing bowl, was
heated up to 160°C in an oven for at least 4 hours. The designed compaction
temperature for the material was at least 138°C. The purpose of heating the
sampling up to 160°C was to compensate for the loss of temperature during
material preparation and transfer to the gyratory mold.

2. The hot material was thoroughly mixed using a mixer (Figure 5.6a), followed by

placing the bowl assembly back in the oven and heating to a temperature 160°C.
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. A 150 mm specimen mold was heated to 160°C and a paper disk was placed on
the bottom of the mold, followed by placing the heated material into the mold
thoroughly. In order to have a specimen with sufficient length for sawing, the
mold was filled up to the top. The material was leveled in the mold, followed by
placing another paper disk on the top.

. The mold assembly was placed at the centre of the turntable. A temperature gun
was used to ensure that the temperature of the mix in the mold assembly meets the
required compaction temperature of 138 °C +2°C.

. During compaction, a vertical pressure of 600kPa + 18kPa was applied to the
material while the mold assembly was kept at a gyratory angle of 1.25° +0.02°.
Different numbers of gyrations were selected to achieve different levels of
compaction producing different quality mixes for Group B samples as described
in step 8.

. The mold was removed once the compaction is completed at the predetermined
gyrations and allowed to cool. The compacted specimen was extracted from the
mold using the extrusion jack (Figure 5.6b). The compacted specimen was
approximately 210mm in height and 150mm in diameter. Care was taken while
removing the paper disks and placing the specimen on a flat surface.

Steps 1 to 6 were repeated until sufficient amount of specimens at the designed
number of gyrations were completed.

. Each specimen was allowed to cool at room temperature before coring and sawing.
As aforementioned, the specimens were divided into Group A and Group B, as
shown in Figures 5.7a and 5.7b. Group A specimens consists of six cylindrical
specimens of varying lengths from 50, 75, 90, 120, 155, 200 mm. Group A
specimens were produced by sawing the original 210 mm specimens compacted
at 100 gyrations. Group B specimens included six cylindrical specimens
compacted at various gyration levels staring from 40, 60, 80, 100, 120, and 140.
The Group B specimens of 100 mm diameter were cored from the center of the
150 mm diameter gyratory compacted cylindrical samples. The ends of the
specimens were sawed to provide smooth surfaces perpendicular to the axis of

specimens. The average height of Group B specimens was 150mm (Figure 5.7b).
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Figure 5.6: Specimen preparation machines

Figure 5.7 (a): Group A specimens for calibration purpose
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Figure 5.7 (b): Group B specimen preparation

5.3.2 Calibration of UPV test system

The calibration was achieved by testing standard specimens such as stainless steel and
PVC with known pulse velocity. For the purpose of this study, UPV method was selected
as the nondestructive testing of cylindrical specimens because it is more effective and
suitable for measurements of wave velocities and attenuations when two sides of a test

object are accessible (Krautkramer and Krautkramer, 1990).

The experimental setup for UPV testing of a cylindrical specimen is illustrated in Figure
5.8. The instrumentation used in the study consisted of a data acquisition system (section

5.2) and a load cell system.

The contact pressure on the transducer affects the signal amplitude significantly. In order
to improve consistency of tests, a constant pressure needs to be maintained on the
transducers during all tests. A consistent pressure was obtained using a load cell system
which consists of a multimeter (HP 34401 A), a power supply (HP 3620 A), and a load
cell (type 20210-100, capacity 100 Ib) attached on a frame (Figure 5.8). In this study, a

constant pressure of 40 Ibs was used and was monitored by the multimeter. The pressure
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higher than 40 lbs may limit the transducer sensitivity and even cause damages (Naik and

Malhorta, 1991).

GPIP cable .
PC Oscilloscope

} E (@) Q
—|O Multimeter | O
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—|OPower Supply | @)

Specimen

o <
Load Cell / /‘

Receiver A A /\ Transmitter

Figure 5.8: UPV testing of a specimen

Coupling technique

The proper contact between the transducer and the specimen surface is critical to
minimize variation of impact event or receiver coupling and ensure reliable measurement
of wave characteristics. If a transducer is directly pressed on to a test surface, air gaps are
formed inevitably because of the surface roughness or irregularities. Since transmission
of wave energy at a transducer-to-air interface is almost impossible, the energy allowed
to transmit through the contact points between the transducer and the test surface is
limited. The ultrasonic measurements will thus become unreliable. In addition, direct
contact leads to wear of the transducer, thus adversely affecting economics of
measurements. Therefore, it is necessary to prepare a flat and smooth test surface by
either sawing or grinding, and employ a medium to fill the air gaps. The medium is
known as a couplant. Several materials are commonly used as couplants: water, kerosene,
oil, grease, glycerin, petroleum jelly (Krautkramer and Krautkramer, 1990; Hellier et al.,
2001). In order to maximize energy transmission, silicone high vacuum grease was used

in this study. It was found that the received signal slowly reached its maximum amplitude
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as the grease was squeezed out around the transducer by the contact pressure. Therefore,
it is preferable to wait for at least 5 minutes before the signal amplitude is measured and
recorded. In this study, a coupling setting time of 5 minutes was maintained through out
the UPV testings. It was also suggested that for wave velocity measurements, the
couplant covering the transducer surface should be as thin as possible (Leong et al., 2004).
Increasing the couplant thickness adds to the wave propagation distance, and hence, the
travel time. Additionally, in order to have a uniform test result, the amount of couplant

applied should be consistent throughout the ultrasonic tests.

Calibration procedure

A typical wave velocity should be constant for the same material, regardless of the
dimension of the material. However, in reality, the measured P-wave velocities vary with
specimen lengths because of the delay time produced by the transducer characteristics
and peripheral electronic equipment used (ASTM D2845-95, Leong et al., 2004). This
time delay varies with the type of material to be tested because different materials exhibit
various degree of impedance mismatch with the transducers causing erroneous travel
time measurement of waves from one end to the other. It is therefore important to

calibrate the transducers before UPV testing of any material.

An important step in the calibration is the determination of wave travel time. The travel
time (At ) of a P-wave through a test object is measured as the interval between the pulse
and the first rise or fall (arrival) of the time signal, as shown in Figure 5.9. Although the
error in determination of the travel times is small (< 1 us ), it has significant impact on the
accuracy of the wave velocity measurements. The error is caused by the resolution used
in identification of wave arrival times, operator’s ability to identify the arrival times, and
system delay. In this study, the resolution in identification of the arrival times is 0.2 us.

The calibration of the test system consists of determination of the system delay, followed
by subtraction of the delay from the measured travel times. In this study, the system delay
was determined by two methods: face-to-face testing of transducers (ASTM D2845-95);
and determination of wave travel times for different specimen lengths. In the first method,

a transmitter and a receiver were placed in direct contact with each other. The measured
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travel time represented the system delay. The second method required the use of standard
test blocks (i.e. PVC and Steel blocks) and HMA specimens (group A specimens), as
illustrated in Figures 5.10 and 5.7a. The relationship between the measured travel times
and the various lengths was examined based on linear regression analysis. The ‘y’

intercept of the line represents the system delay and the slope gives the P-wave velocity,

as will be described in the following section.
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Figure 5.9: Determination of travel time and PTP amplitude from a time signal

4

Figure 5.10: PVC and steel standard test blocks for calibration
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Calibration Test Results

The results of the calibration tests are summarized in Tables 5.3a to 5.3c. As expected,
the measured P-wave velocities vary with specimen lengths. This result is attributable to
the inherent time delay. For HMA specimens, the standard deviation observed for wave

velocities before calibration is +80m /s (Table 5.6 ¢).

Table 5.3 (a): Comparison of P-wave velocities of PVC before and after calibration

P-Wave Velocity of PVC P-Wave Velocity of PVC
(before calibration) (after calibration)
. . Calibrated .
Length | Travel time V, Difference travel time Vy Difference
(m) (us) (m/s) (%) (m/s) (Y0)
(1)
0.2009 87.0 2309 0.2 86.9 2313 0.1
0.1503 65.3 2303 0.1 65.1 2307 0.2
0.1011 43.8 2306 0.1 43.7 2313 0.1
0.0510 222 2299 0.2 22.1 2312 0.1
Average, n 2304 0.1 Average, n 2311 0.1
Standard Deviation
(STDV), 6 4.2 STDV, ¢ 2.7
Variation, ¢ / p 0.2% Variation, ¢ / p 0.1%

Table 5.3 (b): Comparison of P-wave velocities of steel before and after calibration

P-Wave Velocity of Steel P-Wave Velocity of Steel
(before calibration) (after calibration)
. Calibrated
Length | Travel time v, Difference travel time v, Difference
(m) (us) (m/s) (o) (uss) (m/s) (o)
0.1986 34.8 5707 0.9 345 5753 0.0
0.1580 27.7 5696 0.7 27.5 5754 0.0
0.1239 21.8 5683 0.4 21.5 5758 0.1
0.0988 17.5 5652 0.1 17.2 5745 0.2
0.0734 13.1 5612 0.8 12.8 5735 0.3
0.0493 8.8 5596 1.1 8.5 5780 0.5
Average, n 5658 0.7 Average, n 5754 0.2
(SstaT']‘;l‘ﬁ)r’chev‘a""“ 45.8 STDV, 6 15.2
Variation, ¢ / p 0.8% Variation, ¢ / p 0.3%
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Table 5.3 (c): Comparison of P-wave velocities of HMA before and after calibration

P-Wave Velocity of HMA SP19 P-Wave Velocity of HMA SP19
(before calibration) (after calibration)
. Calibrated
Length | Travel time v, Difference travel time v, Difference
(m) (us) (m/s) (%) (u5) (m/s) (%)
0.2028 48.0 4225 23 48.8 4156 0.4
0.1558 36.1 4316 0.2 36.9 4222 1.2
0.1191 28.0 4254 1.6 28.8 4135 0.9
0.0917 20.9 4392 1.5 21.7 4230 1.4
0.0763 17.6 4325 0.0 18.4 4138 0.8
0.0524 11.8 4437 2.6 12.6 4156 0.4
Average, p 4325 14 Average, p 4173 0.9
(SStaT‘]‘)dé;cheV‘a""“ 80.3 STDV, 6 2.2
Variation, ¢ / p 1.9% Variation, ¢ / p 1.0%

The face-to-face method gave a system delay of 0.236 us . From the second method as

aforementioned, a linear relationship between the measured travel times and the various
lengths in each specimen group was obtained, as illustrated in Figure 5.11. Strong
correlations (R* ~ 1) between the wave travel times and specimen lengths for the three
materials were observed. The time delay is given by the ‘y’ intercepts which varies with
the type of material used as described previously. For example, the estimated intercept

value of - 0.7998 us for HMA 19 mix is considered the system delay for this mix which
is different from 0.236 us estimated from fact-to-face testing. After subtraction of the

system delay, the standard deviation for the P-Wave velocity is almost reduced by 50%

as seen in Table 5.3c.

Alternatively, the P-wave velocity for each group of specimens was computed using the
corresponding slope of the travel times — specimen lengths plots (Figure 5.11). The
results are summarized in Table 5.4 showing that the velocities given by the slopes agree

well with the average velocities obtained after calibration of the system delay (Table 5.4).
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Figure 5.11: P-wave calibration using 1MHz transducer

Table 5.4: Results of V'» calculated using the slopes of time-length plots (Figure 5.11)

System Observed P-wave Typical P-wave velocity
Material
delay (us) velocity (m/s) (m/s) (ASTM E494 — 95)
Transducers
(face-to-face) 0.236 N/A N/A
1
Standard PVC 0.1247 ———=23109 2300
432.73x10"
1
Standard Steel 0.281 —————=5753.1 5790
173.82x10°
1
HMA SP19 - 0.7998 ——————=41745 N/A
239.55x10
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5.3.3 Material characterization using UPV testing

Group B specimens at different gyration levels were the specimens of interest in this step.
The actual instrumentation setup for the UPV testing is illustrated in Figure 5.12.
Repeated pulses from the pulser/receiver were transmitted into one side of a specimen by
a transducer. These pulses propagating through the specimen were affected by the elastic
properties and internal flaws before being received by the receiver on the opposite side of
the specimen. The travel time of P-wave was measured and used to compute P-wave
velocity and moduli of elasticity of the specimen. The signal waveform displayed in the
oscilloscope was further processed and analyzed in both time and frequency domain to

measure wave attenuation parameters.

Figure 5.12: Ultrasonic pulse velocity (UPV) test setup

Wave characteristics obtained in time domain

Each measured travel time was calibrated by subtracting the system delay associated with
the HMA material. The P-wave velocity for each specimen was calculated as the
specimen thickness divided by the corresponding calibrated travel time. The moduli of
elasticity for each specimen, i.e. Constrained and Young’s moduli, were then calculated

based on the corresponding P-wave velocity, measured specific density and the Poisson’s
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ratio which was assumed to be 0.313 based on the predetermined S-wave velocity.
Comparison of the P-wave velocities or elastic moduli of the six specimens will provide a

basis for evaluation the condition of the specimens tested.

Another measurable variable is known as the peak-to-peak (PTP) amplitude of the first
arrival (Chapter 3). It was measured as the difference between the positive and the
negative peak values of the first arrival of the signal. The PTP amplitude could be used as
an indicator of the quality of the specimen. The higher the PTP value the better the

quality of the mix used in the specimen.

Wave characteristics obtained in frequency domain

The recorded time domain signals were Fourier transformed into frequency domain for
the assessment of the frequency content of the entire signals (Chapter 3). In a direct travel
time signal record, a wave traveling along the stiffest and shortest possible part inside a
specimen appear as the first arriving wave. Following the first arrival are considerable
ultrasonic scatterings and reflections from boundaries, as illustrated in Figure 5.13a. In
order to eliminate the unwanted waves, the contribution of only the first arriving wave
was isolated by a time window (Equation 3.12) of suitable width and Fourier transformed
into frequency domain (Figures 5.13a and 5.13c). The Fourier representation of the
windowed portion allows for determination of maximum amplitude and area of the

frequency spectrum which are two additional indicators of wave energy (Chapter 3).

Results and discussion
The received time signals for Group B specimens are shown in Figure 5.13a. The wave
travel time Ar in each signal was measured to calculate the P-wave velocity for the

corresponding specimen.

The amplitude of the frequency contents of the full signals from six specimens is shown
in Figure 5.13b. Almost zero amplitude is observed at frequencies beyond 200 kHz. This
confirms that high frequency components have been attenuated when traveling though a

medium made of complex network of aggregates and air voids (Chapter 2).
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Figure 5.13 (a): Received time signals for the specimens at the six gyration levels
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Relationship between wave characteristics and gyration levels

Five wave characteristics: wave velocity, peak to peak amplitude in time domain,
dominant frequencies of the first arrivals, maximum magnitude, and areas of frequency
spectra for the first arrivals (Figure 5.13¢) were used to evaluate the quality of the mix.
The geometric attenuation is proportional to the specimen length. In this case, although
attempts were made to prepare specimens of equal lengths, small differences in the
specimen lengths were noticed because of errors associated with saw cutting. Therefore,
geometric attenuation had been calibrated to specimen length to ensure that observed
difference in attenuation for different specimens is only attributed to the material
properties of the medium through which the wave traveled. Hence, the material
attenuation/damping can be considered the only factor causing the change in amplitude of

the first arrivals.

As a first step, the relationships between wave characteristics and gyration levels were
examined and the results are shown in Figure 5.14. The results indicate strong
correlations (R? = 0.99) between the number of gyrations and the wave characteristics in
terms of peak to peak amplitude, the spectral area, and the magnitude. This observation
strongly supports the concept that seismic wave technique has the potential for assessing
the integrity of the HMA material in terms of their wave characteristics. The observed
velocities are almost the same for all the specimens (Figure 5.14). This appears to support
the previous findings that the wave velocity of seismic waves may not be adequate
enough to assess the quality of different HMA mixtures (Malhotra and Carette, 1980;
Schickert, 1984; Sturrup et al., 1984; Galan, 1990; Krautkramer and Krautkramer, 1990;
Popovics and Popovics, 1990; Popovics and Popovics, 1992; Popovics and Rose, 1994;
Witczak et al., 2002).
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Figure 5.14: Wave characteristics vs. gyration number
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Compared to the other wave characteristics, the dominant frequencies of the first arriving
waves showed a moderate correlation with the number of gyrations (Figure 5.14). It is
implied that frequency content may not be sensitive to evaluating the mix quality
determine in terms gyration. However, this may be useful for evaluating a specific type of
pavement failure, such as permanent deformation due to creep, as discussed later. For the
purpose of assessing the general pavement condition, any one of the three characteristics,
peak to peak to amplitude, the spectral area, and the magnitude of frequency spectrum
will be adequate. The selection of a suitable parameter from the three wave
characteristics will depend on which one will be efficient to measure in the field in terms
of computation time and equipment without compromising the accuracy. The peak to
peak amplitude (PTP) is seemingly more suitable for field application as it can be
monitored and measured in time domain on site without extensive mathematical

computation.
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The constraint elastic modulus (M) has been used in seismic wave analysis. It was
computed from the wave velocity (M = p -V, ) for the mixes compacted with different
gyrations. The relationship of this parameter with gyrations is shown in Figure 5.15. The
correlation of the constraint modulus with gyration levels is 0.75. This correlation is
slightly better than the correlation observed for the velocity but not as strong as observed
for the other wave characteristics. The slight improvement in comparison to velocity is
probably attributed to the effect of density used in the equation to calculate M which

increases with the number of gyrations.
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Figure 5.15: Constraint modulus (M) vs. gyration levels

In summary, wave characteristics are sensitive to the number of gyrations that are a
measure of mix quality. This is because as the number of gyrations increases the inter-
particle contacts and bonding strength increases, producing a stiffer specimen. It is
expected that the wave attenuation is minimized if there is a good bonding at the
aggregate-asphalt interface to ensure continuous medium for waves traveling. This is a
useful and important finding because it demonstrates that wave characteristics can be
used as quality indicators of asphaltic concrete mix. However, this needs further
validation by studying the relationship of wave characteristics with a fundamental
property such as dynamic modulus that is an objective and reliable measure of the mix

quality. The relationship between the wave characteristic and density that is commonly
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used to measure quality was also examined. Associated data processing for computation

of wave characteristics is presented in Appendix A.

5.3.4 Relationship between wave characteristics and mix quality

Group B specimens were used to determine the potential correlation between the wave
characteristics and mix quality that is measured in terms of density and dynamic modulus.
The following sections describe the procedures used to determine the bulk density and

dynamic modulus of HMA.

Bulk density measurements

After coring and sawing, group B specimens were allowed to dry overnight to a constant
temperature in the oven at 52 + 3°C, followed by cooling down to room temperature at
25 + 5°C. The bulk densities of the specimens were measured using the following

equation (ASTM D2726):

A
Bulk specific gravity =———— 5.1
pecific gravity =——— .1

where A4 is the mass in grams of the dry specimen in air, B is the mass in grams of the
surface-dry specimen in air, and C is the mass in grams of the specimen in water. This

method was considered suitable because the specimen surfaces were polished.

Relationship between bulk densities and gyration levels

The bulk densities obtained from Group B specimens at the different gyration levels are
tabulated in Table 5.5. The correlation between specimen densities and the gyration
levels is illustrated in Figure 5.16. A moderate correlation (R* = 0.79) was observed. In
some cases, lower gyrations (e.g. at 100 and 120) produced a higher density than the
value obtained at higher gyrations (e.g. at 140) for the same mix (Figure 5.16). This
unusual result could be attributed to aggregate segregation while sampling from different
batches and temperature drop during compaction. This condition typically occurs in the

field during placement of mix. Hence, density is not always a good indicator of
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workmanship. It is implied that a suitable parameter in addition to the density is needed
for quality assurance of HMA mixes. Consequently, dynamic modulus test was

recommended by FWHA for use as a performance based test to assess the quality of

asphalt concrete mix.

Table 5.5: Density measurements of group B specimens

Mass of Mass of Bulk
Dry Mass of Saturated . Specific .
. . . Specimen . Density
Gyration | Specimen | Surface Dry Specimen in Water Gravity Kke/m®
in Air, A, | in Air, B, g Cg |=A® g
g ’ C)
40 2742.0 2746.4 1623.3 2.442 24342
60 2737.0 2741.4 1630.2 2.463 2455.7
80 2730.0 27333 1623.3 2.459 2452.1
100 2672.6 2676.8 1606.1 2.496 2488.6
120 2631.5 2633.4 1582.9 2.505 2497.4
140 2739.0 2742.1 1641.5 2.489 2481.2
2520.0
g 25000 y = 46.902Ln(x) + 2261.1 o
&n 2 <
< 2480.0 | RT=0.79 o
iy
B 24600 |
=
R 24400 |
2420.0
20 40 60 80 100 120 140 160
Gyration number

Figure 5.16: Specimen density vs. gyration levels

Dynamic modulus test
The dynamic modulus test is a part of Superpave test protocols based on Simple
Performance Tests (SPT) that include the use of dynamic modulus values as a

performance criterion of the asphalt mix. This test is expected to identify inferior HMA
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mixtures (i.e., must determine a mix’s relative susceptibility to excessive distortion or
fracture or both under defined conditions) and not necessarily predict the entire

performance history.

The dynamic modulus test is the oldest and one of the best compression tests for Hot Mix
Asphalt (HMA) characterization because of its ability to provide reliable, full
characterization of the mix over a wide range of temperatures and cyclic loading
frequencies (Witczak et al., 2002). This test method was standardized for dynamic
modulus testing of asphalt concrete mixtures (ASTM D3497, 1979). The dynamic
modulus test applies a sinusoidal (harversine) axial compressive stress to an asphalt
concrete specimen at a given temperature and loading frequency. Measurements of the
applied stress and the resulting recoverable axial strain response of the specimen allow
for calculation of the dynamic modulus. The values of dynamic modulus can be utilized

as a measure of asphalt concrete mix quality.

The loading frequencies and the test temperatures depend on the purpose of the test. For
example, the procedure uses a sinusoidal (haversine) compressive axle load for a duration
of 0.1 seconds with a rest period of 0.9 seconds at a single test temperature at which the
mix is susceptible to permanent deformation in the field. The test temperatures are
selected by the designer based on measurements of seasonal temperatures through out the
year for specific site conditions. In addition, an effective pavement temperature and a
design loading frequency are selected by the designer for assessing the fatigue cracking
resistance of the asphalt concrete mix. The effective pavement temperature in this case
covers approximately the temperature range of 4 °C to 21 °C and the design frequency

covers the range between 5 to 25 Hz.
The relationship between stress and strain for a linear viscoelastic material is defined by a
complex number known as the complex modulus (£*). The real and imaginary

components of the complex modulus are given by:

E* = E’ +E” (5.2)
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where E’ is the storage or elastic component that contributes to recovery of deformation;
while £’ is the loss or viscous component that contributes to permanent deformation.
The strain ¢, lags behind the stress o, by an angle, known as the phase angle (N)
indicating the viscous properties of the material. For a pure elastic material, N = 0, and
the complex modulus E£* is equal to the absolute value or dynamic modulus. For a pure

viscous material, N = 90°.

The magnitude of the dynamic modulus (| £%|) is calculated as the maximum stress (o,)

divided by the recoverable axial strain (&,):

=0 (5.3)

For the dynamic modulus testing, six mounting studs were attached to each specimen in
Group B with epoxy cement using suitable alignment and spacing fixture, as shown in
Figure 5.17. The finished stud arrays should be 120°C apart. These stud arrays were
intended for mounting of the linear variable differential transformers (LVDT) to monitor

the axial deformation of the specimen under cyclic loading.

Figure 5.17: Specimens for dynamic modulus test
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The dynamic modulus tests were conducted using the Interlaken integrated asphalt test
system as shown in Figure 5.18. The test system is fully controllable by a computer using
the UniTest software. The dynamic modulus tests were carried out at loading frequencies
in sequence 25, 10, 5, 1.0, 0.5, and 0.1Hz at each selected temperature. The number of
cycles corresponding to each loading frequency is summarized in Table 5.6. The axial
load was applied to the specimen via a loading ram (Figure 5.6). The applied load was
measured by an electronic load cell connected to the specimen cap, while the resulting
recoverable axial strain response of the specimen was monitored by the LVDTs mounted
on the specimen. These LVDTs allow for determination of dynamic behavior of the
specimen during cyclic loading. The dynamic modulus was automatically calculated by

the Software as the output.

Figure 5.18: Dynamic modulus test setup
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Table 5.6: Number of Cycles for the Test Sequence (ASTM D3497)

Loading Frequency (Hz) | Number of Loading Cycles
25 200
10 200
5 100
1 20
0.5 15
0.1 15

Relationship between Dynamic moduli and gyration levels

The dynamic moduli obtained from Group B specimens at different gyration levels are
shown in Table 5.7 and Figure 5.19. The response of the mix to the dynamic loads at
varying frequencies is non-linear (Figure 5.19) because of the relatively large strain level
(10™). The relationship between the number of gyrations and the dynamic moduli was
examined by linear regression, as shown in Figure 5.20. The dynamic modulus at 25 Hz
showed an excellent correlation (R* = 0.98) with the number of gyrations. Good

correlations (R* > 0.87) exist when the dynamic modulus was measured under other

cyclic loading frequencies (10 Hz, 5 Hz, 1Hz, 0.5Hz, and 0.1Hz).

Table 5.7: Dynamic moduli of HMA specimens at different gyrations

Description

Gyration number

40 60 80 100 120 140
E at 25Hz, MPa | 8110.1 | 9147.3 | 9878.6 10204.6 11027.3 11622.6
E at 10Hz, MPa | 6360.2 | 7349.6 | 8185.3 8258.7 9092.3 9689.8
E at 5Hz, MPa 5151.4 | 6069.3 | 6898.2 6868.3 7658.1 8290.3
E at 1Hz, MPa 2967.2 | 3677.8 | 4358.7 | 4162.2 4781.9 5391.7
E at 0.SHz, MPa | 2274.8 | 2903.3 | 3496.7 3258.0 3797.3 4382.0
E at 0.1Hz, MPa | 1345.6 | 1680.6 | 2006.1 1805.0 2187.6 2611.7
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Figure 5.19: Dynamic moduli results (25 to 0.1Hz loading frequency)
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Figure 5.20: Dynamic moduli (25 to 0.1Hz loading frequency) vs. gyration number
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Relationship between dynamic moduli and specimen densities

The correlations between dynamic moduli and specimen densities are illustrated in Figure
5.21. The moderate correlation support the previous observation that density
measurements may not be sufficient to ensure good bonding between asphalt and

aggregate to improve resistance to fatigue cracking.

11000

9000
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2420 2440 2460 2480 2500 2520

Density (kg/m”3)

Figure 5.21: Dynamic moduli (25 to 0.1Hz loading frequency) vs. specimen densities
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Relationship between wave characteristics and density

The correlations between the five wave characteristics and specimen densities are shown
in Figure 5.22. The observed correlations with PTP, magnitude and area of spectrum are
moderate, while the correlations with the velocity and frequency are less than moderate.
This is expected because that density does not always reflect mix quality in terms of

bonding between asphalt binder and the aggregates as aforementioned.

2520 -
Velocity: Magnitude: 2Ar ca.
2 -
2 R =0.76 R =0.70
g R =04
2500 o 0 D6 Frequency: X />KA
R* =025, PTP:
= ) R* =0.69
g 2480 ~
Ej I
=
=y |
é 2460 1 |
A f — — Velocity
= = 'Frequency
2440 - — - - Magnitude
% — - - Area
PTP
2420 T T T T T T T 1
0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5
Normalized wave characteristics

Figure 5.22: Wave characteristics vs. specimen densities (Note: velocity is normalized to
4318m/s, frequency to 93.75 kHz, magnitude to 0.096, spectral area to 1.435, and PTP to
1.2)
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Relationship between wave characteristics and Dynamic modulus

The dynamic moduli were computed at different frequencies at room temperature. The
selection of frequency depends on the type of truck loading of interest starting from fast
moving traffic to slow moving traffic. The correlations between the dynamic moduli (at
25 Hz, 10 Hz, 5 Hz, 1Hz 0.5 Hz, and 0.1 Hz) and the PTP amplitude were examined, as
shown in Figure 5.23. The PTP amplitude showed excellent correlations (R* > 0.9) with
the dynamic moduli at the six loading frequencies. The correlation coefficients of the
other wave characteristics with dynamic moduli at the six loading frequencies are
summarized in Table 5.8. The corresponding figures showing the relationships of other
wave characteristics with dynamic moduli at 0.1 to 25Hz loading frequencies are

presented in Appendix B.

10100.0 ~

8100.0

6100.0 -

Dynamic Modulus (Mpa)

4100.0 ~

2100.0 ~

100.075 0.25 0.35 0.45
PTP amplitude (V)

Figure 5.23: Dynamic moduli vs. PTP Amplitude
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Table 5.8: Correlation coefficients for dynamic moduli vs. wave characteristics

Correlation coefficient Wave characteristics

Velocity | Frequency | PTP | Magnitude | Area
at 25Hz loading 0.62 0.76 0.98 0.97 0.97
at 10Hz loading 0.59 0.80 0.97 0.95 0.95
at SHz loading 0.58 0.83 0.97 0.94 0.95
at 1Hz loading 0.57 0.88 0.95 0.90 0.92
at 0.5Hz loading 0.57 0.91 0.93 0.88 0.90
at 0.1Hz loading 0.61 0.92 0.90 0.84 0.87

Table 5.8 shows that the highest correlations (R* > 0.9) were between the dynamic
modulus at 25 Hz and wave characteristics in terms of PTP, magnitude and spectrum area.
This loading frequency corresponds to a pavement response under fast moving traffic that
contributes to fatigue cracking under dynamic loading. The wave velocities showed
moderate correlations with the dynamic moduli, which are similar to what was observed
with gyrations as well. The possible reason is that the first arriving wave in UPV tests
measures the dynamic stiffness at low strain levels (< 10°) and high frequencies (100
kHz); whereas, dynamic modulus test is performed at low frequencies (< 25 Hz) and

larger strain levels (0.8 to 1.2 x 10'4).

Slow moving traffic contributes to rutting at high temperature which corresponds to low
loading frequency (e.g. 0.1 Hz). The dynamic moduli measured at 0.1 and 0.5 Hz showed
excellent correlations with dominant frequencies of the first arriving P-waves (Table 5.8).
This result implies that frequency contents of waves can be used to assess pavement

failure caused by creep at slow moving traffic.

The correlations between the constraint moduli for the six specimens and the dynamic
moduli at the six loading frequencies are illustrated in Figure 5.25. The constraint moduli
are significantly larger because of the small strain level (< 10°) compared to that of
dynamic moduli (> 10™). The moderate correlation was observed (Figure 5.25) also

because of the difference in strain levels.
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Figure 5.24: Dynamic moduli vs. constraint moduli
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5.4 Summary

The main objective of the experimental program is described in this Chapter. The
experiments of Phase I are the key topics covered by this chapter. The four major
experiments involved in Phase I are calibration of UPV test system, UPV testing of the
asphalt concrete mix, Bulk density measurements, and the dynamic modulus test. The
detailed procedure of each test is described. Efficient signal processing techniques for
obtaining wave characteristics from output signals are described. This chapter also
provides experimental results from each test. The correlation among wave characteristics,
density, dynamic modulus, and the number of gyrations were examined. The results
showed strong relationship (R? > 0.9) between the wave characteristics (particularly the
peak to peak amplitude) and the fundamental property of the mix. The strong correlation
indicates the potential application of seismic wave techniques for pavement condition
assessment. It is revealed that the wave attenuation is minimized if there is a good
bonding at the aggregate-asphalt interface to ensure continuous medium of travel. This
finding is very critical to moving forward the technology in the right direction. The
observations provided in the chapter form an important basis for the experiments of

Phase I1.
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CHAPTER 6
CONDITION ASSESSMENT
OF LONGITUDINAL JOINTS IN ASPHALT PAVEMENTS
SLAB TESTS: PHASE II

6.1 Introduction

The construction of asphalt pavements with good quality longitudinal joints between
adjacent lanes enhances their long-term performance. Poor-quality longitudinal
construction joints permit the seepage of water causing further deterioration by raveling
of the hot mix asphalt (HMA). Previous research has shown that HMA is poorly
compacted at the joints compared to the adjoining mat (Kilpatrick et al., 1967; Foster et
al., 1969); thus, the longitudinal joint area is structurally inadequate to withstand repeated

traffic load and traffic abrasion.

Traditionally, the quality of joints is evaluated in terms of achieving adequate density at
the joints between adjacent and paving lanes. This evaluation is done by comparing the
in-situ density obtained through pavement cores at five locations across the longitudinal
joint of the pavement (typically at the centerline, 150 mm, and 450 mm on either side of
the centerline). In general, good compaction at joints provides good bonding between the
two adjacent pavement layers leading to good performance. The HMA density is
currently used as a good indicator of the condition of the longitudinal joints. However,
current density measurements are destructive and time consuming. Therefore, there is a
need to develop a suitable nondestructive test (NDT) for evaluating the quality of
longitudinal construction joints in asphalt pavements. Nondestructive testing techniques
reduce the damage associated with coring and provide a more uniform condition

assessment of the longitudinal joints.

Wave-based techniques were successfully used in testing asphalt specimens in Phase |

experiments (Chapter 5, NDT testing of asphalt briquettes). The mix quality was
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evaluated in terms of the PTP amplitude in time domain, maximum spectral magnitude,
and spectrum area in the frequency domain. Experiments in Phase II are intended to
examine the effectiveness of using the wave characteristics identified in the experiments
of Phase I to assess the condition of longitudinal joints. The ultrasonic testing of three
asphalt concrete slabs was performed in the laboratory. The purpose of these experiments
is to develop a suitable field test procedure for the condition assessment of the

longitudinal construction joints in asphalt pavements.

The first slab was fabricated in an effort to reproduce a good-quality joint. However,
good bonding at the joint was not completely achieved because of the poor compaction
technique used. Therefore, the second slab was fabricated using a different compaction
procedure. The compaction procedure used in the fabrication of the third slab was

modified to achieve a week-quality joint.

6.2 Instrumentation and Fabrication of Pavement Slab 1

The instrumentation used for the ultrasonic testing of the HMA slab 1 is schematically
illustrated in Figure 6.1. Two identical transducers (Panametrics V102, 1 MHz, 2.5 cm
diameter) were used as the pulse sources, whereas a miniature accelerometer (PCB
353B65, linear response up to 25 kHz, +3dB tolerance, resonant frequency > 40 kHz,
sensitivity 100 mV/g) was used as the receiver. The transducers were driven by a
pulser/receiver (Panametrics 5052PR), while the accelerometer was driven by a power
supply (PCB 483A). The measured signals were amplified and filtered by a 200 kHz low-
pass filter (Krohn-Hite 3384) before being displayed on the digital oscilloscope (HP
54610B). The signals were recorded in a desktop computer for further analysis.
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Figure 6.1: Ultrasonic experimental setup for HMA slab

A molding frame of 800 x 600 x 80 mm internal dimensions was built to fabricate the test

slabs in the laboratory. The frame was divided into two equal rectangles (sides A and B),

by a piece of wood placed in the middle of the frame to create a joint as illustrated in

Figure 6.2. The jointed slab was constructed in four stages using two lifts of 40 mm thick

hot mix asphalt (HMA) as follows:

1.

The necessary amount (approximately 23 kg) of loose HMA material required for
fabrication of 40 mm thick HMA concrete was determined based on previous
experiments (Chapter 5).

The material was heated in an oven up to 160°C for 4 hours, in conjunction with a
mixing bowl.

The material was thoroughly mixed in the bowl using the mechanical mixer (Figure
5.6a), then placed in the oven, and reheated to 160°C.

Aluminium foil paper was placed covering the baseboard in order to facilitate the
removal of the slab after fabrication.

About 23kg hot material was placed on side A and spread uniformly across the
surface. Care was taken to ensure that there was no segregation during placement of

HMA material.
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Figure 6.2: A molding frame for HMA slab preparation

The frame was removed and the mix was compacted with 300 Ib steel roller until the
mix was well compacted. The number of passes required for achieving the desire
compaction was determined by trial and error (30 passes). The same number of
passes was maintained while preparing the remaining of the slab.

The edges of the compacted mix were trimmed and the frame was fitted back to the
finished portion of the HMA mix.

Steps 2 to 7 were repeated to fabricate the first lift on side B. The fabrication was
done without the wooden divider such that the mix on side B could develop good
bonding with the mix on side A during the roller compaction. The roller was allowed
to roll over the joint to achieve a good joint strength.

Steps 2 to 8 were repeated to place HMA mixes on both sides and complete the
fabrication of the slab. The slab was cooled down at room temperature to be ready

for ultrasonic testing.
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6.3 Ultrasonic Testing of Slab 1

Typical ultrasonic test results for slab 1 are presented in the following sections. The

detailed results for slab 1 are given in Appendices C to G as described below.

Signals in time and frequency domains in Appendix C

Fourier transmission coefficient (FTC) vs. frequency in Appendix D

Wavelet transform using Morlet wavelet in Appendix E

Wavelet transform of signals using Mallat’s algorithm in Appendix F available in the
attached CD

The signal processing MathCad files in Appendix G available in the attached CD

6.3.1 Wave velocities used for the condition assessment of the joint-free surface

Thin steel plates of 25mm diameter were epoxied to the slab 1 surface to achieve good

coupling between the transducers and the mix surface (Figure 6.3). Sufficient pressure

was applied on the plate such that the epoxy was uniformly distributed.
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Figure 6.3: Ultrasonic testing geometry for HMA slab 1
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Surface waves were generated on the joint-free surface of the slab along the lines x1-y1
and x2-y2 to measure P-wave and R-wave velocities; which are indicative of the strength
of the material. The purpose of the wave velocity measurements taken along these two
lines is to assess the uniformity of the mix placed. The locations for the source and the

receivers in slab 1 are shown in Figure 6.3.

Typical time signals received at locations 1 and 2 of the line x1-y1 are shown in Figure
6.4. The first arriving wave is the fastest traveling P-wave. The P-wave velocity was
determined from the distance and the travel time ( A¢ ) between the two receiver locations
(Figure 6.4). R-waves are slower than P-waves and thus appear after the P-wave arrival
(Figure 6.4). However, the R-wave velocity was uncertain because its arrival at location 2
is not clear. The same uncertainty on the R-wave arrival at location 5 was also observed
along the line x2-y2. An array with more data points (receiving locations) is required to

improve the detection of R-wave arrivals.

Location 2: normalized to 0.074

S 2
2
= 60.83mm
3 1
<
N 63.01mm
Source 0
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Figure 6.4: Time signals received along the Line x1-y1 in slab 1
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6.3.2 Parameters used for the condition assessment of the joint
The source and receiver locations at both sides of the longitudinal joint were selected to
assess the relative strength of the joint in terms of wave velocity and attenuation (Figure

6.3). The wave attenuation is measured in terms of six parameters:

1. PTP amplitude ratio in the time domain

Maximum magnitude ratio in the frequency domain
Spectrum area ratio in the frequency domain
Fourier transmission coefficient (FTC)

Wavelet transmission coefficients (WTC)

S kv

Equivalent damping ratio (D)

In addition to these six parameters, the frequency content of a signal was also analyzed
using wavelet transform based on Mallat’s algorithm (Mallat, 1998). This analysis
provides a general picture of the frequency distribution of a signal over time that is not

given by the Fourier transform (Chapter 3).

To assess the relative strength of the joint, wave attenuation was measured across the
joint as well as along the joint-free area. Two sets of measurements were taken by placing
the sources at locations S1, S2 and S3 and the receiver at locations R1, R2 and R3
(Figure 6.3). Each set includes two pairs of signals generated by two identical sources at
different locations (e.g. S1 and S2) and received by a receiver placed at a selected
location (e.g. R1). The locations were selected to capture the signal from locations S1 to
R1 across the jointed surface and the signal from locations S2 to R1 along the joint-free
surface. As a result, the ratio of the signal fs; z; to fs2 r; reflects the relative strength of
the joint across the wave path S1_R1 (Popovics et al., 2000). Table 6.1 summarizes the
locations of the sources and receivers for the pairs of signals received for each set of

measurements.
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Table 6.1: Equal-spacing test arrangement in slab 1

Description Locations Measured
Signals
Pair 1 —sources at S1 and S2; receiver at R1 and
Measurement Ssi ki Js2. ri
Set 1 ) .
Pair 2 —sources at S1 and S2; receiver at R2 | fs; zrand fs; &2
Measurement Pair 1 —sources at S2 and S3; receiver at R2 | fs; zrand f; &2
Set 2

Pair 2 —sources at S2 and S3; receiver at R3 | fs zzand fs; g3

More specifically, the condition of the joint was evaluated using the following procedure.
First, the two identical transmitters of 1 MHz were placed at locations S1 and S2 as the
sources. The surface waves generated at these locations were recorded by a 50 kHz
accelerometer (receiver) placed at location R1 to measure the first signal fs; z; across the
joint and the second signal fs» z; from the transmitter at S2 through the joint-free surface.
The process was repeated by moving the receiver to location R2 to receive fs; z>and fs; g2
from the sources at S1 and S2 (Figure 6.3). The signals fs; r> and fs, z> were analyzed
using different methods to obtain wave characteristics (Fis; z; and Fg; g2) as discussed

next.

Determination of the PTP ratio, spectral magnitude ratio, and spectrum area ratio
The relative strength of the joint at JO across S1_R1 can be evaluated by transmission

coefficient (TC) based on Equation 2.30 (Kramer, 1996):

F
7C(J0) = 18 (6.1a)

S1_R2

where, Fs; r; and Fs; g represent wave characteristics from signals fs; ; (across the joint)
and fs; r> (through the joint-free surface on the right side of the joint) respectively; the
first subscript refers to the source location and the second subscript refers to the receiver

location.
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For a perfect joint, the 7C should be equal to 1, indicating no attenuation occurs across
the joint. In theory, the 7C is always between 0 (complete attenuation) and 1 (complete
transmission). The underlying principle of the equal-spacing method (Yang et al., 2006)
is that the signals (e.g. fs; r and fs; r2) were sent by the same transmitter, traveled
through the same geometry (distance), and were received by the same receiver. Thus, the
wave amplitude reduction with distance (known as geometric attenuation) is cancelled
out by the ratio of F; z; to Fs; go. Therefore, any wave amplitude reduction across the
joint is related only to the material properties of the medium. Alternatively, the relative

strength of the joint at JO across S1_R1 can also be evaluated by:

F.
TC(J0) = —-H (6.1b)

S2 Rl

Similarly, the relative strength of the joint at J1 across S2_R2 is given by:

FSZ R2
TC(J1) = 2= (6.2)

S2 Rl

where S2_R1 represents the joint-free wave path on the left side of the joint (Figure 6.3).
In theory, the values given by equations 6.1a and 6.1b should be identical. Nevertheless,
in reality, there are some differences because of the inherent variability associated with
the joint-free surfaces (S1_R2 and S2 RI1) on either side of the joint in the slab. This
problem is addressed by the use of Fourier transmission coefficient (FTC) and Wavelet

transmission coefficient (WTC) as discussed in the next section.

Determination of Fourier transmission coefficient (FTC) and Wavelet transmission
coefficient (WTC)

The FTC and WTC can be considered an improvement to the 7C. The FTC and WTC take
into account the four signals in one set of measurements, giving an average condition

index of the joint. Each of the four received time signals in one set of measurement can
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be expressed as a product of transfer functions in the frequency domain (Chapter 4). Then,

the FTC is given by (Popovics et al., 2000):

FTC = M (6.3)

S1.R2 " FSZle

where Fs; ri, Fsi r2, F's2 r2, and Fis; g; are the Fourier transforms of the time signals fs; #;,

f:gj_Rg,f:gg_Rg, andﬁgg_m, respectively.

Hence, the calculation of FTC allows for elimination of the unknown characteristics of
the transmitters, the receiver and the coupling, giving a more reliable index. The F7C and
WTC are the key parameters considered in this study. The F7C implies that the presence
of the joint can be considered the only factor causing reduction of the spectral amplitude.
A typical variation of the F7C as a function of frequency is shown in Figure 6.5. The
FTC decreases as the frequency increases because lower frequencies (lager wavelengths)
are less sensitive to small changes in microstructure. Therefore, the wave attenuation
measurements at low frequencies are generally small in comparison to the wave
attenuation measured at high frequencies. The FTC also varies between 0 (complete
attenuation) and 1 (complete transmission) similar to the TC. A comparison of the FTC
vs. frequency for the two sets of measurements in slab 1 is given in Appendix D. The
FTC is also computed as a global value using the maximum magnitudes in the frequency
spectra of the four signals. For example, in Equation 6.3, instead of using the full
frequency spectra (Fs; g, Fsi rz, Fs2 r1 and Fsy gz) the corresponding maximum
magnitudes in the frequency spectra of the time signals fs; ry, fs1 z2, fs2 rr and fs> g2 are

used to yield a global value.
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Figure 6.5: Typical example of FTC vs. frequency

The FTC has been found to be effective as a measure of energy transmission of each
frequency component though a surface-breaking crack in concrete (Popovics et al., 2000;
Song et al., 2003; Yang et al., 2006). Similarly, Wavelet transmission coefficient (WTC)

based on wavelet transform was determined as a complementary parameter.

Wavelet transform measures the amount of overlap of a Morlet wavelet as it is shifted
over the studied signal (Chapter 3). Four constants Ws; z;, Wsi r2, Ws2 rr and W, g were
obtained as the peak amplitudes of the wavelet transforms of the four time signals fs; s,
fs1 r2 fs2 r1 and fs; g respectively. The wavelet transform of each signal was computed
by using the dominant frequency of the signal as the center frequency for the Morlet
wavelet. A typical wavelet transforms of signals fs» z; and fs» > from measurements on
slab 1 (Set 1) is shown in Figure 6.6. Using the same approach as for Equation 6.3, the
WTC can be expressed as:

WTC = WSI_RI 'Wsz_Rz (6.4)

St R2 " Wsz_m
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The WTC is not a function of frequency. It indicates the transmission of a Morlet wavelet
propagating though a joint. Analogous figures showing the wavelet transforms for slab 1

are available in Appendix E.

! Jfs2ri (joir|1t-free) norlmalized tol 3.454

Js2_rz (joint) normalized to 0.769

-
Z -
2]
=
=
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E , | S2 95mm R2
£ —4 L
< | Wavelet transform ‘ o |E
T L T ;
0 0.05 0.1 0.12 0.15 0.2 0.25 0.3 0.35
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Figure 6.6: Typical Wavelet transform of the time signals fs, z; and fs; z> using Morlet

wavelet (at center frequency of 21.484 kHz for f5 ¢ and 19.531 kHz for f5 )

Determination of the equivalent damping ratio (D)

Equivalent damping ratio provides an alternative method to assess the condition of the
joint. Damping ratio measures the wave energy dissipation during one cycle (Equation
2.32). In this study, the equivalent damping ratio coefficients for P- and R-waves across
the joint were calculated using the FTC for P- and R-waves, instead of the Fourier
spectral amplitudes. The condition of the joint was evaluated by comparing the damping
ratios for the jointed surface with the damping ratios on the joint-free surfaces. The

equivalent damping ratio in terms of the FTC can be expressed as:

P-waves: D = U In ! (6.5a)
24fAx | FIC,
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R-waves: D = Vi In ! (6.5b)
20fAx | FTC,

where Ax is the average length of the four sides of the square pattern S/ R/ S2 R2; Vp
and Vy are P-wave velocity and R-wave velocity respectively; FTCp and FTCy are
Fourier transmission coefficients for P- waves and R-waves respectively. If FTC is a
function of frequency, the resulting equivalent damping ratio is also a function of
frequency. In this case, the f'in Equations 6.5a and 6.5b is a range of frequency (e.g. 0 to
100 kHz) that is identical for all the signals analyzed. Selection of the frequency range is
subjective depending on the frequency content of the analyzed signals. If FTC is a single
value as aforementioned, the equivalent damping ratio is also a single value. In the last
case, the f'in Equations 6.5a and 6.5b represents a single frequency given by averaging

the four dominant frequencies corresponding to the four signals concerned.

The required six parameters (Equations 6.1 to 6.5) were computed for the full time
signals containing both P- and R-waves. Subsequently, the time signals were windowed
to isolate the P-waves and the R-waves respectively. The same computation process was
repeated for the P-wave portions and for the R-wave portions of the time signal to study
the sensitivity of a specific type of wave to the presence of joints or flaws in an asphalt
pavement. The differences between the analysis of whole-time signals and the analysis of

windowed signals are summarized in Table 6.2a and 6.2b.
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Table 6.2 (a): Differences between analysis of full signals and analysis of windowed

signals for the PTP amplitude ratio, maximum magnitude ratio, and area ratio

Analyzed portion

PTP ratio

Magnitude ratio

Area ratio

Full signals

Use the PTP
amplitudes of full
signals in time
domain

Use the maximum
magnitudes of the
frequency spectra of
full signals

Use the areas of the
frequency spectra of
full signals

Windowed signals
(P- or R-wave)

Use the PTP
amplitudes of the
windowed signals in
time domain

Use the maximum
magnitudes of the
frequency spectra of
the windowed signals

Use the areas of the
frequency spectra of
the windowed signals

Table 6.2 (b): Differences between analysis of full signals and analysis of windowed

signals for FTC, WTC and equivalent damping ratio

Analyzed portion

FTC

WTC

Equivalent
damping ratio

Full signals

For FTC vs.
frequency, use the full
frequency spectra of
full signals.

For a single FTC
value, use the
maximum magnitudes
of the frequency
spectra of full signals.

Use the dominant
frequency of the full
signal,; to compute the
wavelet transform of the
signal,.

Same as in FTC

Windowed signals
(P- or R-waves)

For FTC vs.
frequency, use the full
frequency spectra of

the windowed potions.

For a single FTC
value, use the
maximum magnitudes
of the frequency
spectra of the
windowed potions.

Use the dominant
frequency of the
windowed portion of the
signal; to compute the
wavelet transform of the
signal,.

Same as in FTC
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Determination of frequency distribution over time

As the last step, wavelet transform based on Mallat’s algorithm was performed to analyze
the frequency distribution over time (Tallavo, 2007) (Chapter 3). An example of the
Mallat’s algorithm wavelet transform of the whole-time signal fs; g1 is given in Figure
6.7a. The vertical axis in “scales” is indicative of frequency. The dominant frequency is

18.8 kHz (scale 76.5) arriving at around 0.00013 seconds (Figure 6.7b).
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Figure 6.7 (a): Mallat’s algorithm wavelet transform of fs, ri (Set 1, slabl) (Tallavo,
2007)
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Figure 6.7 (b): Dominant frequency of the full time signal fs> r1 (Set 1, slabl) (Tallavo,
2007)

6.4 Results and Discussions for Slab 1

Full signals and the windowed signals were analyzed for slab 1 using the techniques

described in previous sections. The following sections provide the detailed results.

6.4.1 Analysis based on wave velocities
Typical time signals recorded at locations 1 and 2 of line x1-y1 are shown in Figure 6.4.
The P-wave velocity was calculated from the distance (60.38mm) and the travel time

(A= 0.0239 us ) between locations 1 and 2. The resulting P-wave velocity (Vp) is 2524

m/s. Likewise, a Vp of 2800 m/s was obtained from Line x2-y2. Hence, an average Vp of
2662 m/s was obtained. The velocity variation also indicates the poor uniformity of the
slab. Compared to the Vp = 4174m/s determined from UPV test on Group B cylindrical
specimens in Phase I, the Vp of 2662 m/s indicates that the Group A specimens (at 100
gyrations) were compacted better than the slab 1. This result is expected because of the
difficulty in compacting the large stone mix (SP19) using the roller. Thus, an alternative

compaction method is required. An array with more receiving locations should be used to
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detect the R-waves, as described previously. Wave velocities are necessary in the

calculation of the dispersion curve of Lamb waves.

6.4.2 Analysis of full signals: PTP amplitude ratios

Figure 6.8 shows typical time-domain and frequency-domain representations of signals
fs2 r1 and fso rp from Set 1 measurements in slab 1. Each of these two signals was
normalized to its PTP amplitude of the full signal for comparison purpose. The PTP
amplitude of fs» r» across the joint at point J1 (Figure 6.3) was significantly lower than
that of fs» ri through the joint-free surface. The PTP ratio for fs; r> / fs2 r1 €qual to 0.22
was then used as a condition index for the joint at J1. Likewise, the PTP ratios for full
signal analysis of Set 1 and Set 2 measurements were calculated and summarized in
Table 6.3. The observed PTP ratios are less than 1, indicating that wave attenuation
occurs across the joint. The PTP ratio (fsz r2 / fs2 r1) for the joint at J1 is less than the
ratio (fs1 ri / fs1 r2) for the joint at JO, which implies that the strength of the joint at J1 is
weaker than the joint at JO (Figure 6.3). This comparison is based on the assumption that
the material strength along the joint-free wave path S2 R1 is the same as or similar to
that along the joint-free S1 _R2. Yet in reality, there is a variation between the two joint-

free surfaces that may contribute to the difference in PTP ratios for the joint at JO and J1.
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Figure 6.8: A pair of signals (Set 1, slab 1) across the joint and through the joint-free

surface — (a) full signals in time and (b) full signals in frequency

6.4.3 Analysis of full signals: maximum magnitude ratios and spectrum area ratios
The maximum magnitudes of fs> ri and fs» r» Were obtained in the frequency domain, as
denoted by the horizontal dotted lines in Figure 6.8. The maximum magnitude ratio
(fs2 r2 / fs2.r1) 1s equal to 0.31 (Table 6.3). This value indicates the a frequency
component of about 20 kHz traveling across the joint exhibits 69% reduction in wave
amplitude. Likewise, the maximum magnitude ratios for full signal analysis of Set 1 and
Set 2 measurements are summarized in Table 6.3. The spectrum areas of the signals in
frequency domain were computed according to Equation 3.13. The spectrum area ratios

for the two sets of measurements are also shown in Table 6.3. The results of the
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magnitude ratios and the spectrum area ratios confirm that the relative strength of the

joint at J1 is less than the strength of the joint at JO.

The frequency spectra for the full signals fs» ro and fs» ri showed larger magnitudes
around 20 kHz and 60 kHz for both signals (Figure 6.8). Frequencies higher than 60 kHz
are practically attenuated by the medium. Hence, two identical transmitters of 50 kHz

should be used as the sources rather than the 1MHz transmitters.

Table 6.3: PTP ratio, magnitude ratio, and area ratio for slab 1

Location Analyzed Signal ratio PTP | Magnitude | Area
portion (SR) ratio ratio ratio
. fs2 re/fs2 ri 0.22 0.3 0.31
Full signal = =
Jointed surface Jsiri/fs1 ro 0.83 0.82 0.84
at locations S1, Powave Js2 ra/ fsa w1 0.30 0.31 0.30
RSI, SIZ and R2 S ri/fs1 r2 0.24 0.30 0.24
(Set ) Jfo2 ra/fs2 ri 0.49 0.83 0.51
R-wave -
Js1 ri/fs1 ro 0.77 0.61 0.81
. Jso ro/ fs2 r3 0.35 0.57 0.45
Full signal = =
Jointed surface Jss w3/ fs3 o 0.69 0.77 0.68
at locations 82, | , Js2 ra/fs2 R3 0.28 0.25 0.26
R2, 823 and R3 S r3/fs3 v 0.26 0.27 0.29
(Set2) fs2 o/ fs2 3 0.30 0.3 0.31
R-wave = =
fS37R3 /fs37R2 0.47 0.51 0.54
Jointed surface | Full signal Set 1SR+ Set 2 SR 0.52 0.62 0.57
(Average for 5,00 et R+ el 0.27 0.28 0.27
Set 1 and 2
Set2) R-wave 0.51 0.56 0.54
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6.4.4 Analysis of windowed signals: PTP, magnitude, and area ratios

A time window (Equation 3.12) was used to capture the P- and R-wave portions
respectively for analysis in time and frequency domains, as shown in Figures 6.9 and
6.10. For consistency, the window was selected to cover an exact cycle of P-waves or R-
waves for all the measurements. However, in some cases where the P- or R-wave cycle
was distorted, the selection of the window width was subjective. In Figures 6.9 and 6.10,
the PTP amplitudes in time domain are marked by the horizontal dotted lines, and the
dominant frequencies of the windowed P- and R-waves in frequency domain are marked

by the vertical dotted lines.

The PTP amplitudes of the four signals fs» ra, fs2 ri, fs1 r1 and fs; ro were determined
from their windowed signals in time domain (Figure 6.9). The PTP amplitude ratios for
fs2 r2/ fs2 r1 and fs1 ri/ fs1 ro are equal to 0.3 and 0.24 respectively (Table 6.3). Similarly,
in frequency domain (Figure 6.9), the maximum magnitudes and spectrum areas of the
four signals were determined. Then, the maximum magnitude ratios and the spectrum
area ratios for fso ro / fs2 r1 and fsi ri1 / fs1_r2 were calculated (Table 6.3). The analysis of
the windowed P-waves showed that the three ratios (fs> r2 / fs2 r1) for the joint at J1 are
close to the ratios (fsi ri / fsi r2) obtained for the joint at JO. In Set 2 measurements

(Table 6.3), the analysis of windowed P-waves gave similar results.
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Figure 6.9: P-wave analysis in time and frequency domains (Set 1, slab 1) (Horizontal

lines mark the peak amplitudes, and vertical lines dominant frequencies.)
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R-waves were analyzed using the similar procedures used for P-waves (Figure 6.10). The
resulting PTP amplitude ratios, the maximum magnitude ratios, and the spectrum area
ratios for the two sets of measurements are summarized in Table 6.3. In Set 1, the PTP
ratio and the area ratio for the joint at J1 are smaller than the ratio for the joint at JO.
These results show the same trend as observed from the analysis of full signals of Set 1.
This is expected because the full wave signal is generally dominated by R-waves. As
described in Chapter 2, most of the energy from a surface impact propagates as R-waves,
and thus R-waves virtually dominate the surface response. However, the magnitude ratio
for the joint at J1 is larger than the magnitude ratio for the joint at JO. This discrepancy is
caused by the interaction of R-waves with other waves mostly generated by reflections or
scattering (Figure 6.10). Thus, the analysis of R-waves in the frequency domain for Set 1
measurements is considered not suitable. On the other hand, R-waves in Set 2 show that
the three ratios obtained for the joint at J1 are smaller than the ratio for the joint at J2,

which agree with the results of the analysis of full signals for Set 2.

Compared to the analysis of R-waves, the analysis of P-waves gave similar values with
respect to the two signal pairs in a set of measurements (Table 6.3). A possible reason is
that P-waves have larger wavelengths that provide the condition assessment of the full
depth of the joint. R-waves are sensitive to the condition of the partial depth of the joint
as the waves are concentrated on the top surface — 1/3 of the wavelength (< 20mm in

depth).
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6.4.5 Analysis of full signals: FTC, WTC and equivalent damping ratio

FTC and WTC give more reliable results with elimination of the coupling variability as
described previously. The FTC and WTC provide the average condition of the joint
between JO and J1 for Set 1 measurements and between J1 and J2 for Set 2. The FTC and
WTC results from the analysis of full signals for Set 1 and Set 2 measurements are
summarized in Table 6.4. The analysis of full signals for Set 1 measurements across the
joint between JO and J1 show an FTC value of 0.49 and a WTC of 0.51 (Table 6.4). The
results from Set 2 across the joint between J1 and J2 show a value of 0.58 for both FTC
and WTC. Hence, it is implied that the joint between J1 and J2 is stronger than the joint
between JO and J1. The equivalent damping ratio is not available because no reliable R-

wave velocity was obtained.

Table 6.4: FTC, WTC and equivalent damping ratio for slab 1

Location Analyzed Signal ratio (SR) FTC WTC Dam[.)lng
portion ratio
. 0.49 0.51
Full signal at 23kHz | at 23kHz N/A
Jointed surface
atlocations S1, |, Jsa w2 s m 0.30 059 | 0.15at
R1, S2 and R2 fsz A fs1 % at 36kHz | at 36kHz 36kHz
(Set 1) - -
0.71 0.47
R-wave at35kHz | at3skiz | VA
. 0.67 at 0.64
Full signal 23kHz at 23kHz N/A
Jointed surface
at locations 52, | Jsa r Jss_ma 0.26 0.53 0.19 at
R2,S3and R3 | Wav¢ for m o3 no at33kHz | at33kHz | 33kHz
(Set 2)
0.39. 0.51
R-wave at 34kHz | at34kHz | VA
. 0.58 0.58
Full signal at 23kHz | at23kHz | VA
Jointed surface
(Average for p Set 1 SR + Set 2 SR 0.28 0.56 0.17
Set 1 and “wave ) at 36kHz | at 36kHz '
Set2)
0.55 0.49
R-wave at 33kHz | at 33kHz N/A
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6.4.6 Analysis of windowed signals: FTC and WTC

The FTC as a global value obtained at dominant frequencies (e.g. 23 kHz) for each set of
measurements is shown in Table 6.4 and Figure 6.11. In general, P- and R-wave analysis
showed that Set 1 measurements (the joint between JO and J1) have larger FTC than the
values obtained for Set 2 (the joint between J1 and J2). This comparison implies that the
joint between JO and J1 is stronger. However, the results from the analysis of full signals
showed the opposite trend. This discrepancy is because the frequency content of a full
signal could be biased by the reflections or scattering following the first arriving P- and R
waves. The average FTC value of the two set of measurements for full signals is 0.58, for
the windowed P-waves is 0.28, and for the windowed R-waves 0.55. These values
indicate wave attenuation has occurred across the joint. These values will be compared
with the values obtained from slab 2 and slab 3 to examine the sensitivity of the FTC

technique.

0.80 0.67 0.71

58 0.55

.39

0.40 0.30 0.26 0.28

FTC
at dominant frequency

Full signal P-wave R-wave

Windowed portion

O Set 1 M Set 2 @ Average

Figure 6.11: FTC at average dominant frequencies for the two sets of measurements

(slab 1)

Similarly, WTC values for the windowed signals were obtained using the dominant
frequencies of the windowed signals (Table 6.2b). The results for the two sets of
measurements are shown in Table 6.4 and Figure 6.12. The WTC values remain nearly

constant regardless of the selected frequencies (Figure 6.12). Thus, the WTC technique is
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not sensitive to slight changes in frequency. In general, the frequency components of 23

kHz to 36 kHz across the joint in slab 1 had average WTC values between 0.58 and 0.49.

1.00 r
0.80 r
0.64

0.60 - 58 -39 ,530.56
8 . 0.51 . 047 0.51 ¢ 49
= 0.40

0.20 r

0.00

Morlet @ 23kHz Morlet @ 36kHz Morlet @ 33kHz
O Set 1 H Set 2 [ Average

Figure 6.12: WTC using Morlet wavelet for the two sets of measurements (slab 1)

In addition, FTC values tend to decrease as frequency increases. Figure 6.13 shows
typical results of FTC values against frequency obtained from windowed signals (fs> ro,
fs2 ri,fs1 r1 and fs; g2 in Set 1). For Set 1 measurements, the dominant frequencies for the
windowed P-waves are from 30 to 40 kHz (Figure 6.9) and for the windowed R-waves
from 30 to 50 kHz (Figure 6.10). Thus, the analysis of FTC values should focus these
frequency ranges. The corresponding FTC value for P-waves is 0.3 and for R-waves
between 0.65 and 0.8. These FTC values are less than 1 showing that wave attenuation
has occurred across the joint. Likewise, FTC values against frequency for Set 2 were
obtained (Appendix D). The FTC values for both waves in Set 2 showed less variability
compared to the FTC values observed in Set 1. This variation of FTC values between the
two sets of measurements could be produced by the poor uniformity of the compaction

with the roller.
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Figure 6.13: FTC values vs. frequency for the P-wave and R-wave portions (Set 1, slab 1)

6.4.7 Analysis of windowed signals: the equivalent damping ratio

The equivalent damping ratios for the two set of measurements were calculated using
FTC (Equations 6.5a). An example of equivalent damping ratio against frequency for the
windowed P-waves is illustrated in Figure 6.14. The P-wave equivalent damping ratio
exhibits a pronounced decrease at low frequencies and approaches a constant value with
increasing frequencies. The initial decrease is likely because the wavelengths of P-waves
at low frequency range exceed the slab thickness. If the slab thickness is set as the
maximum possible wavelength (about 85mm), the observed P-wave velocity (2650m/s)
corresponds to the minimum frequency of 31 kHz. Therefore, P-waves propagating at
lower frequencies than 30 kHz could be strongly affected by the slab boundaries, and
hence, the resulting equivalent damping ratios at low frequencies are not indicative of
material properties. The P-wave equivalent damping ratios from 30 kHz to 80 kHz varied
from 0.181 to 0.106 (Figure 6.14). The equivalent damping ratios for R-waves are not

available because no reliable R-wave velocity results were available.
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Figure 6.14: FTC-based damping ratios vs. frequency for P-waves (Set 1, slab 1)

4.8 Summary of test results for slab 1

—

The wave-based technique was suitable to assess the condition of the joint. The two
sets of measurements across the joint gave average FTC values of 0.28 to 0.58 and
average WTC values of 0.49 to 0.58. More specifically, the WTC may be more
suitable because of the elimination of the errors associated with the subjective
windowing of P- and R-waves.

P-waves propagating at lower frequencies than 30 kHz could be strongly affected by
the slab boundaries.

The roller compaction technique was not suitable because of the difficulty in
achieving a uniform compaction on the large stone mix (SP19).

Two identical transmitters of 50 kHz should be used as the sources because no
dominant frequencies above 60 kHz were observed.

A new sensor array with more data points should be used to improve detection of R-
waves and to select appropriate spacing between the source and the receiver to
measure the wave attenuation because wave reflections have shown significant

effects on the results.
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6.5 Fabrication of Pavement Slab 2

The purpose of the second slab was to examine the sensitivity of the wave attenuation
parameters for condition rating of a good joint. A procedure was developed to evaluate
the suitability of the transducers for the ultrasonic testing of slab 2. This procedure
involved the selection of a suitable spacing between the source and the receiver known as

S-R spacing.

For the second slab, two identical transmitters of 50 kHz (narrow frequency band, center
frequency: 50 kHz) were used as the sources. The transmitters were driven by a
corresponding pulser (Pundit). In addition to the 50 kHz accelerometer used in the testing
of slab 1, a 100 kHz accelerometer (PCB352A60, linear response up to 60 kHz at a
tolerance of = 3dB, resonant frequency = 100 kHz, sensitivity 10mv/g) was used to verify
results obtained using the 50 kHz accelerometer. The 50 kHz accelerometer is expected
to receive non-amplified (real frequency response) signals up to 15kHz while amplifying
the 50kHz component of the signals for analysis. The 100kHz accelerometer is expected
to capture the real frequency response (up to 60kHz) of the slab. Another purpose of
using the two accelerometers is to select one that is more suitable for testing of the slab.
The equipment setup, such as the power supply (PCB483A) for the accelerometer, the
low-pass filter (Krohn-Hite 3384), the digital oscilloscope (HP 54610B) and the desktop

computer, was the same as used in slab 1.

As discussed previously, the roller compactor was not suitable to achieve the required
compaction level (typically equivalent to 100 gyrations). An attempt to use a vibrating
plate compactor also met with little success because the vibration resulted in the
displacement of loose materials making it difficult to control the depth within the frame.
Finally, the traditional method of compaction using a hand-held hammer (15 lbs) with a
tamping foot of 20mm x 20mm dimension was employed to prepare the second slab, as

shown in Figure 6.15.
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Figure 6.15: The hand-held hammer (15 Ibs) used to compact slab 2
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Figure 6.16: Aggregate gradation curve of HL4-20% recycle asphalt
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In addition, a less stony material (HL4-20% recycle asphalt) was used in order to achieve
a better compaction and to achieve a good joint adhesion. This mix is used in various
highways in Canada. The gradation of batched aggregate was mixed according to Job
Mix Formula using 5% asphalt cement, as indicated by the gradation curve in Figure 6.16.

The procedure used in the fabrication of slab 2 is described as follows:

1. Followed the procedure outlined in the steps 1 to 5 for the fabrication of slab 1.

2. Started the compaction from one end of a corner of side A by tamping the mix with
the hand-held hammer and moving the hammer along the side at 10 mm interval after
each blow until it reached the other end, as shown in Figure 6.17. The process was
repeated until the whole area was compacted. The same falling height (1m) was
maintained while compacting the mix throughout.

3. Repeated steps 1 and 2 on side B without the wooden divider. An attempt was made
to ensure the same compaction across the surface of the joint to achieve good
adhesion at the joint

4. Repeated steps 1 to 2 with the divider in place to lay the second lift on the top of the
mix laid on side A.

5. Repeated step 3 to place the second lift on the top of the mix on side B to complete
the fabrication of the slab. The slab was allowed to cool down at room temperature

making the slab ready for testing.

400mm 400mm

600mm

Y

AN

Divider

Figure 6.17: Compaction procedure of slab 2 with the 200mm square tamper
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6.6 Ultrasonic Testing of Slab 2

Thin steel plates of 25mm and 15mm diameters were epoxied to the slab surface to
improve the coupling between the slab and the transmitters/accelerometers, as illustrated

in Figure 6.18.
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O (0.6 in. plate) Accelerometer location

O O (0.6 & 1 in. plates) Source location

Figure 6.18: Ultrasonic testing geometry of HMA slab 2

As the first step, tests were carried out along the Line x1-y1 (Figure 6.18) to determine
the wave velocities and geometric attenuation. The wave measurements taken at different
intervals along the line x1-yl were used to select a suitable S-R spacing required to
receive a strong signal during testing of the joint. A spacing of 80mm was selected for the
transmitter-receiver assembly in slab 2 because this spacing gives the signal with the least
interference of arriving waves and best definition of R-wave arrival among the received
signals (Figures 6.19a and 6.19b). For example, although location 1 shows a clear signal,
the negative peak of the first arrival is disproportionately large, indicating interference

with the following R-wave arrival (Figure 6.19a). The test results of slab 1 have shown
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that the frequency contents of the windowed signals (Figure 6.10) are likely biased

because of the wave interference, which affects the reliability of the results.
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Figure 6.19 (a): Measurements using 50 kHz accelerometer along Line x1-y1 (slab 2)
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Figure 6.19 (b): Measurements using 100 kHz accelerometer along Line x1-y1 (slab 2)

In Figures 6.19a and 6.19 b, the P-wave and R-wave arrival points observed at different
receiver locations are connected by two solid lines. The slopes of these lines will provide

P- and R-wave velocities.

After the selection of the suitable S-R spacing, the source and receiver locations were
selected following the equal-spacing configuration used in slab 1. The source and
receiver locations for Set 1 to Set 4 measurements were developed to assess the wave
attenuation across the joint in slab 2 (Figure 6.18). For ideal pavement sections where the
material strength is uniform, the measured F7C should be constantly equal to 1. However,
this condition is not always achieved even at the joint-free sections because the
uniformity of compaction and material gradation cannot be achieved during the

fabrication, as observed in slab 1. Wave measurements were taken at the joint-free
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sections on either side of the joint in order to compare the compaction level achieved on

both sides (Figure 6.18). The six sets of measurements are summarized in Table 6.5.

Table 6.5: Test arrangement in slab 2

Measured

Description Locations .
signals

. Pair 1 —sources at S1 and S2; receiver at R1 | fs; z;and fs; z;
Jointed surface - -

(Set 1)

Pair 2 —sources at S1 and S2; receiver at R2 | fs; r2and fs; g2

Pair 1 —sources at S2 and S3; receiver at R2 | fs zoand fs; 2
Jointed surface

(Set 2)

Pair 2 —sources at S2 and S3; receiver at R3 | fs, gzand f; 3

Pair 1 —sources at S3 and S4; receiver at R3 | fs; zzand fsy g3
Jointed surface B B

(Set 3)

Pair 2 —sources at S3 and S4; receiver at R4 | fs; rsand fss gy

Pair 1 —sources at S4 and S5; receiver at R4 | fo, rsand fss zy
Jointed surface B B

(Set 4)

Pair 2 —sources at S4 and S5; receiver at RS | fss gsand fss s

Pair 1 —sources at S2 and S/; receiver at R/ fs2 mand fg g
Joint-free surface B B

(Set 5)

Pair 2 —sources at S2 and S/; receiver at R3 Js2 rzand fs g3

Pair 1 —sources at S3 and Sr; receiver at R2 | fs; roand fs, z>
Joint-free surface B -

(Set 6)

Pair 2 —sources at S3 and Sr; receiver at R | fs; z-and fs, g,

The received signals were analyzed in time and frequency domains using the same
techniques used for slab 1. PTP amplitude ratio, maximum spectral amplitude ratio,
maximum spectrum area ratio, FTC, WTC, and equivalent damping ratio were obtained

to characterize the wave attenuation caused by the joint.
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The joint-free wave path from set 1 to set 4 is close to the joint, and thus may have lower
strength than does the joint-free sections away from the joint. Hence, the obtained FTC
and WTC are probably not representative of true relative strength of the joint. Therefore,
the FTC and WTC obtained from Set 5 and Set 6 (away from the joint) were used as the
benchmark. The FTC and WTC obtained across the jointed sections were normalized to
the benchmark FTC and WTC. The normalized FTC and WTC are expected to be

representative of the relative strength of the joint.

6.7 Results and Discussions for Slab 2

The detailed results of the six sets of measurements in slab 2 are presented in Appendices

H to O as described below.

e Signals in time and frequency domains in Appendix H

e The results of wave amplitude ratios in Appendix I

e The results of FTC vs. frequency and one-third wavelength in Appendix J

e The results of wavelet transform of full signals using Morlet wavelet in Appendix K

e  Wavelet transform of signals using Mallat’s algorithm in Appendix L available in the
attached CD

e Equivalent damping ratio vs. frequency in Appendix M available in the attached CD

e The associated signal processing for Line x1-y1 and the six sets of measurements in

slab in Appendices N and O available in the attached CD

6.7.1 Analysis based on wave velocities

Typical time signals at the seven locations measured using the 50 kHz and the 100 kHz
accelerometers are shown in Figures 6.19a and 6.19b respectively. The P-wave and R-
wave velocities were determined from the slope of the lines connecting the arrival points
of P-waves and R-waves. The slopes of these lines were determined as the distance
between two receiver locations divided by the travel time between the two corresponding
locations. The P-wave velocity (Vp) of 2694 m/s and the R-wave velocity (Vx) of 1617
m/s were estimated from the wave measurements using the 50 kHz accelerometer (Figure
6.19a), For the measurements using the 100 kHz accelerometer (Figure 6.19b), Vp = 2730

m/s and Vz = 1649 m/s were obtained. The Vp was also estimated by measuring the time
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taken by the wave traveling through the known depth of the slab (85mm). The
measurement was conducted by placing one transducer (50 kHz, Pundit) on the slab
surface and the other (50 kHz accelerometer) at the bottom. The velocity was then
obtained by dividing the slab thickness by the wave travel time. An average Vp of
2765m/s and an average Vi of 1633m/s were obtained from these measurements. Based
on the Vp and Vi, a Poisson’s ratio of 0.12 was computed (Equation 4.2). The Vp and Vg

were used to calculate to the Lamb wave dispersion curves.

Wave attenuation is attributed to two basic mechanisms: geometric attenuation and
material attenuation/damping (Owino and Jacobs, 1999) (Chapter 2). The geometric
attenuation in slab 1 was not evaluated because the data observed on the joint-free surface
were limited. However, sufficient data were acquired to determine geometric attenuation

in slab 2, as discussed in the following section.

6.7.2 Analysis based on geometric attenuation

Geometric attenuation is theoretically studied in a half space (Equation 2.33). However,
in a slab, geometric attenuation could be affected by the presence of Lamb waves (caused
by the P- and R-waves interacting with the boundaries) that do not exist in a half space
(Chapter 2). The dispersive nature of Lamb waves may also affect the wave attenuation
measured across the joint. The geometric attenuation study would contribute to

understanding of the effect of Lamb waves.

The geometric attenuation in slab 2 was estimated by examining the relationship between
the wave amplitude and the distance both in logarithmic scale as shown in Figures 6.20a
and 6.20b. The wave attenuation is expressed in terms of signal PTP amplitude of the
signal in time domain, maximum magnitude and spectrum area of the signal in frequency
domain. The attenuation evaluation for P- and R-waves was achieved by analyzing the P-
wave portions and the R-wave portions of the signals. The same techniques of windowing
and Fourier transform used in slab 1 study were applied to slab 2 as well. In the analysis
for P-waves, the signals received at locations 1 and 5 by the 50 kHz accelerometer and at

locations 1, 6 and 7 using the 100 kHz accelerometer were excluded in the attenuation
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evaluation. This was done because wave interference and noise lead to ambiguity and
bias in windowing the P-wave portions of these signals. Noisy signals received (e.g. from
locations 3 to 7) by the 100 kHz accelerometer is attributable to the low sensitivity
(10mv/g) of the accelerometer. Also for the same reason, the 100 kHz accelerometer was
then considered not suitable for the testing across the joint. For illustration of noise and
wave interference, the front parts of the signals from Line x1-y1 measured with the 100
kHz accelerometer are enlarged in Figure 6.21. For the analysis of R-waves, only the
signals measured with the 50 kHz accelerometer at locations 1 to 6 were studied. The
signals measured with the 100 kHz accelerometer were not considered in the R-wave
analysis because the R-wave portions are significantly affected by wave interference, as

indicated by the dotted circles in Figure 6.21.
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Figure 6.20 (a): P-wave attenuation measured using 50 kHz accelerometer (slab 2)
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Figure 6.20 (b): R-wave attenuation measured using 50 kHz accelerometer (slab 2)
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Figure 6.21: Enlarged view of signals measured with 100 kHz accelerometer (slab 2)

(Note: the dotted circles mark the wave interference.)
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Figures 6.20a and 6.20b show the plots of normalized wave amplitudes vs. logarithmic
distance between the source and receiver for the P- and R-wave signals measured by the
50 kHz accelerometer. The regression lines were fitted through the data. The average
slope of the line for P-waves is -2.6 and for R-waves is -2.1 that are known as the
geometric attenuation coefficients. The theoretical geometric attenuation coefficients for
P- and R-waves (both waves at the surface) are -2 and -0.5 respectively (Chapter 2). The
observed attenuation coefficients, especially for the R-waves, are significantly higher
than the theoretical values. The possible reasons are as follows. The theoretical geometric
attenuation is applicable to a homogeneous elastic half space where R-waves are non-
dispersive. However, an asphalt concrete slab is an inhomogeneous viscoelastic confined
space where dispersive Lamb waves instead of R-waves dominate low frequencies. The
effect of Lamb waves will be minimized only after a certain cut-off frequency (f..,) that
depends on the slab thickness and the nature of the medium (Chapter 2). The dispersive
nature of Lamb waves will affect the R-wave attenuation properties. In addition, while
Equation 2.33 takes into account geometric attenuation only, material attenuation
(damping) is also a source for reduction of signal amplitude. With both geometric and
material attenuation effects, the waves lose their amplitude more rapidly. Besides, the
interaction (i.e. superposition) between the first arriving P-waves and the following R-
waves will also contaminate the attenuation results. On the other hand, the coupling
variability at the seven receiving locations may also introduce inconsistency in the
amplitude measurements. Thus, the effect of Lamb waves, material damping, mode
superposition, and coupling variability are likely the explanations why the observed
attenuation coefficients are higher than theoretical. Similar results of geometric

attenuation observed using the 100 kHz accelerometer are shown in Table 6.6.
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Table 6.6: Correlation between logarithmic wave amplitudes (y) vs. distance (x) for

evaluation of geometric attenuation in slab 2

Analyzed
Accelerometer PTP Magnitude Area
Portion
P-wave y=-2.7429Ln(x) - | y=-2.4183Ln(x)- | y=-2.7354Ln(x) -
(Figure 3.1255 2.7335 3.0878
S0kHz 6.202) (R*=0.958) (R* = 0.949) (R%=0.953)
(PCB353B65) | p wave | y=-2.1923Ln(x)- | y=-1.8773Ln(x)- | y=-2.218Ln(x)-
6.20b) (R*=0.902) (R*=0.934) (R*=0.912)
y=-23483Ln(x)- | y=-1.8922Ln(x)- | y=-2.3446Ln(x)-
P-wave 3.5313 2.8205 3.5307
100kHz (R*=0.977) (R%=0.964) (R%=0.975)
(PCB353A60) = -2.2262Ln(x) -
R-wave 2.4784 N/A N/A
(R* =0.875)

Note: N/A represents data not available because wave interference leads to biased windowing.

The specific effects of Lamb waves on measurements of wave attenuation (in terms of
FTC, WTC, PTP amplitude ratio, maximum amplitude ratio, spectrum area ratio, and
equivalent damping ratio) are yet to be fully understood. Thus, it is preferable to focus on
analyzing the frequency components higher than the f.,, where the Lamb waves become
non-dispersive and the effect is reduced. According to the Rayleigh-Lamb-frequency
Equation 2.22, the Lamb wave dispersion curves in slab 2 were computed using
MathCAD® as shown in Figure 6.22. The Lamb wave velocities approach V' (see A0) or
constant (see S0) at least beyond f.,, = 30 kHz (Figure 6.22). The f.,, was useful in
understanding the variation of FTC values and equivalent damping ratio values with

frequency in the subsequent study of the joint in slab 2.
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Figure 6.22: Dispersion curves of two Lamb wave modes in slab 2 (85mm thickness, Vp
= 2765m/s, Vs = 1822m/s). (SO: Symmetric fundamental mode; A0: Anti-symmetric
fundamental mode, (Kuttruff, 1991))

6.7.3 Analysis based on PTP ratio, maximum magnitude ratio, and spectrum area
ratio
Figures 6.23 and 6.24 show the results of signal processing in both domains for a pair of
signals (from Set 1) across the joint and through the joint-free surface respectively. In
time domain, each of the two signals was normalized to its PTP amplitude for illustration
purpose. In frequency domain, the real spectral amplitudes of the signals are given. The
maximum spectral amplitudes of the two signals were indicated by the horizontal lines
(Figures 6.23 and 6.24). A significant reduction (about 50% to 80%) in signal amplitudes
across the joint was observed. In addition, the P-wave and R-wave portions are well
defined with little interference between each other or noise (Figure 6.24). This result

confirms that the selected source-receiver spacing (80 mm) is correct.
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Figure 6.23: A pair of signals (Set 1, slab 2) across the joint and through the joint-free

surface measured with 5S0kHz accelerometer - (a) full signals in time domain and (b) full

signals in frequency domains
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Figure 6.24: Windowing the P- and R-wave portions of the two signals (from Set 1)

(Horizontal lines mark the peak amplitudes, and vertical lines the dominant frequencies)
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The amplitude ratios (Appendix I) between the two pairs of signals in each set of
measurements were compared in the same way it was done for slab 1. It was found that
the strength of the joint decreases from JO to J4 (Figure 6.18). This result could be to
some degree attributed to the variability in compaction along the joint (Figure 6.17). The
area compacted at higher mix temperatures achieved better compaction, and hence,
higher strength. Thus, the joint-free surfaces near the joint at J4 would have received
good compaction, resulting in lowest wave attenuation. Nevertheless, most of the
amplitude ratios are less than 1, indicating occurrence of attenuation across the joint. In
some cases (Appendix I), the maximum magnitude ratios or spectrum area ratios for the
windowed signals are nearly 1 because the biased frequency contents of the windowed
signals caused by wave interference. It is implied that caution must be exercised in the

interpretation of the results from analysis of the windowed signals.

The average amplitude ratios for the six sets of measurements are summarized in Table
6.7. The amplitude ratios between the across-the-joint signals and the joint-free signals
vary between 0.44 and 0.55. These values are slightly less then the values observed in
slab 1 (0.51 to 0.72, see Table 6.3), indicating that the relative strength of the joint in slab
2 is slightly weaker than joint strength in slab 1. Although, an attempt was made to
fabricate good joint in slab 2, the temperature drop caused by the delay in compacting the
mix and insufficient weight of the hand-held hammer could have affected the mix

compaction and hence the strength as indicated by the wave velocities (section 6.7.1).

The windowed P- waves and R-waves gave similar results (slightly larger than 1)
associated with the Set 5 and Set 6 measurements for the joint-free surfaces. Yet, the
results of the full wave signal are 20% to 46% larger than the values obtained from the P-
and R-wave analyses. The possible reason is that a full signal contains scattering and
wave reflections from boundaries in addition to the first arriving P- and R-waves.
Amplitude ratios larger than 1 indicate that the farther the location from the joint, the
better the mix quality.
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Table 6.7: Average PTP ratio, magnitude ratio and area ratio for measurements on the

jointed surface and the joint-free surfaces in slab 2

Analyzed | PTP | Magnitude | Area
Portion ratio ratio ratio

Full signal | 0.44 0.47 0.45

Locations

Jointed surface

(Set 1 to Set 4) P-wave 0.51 0.55 0.53

R-wave 0.49 0.53 0.49
Joint-free Full signal 1.38 1.58 1.40
surface (Set 5 P-wave 1.15 1.08 1.11
and Set 6) R-wave 1.09 1.11 1.12

6.7.4 Analysis based on FTC and WTC

The FTC and WTC are better than the TC because they eliminate the coupling variability.
Table 6.8 compares the average FTC and WTC of Set 1 to Set 4 measurements on the
jointed surface. The FTC values between 0.48 and 0.57 were observed. The FTC values
0f 0.53 and 0.57 for P- and R-wave portions were observed. The average WTC values are
between 0.41 and 0.44 as shown in Table 6.8 and Figure 6.26. The detailed FTC and

WTC values for the six sets of measurements are given in Appendix 1.

Figures 6.25 and 6.26 also display the average FTC and WTC values for Set 5 and Set 6
measurements on the joint-free surfaces in slab 2. The FTC and WTC values for Set 1 to
Set 4 on the jointed surface in slab 2 are less than the values for Set 5 and Set 6 on the
joint-free surfaces. As aforementioned, the FTC and WTC from Set 1 and Set 4 were
normalized to the corresponding average FTC and WTC from Set 5 and Set 6 to obtain
the FTC ratio and WTC ratio, as shown in Figure 6.27 and 6.28. For example, the
average P-wave FTC from Set 5 and Set 6 was used as the divisor and to compute the P-
wave FTC ratio. Likewise, for each selected frequency, the average WTC from Set 5 and

Set 6 was used as the divisor.

The average FTC ratio for full signals and WTC ratios for different dominant frequencies
give consistent ratios of around 0.35 (Figures 6.27 and 6.28). These parameters are
suitable for condition assessment of the longitudinal joint in asphalt pavements. As
aforementioned, caution must be exercised in the analysis of the windowed P- and R-

waves.
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jointed surface and the joint-free surfaces in slab 2

Table 6.8: Average FTC, WTC and equivalent damping ratio for measurements on the

Locations Anal)fzed FTC WTC Damplng
Portion ratio
Full sional 0.48 0.41 0.033
& at 54kHz | at54kHz | at 54kHz
Jointed surface p 0.53 0.46 0.09
(Set 1 to Set4) | ~~Vave at36kHz | at36kHz | at36kHz
Rowave 0.57 0.4 0.05
W at44kHz | at44kHz | at44kHz
1.6 -
1.4 -
=}
s 120 0.96
g 1 r
=
Tzo8; 0.57
206 048 :
_§ 04 -
® 02 -
0
Full signal P-wave R-wave
Windowed portion
‘ O Joint B Joint-free

Figure 6.25: Comparison of average FTC between measurements on the jointed surface

and the joint-free surfaces (slab 2)
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Figure 6.26: Comparison of average WTC between measurements on the jointed surface

and the joint-free surface (Slab 2)
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Figure 6.27: Average FTC ratio for Set 1 to Set 4 measurements on the jointed surface

(slab 2)
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Figure 6.28: Average WTC ratio for Set 1 to Set 4 measurements on the jointed surface

(slab 2)

For P-wave analysis, the FTC values for Set 5 and Set 6 in slab 2 are similar and are close
to 1, as shown in Table 6.9. However, for R-waves, the FTC value for Set 5 is 1.31 and
for Set 6 is 0.88. This could be because P-waves have larger wavelengths that are less

sensitive to small changes in microstructures. In addition, P-waves enable sampling of the
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full depth of the slab, giving an average condition. The FTC values obtained from the

analysis of full signals for Set 5 and Set 6 are similar.

Table 6.9: Summary of FTC, WTC and equivalent damping ratio for Set 5 and Set 6

measurements on the joint-free surface in slab 2

. Analyzed Signal ratio Damping
Location Portion (SR) FIC WTC ratio
1.52 1.36 0.024

Joint-free | Full signal at 55kHz | at 55kHz | at 55kHz

::fl;f:ifleez:)tf . Ss2 w S m 0.95 143 20.005
-wave
the joint fS27R3 . fsszz at41kHz | at41kHz | at41kHz

Set 5 _ 1.31 1.42 0.02
(5et3) R-wave at 45kHz | at45kHz | at 45kHz
Joint-free 1.47 1.19 0.025

Full signal at 48kHz | at 48kHz | at 48kHz

surface at

right side | | Joo v Sss 0.96 .13 20.01
of the -wave ! f at 40kHz | at 40kHz | at 40kHz
joint St _Rr "JS3_R2

0.88 1.13 -0.01

(Set 6) R-wave at 46kHz | at 46kHz | at 46kHz
Joint-free . 1.50 1.28 0.025
surface | Ul signal at 52kHz | at 52kHz | at 52kHz
(Average | Set 5 SR + Set 6 SR 0.96 1.28 -0.0075
of the “wave ) at 40kHz | at 40kHz | at40kHz
above 2 R 1.10 1.28 0.005
Sets) -wave at 45kHz | at45kHz | at 45kHz

FTC values were plotted against frequency and one-third the wavelength ( 1/3)
respectively (Appendix J), as shown in Figure 6.29. The one-third of the wavelength is
typically the effective penetration depth for R-waves where the maximum displacements
occur and most of the wave energy is concentrated (Stokoe and Nazarian 1983). As
discussed previously, the 30 kHz is the cut-off frequency for R-waves, corresponding to
A/3=18mm. After 30 kHz (or before 18mm), the FTC for R-waves shows a reasonable
trend: the higher the frequencies (or the smaller the wavelengths), the smaller the FTC
(Figure 6.23). It is indicated that the FTC for R-waves is suitable for condition
assessment of the joint with a depth smaller than 18mm. The P-wave FTC values are
slightly larger than the R-wave FTC values (Figure 6.23) because P-waves have larger

wavelengths that enable more transmission.
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Figure 6.29: FTC from P- and R-wave portions for Set 1 (slab 2)

6.7.5 Analysis based on equivalent damping ratio for the joint

The equivalent damping ratios for the six sets of measurements (Appendix ) were
computed according to Equations 6.5a and 6.5b. The equivalent damping ratios for the R-
waves across the joint are in general smaller and more consistent than the equivalent
damping ratios for the P-waves across the joint (Tables 6.8 and 6.9). The equivalent
damping ratios for the R-waves are smaller because of the smaller velocity (Equation

6.5b).

Particular attention was given to comparing the equivalent damping ratios for the jointed
surface with the equivalent damping ratios for the joint-free surfaces, as shown in Figure
6.30. The average equivalent damping ratios for Set 1 to Set 4 (on the jointed surface)
were significant higher than the equivalent damping ratios for Set 5 and Set 6 (on the

joint-free surfaces). This result indicates that the joint is strongly dissipative. The FTC-
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based equivalent damping ratios are equal to zero only in the situation where the material
strength is uniform (Equations 6.5a and 6.5b). Negative damping represents the situation
where the material away from the joint is stronger than the material close to the joint. The
equivalent damping ratio results in slab 2 will be compared with the equivalent damping

ratios observed in slab 3, as will be discussed later.
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Figure 6.30: Average equivalent damping ratios for Set 1 to Set 4 and for Set 5 to Set 6

In addition, the equivalent damping ratio values as a function of frequency (Appendix M)
were also studied to verify the effect of Lamb waves (caused by P-wave and S-waves
interacting with two parallel boundary surfaces), as shown in Figure 6.31. The variation
of the equivalent damping ratios for the P-waves at low frequencies is likely because the

wavelengths of the P-waves at low frequency range exceed the slab thickness.

The initial decrease of the equivalent damping ratio values for R-waves (Figure 6.31)
could be attributed to the presence of dispersive Lamb waves. The theoretical equivalent
damping ratio calculation is applicable to R-waves in a half space where the R-wave
velocity is constant as described by the FR term in the Equation 2.32. Thus, the
applicability of Equation 2.32 to a slab is limited at the high frequency range beyond the
cut-off frequency (feur). The fou for the R-waves in slab 2 is 30 kHz, as determined
previously. The equivalent damping ratios for the R-waves from 30 kHz to 100 kHz vary
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from 0.046 to 0.031 (Figure 6.31). The equivalent damping ratios for the P-waves and the

R-waves converge with increase of frequencies.

Equivalent
damping ratio

Frequency (kHz)

Figure 6.31: An example of equivalent damping ratios for P- and R-waves (Set 1, slab 2)
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.7.6 Summary of the results for slab 2

—_—

>

The wave attenuation parameters are suitable for condition assessment of
longitudinal joints in asphalt pavements. More specifically, WTC and FTC for full
signals and R-waves are quite promising. The FTC for R-waves is suitable for
condition assessment of the longitudinal joint in slab 2 up to 18mm in depth.

The PTP ratio, maximum magnitude ratio and spectrum area ratio imply that the
strength of the joint reduced from point JO to J4.

The FTC and WTC show that the joint strength in slab 2 is weaker than the joint
strength in slab 1.

The equivalent damping ratio results indicate that the joint is strongly dissipative.
The new sensor array on Line x1-y1 is applicable to evaluation of wave velocity and
attenuation.

Appropriate spacing should be determined for condition assessment of the joint in
terms of wave attenuation.

The observed relatively large geometric attenuation coefficients indicate the effects
of Lamb waves and material damping.

The 100 kHz accelerometer is not suitable for testing of asphalt concrete slab

because of its low sensitivity (10mv/g).
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6.8 Fabrication of Pavement Slab 3

The purpose of the third slab was to assess the sensitivity of the wave attenuation
parameters for condition rating of a week joint. Two identical transmitters of 50 kHz
(narrow frequency band, center frequency: 50 kHz) were used as the sources, and the 50
kHz accelerometer as the receiver. The equipment setup used in the previous two tests,
such as the power supply (PCB483(A) for the accelerometer, the low-pass filter (Krohn-
hite 3384), the digital oscilloscope (HP 54610(B) and the desktop computer, was also
used for testing of slab 3.

A modified hand-held hammer of a heavier weight (35 Ibs) with a tamping foot of
20mm x 20mm dimension was employed for the preparation of the third slab, as shown in
Figure 6.32. The same mix (HL4-20% recycle asphalt) used in the preparation of slab 2
was used to fabricate the slab 3 with a weak joint. The procedure for fabrication of slab 3

is described as follows:

1. Followed the procedure used in steps 1 to 5 for the fabrication of slab 1.

2. Established a guideline parallel to the joint location and 20mm away from the divider,
as shown in Figure 6.33.

3. Started the compaction from one end of a corner of side A near the guideline by
tamping the mix with the hand-held hammer and moving the hammer along the
guideline at 10 mm interval after every three blows until it reached the other end. The
process was repeated until the whole area on side A up to the guideline was
compacted to a desired level of compaction (60 blows). The same falling height (1m)
was maintained when the compacting mix. The area between the guideline and the
divider was compacted slightly using a piece of wood to create a weak joint.

4. Repeated steps 1 and 3 on side B without the divider. The whole area on side B up to
the location of the joint (the divider) was fully compacted (60 blows).

5. Repeated steps 1 to 3 with the divider in place to lay the second lift on the top of the

mix laid on side A.
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Figure 6.32: The modified compactor (35 1bs) used in slab 3 fabrication

400mm 400mm

Side A ' Side B

600mm

Guideline Divider

Figure 6.33: Compaction procedure of slab 3 with the 200mm square tamper
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6. Repeated step 4 to place the second lift on the top of the mix on side B to complete
the fabrication of the slab. The slab was allowed to cool down at room temperature

making ready for testing.

6.9 Ultrasonic Testing of Slab 3
Thin steel plates of penny-size (15mm diameter) were epoxied to the slab surface, as

illustrated in Figure 6.34a to 6.34c.
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Figure 6.34 (a): Ultrasonic testing geometry for Setl measurements (slab 3)
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Figure 6.34 (b): Ultrasonic testing geometry for Set2 to Set 6 measurements (slab 3)
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Figure 6.34 (c): Ultrasonic testing geometry for Set7 to Set 9 measurements (slab 3)
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The same tests conducted along the Line x1-y1 in slab 2 were carried out in slab 3 to
determine the wave velocities, attenuation, and suitable source-to-receiver (S-R) spacings
(Figures 6.34a to 6.34c). The spacing requirement depends on the mix quality. Therefore,
it is important to determine the appropriate S-R spacing before testing the slab. Each
signal shown in the Figure 6.35 has been normalized to the maximum amplitude
corresponding to the respective signal. Based on the testing, the spacings of 80mm,
120mm and 160mm were selected in slab 3 because of the clear detection of P- and R-
waves with minimum wave interference (Figure 6.35). The spacings of 240mm and
280mm were not considered suitable because of the weak signals received far away from

the source, as seen from the peak amplitudes of 0.19 and 0.122 respectively (Figure 6.35).

Based on the spacings determined, the source and receiver locations were selected to

measure the signals across the jointed surface and the joint-free surface (Figures 6.34a to

6.34c). The effect of different spacings (80mm, 120mm and 160mm) on the output

signals was studied from the measurements. The entire test and computation processes

used in slab 2 were repeated here to measure the wave attenuation caused by the joint in

slab 3. Typical results for slab 3 are given in the following sections. The detailed results

of the nine sets of measurements for slab 3 are presented in Appendices P to W as

described below.

e Signals in time and frequency domains in Appendix P

e  Wave amplitude ratios in Appendix Q

e FTC vs. frequency and one-third the wavelength in Appendix R

e  Wavelet transform of signals using Morlet wavelet in Appendix S

e  Wavelet transform of signals using Mallat’s algorithm in Appendix T available in the
attached CD

e Equivalent damping ratio vs. frequency in Appendix U available in the attached CD

e The associated signal processing for Line x1-y1 and the nine sets of measurements in

slab 3 in Appendices V and W available in the attached CD
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Figure 6.35: Measurements using 50 kHz accelerometer along Line x1-y1 (slab 3)

(Note: the dotted circles mark the wave interference.)

6.10 Results and Discussions for Slab 3

6.10.1 Analysis based on wave velocities

The purpose of the wave velocity measurements is to assess the level of compaction
achieved during the fabrication of the slab. Typical time signals recorded at the seven
locations are shown in Figure 6.35. The slopes of the lines connecting the P- and R-wave
arrivals give the P-wave velocity (Vp = 3913 m/s) and the R-wave velocity (Vz = 1714
m/s). The Vp and Vy result in a Poisson’s ratio of 0.36 (Equation 4.2). These values
indicate that a better mix strength was achieved in slab 3 than in slab 2 that has a P-wave

velocity of 2765 m/s, an R-wave velocity of 1633 m/s and a Poisson’s ratio of 0.12. The
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Vpand Vi were used to compute the Lamb wave dispersion curves and the equivalent

damping ratios.

In order to reduce the effect of Lamb waves on the wave attenuation, the analysis of wave
attenuation should focus the frequency components higher than the cut-off frequency (f...).
This is because lamb waves become non-dispersive beyond the f.,,, and thus, the effect is
minimized. The f.,, was useful in understanding the variation of FTC values and
equivalent damping ratio values with frequency in the subsequent condition assessment
of the joint. Based on the Vpand V' determined, the Lamb wave dispersion curves in slab
3 were computed (Equation 2.22), as shown in Figure 6.36. The Lamb wave velocities
approach Vr (see A0) or constant (see SO) at the f., of approximately 40 kHz (Figure
6.36).

2600 |- SO

2100 r

1600

Velocity (m/s)

SA
1100 r

600
0 10 20 30 40 50 60 70 80 90 100

Frequency (kHz)

—— AQ —o— S0 —— R-wave at 1714m/s

Figure 6.36: Dispersion curves of two Lamb wave modes in slab 3 (85mm thickness, Vp
= 3913m/s, Vs = 1830m/s) (SO: Symmetric fundamental mode; AO: Anti-symmetric
fundamental mode, (Kuttruft, 1991))
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6.10.2 Analysis based on geometric attenuation

Wave attenuation is attributed to geometric attenuation and material attenuation/damping.
Geometric attenuation (Equation 2.33) was estimated by examining the relationship
between the wave amplitude and the distance both in logarithmic scale as shown in
Figures 6.37a to 6.37c and Table 6.10. The signal received at location 1 was first
excluded in the attenuation evaluation for P-waves because the interference of the
arriving R-waves (Figure 6.35) impacted the windowing of P-waves. However, the
observed correlations between the signal amplitudes and the distance are moderate
(Figure 6.37a) because the amplitude at location 2 (80mm) is disproportionately smaller.
The reason is not clear, which needs investigation. The attenuation for P-waves was then
extrapolated based on the signal amplitudes from locations 3 to 7 (Figure 6.37b). For the
R-wave geometric attenuation evaluation, all the signals were involved. The observed
attenuation coefficient for P-wave is average -1.6, and for R-waves -1.8 (Table 6.10).
These values are less than the values obtained in slab 2 probably because of less material

attenuation (damping) in slab 3.
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Figure 6.37 (a): P-wave attenuation based on locations from 2 to 7 (slab 3)
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Figure 6.37 (b): P-wave attenuation based on locations from 3 to 7 (slab 3)
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Figure 6.37 (c): R-wave attenuation based on locations from 1 to 7 (slab 3)
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Table 6.10: Correlation between logarithmic wave amplitudes (y) vs. distance (x) for

evaluation of geometric attenuation in slab 3

Analyzed
Accelerometer P PTP Magnitude Area
ortion
:’F'.W*‘:e y=-0.8676Ln(x)- | y=-0.66Ln(x)- | y=-0.8477Ln(x)-
p ‘337“3)6 0.7325 0.4415 0.6984
SO0kHz fFlwa:z y=-1.7059Ln(x) - | y=-1.4467Ln(x)- | y=-1.6953Ln(x) -
(PCB353B65) [ 3g7“b) 2.0316 1.6608 2.012
?F'iw 3:: y=-1.8095Ln(x)- | y=-1.8037Ln(x)- | y=-1.7897Ln(x) -
p 3g7c) 2.0246 2.0178 1.999

6.10.3 Analysis based on PTP ratio, maximum magnitude ratio, and spectrum area
ratio
The joint in slab 3 was fabricated as a weak quality joint. Figures 6.38 and 6.39 compare
the PTP amplitude and maximum spectral amplitude for a pair of signals (from Set 2)
across the joint and through the joint-free surface respectively. A relatively large
reduction (about 90%) in signal amplitude across the joint in slab 3 was observed in
comparison to the observation from slab 2 (about 50%). There appears a delay in both P-
and R-wave portions across the joint (Figure 6.39). In addition, the maximum spectral
amplitude across the joint exhibits a shift towards lower frequencies (Figure 6.39). These
observations indicate that the joint is analogous to a reflector, low pass filter and delay

gate.

The average amplitude ratios for the nine sets of measurements are summarized in Table
6.11. In general, the signal amplitudes across the joint in slab 3 are more attenuated than
in slab 2, as indicated by the smaller amplitude ratios in slab 3 (about 0.5 in slab 2, see
Table 6.7). The results from the average amplitude ratios are analogous to the average

FTC values. The following sections will present the FTC and WTC results.
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Figure 6.38: A pair of signals (Set 2, slab 3) across the joint and through the joint-free
surface - (a) full signals in time domain and (b) full signals in frequency domain
(Horizontal lines mark the maximum magnitude in frequency domain, and vertical lines

mark the dominant frequencies)
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Table 6.11: Average PTP ratio, maximum magnitude ratio, and spectrum area ratio for

the measurements on the jointed and the joint-free surfaces

Location Anal)'fzed PT‘P Magni‘tude Ar(‘ea
portion ratio ratio ratio
Jointed surface | Full signal | 0.057 0.057 0.069
(at 80mm S-R | P-wave 0.34 0.4 0.34
spacing) Rowave | 0.069 | 008 | 0.069
Jointed surface Full signal | 0.10 0.09 0.11
(at 120mm S-R | P-wave 0.29 0.43 0.27
spacing) R-wave 0.10 0.11 0.10
Jointed surface Full signal | 0.13 0.14 0.13
(at 160mm S-R | P-wave 0.12 0.095 0.14
spacing) R-wave 0.10 0.10 0.11
Joint-free surface | Full signal | 125 1.12 1.11
(at 120mm S-R | P-wave 0.95 0.97 0.98
spacing) R-wave 0.99 1.01 1.03
Joint-free surface Full signal | 1.39 1.32 1.39
(at 160mm S-R | P-wave 1.07 1.08 1.06
spacing) R-wave 1.35 135 135

6.10.4 Analysis based on FTC and WTC for the joint

The FTC and WTC for the measurements on the jointed surface are shown in Figures
6.40 and 6.41. In general, the FTC values for P-waves are larger than the values for R-
waves (Figures 6.40). The reason is that P-waves propagate with a larger wavelength
because P-waves have a higher velocity. Thus, P-waves are less attenuated by the joint,
giving higher FTC values (Figures 6.40). On the other hand, WTC was based on
comparing the maximum amplitudes of the wavelet transform of the full signals,
regardless of wave types. In addition, the WTC technique reduced the effect of different
frequencies in the same way it reduced the coupling variation. Thus, the WTC values are
more consistent (Figure 6.41). At 80mm and 120mm S-R spacing, the average FTC
values for P-waves are between 0.4 and 0.42 and for R-waves between 0.08 and 0.10. At
160mm S-R spacing, the average FTC values for P- and R-waves are 0.13 and 0.11
respectively. WTC values varied from 0.06 to 0.13 when the S-R spacing increases from

80mm to 160mm. These values indicate a weak joint in slab 3 compared to slab 2 (see
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Figures 6.25 and 6.26). On the other hand, the result of the repeated test for Set 3
(120mm S-R spacing) indicates high repeatability (Figures 6.40 and 6.41).
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Figure 6.40: Comparison of FTC at dominant frequencies for measurements across the

joint (slab 3) (Note: S-R spacing indicates source-to-receiver spacing)
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For the measurements on the jointed surface, 160mm S-R spacing gave significantly
smaller FTC value for P-waves than did 80mm and 120mm S-R spacings (Figure 6.40).
To understand this phenomenon, the following set of measurements were selected for
comparison, Set 1 (80mm S-R spacing), Set 3 (120mm S-R spacing) and Set 7 (160mm
S-R spacing), as shown in Figures 6.42a to 6.42¢c. Figure 6.42a shows that at 80mm S-R
spacing, the negative peak of the first arriving P-wave of fs; ro 1s disproportionately
amplified by the following R-wave arrival. In this case, windowing the P-wave portion is
ambiguous. The inclusion of R-waves in the windowed P-waves results in higher
amplitude because R-waves carry much larger energy than P-waves. The higher
amplitude in the P-wave portion of the signal across the joint as a dividend results in a
larger FTC. The interference between the first arriving P- and R-waves becomes less
significant as the S-R spacing increases (Figures 6.42b and 6.42c). This observation
indicates that the joint not only delays P- and R-wave arrivals, but also narrows the time
interval between the two arrivals. The joint affects P-waves and R-waves differently. As
shown in Figure 6.42a to 6.42c, the shorter the S-R spacing, the closer the two arrivals.
When the S-R spacing increases to 160mm, the wave interference is practically
insignificant. Hence, the 80mm S-R spacing is comparatively unsuitable for the

measurements in slab 3.
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177



P R
arrival  arrival

-~

Amplitude (V)

fs5 ra (joint-free) normalized to 0.372

Jssrs (joint) nommalized to 0.073

' (@)

_
S5 120mm RS

Set 3

120mm

R4

Time (ms)

|
0 003 0.1 013 0.2 025 0.3

0.33

S:

=

B (b) 0-0065 351063

(©

obm— N L] _
s ra 0.0049
N (joint-free) 2
< :
T o-oup e - § 00033
= <
=
2 . =
< fss rs (joint) 0.0016
—0ak i
| | 0
0.02 0.04 0.06 0.08 028.076
Time (ms)

100

200

Frequency (kHz)

300

Figure 6.42 (b): A pair of signals from Set 3 (at 120mm S-R spacing) on the jointed

surface in slab 3 - (a) full signals in time domain, (b) windowing P-wave portions and (c)

windowed signals in frequency domain (Horizontal lines mark the maximum magnitudes

in frequency domain, and vertical lines dominant frequencies.)

178



! ! ! ! I ! ! (a)

fsg r7 (joint-free) normalized to 1.173

/ / S8 160mm RS

g‘
§ P arrival R arrival Sm g
? R7 ’ S7
< -2 N A
v : - : .
No interference | IfSS,Rs u:Tmt} nnrrr:allzed tl:: 0.138
0 005 0.1 0.15 0.2 0.25 0.3 0.35
Time (ms)
(b) 0006/ 37842 ! ' (©
'l
0 —_— > '
- % 0.0045
S _S§7R7fr ©
S t-
3 (joint-free) g
= L 2
%. 0.1 5’3 0.003
£ =
<
Jss_rs (joint) 0.0015
o2k _
| | 0 :
0.02 0.04 0.06 0.08 0 34.18 100 200 300
Time (ms) Frequency (kHz)

Figure 6.42 (c): A pair of signals from Set 7 (at 160mm S-R spacing) on the jointed
surface in slab 3 - (a) full signals in time domain, (b) windowing P-wave portions and (c)
windowed signals in frequency domain (Horizontal lines mark the maximum magnitudes

in frequency domain, and vertical lines dominant frequencies.)

On the other hand, the observed average FTC and WTC values increase with the S-R
spacing, as shown in Figure 6.43. To understand this phenomenon, the following set of
measurements were considered for comparison, Set 1 (80mm S-R spacing) and Set 3
(120mm S-R spacing), as shown in Figures 6.44 and Table 6.12. The R-wave dominant
frequency (fiominant) Of the signal fs» ri through the 80mm joint-free wave path is 48.828
kHz. However, the fyominant Of fss ra through the 120mm joint-free wave path is only
42.969 kHz because the longer distance leads to more attenuation. Thus, when there

exists a joint, signal fss rs through the 120mm distance exhibits a loss of fyominant
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components (from 42.969 kHz to 39.063 kHz) that is less than the loss for signal fs; r>
through the 80mm distance (from 48.828 kHz to 41.016 kHz), as described in Table 6.8.
The smaller difference between the fiominant component of signal fss rsacross the joint and
the fyominant component of the joint-free signal fss rs results in a higher amplitude ratio.
WTC takes into account the full signals that are dominated by R-waves. Thus, the WTC
for fss rs/ fss ra at 120mm S-R spacing is expected to be higher as well. For the same

reason, the FTC and WTC values at 160mm S-R spacing are the highest (Figure 6.43).
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Figure 6.43: Average FTC and WTC values vs. source-to-receiver (S-R) spacing
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Table 6.12: Comparison between Set 1 and Set 3 measurements

Description

Set 1 (80mm S-R spacing)

Set 3 (120mm S-R spacing)

fgominant TOI joint-free signals

48.828 kHz

42.969 kHz

fgominane fOr signals across the joint

41.016 kHz

39.063 kHz

Loss due to the joint

48.828 - 41.016 = 7.812 kHz

42.969 - 39.063 = 3.906 kHz

Conclusion

Loss across the joint at 80mm
spacing is higher.

Loss across the joint at 120mm
spacing is lower.

Note: fyominant r€presents dominant frequency of a windowed R-wave.
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For the measurements (at 120mm S-R spacing) on the joint-free surfaces, the FTC and
WTC for Set 6 (at the right side of the joint) are significantly smaller than those for Set 5
(at the left side of the joint) (Set6/Set5<50%), as shown in Figures 6.45 and 6.46. To
explain this result, the signals from the two sets of measurements and their wavelet
transforms (using Morlet at the dominant frequencies of their R-wave portions) were
examined, as shown in Figures 6.47 and 6.48. Each time signal was normalized to its
peak-to-peak amplitude in time domain. The amplitude of signal fss r4 is significantly
smaller than the other signals likely because the wave path for fss r4 is parallel and close

to the joint (Figure 6.47).
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Figure 6.45: Comparison of FTC at dominant frequencies for the measurements on the

joint-free surfaces (slab 3) (Note: S-R spacing indicates source-to-receiver spacing.)

182



FTC values were curved against frequency (f) and one-third the wavelength (A4/3)
respectively (Appendix R), as shown in Figure 6.51. As discussed previously, the 40 kHz
is the cut-off frequency for R-waves, corresponding to A/3= 14mm. It is implied that the
FTC of R-waves is suitable for condition assessment of the joint with a depth smaller
than 14mm. For P-waves, the FTC increases with frequencies at the low frequency range
(< 40kHz) likely because the P-wave wavelengths at the low frequencies exceed the slab
thickness. Based on the slab thickness (about 85mm) and the observed P-wave velocity
(Vp =3913m/s), a frequency of around 46 kHz (f= Vp/ A1) was obtained. Thus, P-waves
propagating at lower frequencies than 40 kHz could be strongly affected by the slab
boundaries. After 40 kHz (or before A/3 = 33mm), the FTC for P-waves shows a
reasonable trend: the higher the frequencies (or the smaller the wavelengths), the smaller
the FTC (Figure 6.51). The P-wave FTC is much larger than the R-wave FTC because P-

waves have larger wavelengths.
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give similar FTC values for Set 5 (1.00) and Set 6 (0.92) likely because of the larger
wavelength of P-waves. When considering the 160mm spacing (farther away from the
joint), comparatively consistent values of the FTC and the WTC were observed (Figures
6.45 and 6.46). Values larger than 1 indicate that the farther the location from the joint,
the better the mix quality. Nevertheless, all the FTC and WTC values across the joint are
still significantly smaller than on the joint-free surface (Figures 6.40, 6.41, 6.45 and 6.46).
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Figure 6.47: Signals from Set 5 (slab 3) and their wavelet transforms
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Figure 6.48: Signals from Set 6 (slab 3) and their wavelet transforms

The FTC and WTC for the jointed surfaces were correspondingly normalized to the
average FTC and WTC for the joint-free squares to obtain the FTC ratios and WTC ratios.
The average FTC ratio and average WTC ratio for slab 3 were compared with those for
slab 1 and slab 2, as shown in Figures 6.49 and 6.50. Considering the suitability of the
80mm spacing in slab 3, no additional measurement on the joint-free surface was
conducted, and hence the original measured FTC and WTC values were used in the
comparison. Likewise, the average FTC and average WTC for slab 1 were used in the

comparison.

In general, the average FTC ratios show that the relative strength of the joints in slab 1
and slab 2 are comparable. The relative strength of the joint in slab 3 is the weakest.
However, the FTC for slab 1 may not be representative enough because wave
interference biased the windowing, as explained previously. On the other hand, the WTC
results show that the joint in slab 1 has the strongest relative strength and the joint in slab
3 the weakest. Hence, it is possible to conclude that slab 1 has a good-quality joint, slab 2

a medium-quality joint, slab 3 a weak-quality joint.
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FTC values were curved against frequency (f) and one-third the wavelength ( A/3)
respectively (Appendix R), as shown in Figure 6.51. As discussed previously, the 40 kHz
is the cut-off frequency for R-waves, corresponding to A/3= 14mm. It is implied that the
FTC of R-waves is suitable for condition assessment of the joint with a depth smaller
than 14mm. For P-waves, the FTC increases with frequencies at low frequency range (<
40kHz) likely because the P-wave wavelengths at the low frequencies exceed the slab
thickness. Based on the slab thickness (about 85mm) and the observed P-wave velocity
(Vp =3913m/s), a frequency of around 46 kHz (f= Vp/ A1) was obtained. Thus, P-waves
propagating at lower frequencies than 40 kHz could be strongly affected by the slab
boundaries. After 40 kHz (or before A/3 = 33mm), the FTC for P-waves shows a
reasonable trend: the higher the frequencies (or the smaller the wavelengths), the smaller
the FTC (Figure 6.51). The P-wave FTC is much larger than the R-wave FTC because P-

waves have larger wavelengths.
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6.10.5 Analysis based on equivalent damping ratio for the joint

The equivalent damping ratios for the jointed surface were compared with the equivalent
damping ratios for the joint-free surfaces, as shown in Figures 6.52 and 6.53. The average
equivalent damping ratios from the joint-free measurements in slab 2 and slab 3 were also
given. The average equivalent damping ratio for R-waves for slab 1 was not available
because no reliable R-wave velocity was obtained. The joint in slab 3 generally produced
higher damping than did the joint in slab 2. This result confirms that the joint in slab 3 is
more dissipative or has weaker bonding strength. The average equivalent damping ratio
for R-waves decreases with the increasing S-R spacing in slab 3 because the FTC

increases with the S-R spacing (Figure 6.43).
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6.10.6 Summary of the results

1.

The wave attenuation measurements for the joint show that the joint in slab 3 is the
weakest among the joints in the three slabs. The measured WTC values indicated that
slab 1 has a good quality joint (WTC > 0.49), slab 2 a medium-quality joint (WTC
between 0.32 and 0.34), slab 3 a weak-quality joint (WTC between 0.06 and 0.13).
The FTC of R-waves was suitable for condition assessment of the joint with a depth
smaller than 14 mm.

The FTC and WTC values generally increase with the source-to-receiver (S-R)
spacing.

The 80mm S-R spacing is not suitable for the observation of P-waves across the joint
in slab 3 because of the wave interference.

The P- and R-wave velocities measured from the joint-free surface in slab 3 are
higher than those measured in slab 2. This result indicates that the joint-free section in
slab 3 is stronger than the joint-free section in slab 2.

The attenuation coefficients obtained from the geometric attenuation evaluation in
slab 3 are smaller than the coefficients observed from slab 2. This result is probably
because of the significant reduction in material attenuation (damping) in slab 3. This

shows that a better mix strength was achieved in slab 3.
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6.11 Summary

This chapter focused on examining the feasibility of using the wave characteristics
identified in the experiments of Phase I to assess the condition of longitudinal joints in
three laboratory-fabricated HMA slabs. The FTC and WTC techniques were used as
improvements to the evaluation of wave characteristics using the PTP amplitude,
maximum spectral amplitude, and spectrum area. The equivalent damping ratio based on
the FTC provides an alternative method to assess the joint condition. This chapter
described the experimental program for the experiments of Phase II. The detailed
procedures of preparation of the three slabs and ultrasonic testing of the slabs were
presented. The experimental results and analysis for the slabs are the key topic covered in
this chapter. The data revealed that the seismic wave techniques indeed enable
identification of good, fair, and poor construction joints. The methodology given in the
chapter can potentially provide a tool for application of the wave-based techniques in the

filed for in-situ condition assessment of asphalt pavements.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1 Asphalt Concrete Specimen Tests - Phase I

The main objective of the experiments conducted in Phase I was to assess the suitability
of using wave characteristics for the condition assessment of asphalt concrete specimens
prepared in the laboratory. The asphalt concrete specimens were prepared using the
identical aggregate types and asphalt binders. However, the specimens were compacted at
different compaction levels to produce different volumetric properties. The quality of the
specimens was evaluated in terms of bulk density and dynamic elastic modulus values.

The main findings from these experiments are:

1. Wave attenuation parameters (PTP amplitude, maximum spectral magnitude,
spectrum area) showed a strong correlation (R*> 0.9) with the gyration level. Thus,
wave attenuation parameters are sensitive to the quality of the mix. These parameters
can be used then to evaluate the performance of asphalt concrete pavements.

2. The strong correlation obtained between wave attenuation parameters and the
dynamic modulus demonstrates that nondestructive tests are suitable for in situ
condition assessment of asphalt concrete pavements. The use of NDT in the field will
reduce the current dependence on time-consuming and large-strain tests.

3. Any of the three attenuation parameters (PTP amplitude, maximum spectral
magnitude and spectrum area) can be used as a performance indicator. However, the
PTP amplitude is more suitable for online monitoring because it can be determined
readily from field measurements. The other parameters (maximum amplitude and
spectral area) require the computation of frequency spectra.

4. The lack of correlation (R* ~ 0.6) between the wave velocity and the number of
gyrations indicates that the use of wave velocity only is not sufficient for the
condition assessment of HMA.

5. The moderate correlation (R* ~ 0.8) between the asphalt density and the level of

compaction (number of gyrations) shows that the density of HMA is useful to assess
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the quality of HMA in terms of densification of the material. However, the strong
correlation observed between wave attenuation parameters and the dynamic modulus
suggests that the material density only is not sufficient to assess the quality of the
mix, which is associated with the durability and the long-term performance of the

mix (good bonding between the aggregate and asphalt binder).

7.2 Asphalt Concrete Slab Tests - Phase 11

The main objective of the experiments preformed in Phase II is two fold. The first

objective was to determine the suitability of using wave characteristics (wave velocity

and wave attenuation) for the condition assessment of longitudinal construction joints in

asphalt pavements. The sensitivity of the wave characteristics to different types of joints

was examined by testing three slabs with different joint conditions (good, fair, and poor).

The second objective was to develop suitable test procedures for the condition assessment

of the longitudinal construction joints in asphalt pavements. The main results from the

experiment conducted in Phase I are summarized next.

1.

Wave attenuation measurements using the wavelet transmission coefficient (WTC)
can be used to identify good (WTC > 0.49), medium (0.32 < WTC < 0.34) and weak
joints (WTC < 0.13). These findings provide the basis for future research on the use
of wave-based techniques for the cost-effective condition assessment of longitudinal
construction joints.

The PTP ratio, the maximum magnitude ratio and the spectrum area ratio can be used
to assess the relative strength of longitudinal joints in asphalt pavements. However,
care must be taken to ensure that good coupling exists between the transducers and
the asphalt pavement.

The Fourier transmission coefficient (FTC) and the WTC provide an average
condition index for a joint. However, The FTC can be affected by wave interference
that leads to a biased time windowing. This limitation can be overcome by using an
appropriate source-to-receiver spacing. The WTC is more suitable to be used as a

condition index because it does not require time windowing.
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4. The FTC of R-waves can be used for the condition assessment of a joint with a depth
smaller than 20 mm, because of the stronger interaction of R-waves with the upper
layer of the material (penetration depth = wavelength /3).

5. The damping ratio coefficient based on the FTC provides complementary information
about the condition of the joint. However, the reliability of using the damping ratio
coefficient depends on the accuracy of the wave velocity and the FTC measurements.

6. The source-to-receiver (S-R) spacing has an important effect on the measurements of
the wave velocity and the FTC. An optimum S-R spacing must be selected to enhance
signal- to-noise (S/N) ratio; which improves the detection of the first wave arrival.

7. Transducers with adequate sensitivity must be used. Low sensitivity reduces S/N ratio,

and hence, the reliability of measurements.

7.3 Recommendations
The following steps are recommended for implementation of the wave-based technique

for condition assessment of longitudinal joints in the field.

The first step is to select transducers that have high sensitivity and similar resonant
frequencies. The sensitivity of the transducers is critical to obtain a strong and clear

signal.

The second step is to select a suitable S-R spacing to avoid interference between P-

waves and R-waves and to obtain a strong and clear signal (high S/N ratio).

The third step is to place the source and the receiver at the four corners of a square
following the equal-spacing configuration suggested by Yang (2006). The spacing

between the source and the receiver should meet the requirement given in step 2.
The final step is to select a reference location on a joint-free surface far away from the

joint (e.g. the center of the lanes) to establish reference values of the FTC and WTC

parameters. The FTC and WTC obtained from the jointed sections are normalized to the
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reference values. The normalized FTC and WTC values are representative of the relative

strength of the joint.

The following parameters are recommended for condition assessment of longitudinal
joints in asphalt pavements: PTP ratio, FTC and WTC. Other parameters such as
maximum magnitude ratio, spectrum area ratio, and damping ratio can be used as

complementary observations.

7.4 Future Work

Further research will focus on assessing the quality of different types of mixtures
prepared using different asphalt binders with identical volumetric design. The strength of
the mix would be assessed in terms of wave attenuation parameters (PTP amplitude,
maximum spectral amplitude and spectrum area). The small-strain wave-based

measurements will be compared with large strain test results (e.g. dynamic modulus test).
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Appendix A

Signal Processing for Gyratory Samples

This appendix is a PDF file available in the Appendix CD.
The file name of this PDF file is “Appendix A - Signal processing for gyratory
samples.pdf”.
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Measure Gyratory samples using 1MHz P-Wave Transducers:

Pulse receiver parameter setting for IMHz P-Wave transducers
Rep. Rate: 2 Pressure: 14 mv (about 45Ib)
Energy: 4
Atten. (dB): 0
GAIN (dB): 40
Damping: 4.0
Mode: 2
Oscilloscope setting: Sampling Rate At: S0us 1000 Points in Total
_ 510 . ., N _
Index N:=2 i=1..N u:=1. 5 ORIGIN =1
— i u
all .= Reading data £, = —
N-5-10

Definition of signals: AC indicates Asphalt Concrete, while the
following number indicates the number of gyrations.

ACA40; := allj 4 AC60; := all; 5 AC80; := allj 3

ACI100; := all; 4 ACI20; := all; 5 ACI140; := all; ¢

signal40; := AC40; — mean( AC40) signal140; := AC140; — mean( AC140)
signal60; := AC60; — mean( AC60) signal80; := AC80; — mean( AC80)
signal100; := AC100; — mean( AC100) signal120; := AC120; — mean(AC120)

signal := ('signal40 signal60 signal80 signall00 signall20 signa1140)T
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Analysis of the full time signals:

Parameter p=1.6 ®op = 2m-1.2
Arrival Time (AT) of the signal: AT := (0.0485 0.0475 0.0535 0.0485 0.0445 0.0465 0 0)T
5000 . T
AT “ wp(t,mo) = 10|cos(mo-t) - 1| if 0<t< —
t .— 1 p 4 o
pp = ceil| | ———-0.000:
0.0005) )

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind .= | for pel..6
for iel..N
amplj p < wp (i-0.000S— tpp » mop)

ampl

Gyration 4

Gyration 1

Amplitude (V)

Gyration 12

0 0.05 0.1 0.15 0.2



CFFT ((Twind<p> -signalp D

FTW<p> :

Fourier Transform of the Windowed Signals:

o
5 S
=] -
=] =
D | — )
< =
— ~—
= s
Qo >
O
| |
o — ]
o ]
i i
Ipmuge

300 400 500

200

14(
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1& 4
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Window the 1st peak of the time signals:

Parameter o] = 27142 oy = 2153 ®o3 = 21-51 o4 = 21-51

o5 = 21-55  mog = 2m-5¢&
Arrival Time (AT):

AT := (0.0505 0.0475 0.0535 0.049 0.046 0.0465 0 O)T

. (( ATp \\ Ay&g;;v(t,ooo) = 10|cos(ooo~t)10 - 1| if 0<t< -
tpp = ceil

0008 } ) -0.000" wo
' 0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind .= | for pel..6
for iel..N
ampl; < wp(i-0.0005— tp, , wop )

ampl

Fourier Transform of the Windowed Signals: FTW<p> := CFFT ((Twind<p ) -signalpj)
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Amplitude (V)

-2

Gyration

Gyration

Gyration

Gyration 1

Gyration 1
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Time (ms)
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The First Arrivals in time domain after windowing are as follows:

Windowed signal in time
I I I I

Gyration 40
0 \/\* l
—0.2F = .
Gyration 140
—041 ]

Amplitude (V)
I I
o <
[e] [e))
I I
| |

“14

-1 |
“1.21 .

1.6

I I I I I
R
0.04 0.045 0.05 0.055 0.06 0.065

Time (ms)
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The frequency spectra for the above first arrivals are as follows:

il ) I
: : Gyration 40
94kHz l
/T\ Gyration 140
)] e R
-0.02[~ I

Magnitude

—0.04

0 100 200 300 400 500

Frequency (kHz)

Calibration of the small difference in length:
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Peak-to-Peak (PTP) values of the windowed signals (ws) :

j=280.12¢  k:=80. 112 m, = 80.. 127 n:= 80.. 117 o:=80.. 111
ws40j = signal40; ws140, := signal140, ws100y, := signal100,

ws60 := signal60y ws80 y := signal8Q,, ws120, := signall120,

PTP40 := max(ws40) — min(ws40) PTP60 := max(ws60) — min(ws60)
PTP80 := max(ws80) — min(ws80) PTP100 := max(ws100) — min(ws100)
PTP120 := max(ws120) — min(ws120) PTP140 := max(ws140) — min(ws140)

Calibration of the small difference in length:

gyration := (40 60 80 100 120 14())T

PTP vs. Gyration

0.5

0.4~

PTP

I I I I
40 60 80 100 120 140

gyration

0.2
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Maximum Area in Frequency Domain for the Windowed Signal (MA):

p=1..6¢

MA, = Z

|FTWy p|

N-0.0005

Calibration of the small difference in length:

MALI := (MA1~

160.6575
160.6575

"160.6575

159.065 158.825 M 153
160.6575 160.6575

A3

MA vs. Gyration

3.5

60

80

100 120

gyration
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140

As

150.22 157.595 \!
160.6575 1160.6575)

1.435)
1.681
2.146

MAL=1, 196
2.729
3.19 )




Maximum Magnitude in Frequency Domain (MM):

p=1..6

MM, = max(|FTW<p>|)

Calibration of the small difference in length:

MM vs. Gyration

MMI1

Sacac) MMI1 =
0.05 | | | |
40 60 80 100 120 140
gyration
Summary
PTP
—_— - / X_l
maxPTP
X( ) 0.8 /E/ _
MAI ~
A(MA) T
ma .
€K P
MM1 0.6 _ E/'
max MM -
EI—E|XI(EI )
0.4 | | | |
40 60 80 100 120 140
gyration
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0.11
0.13
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Window one and a half cycle of the time signals:

Parameter o] = 2128 oy = 21-3( ®o3 = 2131 04 = 27133

®O0g = 2745 o5 := 27m-3(
Arrival Time (AT):

AT := (0.0505 0.0475 0.0535 0.049 0.046 0.0465 0 O)T

10 s
R =110 . -1 if 0<t< —
Ceﬂ(( ATp “ W (t,mo) |cos (coo t) | 1 t

— _p i . o
tpp = 00005 0.000:

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind := | for pel..6
for iel.. N
ampl; , < wp (i-0.0005~ tp,, , wop )

ampl

(p

Fourier Transform of the Windowed Signals: FTW ™" := CFFT ((Twind<p> ~signalpD
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0.011~
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| | Gyraton 140
=0.04[~ | | -
| |
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Magnitude

200 300 400 500
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Calibration of the small difference in length:
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Peak-to-Peak (PTP) value of the windowed signals (ws) :

j = 80.. 12¢ k := 80.. 1172 m = 80.. 127 n:= 80.. 115 0:=80.. 111
ws40 j = signal40; ws140,, := signal140, ws100,, := signal100,
ws60y = signal60y ws80y := signal80, ws120, := signall120,
PTP40 := max(ws40) — min(ws40) PTP60 = max(ws60) — min(ws60)

PTP80 := max(ws80) — min(ws80) PTP100 := max(ws100) — min(ws100)

AAARAAAAAAAAA

PTP120 := max(ws120) — min(ws120) PTP140 := max(ws140) — min(ws140)

Calibration of the small difference in length:

gyration := (40 60 80 100 120 140)T

PTP vs. Gyration

0.5

0.203)
0.244
0312
0.345
0.394
0.454)

PTP PTP =

“40 60 80 100 120 140
gyration

224



Maximum Area in Frequency Domain for the Windowed Signal (MA):

300 |FTWu’p|
N-0.0005

p=1.6 -
MAL, =

u=1

Calibration of the small difference in length:

MA vs. Gyration

3.5

1.335)
1.66
2.005
2355
2.656

| | | | 3.033)
40 60 80 100 120 140

gyration

MA2 =
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Maximum Magnitude in Frequency Domain (MM):

p=1.¢ MM, = max(|FTW<p>|)

Calibration of the small difference in length:

MM vs. Gyration

0.2
MM20.15[ .
[Sacac]
01 | | | |
40 60 80 100 120 140
gyration
Summary
I _—
/
)2’
PTP //
maxPTP) ( < x* i
0.8 / .
MA of =
max MA) -
XX -~
MM (gl o -
- / i
maxMM) g ‘
BHE8
04 | | | |
40 60 80 100 120 140
gyration
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Appendix B
Relationships between Wave Characteristics and Dynamic

Moduli at 0.1 to 25Hz Loading Frequencies
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Figure B-1: Wave characteristics vs. dynamic moduli at 25 Hz loading frequency
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Figure B-2: Wave characteristics vs. dynamic moduli at 10 Hz loading frequency
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Figure B-3: Wave characteristics vs. dynamic moduli at 5 Hz loading frequency
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Figure B-4: Wave characteristics vs. dynamic moduli at 1 Hz loading frequency
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Figure B-5: Wave characteristics vs. dynamic moduli at 0.5 Hz loading frequency
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Figure B-6: Wave characteristics vs. dynamic moduli at 0.1 Hz loading frequency
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Appendix C

Signals in Time and Frequency Domains for Slab 1
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Figure C-1: Ultrasonic testing configuration of HMA slab 1
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Figure C-3: Full signals in time and frequency domains received along the Line x2 y2
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Figure C-3: A pair of signals in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure C-4: A pair of signals in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)

236



Amplitude (V) Amplitude (V)

Magnitude

Time signal windowing

1
fs2_r1 (joint-free) I
02 pommalized oo [\ )
-0.6 ; _
w2
G F
“lary ———
2.2 ..
fs2 Rz (joint)
normalized |
-3
0 0.05
Time (ms)
Windowed signals
0.5 T
Ssare
----------------------------- 0261
0.2~ (joint) 7]
—0.1
—0.4
(joint-free)
o N 0793 ]
-1 ]
0 0.05
Time (ms)
Spectra of signals
0.015 7
35,156 ' '
b
I~ N oo 0.012
0.0113[~
Fsori
(joint-free)
0.0075 ]
Fsoro
0.0037F -, "N_" /N "~~~ 3.684% [0~ Es
0 al 1
0 33.203 100 200
Frequency (kHz)

Magnitude

Amplitude (V)

Amplitude (V)

Time signal windowing

=1 S

[s1_rz (joint-free) I
normalized

-0

fs1_ri1 (joint)

normalized |

-3

0 0.05

0.005

0
0 33.203

Time (ms)

Windowed signals

Time (ms)

Spectra of signals

200

Frequency (kHz)

Figure C-5: P-wave analyses in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure C-6: R-wave analyses in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure C-7: A pair of signals in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure C-8: A pair of signals in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure C-9: P-wave analyses in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure C-10: R-wave analyses in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Appendix D
Fourier Transmission Coefficient (FTC) vs. Frequency

for Slab 1

243



600mm

400mm 400mm
T -
i ¥
i =
vl g |2 gl =
£ £
! Q & =
| .
i "
170mm | 120mm »n O
1 u
i R3 ‘$—— S3
' C Ly c
2 ) 5 Set2 §
60.83mm 62.44mm | *
() 2 C_J 1:;;)112
1 4 g
Setl £
63.01lmm 60.36mm L &
0 ) 3 RI () J9 S1
' 67.6mm osmm
i g -
x1, E [x2 = Joint
Linexiyl = i 3 | <— Linex2y2 g —

O (1lin. plate) Accelerometer location

O (1in. plate) Source location

Figure D-1: Ultrasonic testing configuration of HMA slab 1
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246



Appendix E
Wavelet Transform Using Morlet Wavelet for Slab 1

- Measurements on the Jointed Surface
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Figure E-1: Ultrasonic testing configuration of HMA slab 1
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Figure E-2: Wavelet transform of set 1 measurements using Morlet wavelet at the
dominant frequencies of full signals (Morlet center frequency of 21.484 kHz for fs; ri;

19.531 kHz for fs» ro; and 25.445 kHz for both fs; r» and fs1 r1)
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Appendix F
Wavelet Transform of Signals

Using Mallat’s Algorithm for Slab 1
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Figure F-1: Ultrasonic testing configuration of HMA slab 1
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Figure F-3: Frequency content at a given scale from Figure F-2
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Figure F-5: Frequency content at a given scale from Figure F-2
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Scales

Figure F-6: Wavelet transform of signal at location 2 in Line x1 y using Mallat’s

algorithm
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Figure F-7: Frequency content at a given scale from Figure F-6
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Figure F-8: Frequency content at a given scale from Figure F-6
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Figure F-9: Frequency content at a given scale from Figure F-6
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Figure F-11: Frequency content at a given scale from Figure F-10
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Coefficients at 5C =70
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Figure F-12: Frequency content at a given scale from Figure F-10
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Figure F-13: Wavelet transform of signal at location 4 in Line x1 y using Mallat’s

algorithm
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Figure F-14: Frequency content at a given scale from Figure F-13
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Arnplitude

Figure F-15: Frequency content at a given scale from Figure F-10
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Figure F-16: Frequency content at a given scale from Figure F-10

Coeficients at SC =57 4

15 2 2.5 3 35

Time [sec]
Freguency = 26614.577

0.1

0.04

—_

4 ] B
Frequency [Hz]

Coefiicients at 5C = 45

264

1 1 1 1 1 1 1
a 0.5 15 2 25 3 35 4 4.5 5
Tirne [sec) wo
Frequency = 33451.349
1 1 I i i i
1 3 4 5 G 7 g
Frequency [Hz] " 1EI4




7 Import Data

2k
Iy ~
Time
£ y_02
2 v 03
= v_04
=
y_059
& y_06
vy 07
v 08 ¥
1 1 1 1 1 1 1 1 1
0 He-005 00001 000015 00002 000026 00003 000035 00004 000045  0.0005f wy| oT |
2841 Wavelst
: IMorl j J
225.69
Scale
Mi I Mj
20328 2 o1 256
177.87 1] Mg
1 x 1024 |
152.46 1024) ¥
o Colorstion Mode
o
g 127.05 | Mosalute value and &1 . j
101.64 Colormap
Freguency
He-005 0.0001 000015 00002 000025 00003 000035 00004  0.00045 00005 Close

Time [s

Figure F-17: Wavelet transform of signal fs; ri through the joint-free

Mallat’s algorithm
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Figure F-18: Frequency content at a given scale from Figure F-16
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Coeflicients at 5C = 41
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Figure F-19: Frequency content at a given scale from Figure F-16
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Acceleration signal of AB

Import Data
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Figure F-20: Wavelet transform of signal fs, r> across the joint using Mallat’s algorithm
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Figure F-21: Frequency content at a given scale from Figure F-20
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Coefficients at 5C = 72
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Figure F-22: Frequency content at a given scale from Figure F-20
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Figure F-23: Frequency content at a given scale from Figure F-20
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Figure F-24: Wavelet transform of signal fs; ro through the joint-free surface using

Mallat’s algorithm
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Figure F-25: Frequency content at a given scale from Figure F-24
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Figure F-26: Frequency content at a given scale from Figure F-24
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Figure F-27: Frequency content at a given scale from Figure F-24
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Figure F-28: Wavelet transform of signal fs; r; across the joint using Mallat’s algorithm
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Figure F-29: Frequency content at a given scale from Figure F-28
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Figure F-30: Frequency content at a given scale from Figure F-28
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Figure F-31: Wavelet transform of signal fs; r3 through the joint-free

Mallat’s algorithm
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Figure F-32: Frequency content at a given scale from Figure F-31
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Figure F-33: Frequency content at a given scale from Figure F-31
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Figure F-34: Frequency content at a given scale from Figure F-31
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Figure F-35: Wavelet transform of signal fs3 ro through the joint-free surface using

Mallat’s algorithm

Amplitude

Coefficients at 5C = B3

1
2.4 3

0.5 1 1.5 2 35 4 4.5 &
Time [sec] % 1EI_4
Frequency = 22952.0205
L 1 1 ! Il | L L
0 1 2 3 4 5 = 7 g 9 10
Frequency [Hz] i 104

Figure F-36: Frequency content at a given scale from Figure F-35
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Coefficients at 5C = 47
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Figure F-37: Frequency content at a given scale from Figure F-35
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Figure F-38: Wavelet transform of signal fs3 r3 across the joint using Mallat’s algorithm
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Figure F-39: Frequency content at a given scale from Figure F-38
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Appendix G
Signal Processing for Slab 1
- Lines X1-Y1 and X2-Y2, Set 1 and Set 2

This appendix is a PDF file available in the Appendix CD.
The file name of this PDF file is “Appendix G - Signal processing for Slab 1.pdf”.
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Measure Slab 1 using 1MHz P-wave Transducer as the transmitter
and 50kHz accelerometer as the reveiver:

Pulse receiver and filter parameter setting
Pulse Rep. Rate: 2 Filter setting: |20db mput
receiver |Energy:4 10db output
setting: |Atten. (dB): 0 180 cutoft frequency

GAIN (dB): 40 Accelerometer |[Resonant frequency > 40 kHz

Damping: 4.0 (PCB353B65) |sensitivity 100mV/g

Mode: 2 setting:
Oscilloscope setting: Sampling Rate At: 20us 1000 Points in Total

10 . N u

Index N:=2 i==1.N ui=1.. 5 ORIGIN =1 fly = ———

N-5-10
all :=

)

<J>) signal<J> = all” —avg)

avgy = mean(all

Definition of full signal:

Line x1y1: position! == signal®  position2 = signal ”
Line X2 y2: position3 := signal<1> position4 := signal<2>
Setl S2 R2 := signal<5> S2 Rl := signal<6>
S1 Rl := signal<7> S1 R2:= signal<8>
Set2 S2 R3 := signal<9> S3 R2 = signal<10>

S3 R3 = signal '

Definition of front part signal:

(13 (14

Line x1 y1:  position]_front := signal position2_front := signal
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Analyses of the full time signals:

Parameter p:=1.12 ®op = 2m-1.0: o1 = 271-1.04 oy = 2m-1.1
o4 = 2m-1.1- ®og = 21-1.07 o5 = 2m-1.0¢ ®o7 = 2m-1.0¢
®Oog = 21-1.0¢ o170 == 2m-1.07 o1 == 2m-1.07

Arrival Time (AT) of the signal: ®og := 21-1.0%

AT :=(0.015 0.041 0.015 0.044 0.03 0.032 0.037 0.032 0.03 0.03 0.03 0.02 O)T

AT “ Wp(t,(DO) = 10|cos ((Do.t)SOOO - 1| if 0<t< I
— i b ®O
tpp = cell((

—)) -0.000¢

0.0005 .
0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind := | for pel..12
for iel..N
amplj p < wp (i~0.0005— tpp (x)Op)

ampl

Fourier Transform of the Windowed Signals: FTW<10> := CFFT ((Twind<p> ~signa1<p>j)

Windowed Signals: P; , := Twind; p-signalj p

u FTW
SectumAres Wi,y Y Lol
> -0.0005
u=1
o 5 W, _siem”
Normalize each signal: maxSiganly := max |signal | SINGAL™ = T
maxSiganly
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Amplitude (V)

Amplitude (V)

Magnitude

Line x1 y1- Locations 1 and 2

Vp = 2524 m/s

Location 2: normalized to 0.074

326

Time (ms)

Location2|
|

' 0.0458

0.02

0.04 0.06 0.08

Time (ms)

0.2~
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0.1
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0 I — I
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Frequency (kHz)
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Amplitude (V)

Amplitude (V)

Magnitude

Line x2 y2 - Locations 4 and 5

Vp = 2800 m/s

Location 5 normalized to 0.

132

Time (ms)
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-0.5 Location4

|
|
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|
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|
I |
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0.4 ;
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0 2539 50 60.54" 100 150 200

Frequency (kHz)
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Damping ratio @ 24kHz  fie = 24

-1
2nfre-61 0.177
For location 1 & 2 L\ -ln(—\ =0.37
2.775% 10°) 0.052
anfre-61 ). (0.351
For location 3 & 4 _ -ln('—) = 0316
2.775% 10°) 0.123
mfly-61) "
Damping analysis for full signals: ADLy = | —————
2.775% 10°)
0.5
0.4 -
2
g
on
=
=
£
]
=]
Frequency (kHz)
Locations 3 and 4
I I I
0.4 -
g
E
on
£
g o2f .
]
a
0 | | | | | |
30 40 50 60 70 80 90 100

Frequency (kHz)
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Analysis of joint - Set 1 f s2 -R1 (joint-free) & f s2 _R2 (joint)

fs2 R1 (Jloint-free)
normalized to 3.454
_ 0
Z
%]
=
Z e
'i iml g
E 2 .
<«
fs2 Rz (oint)
-4 | | | normahz«?d to 0.469
0 0.1 0.2 0.3 0.4
Time (ms)
02 21];484 60'1;547
016 ikH2 i kH:z _|
s | - -----fig2 pyGointefree) ________ 0:13247
E 0.121~ : I
§
‘E‘ 0.08 =
0.04 0.039]
0
100
Frequency (kHz)
. <5>) : ( <5>)
. Joint ma (P — min\P
PTP ratio: i =0.223

No — Joint max(P<6>) B min(P<6>)

Maximum Area for the Windowed Signal (MA):

Joint MAjo, 5
No — Joint MA100’6

= 0.308

Maximum Magnitude in Frequency Domain (MM):

Joint 0.039

_ MM1 = — _
No — Joint 0.132 MMI = 0.295
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Amplitude (V)

Magnitude

PTP ratio:

|
[\

-4

0.05

f 81 -R2 (joint-free) & f §1 -R1 (joint)

I
fs1 R2 (ointifree)
normalized to 1/.88

4
i
4
i
i

A

PR

/81 R1 (oint)
normaliFed to 1).55

0.1 0.2 0.3 0.4
Time (ms)
' 25;391 60'1;547
iLkHE | kHz
Fs1 R2

(joint-free)

20 40 60 80 100
Frequency (kHz)
Joint max(P 7>) - min(P<7>) 0%
No — Joint max(P<8>) - min(P<8>) e

Maximum Area for the Windowed Signal (MA)

Joint

No - Joint

MAjgo, 8

MAjq0,7
= 0.842
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Transmission Coefficient (TC) TCy = /

[FTWy 5| - [FTWy 4|

|FTWu,6| -|FTWu’8|

FTC

10

20 30

40 50 60 70

Frequency (kHz)

FTC

10

20 25 30

Wavelength/3 (mm)

Damping ratio @ 23kHz

f 52 -R1 (joint-free)
& fs2-R2 (joint)

f 51 -R2 (joint-free)
&fs1-R1 (joint)

[
[

1352 )

2nfre ~95\_ 1‘
1352 )

onfre-95) !

fre = 22.9¢
1n(L\ = 0.12
MM1 )
-ln(;\\ =0.019
MM2)
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. ] . 2n f1y-95
Damping analysis for full signals: ADLy = (—1322 )
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20 30 40 50 60 70
Frequency (kHz)
0.1 T
21 2%mm EREI
0.08 Wl 7
° =1 |2
; i =
£ 0.06 - ]
;én R 31 |
o= —
g- 0.04[
]
a
0.021 ]
0 : : I I
20 30 40 50 60 70
Frequency (kHz)
0.1 I
0.08 ]
2
=
S 006 ]
on
£
g- 0.04 y
<
a
0.02 ]
0 : : I I
20 30 40 50 60 70
Frequency (kHz)
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Damping analysis for full signals - using spectrum area:

Damping ratio

Damping ratio

0.1

0.08[~

0.06

0.04

0.02

0
30 40

50 60 70

Frequency (kHz)

80 90

0.1

0.075[~

0.05[~

0.025[~

Setl

S

30 40

50 60 70

Frequency (kHz)
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Analysis of joint -SET 2  f S2-R3 (joint-free) & f 52 -R2 (joint)

I
fs2 rR3 (_]loint-free)
normalized to 2.17B
0
S :
@ i
= T z
= 1 2
= {
g 2
<«
f S2 R2 (joint)
normalized] to 0.76p
-4 | ] ]
0 0.1 0.2 0.3 0.4
Time (ms)
0.09 60'1;547
i
0.072(  kHz -
32 R3
-qs; 0054 (joint-free) _
=
on
§ 0.036[ ! =
0.018F : —
0 . —
0 20 40 60 80 100
Frequency (kHz)
PTP ratio: Joint max(P<5>) - min(P<5>) _ 0354
No — Joint max(P<9>) B min(P<9>)

Maximum Area in Frequency Domain for the Windowed Signal (MA):

Joint MA00,5
No — Joint MAIOO,9

= 0.448
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f s3 -R2 (joint-free) & f §3 -R3 (joint)

I
/s3 R2 (joint-free)
normalized to 2.(016
0
z
D
=
2
=
] -2
<
fS37R3 (joint)
normaliz?d to 1.381
-4 | |
0 0.1 0.2 0.3 0.4
Time (ms)
' 25;391 60'1?547
'kHz i kHz
: !
3 i
E F i
- |
‘S 0.05 S S3R2 | ]
o (joint-free),
2 !
0
0 20 40 60 80 100

Frequency (kHz)

PTP ratio: Joint max(P<“>) - min(P<11>)

No - Joint maX(P<1o>) B min(P<10>) = 0089

Maximum Area in Frequency Domain for the Windowed Signal (MA):

Joint MAjo, 11
No — Joint MAIOO, 10

= 0.682
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Transmission Coefficient (TC)

|FTWu,5| -|FTWu’ 11|

TCu:= / [FTWy o -[FTWy. 10|

FTC

10 20 30

40 50

Frequency (kHz)

60 70

FTC

20

Wavelength/3 (mm)

Damping ratio @ 23kHz

Af/x%\/:: 23'4‘

f 52 _R3 (joint-free) 2nfre'95\_ 1
& f 52 -R2 (joint) 552 )

~ln( ! \=0.054
M

M1)

-1
f 53 R (joint-free) 2nfre-95)
& f 53 -R3 (joint) 1352 )

2nfre-95) !

For the set .
1352 )

ln( ! \\=0.025

MM2

AP
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B3 %5mm 53

Setl

ERTI

@
\ E !



Damping analysis for full signals:

Damping ratio

Damping ratio

Damping ratio

mfly-05) !
Aq)lu = W}

0.2

0.16

0.12

0.08

0.04

Frequency (kHz)

0.15

0.121~

0.091~

0.06]~

0.03]~

50 60 70

Frequency (kHz)

0.1

0.08

0.06

0.04

0.02

30

70

Frequency (kHz)
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Damping analysis for full signals - using spectrum area:

0.1 T
R} 9%mem 33
i
L L .
o 0075 . I
< P
= ]
g 005 i R
= —
£ \
[
2 0.025[ -
0 | | | | |
30 40 50 60 70 80 90
Frequency (kHz)
0.05 T 1
—
0.04 RI %mm T |
g :
=
= 0.03
0
= h -
g 002F = *
]
a
0.01~
0 | | | | |
30 40 50 60 70 80 90
Frequency (kHz)

295



Wavelet transform - for dominat frequency in full signals of set 1, deifferent center
frequency for 4 signals defined by "aX"; Time shift by "t".

1

2.aAC-5-10" 4
aAB:= 51.. = 19.531 kHz aDC := 39.-
2-aAB5-10 4
Definition of Morlet wavelet t=1.N
L. - -1 \2
o Ry AC)
f32 R1 (oint-free) w_ACi = aAC “|e 2 e a
N2
1 - _
—— | (”C—l) _1.(‘[ 1)
fs2 Rz (joint) w_ABi . = aAB 2. e aAB e aAB
1. —-=n . r—i\z
= J.E.(t_) _1 o5
fs1 R2 (oint-free) w_DBi = aDB “ e 2 e a
1{ . -= . r—i\z
- J.R.(t_) _1 >C)
fs1 riGoint)  w DC, :=aDC “e a . a

Wavelet transform

/s2 Rl
(joint-free)

WAC = Z (w_ACi’t-ACi)

i

WAC := |WACT|

WDB_:= Z (w_DBi’t-DBi)

i

/s1 RrR2 .
(joint-free) (joint)
WDB = |WDB|

T T

296

/S1 R1 WDCT =

= 25.445 kHz

2-aDB-5-10"

= 25445 kH:

2.aDC-5-10"

WAB = |WABT|

Z (w_DCi’ . ~DCi)

i

WDC_:= |WDCT|



f s2 -R1 (joint-free) & f §2 -R2 (joint)

' I
/32 R1 (oint-free)
; normalized to 3.454
0 .
: fs2 Rz (oinpt)
= ! normalized to 0.769
2 i
= :
= i —_—
g- ! 3 #Fem B2
< ' Wavelet transform
°r w (joint ; 56{] %
S2 R1 Wsa R I
(joint) u ;i
0 0.1 0.1% 0.2 0.3
Time (ms)
N I I
0'|11:01 fs1 R2 (jointifree)
W .
0 "
fs1_Rr1 Goir)
2 } normalized to 1|55
< ;
g h 3 $mm A2
= I oL
5 ;: Wavelet transform sl |2
_5 — ‘: ' (=1
w (joint-free) '
S1 R2 ‘;:n WSliRl N S
Y (joint) ‘
L —t
0 0.1 0.2 0.3
Time (ms)
Amplitude ratio
max(WAB) max(WDC
(WAB _ 1204 ( ) _ 0816 max(WAB) max(WDO) _ .,
max(WAC) max(WDB) max(WAC) max(WDB)
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Wavelet transform - for dominat frequency in full signals of set 2, deifferent center
frequencies for 4 signals defined by "aX"; Time shift by "z".

1 1
aAC2:= 4267 ————— =23436 kHz aD2B := 39.: —_— 05445 kH:

2-aAC2:5-10" 4 2.aD2B-5-10"

1 1

aAB:= 51. — = 19531 kH: aD2C2:= 392 ——— = 5445

2.aAB5-10° 4 2.aD2C2-5-10 4
Definition of Morlet wavelet t:=1.N

1| . —=x T
YN Acz'(r_) _1'( Acz)

fs2 R3 Goint-free)  w_AC2, = aAC2 " e a a

f's2 R2 (joint) w_AB. _=aAB " e

fs3 Ra (oint-free) w_D2B, :=aD2B e *P?P

Y (r—i).—l-( i )

j :
/83 R3 (joint) w_D2C2. :=aD2C2 2|, ab2C2 aD2C2)

Wavelet transform

fsaR3 WAC2 = Z (W_ACZi,T-ACZi) ' O’: SSJU WAB_:= Z (w_ABi,T~ABi)
(joint-free) i :
WAC2 = |WACZT| WAB = |WABT|
fs3 Ry  WD2B =) (w_DZBi,T-DZBi) (ij; 1511361‘3 wD2C2 =" (W—D2C2i,r'D2C2i)
(joint-free) i :
WD2B = |WD2BT| wD2C2_:= |WD2C2T|

298



f s2 -R3 (joint-free) & f s2 _R2 (joint)

[ I I
fs2 R3 (joint-free)
normalized to 2.173
0 '
S 5 /s2_R2 (joint
Deg b ormalized to 0.769
= :
2 '
= | R fimem 83
g ! t i
< L WSE_RB (joint-ifree)wavelet transform iuc:l E
- W's2 R2 :
(joint) 5= =
0 0.1 0.1% 0.2 0.3
Time (ms)
f 83 -R2 (joint-free) & f §3 -R3 (joint)
¥, I I
0.:191 fs3 R2 (joint-f‘ee)
| normalized to 2.016
0 [
} /'$3_R3 (oint)
E a normalized to 1.381
3 £
] h
= n —_—
= K R g m |
5 L Wavelet transform :::_|_
S W g3 Ro (joint-free) L -
: Ws3 R3 I
' (joint) =
: } —_— =]
0 0.1 0.11 0.2 0.3
Time (ms)
Amplitude ratio
max(WD2C2
max(WAB ( ) _ 0.714 max(WAB max(WD2C2) _ 06
—— =10575 max(WD2B) max(WAC2) max(WD2B)

max(WAC2)
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Window the P-wave portion of the time signals - set 1:
Parameter p:=1.1:2 0Oop = 21-16.: o5 = 2m-13.5 o7 = 21-16.5

o711 == 2mn-15.¢ wog = 2m-17.5 o9 = 27-14 ®o1( = 2m-15.5
Arrival Time (AT) of the signal:
AT = (0.02 0.042 0.015 0.045 0.03 0.032 0.037 0.032 0.033 0.033 0.035 0.02 0)T

) . (( ATp \\ Ayg}:;v(t,(oo) = 10|cos((oo-t)10 - 1| if 0<t< I
tpp = ceil

m)) -0.000: o
’ 0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind := | for pel..12
for iel..N

amplj p < wp (i-0.000S —tpp. wop)

ampl

Fourier Transform of the Windowed Signals: FTW<p> := CFFT ((Twind<p> ~signa1<p>j>

Windowed Signals: Pi,p = Twind; p, -signal; p

Y
Spectrum Area: MA, p = L] 4
P E
N-0.001
u=1
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f s2 -R1 (joint-free) & f §2 -R2 (joint)

Amplitude (V)

Amplitude (V)

Windowing P-wave portion

f S2 Rl (jo%nt-free)

Time (ms)

Windowed portions in time

Time (ms)

Amplitude (V)

0.261

Amplitude (V)
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fs1-R2 (joint-free) & f s1 -R1 (joint)

Windowing P-wave portion

fs1 rR2 doint-fr e)

Time (ms)

Windowed portions in time

Time (ms)



Transmission Coefficient (TC)

: :\/|FTWU,5| |JFTWy 7|
|[FTWy ¢ - [FTWy 5

0.4

0.32

0.24

FTC

0.16

0.08

3C
Frequency (kHz)

0.4 T

0.241~

FTC

0.16

0.08]~

15

20 25 30

Wavelength/3 (mm)

Damping ratio @ 36kHz

onfre-95) !

& f g9 _po (joint)
S2-R2 2775)

f s2 -R1 (joint-free) (

f s1-R2 (joint-free) (anre 95\

&fs1-R71 (joint) 2775 )
For the set (Mfre 95\
2775 )

Damping ratio

fre := 36.1: Based on Spetrum Area
-1
1 2nfre-95) MA300.6 )
=0.152 n| ——— = 0.157
M 2775 ) MAgg,5 )
-1
1 2nfre-95) MA300. 8 )
=0.156 — = | ———= =0.182
M 2775 ) MA3g 7)

= 0.154 v MM2-MMI1 = 0.302
MM2 MMl
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-1
. . . 2n fl,-95
Damping analysis for full signals: ADL, = 2ty 95 )

2.775% 10°)

1
0.8~
2
=
= 0.6
on
g
g 04
]
a
02
0
0
Frequency (kHz)
1 I
0.8 31 9%mm R2
s Eo
- . 3
S o6 g
on
=
g o04r
]
a
02
0
0

Frequency (kHz)

Damping ratio

Frequency (kHz)
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Damping analysis for full signals - using spectrum area:

1
0.8~
S
=
~ 0.6
&0
£
= -
g 0.4
<
(=]
0.2~
0 | | | |
0 20 40 60 80
Frequency (kHz)
1
$1 9%mm R
o 075 oL T
= gl |2
= wooE
w — I'I —_
-E 0.5 &1 s |
£ S E—
<
| o025 n
0 | | | |
0 20 40 60 80
Frequency (kHz)
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Window the R-wave of the time signals:
Parameter p=1.12 0op = 21-24.: o5 = 27-14 o7 = 21 17

o171 == 2m-15.2 wog = 2m-14 o9 = 27m-14 o010 = 2m-15.5

Arrival Time (AT) of the signal:

AT = (0.02 0.042 0.015 0.045 0.066 0.061 0.066 0.06 0.033 0.033 0.035 0.02 O)T
10 . T
AT “ WB(t,(DO) =110 cos(coo-t) -1 if 0t —
) . p ) ®o
tpp = ceil| | ———,-0.000!
0.0005) )

0 otherwise
Define Time Window (Twind) to amplify the arrival of the signals:

Twind := | for pel..12
for iel..N
amplj p < wp (i~0.0005— tpp (x)Op)

ampl

Fourier Transform of the Windowed Signals: FTW<p> := CFFT ((Twind<p ) -signa1<p >j)

Windowed Signals: Pj p = Twindj p,-signalj p

u
Spectrum Area: MAy,p = Z %

u=1

305



f s2 -R1 (joint-free) & f §2 -R2 (joint)

Amplitude (V)

Amplitude (V)

Windowing R-wave portions

0.241

—0.82

—1.88

—2.94

I
/s2 R1
(joint-free)

-4

Time (ms)

Windowed portions in time

1 | | |
"""""""""""""""" 0.83]
0.68[~ fSE_Rl ]
(joint-freg)
036 - - - oo =]
fSZ_R2 0323
028 ___ N 399
""""" N T B (X X
—0.6
0.04 0.06 0.08 0.1
Time (ms)
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Amplitude (V)

Amplitude (V)

0.16= _,./__\__

—0.88
—1.92
—2.96

-4

Windowing R-wave portions

N
(joint-free)

Time (ms)

Windowed portions in time

Time (ms)



Transmission Coefficient (TC)

|FTWu,5| -|FTWu’7|

u--

|

|FTWu,6| -|FTWu’8|

o
i
=
0 | | | | T
20 40 60 80 —
3( ol
Frequency (kHz) S ;
L 51
A—
1
0.8~
o 06 .
[
=
0.4 .
0.2~ .
0 | | | |
5 10 15 20 25 30
Wavelength/3 (mm)
Damping ratio @ 36kHz  fic = 356
f 52 -R1 (joint-free) 2rcfre-95\\_1 I 1) 0.012
. . ‘Inf —— = .
&f 52 -R2 (joint) 1352 ) MM1 )
fs1-Ro(ointiee) (omfre-05\"' (1 ) _ o
. . . n — = .
& fs1-R1 (oint) 1352 ) MM2)
-1
For the set (Mfre.%\ “In| ;\ = 0.022
1352 ) MM2-MM1
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-1
. . . 21 f14-95
Damping analysis for R-wave signals: ADy, = 2nfles |

2.775% 10°)

0.4 T

0.32 -_— .

0.24

AETT

0.16]~ o a1 -

Damping ratio

0.08]~ =

20 40 60 80

Frequency (kHz)

0.4

0.321~ -

31 9%mm Rl

0.24

I TTRIT

0.16

Damping ratio

0.08

60 80

Frequency (kHz)

0.4

0.32

0.24

0.16

Damping ratio

0.08

10 20 30 40 50 60 70 80

Frequency (kHz)
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Damping analysis for R-waves - using spectrum area:

Damping ratio

Damping ratio

0.1

0.08]~

0.06]~

0.04]~

0.021~

0
30

40

50 60

Frequency (kHz)

70

80

90

0.1

0.075[C

0.05[~

0.025[~

Sl

i

30

40

50 60

Frequency (kHz)
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Wavelet transform - for dominat frequency in P-wave portion of set 1,

frequency for 4 signals defined by "aX"; Time shift by "t".

aAC = 28.4« =35.162  kH: aDB = 23.2"
2:aAC-5-107 4
aAB:= 30.1: = 33.201 kH; aDnC = 30.1
2-aAB5-10 4
Definition of Morlet wavelet t:=1.N
f32 R1 (oint-free) W_ACi L= aAC Zle aAC aAC)
2
1 - —
- (’C—l) _1.(‘[ 1)
fs2 rR2  (joint) w_ABi . aAB 2, e aAB e aAB
1| . —-= r—i\z
"2 | "B S DB)
fs1 R2 (oint-free) W_DBi L= aDB “.|e 2 e a
1| . —-= r—i\z
“2| "anc (=) -1 DC)
fs1 RriGoin)  w DC, :=aDC e a a

Wavelet transform

/s2 R1

7S WAC :=
(joint-free) T

Z (W—Aci, T 'Aci)

i

WAC = |WACT|

fs1 RrR2
(joint-free)

WDB_:= Z (w_DBi’t-DBi)

i

(joint)
WDB := |WDBT|

310

=49
2.aDB-5-10" %
=332
2.aDC-5-10~
WAB := z W_AB, _

fs1 R1 ._
Rlwpc_ = Z w_DC,



f s2 -R1 (joint-free) & f s2 _R2 (joint)

' ‘ I
- 0083 fso Ry (oint-ffee)
Ny normalized to 3.454
0 ) |
: i fS2_R2 (joint)
> Y normalized to 0.769
3 oA
= .
= . —_—
g- L 2 #em R
< b Wavelet transform
T /4 - joint-free) 5"7:] %
sz?Rl | s r2 :
! L Lo ey e
0 0.0¢ 0.1 0.2 0.3
Time (ms)
f s1-R2 (joint-free) & f s1 -R1 (joint)
U0 ( I I
 0.0b5 fs1 R2 (joint}free)
R AW PSS L.l
0 . 4
e /'s1_R1 Goint)
2 N normalized to 1|55
< P\
g VY 31 S%mm RI
& - 1L
5 Do Wavelet transform el |3
RN Lo L0
WSI_R§2 (]Plnt-free) WSI_R] a1 a0
v (joint)
m |
0 0 07,_0.1 0.2 0.3
Time (ms)
Amplitude ratio
max(WAB) max(WDC
max(WAB) 0258 max(WDC) 1314 max(WAB) max(WDC) _ 0,583
5—-4363 max(WDB) 5-4.363 max(WDB)
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Wavelet transform - for dominat frequency in R-wave portion of set 1,
center frequencyfor 4 signals defined by "aX"; Time shift by "t".

aAC = 20.4¢

ARAAARA/ = 48.828 kHZ AAAAA]%\/:: 34.1- =293
2-aAC-5-10 4 >.aDB-5-10~
1
aAB:= 34.1: =293 kH3 aDC ‘= 28 4 351
2-aAB5-10* 2.aDC-5-10" 4
Definition of Morlet wavelet 1:=1..N
1 -n T \
1 vl AN eovd
fs2 R] (oint-free) w_ACi = aAC ‘e @ a
L. - . -1 \2
2 e )
fs2 Rz Goint) w_AB :=aAB e a e \3ABS
1 - . r—i\z
2| 7as ™ )
fs1 R2 (oint-free) w_DBi = aDB ‘e @ a |
1 -T i)
3| et {3
fs1 riGoint)  w_DC, :=aDC ~|e ° a

i,

Wavelet transform

/s2 R1
(joint-free)

WAC_ = Z (W_ACi’T~ACi)

i

WAC_:= |WACT|

/s1 R2
(joint-free)

WDB_:= Z (w_DBi’t-DBi)

i
WDB := |WDBT|

312

JS2R2 R - Z(W_AB. :
(joint) T - LT
1

WAB := |WABT|

_]TSl—Rl WDCT = Z)W_DCLTD
(joint) i

WDC_:= |WDCT|



f s2 -R1 (joint-free) & f s2 -R2 (joint)

' ‘ I
E 09‘96 fsz R1 (ioint-ﬁ‘ee)
: i normalized to 3.454
0 AV
P fs2 Rz (oitft)
S A normalized to 0.769
3 Jo\
= !
= i ! —_—
g- : ‘ 2 #em R
< . | Wavelet transform
-5 : ! sl |2
W gy r1 (joint-free) R
sz_:m ¢ Ws2 Rr2
' 1 (joint) u -
i d !
0 0.0¢ 0.1 0.2 0.3
Time (ms)
f 81 -R2 (joint-free) & f §1 -R1 (joint)
AT I I
(?.:102 fs1 R2 (jointifree)
W 5
0 |
¥ /s1_R1 Goirft)
E : | normalized to 1|55
< b
£ v 5 S RI
E & L
5 v Wavelet transform sl (2
_5 — E | : (=1
Ws1 R2 (]Eo%nt-free) Ws1 RI N s |
o I
0 0 Op.l 0.2 0.3
Time (ms)
Amplitude ratio
max(WDC
max(WAB) ( ) = 0745 max(WAB) max(WDC) 047
m = 0.297 max(WDB) 5 —-4.366 max(WDB)
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Window the P-wave portion of the time signals-set 2:
Parameter p:=1.12 0op = 2m-16.! o5 = 2m-13.1 o7 = 271-16.!

o171 == 2m-15.8 wog = 2m-17.¢ o9 = 21-14 o710 = 2m-15.5

Arrival Time (AT) of the signal:

AT = (0.02 0.042 0.015 0.045 0.03 0.032 0.037 0.032 0.033 0.033 0.035 0.02 O)T
10 . T
AT “ WB(t,(DO) =110 cos((oo-t) -1 f 0t —
. 3 p i o
tpp = ceil| | ———,-0.000!
0.0005) )

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind .= | for pel..12
for iel..N

amplj p < wp (i-0.0005 —tpp, oaop)

ampl

Fourier Transform of the Windowed Signals: FTW<p> -— CFFT ((Twind<p> ~signa1<p>j)
Windowed Signals: Pj p = Twindj p, -signal; p

u
Spectrum Area MAy,p = z %

u=1
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f s2 -R3 (joint-free) & f s2 _R2 (joint)

Amplitude (V)

Amplitude (V)

Windowing P-wave portions

-2

Wnimin

/'s2 R2 (joint)
|

0.05

Time (ms)

Windowed portions in Time

08

3:

Time (ms)
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f s3 -R2 (joint-free) & f §3 -R3 (joint)

Amplitude (V)

Amplitude (V)

Windowing P-wave portions

T
f's3 R (joint-free)_ _

[T

-2

fS3_R3 (joint)

-3

0.05

Time (ms)

Windowed portions in Time

Time (ms)



Transmission Coefficient (TC) TCy /

0.4

0.36

0.32

FTC

0.28

0.24

0.2

04

0.37

0.34

FTC

0.3

0.27

0.24

[FTWy,s|-[FTWy 11

|[FTWy o| - [FTWy 1|

: | | | S—
40 60 80 —r—
3C by
Frequency (kHz) =0 |2
52 R
—
FTC for P-waves
. | | | |
E Vp = 2662 m’s
| | | | | |
20 30 40 50 60 70 80
Wavelength/3 (mm)
Damping ratio @ 33kHz £ .= 3271

f s2 -R3 (joint-free)

& f 52 -R2 (joint)

f 53 -R2 (joint-free)

& f 53 -R3 (joint)

For the set

ARARA/

316

27:fre-95\_1 1)
Inf——! =0
2775 ) MM1)
2nfre-95) \
775 ) In ( 2= 0.186
2nfre-95)

W)_l'ln(\/ MM2-MM] )



-1
. . 211495 )
Damping analysis for P-waves: ADLy = | ————

2.775% 10°)

0.8~

0.6~

Damping ratio

Frequency (kHz)
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Damping analysis for P-waves - using spectrum area:
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Original time signals analysis --
Window the 2 peaks of the original time signals of the set 2:

Parameter p=1.12 ®og = 271-9.¢ ®o1q = 2m-10.2 o5 = 21-9.2 ®o1] = 2m-9.6

Arrival Time (AT) of the signal:

AT = (0.02 0.042 0.015 0.045 0.03 0.032 0.037 0.032 0.033 0.033 0.035 0.02 O)T

. (( ATp \\ mt,mo) = 10|cos((oo-t)20 - 1| if 0<t< I
tpp = ceil

WOOS)} -0.000:! o
) 0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind .= | for pel..12
for iel..N
amplj p < wp (i-0.000S —tpp, (oop)

ampl

Fourier Transform of the Windowed Signals: FTW<ID> := CFFT ((Twind<p> -signal<p>D
Windowed Signals: Pj p = Twindj p, -signalj p

u FTW
Spectrum Area MAy,p = Z ﬁ

u=1
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Damping analysis for full signals: ADL, = —“\
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Damping analysis for R-waves - using spectrum area:
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Original signal analysis --
Window the front part of the original time signals of the set 2:

Parameter pi=1..11

AT = (0.02 0.042 0.015 0.045 0.053 0.032 0.037 0.032 0.053 0.052 0.053 0.02 O)T

o9 = 21-16.¢ o170 = 2m-17.€ o5 = 2m-17.% o1 == 2m-15.¢
Arrival Time (AT) of the signal:

ATy ) wplt.w0) = [10]cos(wo)® ~1] i 0z 1< =
o p Il . wplt, o) : 10| cos{wo-t If if 0<t<
tpp = Cell((O.OOOSU 0.000: ®0

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind := | for pel..11
for iel..N
amplj p < wp (i-0.000S —tpp, (oop)

ampl

Fourier Transform of the Windowed Signals: FTW<p> = CFFT ((Twind<p> ‘signal<p>j)
Windowed Signals: Pj p = Twindj p, -signal; p

u FTW
Spectrum Area MAy,p = Z ﬁ

u=1

322



|FTWu55| -|FTWu, 11|
|FTWu,9| -|FTWu’ 10|

u-—

Transmission Coefficient (TC) = TC ~—/

0.84 .
) 0.68 m
[t
=
0.52 I
0.36[ i 7
0n | | | | | | —_
0 10 20 30 40 50 60 70 3 f5ma 23
Frequency (kHz) a_li'ﬁ =
5O
22 B2
1
I
0.85I~ m
S 0.7~ I
[
>
0.54 /
0.39 —
024 | | | | | | |
10 20 30 40 50 60 70 80
Wavelength/3 (mm)

Damping ratio @ 34kHz  fic .= 34.1

f s2 -R3 (joint-free)
& f 52-R2 (joint) (

2nfre-95) : | (

o —) ~ 0164
2775 )

M1)

f 33 -R2 (ioint-free) (27:fre~95\_1 ( 1

2nfre-95 L)
&f 53 -R3 (joint) 2775 ) \mmz) 0.0%3

323



-1
. . . 2n fl,-95
Damping analysis for full signals: ADL = 2ty 95 )
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Damping analysis for full signals - using spectrum area:
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Wavelet transform - for dominat frequency in P-wave portions of set 2,
center frequency for 4 signals defined by "aX"; Time shift by "t".

1 1
aAC2:=32 ——————— =3125 kHz aD2B:= 284 ——————— = 35162
2-aAC2:510° 4 2.aD2B-5-10° 4
1 1
aAB:= 301, ——— =33201 kH: aD2C2 =32 —— =3125
2-aAB5-10° 4 2-aD2C2-5-10" 4
Definition of Morlet wavelet T:=1.N
1 - -1 \\
N ACZ( ) -t AC2)
/2 3 Goint-free)  w_AC2, = aAC2 a a
-7 T-1
| et ()
fs2 R (oint) W_AB. _=aAB " {e ° a

>

— 1. AT—1
fs3 R2 (joint-free) w_DZBi = aD2B e ab2B

— J .
fs3 R3Goin)  w_D2C2. :=ap2c2 le "¢ aD2C2)
Wavelet transform
TS2R3  wacy = Z(W_ACZ. -ACZi) JS2R2 R = Z(W_AB. -ABi)
(joint-free) T - LT (joint) T - LT
1 1
WAC2 = |WAC2| WAB = |WAB|
T T T T

/3 R2  wpoB :ZZ(W_DzB. ~D2Bi) /83 R3 wpoca I=Z)W_D2C2. D2
(joint-free) T LT (joint) T LT

i i

326



f s2 -R3 (joint-free) & f §2 -R2 (joint)

I
fs2 R3 (joint-fiee)
normalized to 2.173

L s R3 Goint-free) -

Amplitude (V)
[
[
=
8
=N
o
5
S
~]
[
O

E B3I Q%mm I3
t 1
: Wavelet transform i lf
W2 Rr2 i

(joint) 5= =

- 0.1 0.2 0.3

Time (ms)

f s3 -R2 (joint-free) & f §3 -R3 (joint)

I
7 fs3 R2 (joint-free)
normalized to 2.016

i Wavelet transform
-5 W g3 R2 (joint-free)

Amplitude (V)

I
=
o)
=
8
=R
o
3
"
x

Time (ms)

Amplitude ratio

max(WAB) max(WD2C2) _ / max(WAB max(WD2C2) _ .

= 0.386
max(WAC?2) max(WD2B) max(WAC2) max(WD2B)
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Wavelet transform - for dominat frequency in R-wave portions of set 2,
center frequency for 4 signals defined by "aX"; Time shift by "t".

1

1

AAC2 = 28.4¢ ~ 35162 KkHz aD2B = 28.4¢ E— = 35.162
2-aAC2:5-10° 4 a
! 1
%%:: 28.4¢ = 35.162 kHz aD2C2 := 32 - _ 3125
2-aAB5-10~* 2-aD2C2-5-10 ¢
Definition of Morlet wavelet t:=1..N
1 -7 . T—i \2
2! Acz'( ) -t AC2)
fs2 R3 (joint-free) W_AC2i .= aAC2 “ e @ o a
.\ 2
- _
- j'—-(’t—i> —1-(T 1)
fs2RaGoin)  w.AB =aAB Zle AP AP
. \2
1 - —
-1 j ;t ‘(‘E—i) _ 1.( T 21 )
/s3 R2 (joint-free) w_D2Bi L= aD2B 2. aD2B e aD2B
. 2
1 — _
2| Dzncz' +) _1'( lgzlcz)
. . "
/83 R3 (joint) : e

Wavelet transform

/S2 R3
(joint-free)

WAC2 :
T

i

WAC2, = |WAczt|

/s3 R2
(joint-free)

WD2B :
T

i

W_D2C2i = aD2C2

Z (w_ACZi’ ] -AC2i)

z (W_DZBL . -DZBi)

/2 R2 )
(oint) WAB_:= Z (w_ABi’T~A
i
WAB = |WAB|
T T
SSIR3 ppeo o Z w D2C2, -
(joint) T’ - it
i
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f s2 -R3 (joint-free) & f §2 -R2 (joint)

I
fs2 R3 (joint-fiee)
normalized to 2.173

oﬂmw
= /$2_R2 (oint
e ! ormalized to 0.469
= Vo
= v
= V! B3 9%mm 23
g - + |
< i WS2_1%’3‘; (joint- free)Wavelet transform sﬁ:: E

' W2 Rr2 :
A (joint) =2 -
0 0.06¢ 0.1 0.2 0.3
Time (ms)
f 83 -R2 (joint-free) & f §3 -R3 (joint)
0.095 ! !

Oﬂ/\/\ﬁ/wm_m’t‘ﬁ)
- o normalized to 2.016
e ¥
= /: f's3_Rr3 (oint)
£ g 1
= L
£ =
< [

-5 :

Amplitude ratio

max(WAB)
max(WAC2)

Time (ms)

max(WD2C2) 0727 max(WAB) max(WD2C2)
max(WD2B) ' max(WAC2) max(WD2B)
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Appendix H
Signals in Time and Frequency Domains for Slab 2

- Measurements on the Jointed and the Joint-free Surfaces
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Figure H-1: Ultrasonic testing configuration of HMA slab 2
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Figure H-2: Signal Pair 1 in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Time (ms)

oag]
541688/ 1z
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Figure H-3: Signal Pair 2 in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Time signals windowing ; Time signals windowing
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Figure H-4: P-wave analyses in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Time signals windowing

Time signals windowing
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Figure H-5: R-wave analyses in time and frequency domains for Set 1

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-6: Signal Pair 1 in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-7: Signal Pair 2 in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Time signal windowing
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Figure H-8: P-wave analyses in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Time signal windowing

Time signal windowing
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Figure H-9: R-wave analyses in time and frequency domains for Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-10: Signal Pair 1 in time and frequency domains for repeated Set 2
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Figure H-11: Signal Pair signals in time and frequency domains for repeated Set 2
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Figure H-12: P-wave analyses in time and frequency domains for repeated Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Time signal windowing
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Figure H-13: R-wave analyses in time and frequency domains for repeated Set 2

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-14: Signal Pair 1 in time and frequency domains for Set 3

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-15: Signal Pair 2 in time and frequency domains for Set 3

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-16: P-wave analyses in time and frequency domains for Set 3

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-17: R-wave analyses in time and frequency domains for Set 3

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-19: Signal Pair 2 in time and frequency domains for Set 3

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-20: P-wave analyses in time and frequency domains for Set 4

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-21: R-wave analyses in time and frequency domains for Set 4

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-22: Signal Pair 1 in time and frequency domains for Set 5 at the left side of the

joint (Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)

353



! Ssiri normaiized to 7.688

“L.65[

Amplitude (V)

fs; r3 normalized to 10.688
| | L |
0 0.1 0.2 0.3 0.4

Magnitude

100

Frequency (kHz)

Figure H-23: Signal Pair 2 in time and frequency domains for Set 5 at the left side of the

joint (Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-24: P-wave analyses in time and frequency domains for Set 5

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-25: R-wave analyses in time and frequency domains for Set 5

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-26: Signal Pair 1 in time and frequency domains for Set 6 at the right side of
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Figure H-27: Signal Pair 2 in time and frequency domains for Set 6 at the right side of

the joint (Horizontal lines mark the peak amplitudes and vertical lines dominant

frequencies.)
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Figure H-28: P-wave analyses in time and frequency domains for Set 6

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Figure H-29: R-wave analyses in time and frequency domains for Set 6

(Horizontal lines mark the peak amplitudes and vertical lines dominant frequencies.)
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Appendix I
Detailed Results of Wave Amplitude Ratios for Slab 2

- Measurements on the Jointed and the Joint-free Surfaces
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Figure I-1: Ultrasonic test configuration of HMA slab 2
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jointed surface in slab 2

Table I-1: PTP ratio, maximum spectral magnitude ratio, and spectrum area ratio for the

Locations Analyzed Signal ratio PTP Magnitude | Area
Portion (SR) ratio ratio ratio
. fs2 o/ fs2 Ri 0.35 0.19 0.31
Full signal = =
Jointed Ssiri/fs1 r2 0.62 0.45 0.47
surface Js2 r2/fs2 ri 0.65 0.66 0.64
P-wave
(Set 1) for ri/fr v 0.6 0.65 0.66
fs2 o/ fs2 r1 0.48 0.52 0.45
R-wave = =
Ssiri/fs1 r2 0.68 0.76 0.68
: Js2 R2/fs2 w3 0.44 0.61 0.50
Full signal = =
Jointed Js3r3/fs3 ro 0.6 0.52 0.68
surface fsszz /f527R3 0.38 0.35 0.37
P-wave
(Set 2) fa ra/fes v 0.37 0.35 0.37
fs2 2/ fs2 R3 0.68 0.77 0.69
R-wave = =
f‘S3,R3 /fS37R2 0.55 0.59 0.58
. fs2 2/ fs2 R3 0.58 0.66 0.62
. Full signal = =
Jointed Js3 r3/fs3 2 0.63 1.04 0.68
surface for ro/fs2 Rs 0.53 0.54 0.53
(Repeated | P-wave = =
Set 2) Js3 3/ fs3 ra 0.35 0.34 0.35
Js2 ra/fs2 r3 0.86 1 0.85
R-wave
Js3 Ry fs3 Ro 0.51 0.55 0.54
. fs4 ra/fs4 r3 0.26 0.25 0.31
Full signal = =
Jointed Jfs3 R/ fs3 ra 0.44 0.67 0.46
surface fS47R4 /fS47R3 0.49 0.51 0.51
P-wave
(Set 3) Js3 R/ fs3 R4 0.48 0.48 0.49
fs4 ra/fs4 r3 0.43 0.47 0.41
R-wave = =
Jfs3 R/ fs3 ra 0.50 0.51 0.48
. fS47R4 /fS47RS 0.24 0.2 0.24
Full signal
Jointed fSS_RS /]FSS_R4 0.19 0.067 0.21
surface Jsa ra/fsa rs 0.93 1.1 1.1
P-wave
(Set 4) fss v/ fss Ra 0.31 0.5 0.3
fs4 R4 /fS4 RS 0.43 0.45 0.37
R-wave = =
Jss rs/fs5 ra 0.32 0.24 0.30
Jointed Full signal Sor 1SR+ -+ Set 4 SR 0.44 0.47 0.45
Surface P-wave 5 0.51 0.55 0.53
(Average) 'R wave 0.49 0.53 0.49
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Table I-2: PTP ratio, magnitude ratio and area ratio for the joint-free surfaces in slab 2

Location Analyzed Signal ratio PTP Magnitude Area
Portion (SR) ratio ratio ratio
. fs2 rRi‘fs2 R3 1.41 1.58 1.61
Full signal = =
Joint-free JSsir3/ fsi ri 1.39 1.47 1.33
surface Js2 rilfs2 r3 0.57 0.5 0.5
P-wave
(Set 5) forrs/for wi 1.95 1.84 2
Jfs2 ri/fs2 3 1.37 1.53 1.47
R-wave = =
fs;ﬁRj,/fSLRl 1.17 1.13 1.14
. fsr R/ fsr Rr 1.58 2.28 1.65
Full signal = ; =
Joint-free fs'37 Rr f.sszz 112 ! 0.99
surface Jsr R/ fsr Re 0.77 0.76 0.75
P-wave
(Set 6) f relfis v 1.3 121 1.2
for r2 for vr 0.91 0.93 0.96
R-wave = =
fs3 el fs3 r2 0.90 0.84 0.9
Joint-free | Fullsiznal | ¢ g 0p g0 g 5p |10 158 140
surface P-wave 1.15 1.08 1.11
(Average) 2
R-wave 1.09 1.11 1.12
Table I-3: FTC, WTC and damping ratio for the jointed surface in slab 2
. Analyzed Signal ratio Damping
Location Portion (SR) FTC WTC ratio
Full sienal 0.29 0.41 0.07
& at 55kHz | at 55kHz | at 55kHz
int :
ol IR Jso wo Ssi m 065 | 048 0.06
(Set 1) fSZiRl . fS17R2 at 37kHZ at 37kHZ at 37kHZ
Rowave 0.63 0.49 0.03
at 44kHz | at44kHz | at 44kHz
Full sional 0.72 0.51 0.019
£ at 54kHz | at 54kHz | at 54kHz
int .
!sIl(Ii‘Iil'ai(: P-wave —fsz_Rz fsa_m 0.35 0.6 0.16
(Set 2) fS2_R3 . fS3_R2 at 36kHZ at 36kHZ at 36kHZ
Rowave 0.67 0.53 0.03
at47kHz | at47kHz | at 47kHz
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Table I-3: FTC, WTC and damping ratio for the jointed surface in slab 2 (continuous)

. Analyzed Signal ratio Damping
Location Portion (SR) FTC WwTC ratio
Full sienal 0.83 0.58 0.011
Jointed g at 54kHz | at 54kHz | at 54kHz
surface p M 0.43 0.64 0.1
(Repeated | ' V&Y€ f f at 37kHz | at37kHz | at 37kHz
Set 2) s2 R3 "Js3 R2
Rowave 0.74 0.61 0.05
wav at 47kHz | at 47kHz | at 47kHz
Full sienal 0.41 0.33 0.054
g at 52kHz | at 52kHz | at 52kHz
Jointed Powave fsa rafss s 0.49 0.34 0.1
surface D — at 36kHz | at 36kHz | at 36kHz
(Set 3) fS47R3 .fS37R4 0.05
Rowave 0.49 0.33 o
at 42kHz | at 42kHz 49KHz
Full signal 0.17 0.2 0.11
_ g at 51kHz | at 51kHz | at 51kHz
zz;r;;ec: p J S4_R4 " /. S5_RS5 0.74 0.22 0.04
-wave -
(Set 4) fS47R5 'fS57R4 at 36kHz | at 36kHz | at 36kHz
0.33 0.23 0.09
R-wave at41kHz | at41kHz | at 41kHz
Full sienal 0.48 0.41 0.033
& at 54kHz | at 54kHz | at 54kHz
Jou;ted Set 1 SR+---+ Set 4 SR 0.53 0.46 0.09
surface | P-wave 5 at 36kHz | at 36kHz | at 36kHz
(Average)
Rowa 0.57 0.44 0.05
“wave at 44kHz | at 44kHz | at 44kHz
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Table I-4: FTC, WTC and damping ratio for the joint-free surfaces in slab 2

. Analyzed Signal ratio Damping
Location Portion (SR) FTC WIC ratio
Full sienal 1.52 1.36 0.024
& at 55kHz | at 55kHz | at 55kHz
Joint-free
surface P fszfm 'fssza 0.95 1.43 -0.005
(Set 5) -wave f f at41kHz | at41kHz | at41kHz
s2 R3 "JSI_Ri
1.31 1.42 0.02

R-wave at 45kHz | at45kHz | at 45kHz

Full sienal 1.47 1.19 0.025
& at 48kHz | at 48kHz | at 48kHz
Joint-free
surface | Jso v S5 n 0.96 113 -0.01
(Set 6) -wave fo wSos wo at 40kHz | at40kHz | at 40kHz
Rowave 0.88 1.13 -0.01
at 46kHz | at 46kHz | at 46kHz
Full signal 1.50 1.28 0.025
& at 52kHz | at 52kHz | at 52kHz
Joint-free
surface | Set 5 SR + Set 6 SR 0.96 1.28 -0.0075
(Average) |+ Wave 2 at 40kHz | at 40kHz | at 40kHz
1.10 1.28 0.005
R-wave

at 45kHz | at 45kHz | at 45kHz
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Appendix J
FTC vs. Frequency and Wavelength/3 for Slab 2

- Measurements on the Jointed and the Joint-free Surfaces
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Figure J-1: Ultrasonic test configuration of HMA slab 2
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Appendix K
Wavelet Transform Using Morlet Wavelet for Slab 2

- Measurements on the Jointed and the Joint-free Surfaces
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Js2 ro; 54.688 kHz for fs; ro; and 49.805 kHz for fs1 r1)
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Appendix L
Wavelet Transform of Signals

Using Mallat’s Algorithm for Slab 2
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Figure L-1: Ultrasonic test configuration of HMA slab 2
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Figure F-17: Frequency content at a given scale from Figure F-16
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Appendix M
Equivalent Damping ratio vs. Frequency for slab 2

- Measurements on the Jointed and the Joint-free Surfaces
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Figure M-1: Ultrasonic test configuration of HMA slab 2
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Appendix N
Signal Processing for Slab 2 — Line X1 Y1
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Figure N-1: Ultrasonic testing configuration of HMA slab 2
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Figure N-2: Signals received using 100 kHz accelerometer along Line x1 y1
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Figure N-4: Geometric attenuation evaluation based on full signals
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50kHz accelerometer measurements - full signal analysis
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Figure N-18: Geometric attenuation evaluation based on P-waves
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Appendix O
Signal Processing for Slab 2

- Measurements on the Jointed and the Joint-free Surfaces

This appendix is a PDF file available in the Appendix CD.
The file name of this PDF file is “Appendix O - Signal processing for jointed and

joint-free surfaces.pdf”.
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Measure Slab 2- using 50kHz P-Wave Transducer as the
and 50kHz accelerometer as the reveiver:

Pulse receiver and filter parameter setting
Pulse Pundit |Filter setting: |20db input

receiver 0db output
setting: 100kHz cutoft frequency
Transmitter: Resonant frequency = 50kHz
Transducers
. Accelerometer (PCB353B65): Resonant
setting:
frequency = 50kHz
. . . 100us . .
Oscilloscope setting: Sampling Rate At: 1000 Points in Total
10 . N u
Index  N:=2 i=1.N u=1.— ORIGIN =1 f;:=——
2 N-1-107°
all ==
Reading data —1. 12 — ( 11<J>) W) W)
9 Ji=1.12 avgy := mean\a signal” = all"”’ — avg)

Definition of full signals for the measurements on jointed

Set1 S2 R2:= signal<1> S2 Rl := signal<2> Set2 S2 R3:= signal<5>
S1 R2:= signal<3> S1 RI := signal<4> S3 R3:= signal<7>
Set3 S4 R4 := signal<8> S4 R3 := signal<9> Set4 S4 RS := signal<11>
S3 R4 := signal<10> S5 RS = signal<13>

Analysis of set 1 - the full time signals:
Parameter pi=1.4 ®op = 271-0.5% Arrival Time (AT) of the signal:

AT \\ wp(t,(oo) = 10|cos(030-t)5000 - 1| if 0<t< I

e el [ 22N ®o
tp : Cell((O.OOIU 0.001

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:
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Twind .= | for pel.. 4
for iel.. N
amplj p < wp (i-0.00l - tp, (oop)

ampl

P

Fourier Transform of the Windowed Signals: FTW™' := CFFT ((Twind<p> -signa1<p>§>

Windowed Signals: Pj,p := Twind; p -signal; p

| s2.-rs (oint-free) & f 55 g (oint) |

1.5 T T T
fs2_r1 (joint-free)
normalized to 12.846
o~
2
D
e N
g -l N
= sl [
£ PR
<
fs2 r2 (joint) normalized to 4.814
-4 | | _ 1 |
0 0.1 0.2 0.3 0.4
Time (ms)
77777777 I -1 06
10~
D
]
£
2 sk e .
= (joint-free) Fsara
(joint)
————————————————————————————————— 1:998|
0 L | L I
0 20 40 55664 60 80 100

Frequency (kHz)

PTP ratio: Joint. max(P<l>) - min(P<1>) 0351
No — Joint max(P<2>) _ min(P<2>)
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Magnitude

PTP ratio:

f s1-R2 (joint-free) & f s1 -R1 (joint)

| |
fs1 R2 (joint-free) nofmalized
to 12.83¢

8.2¢
-4 | | | | |
0 0.1 0.2 0.3 0.4 0.5
Time (ms)
5.602
F g1 R2 (joint-fre¢)
********************* 2.587
100

Joint
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Transmission Coefficient (TC) =

[FTWy, 1] - [FTWy 4]
|FTWy of - [FTWy 3

u--

TC

|

1.5
=
Q
[
=
0.5
| | | |
0 —
20 30 40 50 60 70 21 Wmem B2
Frequency (kHz) . o
L3 El
Rl 31
—
\,/ !
VR = 1633m/{
o _
[
E
0 | | | | | | |
10 20 30 40 50 60 70 80

Wavelength/3 (mm)

Damping ratio @ 55kHz

fs2 -r1 (oint-free)  rnfre.82 \_1
&fgo_ joint
s2-R2 (join) 1.617% 10°)
f s1-R2 (ioint-free) ( onfre.g2 ™
&fgq._ joint
$1-R1 oint) 1.617% 10°)
onfre-82 )
For the Set 1 _
1.617% 10° )

fre := 55

An(MM1) = 0.095

In(MM2) = 0.045

In(y/MM2-MM1) = 0.07
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-1
. . . 2 fy-82
Damping analysis for full signals: ADL, = 2 )
3
1.617x 10° )

0.16 I

0.096

0.064
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Damping analysis for full signals - using spectrum area:

Damping ratio

Damping ratio

0.1 T T
—
3 Semm A2
0.075 ol .
sl |
H =
| v — |
0.05 /‘\/ .
Rl 5l
0.025[~ 1
0 | | | | | | |
30 35 40 45 50 55 60 65 70
Frequency (kHz)
0.1 T
0.08
0.06
0.04
0.02
0
30 35 40 45 50 55 60 65 70

Frequency (kHz)
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Window the P-wave of the time signals - window 1:

Parameter p=1.4 ©Op = 2717
oy = 2m-17.5 o3 = 2m-17 04 = 2m-18.5
Arrival Time (AT) of the signal: AT := 0.03¢
10 . T
AT “ wg(t,mo) = 10|cos(mo-t) - l| if 0t —
tpp = ceil| | ———-0.00] ®o
0.001))

0 otherwise
Define Time Window (Twind) to amplify the arrival of the signals:
Twind .= | for pel.. 4
for iel..N

amplj p < wp (i~0.001 - tpp ,oaop)

ampl

Fourier Transform of the Windowed Signals: FTW<p> = CFFT ((Twind<p> ~signa1<p>D

Windowed Signals: Pi.p = Twind;,p-signal;
< |FTW
Spectrum area: MAy,p = Z | ~ 03(;113|
u=1 .
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f s2 -R1 (joint-free) & f §2 _R2 (joint)

Amplitude (V)
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Amplitude (V)

f s1-R2 (joint-free) & f 51

Windowing P-wave portions

-

|
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/ s1RI1
(joint)
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Windowed portions in frequency Windowed portions in frequency

0.08 39063 ! ! 38086 ! !
" 0.15~ ¢ ]
0.064F g0 | /N 0.14
. . Fs1 R2
T 0048 13  o1f (joint-free) _
-E -E ”””””””””” 0.091
& 0.032 &
= : =
0.05 I
0.016
0 0
0 36.130 100 150 200 0 30003 200 300
Frequency (kHz) Frequency (kHz)
(@ (@
PTP ratio: Joint max(P<1>) - min(P<1>) 065 max(P ) - mln(P ) — 0.595
) _ Joi e (3 3 '
No — Joint max(P<2>) _ min(P<2>) max(P ) — mln(P )

Maximum Area in Frequency Domain for the Windowed Signal

Joint MA300,1 MA300 .4
- = 0.637 — = 0.655
No — Joint MAsq0,2 MA300,3

Maximum Magnitude in Frequency Domain (MM):

Joint ~0.062 1 0.14 1

_— MM] = —— — = 0.661 MM2 .= —— —— =0.65
No — Joint MWW 0,041 MM1 MWW 0.091 MM2
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Window the P-wave portion of the time signals-set 2:
Parameter p:=1.12 0op = 2m-16.! o5 = 2m-13.1 o7 = 271-16.!

o171 == 2m-15.8 wog = 2m-17.¢ o9 = 21-14 o710 = 2m-15.5

Arrival Time (AT) of the signal:

AT = (0.02 0.042 0.015 0.045 0.03 0.032 0.037 0.032 0.033 0.033 0.035 0.02 O)T
10 . T
([ ATp “ ) WB('[,(OO) = 10|cos((oo‘t) - 1| if 05t —
tpp = ceil| | ———,-0.000: ®0
0.0005) )

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind .= | for pel..12
for iel..N

amplj p < wp (i-0.0005 —tpp, oaop)

ampl

Fourier Transform of the Windowed Signals: FTW<p> -— CFFT ((Twind<p> ~signa1<p>j)
Windowed Signals: Pj p = Twindj p, -signal; p

u
Spectrum Area MAy,p = z %

u=1

484



Transmission Coefficient (TC)=  1C ~—/|FTW“’1|'|FTWU’4|

T |FTWy o] [ FTW 5
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0.76

FTC

0.64

0.521~

31

| | | |
10 20 30 40 50 60 70 80

04

Wavelength/3 (mm)

Damping ratio @ 37kHz . := 3735

ARARA/

f 52 -R1 (joint-free) [ 2nifre-82 \_1 In(MM1) = 0.06
———— ‘In =0.

&fgo. joint
$2 -R2 (joint) 2.811x 10°)

o -1
fs1-R2 (oint-free) (M\ In(MM2) = 0.063

&1 s1-R1 (oint) 2811x 10°)
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mfy82 )

Damping analysis for P-wave signals: ADly = 3
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t o
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Damping analysis for P-wave signals -- using spectrum area

0.05
o 0038~ -
g
<
]
g 0025 -
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I
2 00137 —
0 | ! | |
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Frequency (kHz)
0.2
e 0I5
g
1]
]
2 o1
(=3
=
I
2 005
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Window the R-wave arrival of time signals - window 2:

Parameter p=1.4 0Op = 21-21.
oy = 21-23.5 o3 = 2m-2°5 W04 = 2122
Arrival Time (AT) of the signal: AT := (0.063 0.063 0.064 0.061)"
| 10 | . m

AT ‘\\ wp(t,coo) =110 cos(coo-t) -1 f 0ot —
tDe = cei p ®O
pp = ceil{ | ——-0.00]

0.001))

0 otherwise

Define Time Window (Twind) to amplify the arrival of the signals:

Twind .= | for pel.. 4
for iel..N

amplj p < wp (i~0.001 - tpp ,oaop)

ampl

Fourier Transform of the Windowed Signals: FTTW<p>

= CFFT ((Twind<p> -signa1<p>§)

Windowed Signals: Pj,p = Twind;, p, -signal; p

u FTTW
Spectrum area: MAy,p = Z |NTI(1)1p

u=1
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fs2 -R1 (joint-free) & f s2 -R2 (joint) f g1 -R2 (joint-free) & f S1 -R1 (joint)

Windowing R-wave portions Windowing R-wave portions
I I I I I I
/82 R1 fs1 R2
(joint-free) (joint-free)
ob————=/"\ Y- f 4 s\ b

) o )

= b _ =

£ = z

= 5 =

g 72 * . =

< Z <

/s2 rR2
I | | -
0.02 0.04 0.06 0.08 0.1
Time (ms) Time (ms)
Windowed portions in Time Windowed portions in Time

S e 0

%] %]

= =

= =

s =

g =
< <

int-fi ~100 . 95|
-100 %]Omt ree) l : (joint-free) [ 10722
0.04 0.06 0.08 0.05 0.1
Time (ms) Time (ms)
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. . FTTWy 1| -[FTTW
Transmission Coefficient (TC) = TTC -—/' 1| [FTTWu.4

T [FTTW of - [FTTW 5

0.8~

o 06 ;
= :
&3] h
0.4 ;
021 |
o | : | | |
20 W Y 60 80 100 —
Frequency (kHz) i
1 T )
0.8~ : —
VR = 1633m(s
O 0.6—[ —
= !
=3 |
0.4 ! —
b §
oL 1§ | | | | |
10 20 30 40 50 60 70 80
Wavelength/3 (mm)
Damping ratio @ 43kHz ¢ .= 4321
fs2 -r1 (oint-free)  rnfre.82 \_l
. ——— ' .In(MM1) = 0.048
&fgo_ oint
$2 -R2 (joint) 1.617% 10°)
-1
f joint-fi 2nfre-82
51-Re (ointfree) ( 2nfie$2 Vv )
&1 s1-R1 (oint) 1.617% 10°)
2nfre-82 \_1
For the set — In(y/MM2-MM]1) = 0.034
1.633x 10° )

490



Damping analysis for R-wave signals:

Damping ratio

Damping ratio

Damping ratio

AD2y =

mfy82 )

1.617% 10°)
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0.4~
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Damping analysis for R-wave signals:
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2 Or 52 ilem R
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| ol ‘I
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Wavelet transform - for dominant freuency in full signals, deifferent center
frequencies for 4 signals defined by "aX"; Time shift by "t".

1 1
aAC = 8.9¢ — =55679 kHz aDB:=9.14 ———————— =5470
2.aAC1-10°° 2.aDB-1-10" >
1 1
aAB:= 8.9¢ — =55679 kHz aDC := 1C — =50
2.aAB1-10 > 2.aDC-1-10 3
Definition of Morlet wavelet T:=1..N
1 -7 T \
fs2 Rl = [J'_ (z-i) ‘1'(
: — 2 aAC aAC
(joint-free) w_ACi . aAC ~- )
5
1 -7 T \
f$2 R2 = {J'_'(T‘) ‘1'(
- — 2 aAB aAB
(joint) w_ABi = aAB " e ) |
5
1 -7 r—i\
fS1_R2 = {J'_'(") ‘1'(
: — 2 aDB aDB
(joint-free) W_DBi . aDB = - )_
1 -7 r—i\
f S1RI 3 {J'_'(") ‘1'(
- — 2 aDC aDC
(joint) w_DCi = aDC ~- )
Wavelet transform
JS2RL  wac = Z(W_AC. -Aq) /S2R2 wap = Z w_AB. -
(joint-free) T - LT (joint) T - LT
1 1
WAC_ = |WAC| WAB = |WAB|
T T T T
) . / s1 r1WDC = Z w DC. -
fsi R2  WDB := Z(W_DB. -DBI) _ T it
.= T LT (joint) ;
(joint-free) i 1
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f s2 -R1 (joint-free) & f s2 _R2 (joint)

2 T
0:“:;97 fLSZ R1 (joint-i}ree)
‘ normalized to 12,846
0 |
fs2 R2 (joint) normalized to
E L \ 4814
s 2 :
=
g 3
= ]
gE 4 "
< ; Wavelet transform
W32 Rl /4
_gloint-free) 1| Ws2 Rr2
| (joint)
-8
0 0.1 0.2 0.3 0.4
Time (ms)
f s1-R2 (joint-free) & f 51 -R1 (joint)
I ..
fSZfRZ (joint)
normalized to 12.83¢
S s1_R1 (oint)
- normalized to 8.p¢
2
D
= \ .
E il
= i
g
< Wavelet transform :
Al 1|
P
Ws2 r2 N
(joint)
Time (ms)
Amplitude ratio
max(WAB max(WDC
max(WAB) 0301 max(WDC)  0.569 max(WAB) max(WDC) 07
max(WACQ) max(WDB) max(WAC) max(WDB)
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Wavelet transform - for P-wave, deifferent center frequency for 4 signals

defined by "aX"; Time shift by "1".

1

1

AAAAAQ\/:: IZ’E = 39063 kH2 I\QI]\ADA%/:: 13'1: = 38.0
2:aAC1-10"° 5-aDB- 110~
! |
aAB:= 13.8 = 36.127 kH; aDC = 13.8¢ ~ 361
2-aAB1-10° 2.aDC-1-10" 3
Definition of Morlet wavelet =1
/ 1[1—‘“( ) =)
/s2 R1 e v S A byv=
(joint-free) W_ACLT =aAC ~- )
A

1 -7 R T—1 \
fs2 R2 - {J-—-(r—l) -
L= 2 aAB aAB
(joint) W_AB, = aAB " . /_

A
1 -7 R ‘[—i\
' —— | j—r(z-) -1

fs1R2 ' » {J —5 05
(joint-free) W_DBi = aDB “ e e |
f 1 i -7 ( i) { ( T \2
J S1RI1 -—| i) -1
Gjoint) w_DC, _:=aDC 2|, apc 7 \anC)

Wavelet transform

/s2 R1

— WAC = AC. -AG

(joint-free) T Z(W_ LT Cl)
1

WAC_ := |WACT|

/s1 R2
(joint-free)

WDB_:= Z (w_DBi’TDBi)

i
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f S2 R2 wWAB := z w AB. -
(joint) T - - LT
1

WAB := |WABT|

f S1 R1 WDCT :
(joint)

Z w_DC, -
i



f s2 -R1 (joint-free) & f s2 -R2 (joint)

2 T
()I.QbS /JSZ R1 (ioint-I*ree)
] i normalized to 12846
0 ,
E | f's2 R2 (joint) normalized to
s 4814
: 2 ;/\/\/\N\A/\/\/\/\A/\/\/\/\N\/\NW\:
= v
2 V!
= v E—
= ' 2 dlem R2
£ —4 . ; ]
< 4 Wavelet transform S s
Ws2 Rl [
— ¢ oint-freg) | Ws2 rR2 S
L (joint)
-3 . .
0 0.089'1 0.2 0.3 0.4
Time (ms)
f s1 -R2 (joint-free) & f §1 -R1 (joint)
2 ‘ T I I
0.093 fs2 R (joint)
il normalized to 12.83¢
0 ‘ .
X J s1_R1 (oint)
- y normalized to 8.p¢
2
D
'E 3 Iml"_'r. RI
< Wavelet transform 8
Rl 1
—
Ws2 R2 N
(joint)
% |-
0 0.089'1 0.2 0.3 0.4
Time (ms)
Amplitude ratio
max(WAB max(WDC
max(WAB _ 36 max(WDO 633 max(WAB max(WDC) _ ) 17e
max(WACQ) max(WDB) max(WAC) max(WDB)
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Wavelet transform - for R-wave, different center frequency for 4 signals

defined by "aX"; Time shift by "t".

1

aAC = 11.3¢ =43937 kH:
2-aAC-1-10° >

aAB:= 12.1¢ = 41.051 kHz
2.aAB1-10°°

Definition of Morlet wavelet Ti=1.

/s2 R1 B
(joint-free) w_AC.

i,7T°

Il
©
>
@)

(joint) 1T

1 -7 .
fs1 R2 —— | () -

~ 2 aDB

(joint-free) W—DBi,r :=aDB -

1
J 81 Rl -3
(joint) W_DCLT =aDC -

Wavelet transform

/82 Rl WAC_ = Z (W_ACi’T~ACi)

(joint-free) -
i

WAC = |WACT|

/s1 R2
(joint-free)

WDB_:= Z (w_DBi’t-DBi)

i
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1 -7
=] j—(r=) -1
/2 R2 w AB. i aAB 2 LJ B (x 1)‘e (aAB )

B := 10.6

ARARAAA/

— 46.86
2.aDB-1-10"°

1
C:=11.9]

ARARARAs "

— 41.982
2.aDC-1-10 >

f S2 R2 WAB := z w AB, -
(joint) T - LT
i
WAB = |WAB|
T T

f S1 RI WDCT = Z (W—Dci,r.
(joint) i



f s2 -R1 (joint-free) & f s2 _R2 (joint)

2 7 I I
0:@96 fLSZ R1 (joint-i}ree)
i normalized to 12,846
0 |
E‘ fs2 R2 (joint) normalized to
s _L '\ 4.814
@ 2 h
= |
g i
= N
g 4 ‘
< Wavelet transform
Ws2 R1
- Hoint-fre Ws2 Rr2
(joint)
_8 1
0 0'099.1 0.2 0.3 0.4
Time (ms)
f s1-R2 (joint-free) & f s1 -R1 (joint)
2 " T I I
0.053 /'s2_R2 (joint)
Ww ¥
0 ‘ .

X /" s1_ri (oint)
> | normalized to 8.p¢
;’ -2
E 5 3:!1:5. o
é’ -4 5‘;-:] 4
< Wavelet transform 2

il a1 |
P
~6[7 Ws2 rR2 N
(joint)
L
_8 n
0 0.089'1 0.2 0.3 0.4
Time (ms)
Amplitude ratio
max(WA max(WDC
max(WAB 253 max(WDO) _ 57 max(WAB) max(WDO) _ 140
max(WACQ) max(WDB) max(WAC) max(WDB)
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Appendix P
Signals in Time and Frequency Domains for Slab 3

- Measurements on the Jointed and the Joint-free Surfaces
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1 Setl
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Joint

o

O (0.6 in. plate) Accelerometer location

O (0.6 in. plate) Source location

Figure P-1: 80mm S-R spacing configuration of HMA slab 3
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fSl_RZ boint-free)
normalized to 1.94
0
S ;
o - z
= T |2
2 P
)
<«
Js1_ri1 (joint)
normalized to 0.13
-4 ] ] ] ]
0 0.1 0.2 0.3 0.4
Time (ms)
33 42969 1 56.641
kHz kHz
2.8~ ; ; . m
| | '
s L AR 2394
Ei 2.1 '
-E E
& N 160.54kHz _
s 1.4 .
Fs1 ri
0.7~ (joint) 7]
0.094
0 AR — N [

0 10 20 30 40 50 60 70 80 90 100

Frequency (kHz)

Figure P-2: Signal Pair 1 of Set 1 measurements in time and frequency domains (80mm
S-R spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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I . T,
fSZ_Rl (joint-free)
normalized to 2.317
0
3
D
=
£
=
E -
Js2_r2 (joint)
normalized to 0.135
| | | |
0 0.1 0.2 0.3 0.4
Time (ms)
3 42:969 54688"
24k kHz RHZE _|
. | ' | ]
| [ '
e C A 2.034
T s : .
g b 0.54kHz
=
2L i
= . Fsy ro
0.6 (joint) _|
VA —— o 7 s Culin i s B N =7
0 20 40 50781 60 80 100
Frequency (kHz)

Figure P-3: Signal Pair 2 of Set 1 measurements in time and frequency domains (80mm

S-R spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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Windowing time signals Windowing time signals
I I I

..... . I
) fs2 r1
(joint-free) .-~ 7T
o~ O o)
S T = 3
] 3 e N Y
E 'E /52 Rz (joint)
£ g Al E %mm RI
< : [ < 02 :
AR |
K " Iz
R @ il il
b — ] 1 ] ] ]
0 0.05 0 0.02 0.04 0.06 0.08
Time (ms) Time (ms)
Windowed signals Windowed signals
3 3
%] D
= =
= =
= =
= =
< <
-1 | |
0.04 0.06
Time (ms) Time (ms)
Spectra of signals Spectra of signals
0.013
0.0098
< 0.005 <
S S
= =
5 £ 0.0065
< <
= =
0.0033
0
0 32959 100 200 300 0 40.283 100 200 300
Frequency (kHz) Frequency, kHz

Figure P-4: P-wave analyses in time and frequency domains for Set 1 (80mm S-R
spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical lines

dominant frequencies.)
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Figure P-5: R-wave analyses in time and frequency domains for Set 1 (80mm S-R

spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical lines
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! o Joint
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Figure P-6: 120mm S-R spacing configuration of HMA slab 3
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fs3-Rra (%oint-free)
normalized to 0.925
S
@ s
=] = |2
£ 7105 PR -
= ——
5 ==
JS's3-r3 (joint)
normalized to 0.126
-3 | | | |
0 0.1 0.2 0.3 0.4
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07 42969 T s6i64l
0.56F 5 kFZ kifzg —
s R DR 0.483
T 042 ; | -
T o
%‘0 . { Fs3 -R4 (joint-free)
S 028 Lo
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0.14~ : | F 53 g3 (joint)
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e N L Y 0045
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Figure P-7: Signal Pair 1 of Set 2 measurements in time and frequency domains (120mm
S-R spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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I . L]
f's4-r3 (joint-free)
normalized to 1.969
S
D
=
£
=
g
< =
S's4-r4 (oint)
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Figure P-8: Signal Pair 2 of Set 2 measurements in time and frequency domains (120mm
S-R spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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Windowing time signals
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Figure P-9: P-wave analyses in time and frequency domains for Set 2 (120mm S-R

spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical lines

dominant frequencies.)
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Windowing time signals Windowing time signals
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Figure P-10: R-wave analyses in time and frequency domains for Set 2 (120mm S-R
spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical lines

dominant frequencies.)
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Figure P-11: Signal Pair 1 of Set 3 measurements in time and frequency domains
(120mm S-R spacing) on jointed surface (Horizontal lines mark the peak amplitudes and

vertical lines dominant frequencies.)
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Figure P-12: Signal Pair 2 of Set 3 measurements in time and frequency domains

(120mm S-R spacing) on jointed surface (Horizontal lines mark the peak amplitudes and

vertical lines dominant frequencies.)
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Windowing time signals Windowing time signals
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Figure P-13: P-wave analyses in time and frequency domains for Set 3 (120mm S-R
spacing) on jointed surface (Horizontal lines mark the peak amplitudes and vertical lines

dominant frequencies.)
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Figure P-14: R-wave analyses in time and frequency domains for Set 3 (120mm S-R
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Figure P-25: P-wave analyses in time and frequency domains for Set 5 (120mm S-R
spacing) on the joint-free surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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Figure P-26: R-wave analyses in time and frequency domains for Set 5 (120mm S-R
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lines dominant frequencies.)
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Figure P-30: R-wave analyses in time and frequency domains for Set 6 (120mm S-R
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Figure P-34: P-wave analyses in time and frequency domains for Set 7 (160mm S-R
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lines dominant frequencies.)
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Figure P-35: R-wave analyses in time and frequency domains for Set 7 (160mm S-R
spacing) on the jointed surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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Figure P-36: Signal Pair 1 of Set 8 measurements in time and frequency domains
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Figure P-38: P-wave analyses in time and frequency domains for Set 8 (160mm S-R
spacing) on the joint-free surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)

537



Windowing time signals

Windowing time signals

' b . I R
3 S
%] LD
= =
=S =
£ b=
= =
£ £
< <
Ssi160 R7
-4 | ]
0.05 0.1
Time (ms) Time (ms)
Windowed signals Windowed signals
10 T T T T T T
””””””””””” 7713
~ 5 T -
Z S81160 R1-160 >
%] D
= =
g o g
= =
L L
-5
********************** =6.87]
-10 ] ] ]
0.08 0.1 0.12 0.14
Time (ms) Time (ms)
Spectra of signals Spectra of signals
025 4glg28 | ' 03 4glkog | '
| |
| 024 /AN~ 0.246;
0.19[~ | 7 | F
2 N 0.168| 3 | S8_R7
- | F - 018 | —
= L] SI-160 R7 | = |
§° 0.13 ! E,, S 0.144]
| 0.12 ' -
= 0.063 ! F'si.160_R1-160 i = ! Fsg ri-160
: | 0.06f/ | -
l | | l N
0 ‘ 0 ‘
0 100 200 300 0 100 200 300
Frequency (kHz) Frequency (kHz)

Figure P-39: R-wave analyses in time and frequency domains for Set 8 (160mm S-R
spacing) on the joint-free surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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Figure P-42: P-wave analyses in time and frequency domains for Set 9 (160mm S-R
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lines dominant frequencies.)
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Figure P-43: R-wave analyses in time and frequency domains for Set 9 (160mm S-R
spacing) on the joint-free surface (Horizontal lines mark the peak amplitudes and vertical

lines dominant frequencies.)
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Appendix Q
Source-to-Receiver (S-R) Arrangement
and Detailed Results of Wave Amplitude Ratios for Slab 3

- Measurements on the Jointed and the Joint-free Surfaces
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Table Q-1: Source and receiver arranged at 80mm spacing in slab 3

Locations Description Signals received
Jointed surface at | pair | gources at S1 and S2; receiver at R1 for ri and fs; g
locations S1, R1, - -

S2 and R2
(Set 1) Pair 2 —sources at S1 and S2; receiver at R2 Js2 2 and fo; g2

Table Q-2: Source and receiver arranged at 120mm spacing in slab 3

Locations Description Signals received
Jointed surface at | Pair 1 —sources at S3 and S4; receiver at R3 fs3 r3 and fsy g3
locations S3, R3,

S4 and R4

(Set 2) Pair 2 —sources at S3 and S4; receiver at R4 Js4 re and fs3 gy
Jointed surface at Pair 1 —sources at S4 and S5; receiver at R4 Js4 re and fss gy
locations S4, R4,

S5 and RS (Set 3) Pair 2 —sources at S4 and S5; receiver at RS Jss s and fsy gs
Jointed surface at | Pair 1 —sources at S5 and S6; receiver at R5 fss x5 and fss gs
locations S5, R5,

S6 and R6

(Set 4) Pair 2 —sources at S5 and S6; receiver at R6 Js6 re and fss gs
Joint-free surface | Pair 1 —sources at S/-720 and S5; receiver at R4 Ssi120 re and fs5 gy
at locations

SI-120, RI-120, S5

and R4 (Set 5) Pair 2 —sources at S/-120 and S5; receiver at RI-120 | fss gri20 and fsi.120 ri-120

Joint-free surface | Pair 1 —sources at S4 and Sr-120; receiver at Rr-120 | fs4 zr-120 and fs,-120 zr-120
at locations

Sr-120, Rr-120, S4
and R5 (Set 1) Pair 2 —sources at S4 and Sr-120; receiver at R5 Ssr-120 rs and fsy gs
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Table Q-3: Source and receiver arranged at 160mm spacing in slab 3

Locations Description Signals received
Jointed surface at | Pair 1 —sources at S7 and S8; receiver at R7 fs7 x7 and fss g7
locations S7, R7,

S8 and R8
(Set 7) Pair 2 —sources at S7 and S8; receiver at R8 Jss rs and fs7 gs
Joint-free surface | Pair 1 —sources at SI-760 and S8; receiver at R7 Jsi160 r7 and fsg g7

at locations
SI-160, RI-160, S8
and R7 (Set 8) Pair 2 —sources at S/-160 and S8; receiver at RI-160 | fss gr-160 and fsi.160 ri-160

Joint-free surface | Pair 1 —sources at Sr-/60 and S7; receiver at Rr-160 | fs7 zr-160 and fs,-160 rr160
at locations

Sr-160, Rr-160, S7
and RS8 (Set 9) Pair 2 —sources at Sr-160 and S7; receiver at RS Jsr-160 rs and fs; gs

Table Q-4: PTP ratio, magnitude ratio and area ratio for Set 1 measurements (80mm

source-to-receiver spacing) on the jointed surface in slab 3

Location Analyzed Signal ratio PTP | Magnitude | Area
portion (SR) ratio ratio ratio
. fs1 r1/fs1 2 0.063 0.041 0.071
Full signal = =
fo2 ra/fs2 1 0.05 0.072 0.066
Jointed f1 jilfo1 wo 0.32 0.44 0.33
surface | P-wave = =
(Set 1) f‘527R2 /fS27Rl 0.36 0.36 0.35
fél R1 /fSl R2 0073 0087 0073
R-wave = =
fézJ{z /fS27R1 0064 0073 0065
Jointed | Full signal 0.057 0.057 0.069
surface 1 fSl_Rl fsz_Rz
(Set 1 P-wave - + 0.34 0.4 0.34
2 faq _R2 S S2 Rl
average) | R-wave 0.069 0.08 0.069
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Table Q-5: PTP ratio, magnitude ratio and area ratio for Set 2 to Set 4 measurements

(120mm source-to-receiver spacing) on the jointed surface in slab 3

Locations Analyzed Signal ratio PTP | Magnitude | Area
portion (SR) ratio ratio ratio

Full signal f53 R3/f53 Ra 0.14 0.09 0.12

fsa ralfsa w3 0.09 0.16 0.12

(Set 2) fa ralfoa r3 0.17 0.28 0.15
Rewave f53 R3/f53 Ra 0.13 0.16 0.13
fsa ralfsa w3 0.09 0.09 0.09

Full signal Jss rs/fss5 ra 0.13 0.09 0.11

fs4 ralfs4 RS 0.08 0.12 0.11

*S'l‘:'r‘t{;i‘e’ I fis s/ fes ra 0.22 0.33 0.21
(Set 3) Jsa ra!fsa rs 0.25 0.41 0.23
Rowave Jss rs/fss ra 0.18 0.20 0.17

fsa ra/fsa RS 0.08 0.08 0.08

Full signal Jss rs/fs5 ra 0.17 0.11 0.13

Jointed Js4 ra/fsa RS 0.08 0.09 0.10
surface [ Jss rs/ fss ra 0.26 0.34 0.24
(Set 3 Jsa ra/fsa rs 0.3 0.45 0.27
repeated) fSS:RS /fSS:R4 0.12 0.13 0.14
Rowave foa ralfss x5 0.077 | 0078 | 0.079

Full signal Jss s/ fs5 Re 0.05 0.01 0.06
fs6 e/ f36 RS 0.09 0.05 0.09
*s'l‘:‘r‘t{;‘;g by a5 rs/fss re 0.36 0.53 0.34
(Set 4) 6 rol fso v 0.34 0.48 0.30
Rewave fss s/ fss Re 0.05 0.06 0.05
fs6 R/ f56 RS 0.09 0.09 0.09

Jointed | Full signal ot 2 SR 4 -t Sot 4 SR 0.10 0.09 0.11
surface | P-wave 0.29 0.43 0.27
(average) [ ¢ wave * 000 | 011 | o010
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Table Q-6: PTP ratio, magnitude ratio and area ratio for Set 5 to Set 6 measurements

(120mm source-to-receiver spacing) on the joint-free surfaces in slab 3

Location | Analyzed Signal ratio PTP | Magnitude | Area
portion (SR) ratio ratio ratio
) Jsi-120 Ra/ fsi-120 Ri-120 1.25 1.58 1.17
Full signal
Joint-free Jss ri-120/ fs5 R4 2.37 1.48 1.75
t;l;rlfeaf:esiadte P-wave Sst120 R4 for 120 Ri-120 1.2 1.08 1.04
of the joint Jss Ri-120/ fs5 R4 0.91 0.93 0.94
(Set 5) Jsi-120 R4/ fsi120 Ri-120 1.31 1.31 1.37
R-wave
fs5_R1_]20/fSS_R4 1.21 1.31 1.33
. fs4_ Rr.]go/fS4_R5 0.85 1.06 0.96
. Full signal
Joint-free JSr-120 Ra/ [Sr-120 Rr-120 0.54 0.37 0.55
surface at = =
the right Jsa_rr120/ fs4 RS 0.76 0.76 0.79
. fth P-wave
Sld.e ol the Jsr-120 R4/ fsr-120 Rr-120 1.11 1.11 1.14
joint = =
(Set 6) fs4_ R~120 /fS4_R5 0.84 0.80 0.84
R-wave
Jsr-120 Ra/ fsr-120 Rr-120 0.58 0.62 0.59
. Full signal 1.25 1.12 1.11
Joint-free Set 5 SR + Set 6 SR
surface P-wave > 0.95 0.97 0.98
(average) [p iave 0.99 1.01 1.03

Table Q-7: PTP ratio, magnitude ratio and area ratio for Set 7 measurements (160mm

source-to-receiver spacing) on the jointed surface in slab 3

Location Analyzed Signal ratio PTP | Magnitude | Area
portion (SR) ratio ratio ratio
: Jss r8/fsg r7 0.12 0.12 0.13
Full signal = =
fS77R7 /fS77R8 0.14 0.15 0.12
Jointed fos v/ fos R7 0.08 0.07 0.091
surface P-wave = —
(Set7) Js7 R7/fs7 RS 0.15 0.12 0.18
fss r8/ fsg R 0.12 0.12 0.13
R-wave = —
Jfs7 R7/f57 RS 0.085 0.088 0.098
. Full signal 0.13 0.14 0.13
Jointed 1 fsszs fS77R7
surface P-wave E : 7 + 7 0.12 0.095 0.14
(average) Rowave S8 _R7 S7_RS 0.10 0.10 o1l
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Table Q-8: PTP ratio, magnitude ratio and area ratio for Set 7 measurements (160mm

source-to-receiver spacing) on the joint-free surfaces in slab 3

Location Analyzed Signal ratio PTP | Magnitude | Area
portion (SR) ratio ratio ratio
. Jsi-160 R7/ fsi-160 Ri-160 1.05 1.02 1.00
Full signal
Joint-free Js8 Rri-160/ fss r7 1.86 1.78 2.16
t;l:‘,rlfeaf:es iadte P-wave Jsi-160 R7/ fsi-160 Ri-160 1.23 1.22 1.21
of the joint Jss Rri-160/ fss R7 1.21 1.24 1.21
(Set 8) fottoo v1! oo riaso | 1.04 1.05 1.04
R-wave
fsg_RHgo/fSS_R7 1.87 1.79 1.72
. fs7_ Rr-160 /fS7_R8 1.77 1.59 1.45
. Full signal
Joint-free Jsr-160 R8 ! fsr-160 Rr-160 0.86 0.9 0.93
surface at = =
the right Js7_Rr-160/ fs7_R8 1.06 1.07 1.08
ide of the P-wave
side o Jsr-160 R8/ fsr-160 Rr-160 0.78 0.77 0.75
joint = =
(Set 9) Jfs7 w160/ f$7 RS 1.64 1.68 1.74
R-wave
Jsr-160 R8/ fsr-160 Rr-160 0.86 0.89 0.88
. Full signal 1.39 1.32 1.39
Joint-free Set 8 SR + Set 9 SR
surface P-wave ) 1.07 1.08 1.06
(average) ¢ vave 1.35 1.35 1.35

Table Q-9: FTC, WTC, and damping ratio for Set

source-to-receiver spacing) on the jointed surface in slab 3

1 measurements (80mm

Location Anal)-fzed Signal ratio FTC WTC Dam[‘nng
portion (SR) ratio
Full sienal 0.054 0.057 0.18
& at 54kHz | at 54kHz | at 54kHz
':Oil;;eccel p fS17R1 : fsszz 0.4 0.06 0.18
(‘éet D “wave fo o S m at39kHz | at39kHz | at 39kHz
Rowave . . 0.08 0.064 0.18
at 47kHz at 47kHz at 47kHz
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Table Q-10: FTC, WTC, and damping ratio for Set 2 to Set 4 measurements (120mm

source-to-reciver spacing) on the jointed surface in slab 3

Location Anal)jzed Signal ratio FTC WTC Dam[.)lng
portion (SR) ratio
Ful sional 0.12 0.12 0.09
_ & at51kHz | at51kHz | at 51kHz
pereodll IR Ts2 w2 s s 042 0.087 0.12
(Set 2) fssza 'fsszz at 37kHz at 37kHz at 37kHz
0.12 0.12 0.11
Rawave atd3kHz | at43kHz | at 43kHz
Full sional 0.11 0.12 0.10
_ & at 50kHz | at50kHz | at 50kHz
paerwodll IR Jsa_rsfs3 ns 037 0.083 0.14
(Set 3) fS47R3 . fS37R4 at 38kHz at 38kHz at 38kHz
0.13 0.12 0.11
R-wave at43kHz | at43kHz | at 43kHz
Full sienal 0.10 0.12 0.10
Jointed g at 51kHz | at51kHz | at 51kHz
surface Pwa fS47R4 'fsszs 0.39 0.1 0.13
(Set 3 -wave f f at 34kHz | at34kHz | at 34kHz
S4 R5 °J S5 R4
repeated) 0.10 0.13 0.12
R-wave at 43kHz | at43kHZ | at 43kHz
Full sienal 0.078 0.076 0.11
_ g at S0kHz | at 50kHz | at 50kHz
':l(:i_l;;ec‘el P fS47R4 'fsszs 0.50 0.058 0.10
-wave -
(Set 4) fS47R5 'f557R4 at 34kHz at 34kHz at 34kHz
0.072 0.066 0.14
R-wave at 43kHz | at43kHz | at 43kHz
Ful sional 0.10 0.11 0.10
g at 51kHz | at51kHz | at51kHz
Jon;ted P Set 2 SR +---+ Set 4 SR 0.42 0.08 0.12
surtace | F-wave 4 at36kHz | at36kHz | at36kHz
(average) 0.10 0.11 0.12
Rawave at 43kHz | at43kHz | at43kHz
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Table Q-11: FTC, WTC, and damping ratio for Set 5 to Set 6 measurements (120mm

source-to-reciver spacing) on the joint-free surface in slab 3

Location Anal).fzed Signal ratio FTC WTC Dam[')lng
portion (SR) ratio
Full sienal 1.53 1.69 -0.018 at
Joint-free & at 54kHz | at54kHz | 54kHz
t;l::rlz':esiadte P-wave fSl—1207R4 : fSSle—lZO 1.00 1.8 _2.95*10'4
-wav
of the joint fSl—lZOle—lZO ’ fssz4 at 39kHz at 39kHz at 39kHz
Set5) | pvave 1.31 1.78 0.02
at 47kHz at 47kHz at 47kHz
. . 0.63 0.68 0.02
;]:::,I;—cg?: Full signal at 54kHz at 54kHz at 54kHz
the right Pwa fS47Rr—120 ) fSr—lzo,RS 0.92 0.71 0.01
side of the | @ Wave I f at39kHz | at39kHz | at 39kHz
joint s4_R5 " Jsr-120 Rr-120
0.70 0.7 0.01
(Set6) | R-wave at47kHz | at47kHz | at47kHz
Full signal 1.08 1.19 0.02
& at 54kHz | at 54kHz | at 54kHz
JO'“tf'free > Set 5 SR + Set 6 SR 0.92 0.71 4.9%10°
surface “wave 2 at39kHz | at39kHz | at 39kHz
(average) .
Rowave 1.01 1.24 -5*10°
at 47kHz at 47kHz at 47kHz

Table Q-12: FTC, WTC, and damping ratio for Set 7 measurements (160mm

source-to-reciver spacing) on the jointed surface in slab 3

Location Anal).fzed Signal ratio FIC WTC Dam].)ing
portion (SR) ratio
0.13 0.13 0.066

Full signal at 54kHz | at 54kHz | at 54kHz

!sIl(;i‘lil':leccel b f587R8 'fS77R7 0.13 0.12 0.22
ot T -wave Fos w1 s s at 36kHz | at36kHz | at36kHz

0.11 0.13 0.08
at 47kHz at 47kHz at 47kHz

R-wave
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Table Q-13: FTC, WTC, and damping ratio for Set 8 and Set 9 measurements (160mm

source-to-reciver spacing) on the joint-free surfaces in slab 3

Location Anal).'zed Signal ratio FTC WTC Daml?lng
portion (SR) ratio
Full sienal 1.47 1.39 -0.012 at
Joint-free & at 56kHz | at56kHz | S56kHz
t;lel:rliz}iesiadte Powave fSI—1607R7 ' f587R1—160 1.21 1.34 -0.02
of the joint fszfmofszmo ’ fssfm at 36kHz at 36kHz at 36kHz
(Set 8) Rowave 1.33 1.39 -0.01
at 49kHz at 49kHz at 49kHz
. . 1.07 1.3 -4.6*10”
gl(:;rfl;;ferzi Full signal at 56kHz at 56kHz at 56kHz
the right P-wave / S7_Rr-160 /. Sr-160_ RS 0.90 1.27 0.012
side of the f -f at 34kHz at 34kHz at 34kHz
joint 57 _R8 " J sr-160_Rr-160
1.24 1.26 -0.008
(Set9) | R-wave at 48kHz | at48kHz | at 48kHz
Full sienal 1.47 1.39 -0.0083
g at 56kHz at 56kHz at 56kHz
Jomtf-free P Set 8 SR + Set 9 SR 0.9 1.27 0.012
surtace -wave 2 at35kHz | at35kHz | at35kHz
(average)
Rowave 1.24 1.26 -0.008
at 49kHz at 49kHz at 49kHz
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Appendix R
FTC vs. Frequency and Wavelength/3 for Slab 3

- Measurements on the Jointed and the Joint-free Surfaces
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Figure R-1: 80mm S-R spacing configuration of HMA slab 3
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Figure R-2: (a) FTC vs. frequency and (b) FTC vs. wavelength/3 for full signals of set 1

measurements (80mm S-R spacing) on jointed surface
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575



1.25

1.08[~

0911~

FTC

0.741~

0.57

0.4
20

30

40 50 60 70

Frequency (kHz)

1.25

1.08[~

0911~

FTC

0.74

0.57

I I
Vg = 1714 mis |

0.4

20

30 40 50 60 70 80

Wavelength/3 (mm)

(@)

|

B 1M0mm 3~J20

Sah

1A

g
Lf

(b)

Figure R-21: (a) FTC vs. frequency and (b) FTC vs. wavelength/3 for full signals of set 6

measurements (120mm S-R spacing) on joint-free surface
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Appendix S
Wavelet Transform Using Morlet Wavelet for Slab 3

- Measurements on the Jointed and the Joint-free Surfaces
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Figure S-1: 80mm S-R spacing configuration of HMA slab 3
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Figure S-2: Wavelet transform of set 1 measurements (80mm S-R spacing) using Morlet
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Figure S-12: Wavelet transform of repeated set 3 measurements (120mm S-R spacing)
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Figure S-13: Wavelet transform of repeated set 3 measurements (120mm S-R spacing)
using Morlet wavelet at the dominant frequencies of P-waves (Morlet center frequency of
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Figure S-17: Wavelet transform of set 4 measurements (120mm S-R spacing) using
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Figure S-18: Wavelet transform of set 5 measurements (120mm S-R spacing) using
Morlet wavelet at the dominant frequencies of full signals (Morlet center frequency of

50781 kHZ fOI' bOthfsz_jz()iRl_jg() andﬁ1_1207R4; 56641 kHZ fOI' bO'[hfs57R[_12() andfs57R4)

607



0,Y035 I _ T
Ssi120 Ri-120 normalized to 1.325
h
'
S i Ss120 R4 normalized to 1.656 |
e :;
2 v
E=) i — ]
(=] -4 ; E ]
E Y Tt E
< ; Wavelet transform
L
6 Wsii20 ra —_—
-8
0 0.1 0.2 0.3 0.4
Time (ms)
o~
(<
D
=
£
=
g
<

Time (ms)

Figure S-19: Wavelet transform of set 5 measurements (120mm S-R spacing) using
Morlet wavelet at the dominant frequencies of P-waves (Morlet center frequency of
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Figure S-21: Wavelet transform of set 6 measurements (120mm S-R spacing) using
Morlet wavelet at the dominant frequencies of full signals (Morlet center frequency of
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Figure S-22: Wavelet transform of set 6 measurements (120mm S-R spacing) using
Morlet wavelet at the dominant frequencies of P-waves (Morlet center frequency of
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Figure S-23: Wavelet transform of set 6 measurements (120mm S-R spacing) using
Morlet wavelet at the dominant frequencies of R-waves (Morlet center frequency of
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Figure S-25: Wavelet transform of set 7 measurements (160mm S-R spacing) using
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614



I 10 I [ ..
0.123 Ss8-r7 (JOlnt-fere)
\ normalized to 1.175
0 l
|
¥ f'sg-rs (joint)
o~ I
2 ! normalized to 0.138
< f
= : —_—
= ¥ 35 150mm B3
=] o .
< i Wavelet transform S E
-5 l = ]
|
|
|
|
|
|
0
0.1165 | " fs7s (oint-fiee)
‘ E normalized to 0.769
0 ] H
i , Ss7-r7 (joint)
= | normalized to 0.106
= | i
c l
= |
= | 55 150mm B3
) | W L]
< | : avelet transform o |E
- : : |
| [
Ws7 rs i '
|
l
0 0.1 0.16 02 0.3 0.4

Time (ms)

Figure S-26: Wavelet transform of set 7 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of P-waves (Morlet center frequency of

37.842 kHz for fsg r7; 34.18 kHz for fss rs; 37.842 kHz for fs;7 rs; and 34.18 kHz for
Js7 r7)
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Figure S-27: Wavelet transform of set 7 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of R-waves (Morlet center frequency of

48.828 kHz for fss r7; 44.922 kHz for fsg rs; 48.828 kHz for fs7 rs; and 44.922 kHz for
Js7 R7)
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Figure S-28: Wavelet transform of set 8§ measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of full signals (Morlet center frequency of
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Figure S-29: Wavelet transform of set 8 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of P-waves (Morlet center frequency of

37.842 kHz for all the signals of Set 8)
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Figure S-30: Wavelet transform of set 8 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of R-waves (Morlet center frequency of

48.828 kHz for all the signals of Set 8)
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Figure S-31: Wavelet transform of set 9 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of full signals (Morlet center frequency of

56.641 kHz for both fs7 rs and fs7 r-160; 54.688 kHz for fs,.160 r-160; and 50.781 kHz for
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Figure S-32: Wavelet transform of set 9 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of P-waves (Morlet center frequency of
36.621 kHz for fs7 rs; 37.842 kHz for fs7 r-160; 37.842 kHz for fs,.;60 rr-160; and 40.283
kHz for fs,-160 rs)
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Figure S-33: Wavelet transform of set 9 measurements (160mm S-R spacing) using
Morlet wavelet at the dominant frequencies of R-waves (Morlet center frequency of
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Appendix T
Wavelet Transform of Signals

Using Mallat’s Algorithm for Slab 3

This appendix is a PDF file available in the Appendix CD.
The file name of this PDF file is “Appendix T - Wavelet transform using Mallat's.pdf”.
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Figure T-11: Wavelet transform using Mallat’s algorithm for signal fs4 r4 across the joint

(at 120mm S-R spacing)
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Figure T-12: Frequency content at a given scale from Figure T-11
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Coefficients at SC =287
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Figure T-13: Frequency content at a given scale from Figure T-11
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Figure T-14: Wavelet transform using Mallat’s algorithm for signal fs4 rs through the

joint-free surface (at 120mm S-R spacing)
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Figure T-15: Frequency content at a given scale from Figure T-14
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Coefficients at SC =33.4
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Figure T-16: Frequency content at a given scale from Figure T-14
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Figure T-17: Wavelet transform using Mallat’s algorithm for signal fss r4 through the

joint-free surface (at 120mm S-R spacing)
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Figure T-18: Frequency content at a given scale from Figure T-17
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Figure T-20: Wavelet transform using Mallat’s algorithm for signal fgs rsacross the joint

(at 120mm S-R spacing)
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Figure T-21: Frequency content at a given scale from Figure T-20
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Figure T-22: Wavelet transform using Mallat’s algorithm for signal fss r4 (repeated test)
through the joint-free surface (at 120mm S-R spacing)
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Figure T-23: Frequency content at a given scale from Figure T-22
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Coefficients at 5C =30
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Figure T-24: Frequency content at a given scale from Figure T-22
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Figure T-25: Wavelet transform using Mallat’s algorithm for signal fss rs (repeated test)

across the joint (at 120mm S-R spacing)
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Figure T-26: Frequency content at a given scale from Figure T-25
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Coefficients at SC =333
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Figure T-27: Frequency content at a given scale from Figure T-25
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Figure T-28: Wavelet transform using Mallat’s algorithm for signal fs4 rs (repeated test)

through the joint-free surface (at 120mm S-R spacing)
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Figure T-29: Frequency content at a given scale from Figure T-28
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Coefficients at SC =269
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Figure T-30: Frequency content at a given scale from Figure T-28
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Figure T-31: Wavelet transform using Mallat’s algorithm for signal fs4 r4 (repeated test)

across the joint (at 120mm S-R spacing)
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Figure T-32: Frequency content at a given scale from Figure T-31
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Figure T-33: 160mm S-R spacing configuration of HMA slab 3
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Figure T-34: Wavelet transform using Mallat’s algorithm for signal fs; r7across the joint

(at 160mm S-R spacing)
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Figure T-35: Frequency content at a given scale from Figure T-34
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Coefficients at 5C = 33
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Figure T-36: Frequency content at a given scale from Figure T-34
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