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ABSTRACT

Longitudinal joints are one of the critical factdtst cause premature pavement failure. Poor-
quality joints are characterized by a low densitgd &igh permeability; which generates surface
distresses such as ravelling or longitudinal cragkDensity has been traditionally considered as
the primary performance indicator of joint constimie. Density measurements consist of taking
cores in the field and determining their densitytiwe laboratory. Although this technique
provides the most accurate measure of joint dersitydestructive and time consuming. Nuclear
and non-nuclear gauges have been used to evahlmteondition of longitudinal joint non-
destructively, but did not show good correlationhwéore density tests. Consequently, agencies

are searching for other non-destructive testing TN@ptions for longitudinal joints evaluation.

NDT methods have significantly advanced for thelwston of pavement structural capacity
during the past decade. These methods are badeer @nh deflection or wave velocity

measurements. The light weight deflectometer (LW®)increasingly being used in quality

control/quality assurance to provide a rapid deiestion of the surface modulus. Corresponding
backcalculation programs are able to determinertb@uli of the different pavement layers; these
moduli are input parameters for mechanistic-emagirgavement design. In addition, ultrasonic
wave-based methods have been studied for paveroadition evaluation but not developed to
the point of practical implementation. The multacimel analysis of surface waves (MASW)
consists of using ultrasonic transducers to measuriace wave velocities in pavements and

invert for the moduli of the different layers.

In this study, both LWD and MASW were used in tabdratory and in the field to assess the
condition of longitudinal joints. LWD tests wererfigmed in the field at different distances from
the centreline in order to identify variations bétsurface modulus. MASW measurements were
conducted across the joint to evaluate its effettwave velocities, frequency content and
attenuation parameters. Improved signal processiolgniques were used to analyze the data,
such as Fourier Transform, windowing, or discretvelet transform. Dispersion curves were
computed to determine surface wave velocities atmhtify the nature of the wave modes
propagating through the asphalt pavement. Parasngtieh as peak-to-peak amplitude or the area
of the frequency spectrum were used to computeuwsten curves. A self calibrating technique,
called Fourier transmission coefficient (FTC), wesed to assess the condition of longitudinal

joints while eliminating the variability introducdxy the source, receivers and coupling system.



A critical component of this project consisted oégaring an asphalt slab with a joint in the
middle that would be used for testing in the labmma The compaction method was calibrated by
preparing fourteen asphalt samples. An exponeatiaklation was determined between the air
void content and the compaction effort appliedht® mixture. Using this relationship, an asphalt
slab was prepared in two stages to create a joinmedium quality. Nuclear density
measurements were performed at different locatmnshe slab and showed a good agreement

with the predicted density gradient across thetjoin

MASW tests were performed on the asphalt slabsgyudifferent coupling systems and receivers.
The FTC coefficients showed good consistency frama oonfiguration to another. This result
indicates that the undesired variability due torneeivers and the coupling system was reduced
by the FTC technique. Therefore, the coefficientyenrepresentative of the hot mix asphalt
(HMA) condition. A comparison of theoretical andpeximental dispersion curves indicated that
mainly Lamb waves were generated in the asphadirlayhis new result is in contradiction with
the common assumption that the response is govdmnedrface waves. This result is of critical
importance for the analysis of the data since MA®#Is have been focusing on the analysis of

Rayleigh waves.

Deflection measurements in the field with the LWidwed that the surface modulus was mostly
affected by the base and subgrade moduli, and cailtie used to evaluate the condition of the
surface course that contains the longitudinal gifithe LWDmod software should be used to
differentiate the pavement layers and backcalcutaemodulus of the asphalt layer. Testing
should be performed using different plate sizesdrog@ping heights in order to generate different

stress levels at the pavement surface and optitmé&zaccuracy of the backcalculation.

Finally, master curves were computed using a ptiedicequation based on mix design
specifications. Moduli measured at different freapies of excitation with the two NDT
techniques were shifted to a design frequency dfl25Design moduli measured in the field and
in the laboratory with the seismic method were aodj agreement (less than 0.2% difference).
Moreover, a relatively good agreement was founavéen the moduli measured with the LWD
and the MASW method after shifting to the desigrgérency.

Vi



In conclusion, LWD and MASW measurements were sgmtative of HMA condition.
However, the condition assessment of medium to gpadity joints requires better control of the
critical parameters, such as the measurement deptthe LWD, or the frequency content
generated by the ultrasonic source and the couplitgeen the receivers and the asphalt surface

for the MASW method.
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CHAPTER 1. INTRODUCTION

1.1. Background

Asphalt pavements are usually constructed one &na time, resulting in the creation of
longitudinal joints at the interface between thaee The quality of these joints is critical foeth
performance of the asphalt pavements. Poor-quplitits are generally characterized by low
density and high permeability which cause premapaeement failure with surface distresses
(ravelling and longitudinal cracking). Thereforepse agency specifications require joint density

to be not less than two percent below the specifiatidensity (Estakhri et al. 2001).

Conventional longitudinal cold joint constructiorethods often result in weak joint structures.
The outer edge of the first paved lane is not cadiand spreads outward in response to the
roller pressure, which results in a lower dendignt the interior portion of the mat. Prior to the
construction of the second lane, the first lane tivad to cool down (cold lane). The unconfined
edge of the cold lane achieves little or no add@locompaction during the placement of the
second (hot) lane. On the contrary, the outer eddlee hot lane is confined by the cold lane and
could reach higher densities than the mat. Nevieghe poor compaction can also appear at the
confined edge if an insufficient amount of hot niéxplaced at the joint. These areas of low
density and high air voids allow air and water ém@trate into the pavement structure at the joint
location, which causes further deterioration. Banaple, 60 percent of joints require routing and

sealing within 5 years in Northern Ontario (Marksle 2009).

Several techniques have been used to produce logtadity joints, including echelon paving,

reheated joints with joint heaters, or warm mixredp(WMA) (Uzarowski et al. 2009). Actually,

most of the research has been dedicated to thdogewent of methods used to construct good
quality joints rather than methods used to evaltiae condition. Density has been used as the
primary performance indicator of joint constructidn general, density measurements consist of
taking cores in the field and determining their gignin the laboratory using methods such as
saturated surface dry specimens or vacuum seditigpugh these techniques provide accurate

measurements of joint density, they are destruetngetime consuming.

Nuclear and non-nuclear density gauges have beshtasevaluate the condition of longitudinal

joints non-destructively. Problems with the seatiighese gauges have been met when testing



joints. Many density gauge measurements acrosstlaligal joints are actually collected at the
location immediately next to the joint (Williams e. 2009). In 1997, the Ministry of
Transportation of Ontario (MTO) conducted differenals to estimate the benefits of specified
longitudinal joint construction techniques (Marksaké 2009). Both nuclear and core density tests
were performed at the joints. The results showatl tiese measurements did not correlate well
(R? values less than 0.4). Consequently, agencieseaehing for other non-destructive (NDT)

options for longitudinal joint evaluation.

NDT methods have been commonly used in the pasidéeto evaluate the structural capacity of
asphalt pavements. These methods are based aitldeflection or wave velocity measurements.
The falling weight deflectometer (FWD) has been elydused to determine the stiffness of
pavement structures. It measures the deflectioa pdvement subjected to an impact loading.
Corresponding backcalculation programs are abladtermine the moduli of the different
pavement layers, which are input parameters forhamg@stic-empirical pavement design. The
portable version of the FWD, the light weight deftameter (LWD), has been increasingly used
for QA/QC testing of compacted unbound materiafg] aeveral studies have been performed
regarding its potential use for asphalt pavemeatuation (Ryden and Mooney 2009, Steinert et
al. 2005). Although the surface modulus determiwét this device is not an absolute measure
of the HMA modulus, but rather a weighted mean nheglof the entire pavement structure and
the subgrade (Ullidtz 1987), the LWD can be usedotmpare the stiffness of different pavement
sections.

Wave propagation methods such as ultrasonic pdbkeity (UPV), impact echo (IE), spectral
analysis of surface waves (SASW), and multi-chaamellysis of surface waves (MASW) have
been studied for pavement condition evaluation ot developed to the point of practical
implementation. Surface wave based methods arabdeiifor in-situ testing of pavements since
they require access to only one surface of thedesibject. These techniques have been integrated
in pavement evaluation devices such as the seipavement analyzer (SPA) (Nazarian et al.
1993). Jiang (2007) used surface waves with anlepa&ing configuration for the evaluation of
longitudinal joints. The test was sensitive enotmldifferentiate between levels of joint quality

that were defined as good, fair, or poor.

Asphalt is a visco-elastic material with a dynamiodulus that varies with temperature and

frequency. Ultrasonic methods measure high frequenoduli. On the other hand, deflection



devices determine elastic moduli at frequencieslaino the one generated by traffic loads on
highways (approximately 25 Hz). Master curves hagen developed to model the frequency
dependant behaviour of asphalt concrete and congdastic moduli measured under different

temperature and frequency conditions (Barnes aatli@ir 2009).

1.2. Research Objectives

The primary objective of this research is to deteemf LWD and MASW can be used as
complementary methods to measure the quality ofitodinal joints. Within the primary
objective, the first objective is to investigate tbapability of these techniques to detect actual
changes in pavement condition across longitudmiat§. The second objective is to determine if
the methods provide the necessary level of disoation to properly rank joints of varying

quality.

1.3. Research Methodology

The methodology employed to achieve the researgtides can be summarized as follows:
Study the theory of wave propagation in a mediuih @mderstand the relation between
wave characteristics and material properties. Reuige different signal processing
techniques used to analyze the data collectedglwave based testing.
Understand the response of pavements to statichamaimic loadings, which is used to
calculate pavement moduli from deflection measuréme
Review the NDT methods used for material charazaéon and pavement evaluation.
Analyze the limitations and advantages of eachrtiecte, and develop an improved
method based on the complementary use of defleatidrultrasonic measurements.
Study the frequency-dependant behaviour of asphiatures and understand how master
curves can be used to compare moduli measuretfexiedice loading frequencies.
Develop a new compaction method for the preparaifamsphalt slabs in the laboratory.
Calibrate the compaction procedure through thegregjmn of small asphalt samples and
determine a regression model between the air voideot and the compaction effort
applied to the mixture.
Prepare an asphalt slab with a joint of mediumitudPerform density measurements on
the jointed slab in order to see if the compacpoocedure used in the laboratory is able
to reproduce typical density gradients observedsaclongitudinal joints in the field.
Conduct LWD and MASW tests on asphalt slabs in igoratory and on actual

pavements in the field.



Determine the effect of longitudinal joints on th@rface modulus measured in the field
with the LWD. Evaluate the effectiveness of the L@ software in backcalculating
the modulus of the asphalt layer.

Identify the effect of material properties (pavemeensity, elastic modulus) on the
characteristics of the waves recorded with the MAS\thod (velocities, attenuation
coefficients).

Evaluate the variability introduced in the measwerta by the different components of
the MASW method (source, receivers, coupling syst&mavelop a testing procedure that
provides a quick and reliable measure of the jgirality in the field.

Compute master curves for the HMA mixes testedis tesearch. Compare the asphalt

moduli measured at different frequencies with tiéD.and MASW methods in the field.

1.4. Thesis Organization

Chapter 2 begins with an overview of the theorywafve propagation. The characteristics of
body, surface and plate waves are discussed. Pre@onelated to wave propagation such as
reflection, refraction, mode conversion, wave ifggmce and wave attenuation are explained.
Then, the response of pavement structures to jgating tests is studied. The theory of a linear

elastic half space and a layered media are desdcribe

Chapter 3 provides a review of the signal procgstnhniques used to analyze the data collected
during non-destructive tests. The analysis is paréa in both time and frequency domains.
Wave velocities are determined from time signalse Trequency content is calculated through
the Fourier Transform. Other transformations sushtle short time Fourier Transform and
wavelet transform are used to investigate the traneof signal characteristics with respect to

both time and frequency.

Chapter 4 presents different non-destructive teples used for the structural evaluation of
pavement structures. Deflection methods includdicstavibratory and impulse methods.
Ultrasonic methods use either body waves (UPV,dE}purface waves (SASW and MASW).
Wave attenuation is evaluated by the Fourier trassion coefficient (FTC) or the wavelet

transmission coefficient (WTC).



Chapter 5 describes the temperature and frequespmgndant behaviour of asphalt mixtures. The
time-temperature superposition principle used teeltp dynamic modulus master curves is

explained.

Chapter 6 starts with a description of the expemimieprogram followed in this research. The
different steps that lead to the fabrication oftedpslabs with joints in the middle are presented.
Particular attention is given to the descriptiortted compaction procedure, which was calibrated
in the laboratory to ensure that the desired dessitere achieved. The experimental setups used
in this research for LWD and MASW testing are déxxt at the end of the chapter.

Chapter 7 begins with a description of the MASWtggserformed in the laboratory on the
fabricated asphalt slabs. Different processingriggles are used to determine if the propagation
of surface waves is affected by the presence ofrd. jThe analysis of LWD and MASW field

data collected at two different sites is presented.

Finally, the conclusions and recommendations afwark are summarized in Chapter 8.






CHAPTER 2. THEORETICAL BACKGROUND

2.1. Introduction

The techniques used in this study to assess thditmnof longitudinal joints are based on the
measurement of wave characteristics or pavemetadtieh. This chapter starts, in Section 2.2,
with an overview of the theory of wave propagatioat is used to understand the results obtained
from ultrasonic testing. A description of the methaised to calculate the pavement response to

plate loading tests is provided in Section 2.3.

2.2. Theory of Wave Propagation

When a deformation is created in a medium, pagiskart to oscillate at the excited point: a
mechanical wave is generated. The elasticity of tfedium acts as a restoring force: each
oscillating particle tends to return to its equililm position, while neighbourhood particles start
to oscillate. Combined with inertia of the partil¢his elasticity leads to the propagation of the
wave. The maximum distance reached by the partiobes their equilibrium position is defined
as the amplitude of the wave. Other properties whge are wavelengti), frequency (f) and

velocity (V) which are related through the equation

V = xf (2-1)
A wave can be also characterized by its time peaiwadlwave number, which are defined by:
T=1f
(2-2)
k =2r/)\

2.2.1. Modes of Propagation

Wave propagation can be characterized by oscillapatterns, which are called wave modes.
Three wave modes are often used in ultrasonic atigpes: body waves, surface waves and plate
waves. Body waves propagate in the radial direatiotward from the source. Surface and plate

waves appear at surfaces and interfaces.

2.2.1.1. Body Waves
Body waves can be compression or shear waves. @ssipn waves, also called longitudinal

waves, travel with particle vibrations parallel ttte direction of propagation, as illustrated in



Figure 2-1. They can travel through any type oferiat (solid, liquid and gas). In solids, these

waves are the fastest among other modes, thusthegiso called primary waves (P-waves).

Shear waves, also called transverse waves, prapadgfft particle vibrations perpendicular to the

direction of propagation (Figure 2-1). Shear waappear only in solids, because fluids do not
support shear stresses. They are also known asdsegovaves (S-waves) because they travel at
a lower speed than P-waves. In opposition to P-ywéneevolume of an element does not change

during the propagation of S-waves, thus the voluametrain is equal to zero.

Wave velocity will refer to group velocity which ithe speed of energy and information
propagation. As it will be demonstrated in thistset wave velocity can be used to determine
material properties, such as stiffness, elastioitylensity. In an isotropic infinite elastic solid,

Newton’s second law leads to the equation of motiath indicial notation (Wasley 1973):
2
p%“% o) (2:3)
where X(%,X»,X3) is a Cartesian coordinate system,;jidis) is the displacemengp, is the density
ando;; are the stress components.
According to Hook’s law, stresses can be expreaseallinear combination of strains:
o =AALS, ; +200 (g (2-4)
whereg;; are the strain components,is the Lamé’s elastic constant,is the shear modulus,

A =g, is the volumetric strain, arig; the Kronecker’s symbol which is equal to 1 if j,=and 0

otherwise.
The strain is related to the displacement throbhgtfollowing equations:

1{ ou, auj
o= =y 2-5
% 2(6xj OX»J (2:5)

I
By substituting equations ( 2-4 ) and ( 2-5) iatpation ( 2-3 ), the wave equation becomes:

0A 0%y,
=(A+p)—+ '
P "ox ox,

(2-6)

Wasley (1973) splits up the displacements into pads: a longitudinal part having zero rotation
and a transverse part having zero dilatation. df dilatation is zero, which corresponds to S-

waves, the equation becomes:



0%y _ 9%y, -
o Maxax, (27)
which is the equation of a wave travelling with tledocity:
Vo= [k (2-8)

In the case of a longitudinal part having zero tiotg which correspond to P-waves, the

displacement is derivable from a scalar potentiatfion and the equation ( 2-6 ) becomes:

0°u,

P52 =(r+20n)

0°u,
6x16xj

(2-9)

which is the equation of a wave travelling with tledocity:

Vo= |22t =\/E (2-10)
p p

where M is the constraint modulus.

These expressions ofp\and Vs confirm that P-waves travel at a higher speed thamaves.

Shear and constraint modulus are defined in tefm&ang’s modulus E and Poisson’s ratio

as:
_E
o) (2-11)
(1-v)E
s 2-12
(1+v)1-2m) ( )
The Poisson’s ratio is defined by:
—_ Stransverse
VET (2-13)
8Iongitudinal

Wheregyansverse@Nd iongitudinal are respectively the transverse and longituditrairss of a material

being stretched.

In conclusion, P-wave and S-wave velocities aretions of material properties such as elastic
modulus, density or Poisson’s ratio. This is whgithmeasurement is very useful for ultrasonic
testing. For example, using equations ( 2-8 ),102; ( 2-11 ) and ( 2-12 ), the Poisson’s ratio ca
be obtained from the body wave velocities:

— Z(VS/ Ve )2 -1
i (= e



2.2.1.2.  Surface Waves

A surface wave is a mechanical wave that propagdbes the interface between different media.
There are two major surface waves: Rayleigh ancelwaves. Rayleigh waves (R-waves), first
discovered by Rayleigh (Rayleigh 1885), travel véthiface particles moving in an ellipse which
major axis is perpendicular to the direction ofga&gation, as illustrated in Figure 2-2. R-wave
ground penetration is approximately equal to oneehength. For material characterization, a

penetration depth of approximately one third ofwselength is effective.

Love waves propagate with particles moving in thene of the surface, perpendicularly to the
direction of propagation (Figure 2-2). They werestfistudied by A.E.H Love (Love 1911).
However, they are not considered in ultrasonidrigdtecause they have an upper frequency limit

of a few thousand hertz.

Surface waves are confined to the surface, thus dttenuation is considerably less than that of

body waves. This point will be developed at the ehthis chapter.

The R-wave velocity (¥) is constant in a homogeneous half-space. A g@pdoaimation is
given by the following equation (Achenbach 1973):

. 0.862+1.14

V
R 1+v

Vg (2-15)

As the Poisson’s ratio varies form 0 to 0.5, the R-wave velocity increafem 0.862xV to
0.955x\%. For practical purposes, it can be expressed ajppately as (Blitz and Simpson 1996):
Vg =0.90V, (2-16)
Therefore, surface wave velocity is smaller thadybewave velocity. We can draw an interesting
conclusion for seismic applications: with highetoagty and lower amplitude than S-waves and

surface waves, P-waves can be used as earthquakiagva

In a layered medium, depends not only on the material properties, lsat an the frequency of
excitation. High frequencies propagate at a vefodi#termined by the material properties of
shallow layers, whereas low frequencies propagageelocity affected by the characteristic of
deeper layers (Figure 2-3). Two different velositieave to be considered: the group velocity,
characterizing the energy propagation, and thegtialcity. They are defined by the following

equations:
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V. =— 2-17
gr dk ( )
Q]

wherew = 2rf is the circular frequency, and k is the wave namb

The group velocity is always constant. In a homegeis material, the phase velocity is also
constant, equal to the group velocity; whereagnnnhomogeneous medium, the phase velocity
varies with frequency. This phenomenon, calledealisipn, is used to determine the properties of

layered systems, such as elastic modulus or |ajekrtess.

2.2.1.3. Plate Waves

In a slab having a thickness of the order of theelength or so, surface waves interact with
boundaries and generate plate or Lamb waves. Acgprdd Lamb (Lamb 1917), who first
studied this phenomenon, the particle motion kethe plane defined by the plate normal and the
direction of wave propagation. Lamb waves can pgapa in a number of modes, either

symmetric or anti-symmetric, as illustrated by Feg@-4.

The velocity of Lamb waves varies with frequenayl @ach mode has its own dispersion curve.
Figure 2-5 shows an example of dispersion curvesaofb wave modes for a typical HMA plate,
assumed to be homogeneous and isotropic. The atitmulwas performed in MathCAD, using a
program developed by Yanjun Yang at the Universify Waterloo (Yang 2009). Three
parameters are given for the calculation: P-wavecy Ve = 3500 m/s, R-wave velocityg/=
1700 m/s, and half the plate thickness h = 45 mmthBsymmetric and anti-symmetric

fundamental modes (SO, AO) and higher modes (S1SR&1A2...) are presented in the figure.

At frequencies high enough to have wavelengths Ilsmtilan the thickness of the plate, waves
does not interact with the inferior boundary. Thtlgy propagate in the same way as in a
homogeneous half-space, characterized by a corRtartve velocity. That is why Lamb wave
modes tend toward a constant velocity at high feegies, which is a good approximation of the
Rayleigh wave velocity. In Figure 2-5, it is notic¢hat the fundamental modes A0 and SO
converge to ¥ at frequencies larger than 36 kHz, or wavelengtiwter than 47 mm which is

close to half the plate thickness.
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The Lamb wave propagation can be described by #yeRRjh-Lamb frequency equation (Graff
1975):

+1
2 +1 = symmetric
tan(p (b) , ABBE | o | (2-19)
tan(o [b) (k2 —BZ) -1 = anti-symmetric
wherea andf are defined by:
2 2
2_O® 2 p2_ O 2
0" =—5—k°, B"=—5-Kk 2-20
e B Ve ( )

and k =o/Vy, is the wave number, )/ is the phase velocity of Lamb waves,s the angular

frequency, b is half the thickness of the plateaWd \s are the P and S-wave velocities.

2.2.2.  Physical Phenomena of Wave Propagation
In a layered or inhomogeneous medium, additionahpmena affect the wave propagation such
as reflection, mode conversion and interference&s@&€hphenomena, which are not considered in

theoretical models, have to be understood so liedtt impact on test results can be minimized.

2.2.2.1. Acoustic Impedance
The acoustiémpedancdZ) of a material is defined as the product ofdiémsity p) and acoustic
velocity (V) (Achenbach 1973).

Z=plV (2-21)
This impedance, which is an acoustic charactedmatif the material, is very useful to explain
phenomena such as reflection and transmissioneTafllists typical acoustic impedance values

for various construction materials.

2.2.2.2. Reflection and Transmission

When an oblique incident wave passes through @anfate between two materials, reflected and
transmitted (refracted) waves are produced (Fi@u8¢. These phenomena appear when there is
an impedance mismatch between the two materiaksaoh side of the boundary. If we consider
two media with impedances 2nd 2, the fraction of the incident wave intensity timateflected

is given by the following equation (Blitz and Sinops1996):

2
R= 2,72 (2-22)
Z,+2,
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The greater the impedance mismatch, the greatqrettoentage of energy that will be reflected at
the interface. Since energy is conserved, the m@son coefficient is calculated by subtracting

the reflection coefficient from unity:
(2-23)

According to Snell’s law, incident and reflectiongées 0; and6,) are identical for the same type
of wave. The refraction anglé is related to the incident angle through the éqoa
sind; _ sing,
V1 V2

(2-24)

where V} is the velocity of the medium in which the incidemave is travelling, and ¥is the

velocity of the medium in which the refracted was@ropagating.

2.2.2.3. Mode Conversion
Mode conversion, which occurs when an oblique weneounters an interface between materials
of different acoustic impedances, is the transfeionaof one wave mode into another. For
example, when a longitudinal wave hits an interfand one or both of the material supports a
shear stress, a particle movement appears inahsvierse direction and a shear wave is produced
(Figure 2-7). Velocities and angles of the wavd®¥othe Snell’s law:

sing, _ sind, _ sinf; _ sind,,

Vi, Vi, Vs Vs

(2-25)

where \ is a longitudinal wave velocity, Ms a shear wave velocity afig 0., 6; and6, are the

incident, reflection and refraction angles indichite Figure 2-7.

As P-waves are faster than S-wauv@s> 0; and8, > 6,. This phenomenon, enabling different
wave modes to propagate in different directiong, @ause imprecision in NDT measurements. A
solution to avoid this uncertainty consists of easing the angle of incidence (Blitz and Simpson
1996). Consider two media: 1 is a fluid and 2 adsolith V; being inferior to both W and Vs,
According to equation ( 2-25 ¥, > 84 > 6,. Thus, there is a critical value 6f at which6, is
equal to 90°. As illustrated in Figure 2-8, for lggof incidence greater than this critical angle,
only shear waves enter medium 26{fis further increased, no waves are transmittededium

2, and only P-waves are reflected.
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2.2.2.4. Interference

Interference is the addition of two or more waves result in a new wave pattern. When waves
are travelling along the same path, they superimps each other. The amplitude of particle
displacement at any point of the interaction is shen of the amplitudes of the two individual

waves.

This phenomenon is illustrated in Figure 2-9, wisblows two sinusoidal signals generated at the
same point, with the same frequency. If they areplase, the amplitude is doubled. This
phenomenon is called constructive interferencéhdfy are out of phase, the signals combine to
cancel each other out, and the interference iswidiste. When the origins of the two interacting
waves are not the same, it is harder to picturemdnee interaction, but the principle is the same.

Interference between different wave modes can cawnsertainty in signal analysis.

2.2.3. Wave Attenuation

When a wave travels through a medium, its interdityinishes with distance. The decay rate of
the wave, called attenuation, depends on the mafmaperties. Therefore, its evaluation can be
used for material characterization. Three phenonaeeaesponsible for wave attenuation. First,
reflection, refraction, and mode conversion devithte energy from the original wave beam.
Then, absorption converts part of the wave enangy ieat. Finally, the wavefront spread leads

to energy loss.

2.2.3.1. Geometric Attenuation
In idealized materials, signal amplitude is onldueed by the spreading of the wave. When a
wave propagates away from the source, its energgriserved and spread out over an increasing
area. Thus the wave amplitude decreases, whichllsdcgeometric attenuation. The geometric
attenuation of body waves propagating in an irdirgtastic body is proportional to 1/r because
their wavefront is a sphere. For surface waves,proportional to Nr because they propagate in
a cylinder confined to the surface of the mediumme General equation of geometric attenuation
is (Nasseri-Moghaddam 2006):

A, (R,)"
where A and A are the amplitude at the distance &d R from the source, anfl is the
geometric attenuation coefficient which dependstlo® wavefront shape. For example, this

coefficient is equal to 0.5 for surface waves.
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2.2.3.2.  Material Attenuation

This type of attenuation is composed of scattednd absorption. Absorption is the result of
particle vibration which causes friction. The waareergy is converted into heat. Low frequencies
generate slower oscillations than high frequendiegs they are less attenuated and penetrate

deeper in a material.

Scattering is the reflection of the wave in direws other than its original direction of

propagation. It appears in inhomogeneous mataraitaining grains with dimension comparable
to the wavelength. At each grain boundaries, tieeeechange in impedance which results to the
wave reflection and refraction in random directiofise scattered energy is lost from the incident

beam which results in attenuation.

The decrease in amplitude caused by material attemuis (Nasseri-Moghaddam 2006):

& - e_“(Rz_Rl)

A (2-27)

where A and A are the amplitude at the distance &d R from the source and is the
attenuation coefficient of the wave travelling imetz-direction. This coefficient depends on

material properties and the frequency.

Finally, the combination of both geometrical andenal attenuations leads to the equation:

B
& = & g «Rs7Ry) (2-28)
Al Rl

Attenuation can be also characterized by the dagnmitio, which is defined as the amplitude

attenuation per cycle.

1 (A
Q'A¢'n[Ai+nJ (2:29)

where A is the maximum amplitude for the cycle of oscitlati, and A¢ is the phase shift
between the two measurements. An example of damping calculation is provided in Figure
2-10.

2.2.4, Flaw Detection

Ultrasonic testing consists of analyzing signalsppigating in a medium. To detect a flaw, an

appropriate wavelength has to be selected. Ifrtepdctor wants to have a good chance to detect
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a discontinuity, the wavelength of the signal sémbughout the medium should be less than
double the size of the discontinuity. The abiliydetect a flaw is characterized by two terms:

The sensibility, which corresponds to the technigjability to detect small flaws

The resolution, which is the ability to distinguidiscontinuities that are close together.
Thus, the higher the frequency of the signal, thteb are the sensitivity and resolution of an
ultrasonic testing method. Nevertheless, increatiiegfrequency can have adverse effects. The
scattering from large grain structure and smalldanfgctions within a material increases with
frequency. Therefore, material attenuation increas® the penetration of the wave is reduced.

The maximum depth at which flaws can be detectedsis reduced.

Consequently, selecting an optimal frequency faragbnic testing requires a balance between

the favourable and unfavourable effects descrilvedipusly.

2.3. Pavement Response and Plate Loading Tests

Calculating the pavement response consists of rd@tirg the stresses, strains or deflections in
the pavement structure caused by wheel loading. mbst widespread theory used for this
calculation is the theory of elasticity. The singtleversion of this theory is based on two
parameters: the Young's modulus E and the Poiss@atig v. According to Hook’s law, the
Young’'s modulus is a constant. In the simple cdgbeelastic theory, the Poisson’s ratio is also
a constant. When applying the elastic theory, onstmemember that neither of these parameters
is constant in real pavement materials. They demandactors such as temperature, moisture
content, stress conditions and frequency of loadlolljdtz 1987). The moduli of pavement
materials such as asphalt or subgrade soils arpleemumbers; and whenever the term “elastic

modulus” will be used in this thesis, it will refer the absolute value of the complex modulus.

This section starts describing the response of pamés to static loads. The cases of a linear
elastic semi-infinite space and a layered systereaplained. Some deviations from the classical
theory are presented. Finally, the response ofrparés to dynamic loading is briefly studied, in

order to identify the difference with static loagioonditions.
2.3.1. Linear Elastic Half-Space

In 1885, Boussinesq determined equations to catcdle stresses, strains and deflections of a

homogeneous, isotropic, linear elastic half-spagget a point load (Boussinesq 1885). In the
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case of load distributed over a certain area, tlesses, strains and displacements can be obtained

by integration from the point load solution.

2.3.1.1.  Uniformly Distributed Circular Load

At the centreline of a load uniformly distributedeo a circular area, the integration can be carried
out analytically. The equations for the verticaéss 6,) and the vertical displacement)deduce
respectively to (Ullidtz 1987; Craig 1997):

G,=0 1—;% (2-30)
S TP
.Y I S (A2 < _
=l |2l z)[l(aj ] (231)

where z is the depth below the surfaggis the normal stress on the surface, a is theisaafi the
loaded area, E is the Young's modulus arslthe Poisson’s ratio.
The variation with depth of the vertical stress atgdlection at the centreline of a uniformly

distributed circular load are presented in Figufelzand Figure 2-12.

2.3.1.2.  Rigid Circular Plate Loading

If the loading plate is rigid, the surface displaenmt will be the same across the area of the plate.
The contact pressure(r)) under the rigid area is not uniform, and mayexpressed by (Ullidtz
1987):

a

a?-r?

co(r) =%00 (2-32)

whereg, is the mean value of the stress, a is the plali@sand r is the distance from the centre
of the plate.

The variation of the stress under the plate witlhadise from the centre is shown in Figure 2-13.
Infinite stresses are observed at the edges gpltte. For this loading condition, the following
equations are obtained:

1 1+3(z/af

z—=0p > 2-33
T2 ay (2:33)

d,=(1+ U)cozillz((l— U)(n -2 mrctar&D + “z/%a)z} (2-34)
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where z is the depth below the surfasgis the mean value of the stress on the surfaiettee
radius of the loaded area, E is the Young’'s modahg is the Poisson’s ratio.

The vertical stress and deflection at the centeediha rigid circular plate are given in Figure -1
and Figure 2-12.

2.3.1.3.  Surface Modulus
At the surface of the half-space, equations ( 2-81d ( 2-34 ) reduces to (Steinert et al. 2005):

_f1-v*) 5, @&
EO

do (2:35)

where d is the centre deflectiom, is the mean value of the stress on the surfarethe radius
of the loaded area,(Hs the Young's modulusy is the Poisson’s ratio and f is a factor that
depends on the stress distribution:

- Uniform: f=2

- Rigid plate: f =n/2
This equation can be used to determine the elasidulus (k) of the semi-infinite space at the
centre of the loaded area. Singgi€calculated from the deflection measured asthéace of the
half-space, it is termed the surface modulus. Astimred in the introduction, asphalt pavements
are not purely elastic. Therefore, the surface rmdof a pavement structure, defined by the
previous equation, is not the elastic modulus efgghvement, but rather the equivalent Young's
modulus of the structure, assuming the mediumastiel Ullidtz (1987) proposed the following
definition of the surface modulus: it “is the “whitgd mean modulus” of the half space calculated

from the surface deflection using Boussinesq'’s 8ons’'.

Unfortunately, the uniform and rigid plate distriltmms are never found on actual soils. When
assuming a parabolic distribution, the stressitigtion factors are 8/3 and 4/3 for granular and
cohesive materials respectively. The shape of ttess distributions are shown in Figure 2-14.
Consequently, if both the stress distribution dmel Poisson’s ratio of the material are unknown,
the factor f(1v%) varies from 1 to 8/3. In order to avoid the impséon due to an unknown stress
distribution, one must measure the deflection #erint distances from the centre of the load.
According to Ullidtz (1987), for distances largban twice the radius of the plate, the distributed
load can be treated as a point load. In this ctme,surface modulus E(r) is obtained from

Boussinesq equations (Steinert et al. 2005):
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_(1-v*)P

B0= dl, (1)

(2-36)

where P is the impact force, is the Poisson’s ratio, and(d is the surface deflection at the
distance r from the centre of the load.

The uncertainty on the surface modulus is reduodtié term containing the Poisson’s ratio, (1-
v?%), which ranges from 0.75 to 1. Moreover, measutirgdeflection at different distances from
the centre allows checking if the soil is a linedastic half-space. If the moduli calculated at
different distances are not the same, then theisaither non-linear elastic or composed of

several layers.

2.3.1.4. Measurement Depth of Plate Loading Tests

The measurement depth of a plate loading testfisedkin this study as the depth where the
vertical stress is equal thlxg, Equation ( 2-30 ) gives a measurement deptB.pixa for a
uniformly distributed circular load, wheeeis the radius of the plate. Equation ( 2-33 ) gige

measurement depth 8f65xafor a rigid plate loading.

Some studies used in-ground instrumentation suckash pressure cells and linear voltage
displacement transducers to determine the actuasanement depth in soils. Mooney and Miller
(2009) used the theoretical ande, peak distributions that matched measured valuasgess the
depth of influence. By evaluating the area underttieoreticab, peak response and using 80%
area as the measurement depth criteria, they fmessurement depths 4f0xa on clay soil and
2.4xa on sand. The analysis of in situ strain data sstggethat measurement depth are
approximately2.0xa when using a 95% strain cut-off criteria. As LWDeasurements give a
deformation modulus, it was assumed that the straged method was more appropriate to

estimate the measurement depth.

2.3.2. Layered Systems

A number of programs have been developed to deterstresses and displacements in a layered
system. When using those programs, one must keapnid that they are not exact, as they are

based on simplified assumptions. Pavement matearalseither linear elastic nor homogeneous.

The following sections present an approximate nekttimt has the advantage of being very

simple, and can easily include non-linear materidlgis is very important for pavement

evaluation, as many subgrade materials are higitylinear.
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2.3.2.1. Odemark’s Method

This method consists of transforming a layeredesysivith different moduli into an equivalent

system where all layers have the same modulus.candhich Boussinesq's equations can be
used. It is also called the Method of Equivalentickhesses (MET). It is based on two

transformations, illustrated in Figure 2-15 (Ulidt987):

(&) When calculating the stresses or strains aboven@nface, the layered system is
treated as a half-space with the modulus and Russsatio of the top layer.

(b) When calculating the stresses or strains below rdaarface, the top layer is
transformed to an equivalent layer with the modudusl Poisson’s ratio of the
bottom layer, and the same stiffness as the oflitager.

The stiffness of a layer is defined by:

IxE
1-v2

(2-37)

where | is the moment of inertia, E the Young's mad, and the Poisson'’s ratio.
| is proportional to the cube of the layer thickne$herefore, the stiffness of the top layer
remains the same if:

he’xE, _ h’xE,

2 2
1-v, 1-v,;

E 1 2 1/3
he = {E—lx DZJ (2-38)

where h is the original thickness of the top layegidthe equivalent thickness; Bnd k& are the

moduli of the top and bottom layer respectivelyandv, are the Poisson’s ratios of the layers.

2.3.2.2.  Correction Factor

The MET is an approximate method. A better agreémath the elastic theory is obtained by
applying an adjustment factor to the equivalentkiess. It does not necessarily provide a better
agreement with the actual stresses and straiteipdvement. Usually, the Poisson’s ratios of all
pavement materials are assumed to be the samegaatito 0.35 (NCHRP 1-37A 2004). In this

case, the equivalent thickness is expressed bid{J1987):

2

E 1/3
he =f x h{E—lj (2-39)

where f is the correction factor; Is the original thickness of the top layeg,itithe equivalent

thickness, Eand & are the moduli of the top and bottom layer respeist
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This equation can be applied to determine the et thicknesses of multi-layer systems. The
equivalent thickness of the upper n-1 layers wétspect to the modulus of layer n are calculated

using a recursive equation:

n-1 E 1/3
he, =T th{—'j (2-40)
i=1 En

The multi-layer structure is transformed into amigglent system with a homogeneous modulus
equal to the one of the semi-infinite bottom layRoussinesq’'s equations can then be applied to

determine the stresses and strains in the equivadenogeneous system.

2.3.3.  Non-linearity

Many subgrade materials are known to be highly livear. Asphalt mixes present visco-elasto-

plastic properties, as described in Chapter 5. &fbez, the stress-strain response of these
materials depends on the stress condition andttéssdevel. If this phenomenon is neglected, it

may result in very large errors when calculating pavement moduli.

The variation of the modulus with the vertical siés given by the equation (Ullidtz 1987):

E:cx(G_ZJn (2-41)
9

where C and n are constants, E is the modulus, the vertical stress antlis a reference stress,
usually 160 MPa. n is a measure of the non-lingadltiis equal to zero for linear elastic materjals

and decreases as the non-linearity becomes momnarelpronounced.

According to Ullidtz (1987), the stresses and agan a non-linear half-space, at the centreline of
a circular load, could be calculated using Boussjieeequations when the modulus is treated as a
non-linear function of the principal stress. If tm@dulus of a non-linear material is expressed by

equation ( 2-41), a uniformly distributed platading test gives a surface modulug) (&:
E, =(1- 2n)xc><(°’—?j (2-42)
(o)

where C and n are constanigjs the normal stress at the surface @nd a reference stress.
Odemark’s method can be used for a pavement steubfwving a non-linear subgrade and linear
surface layers. The modulus of elasticity of thbgsade must be substituted by the surface

modulus (k) given by the previous equation.
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2.3.4. Dynamic Loading

Schepers et al. (2009) studied the stresses dlibitetime-varying point loads applied onto the
surface of an elastic half-space. Isobaric contauge determined for the six stress components
at various frequencies corresponding to engineapmdications. The objective was to predict the
extent of dynamic effects in practical situationsehgineering. Pressure bulbs, which are simply
contour plots of the stress components with depéte computed for a nominal S-wave velocity
of 100 m/s, which is much lower than the velocibserved in asphalt pavement (values around
1800 m/s were found in this project). The resulisvgd that, at low to moderate frequencies
(below 10 Hz), dynamic effects could be neglect@bove this threshold, dynamic effects
become important and the stress patterns devigtgfisantly from the static loading case.
Dynamic stresses reach deeper into the soil, wimair result in a larger depth of influence for
plate loading tests. Also, the stress patternsrbecmore complex because of constructive and
destructive interference. According to the authdns, frequency threshold for dynamic effects
decreases as the ratio of actual to nominal shearewelocity decreases. This ratio is
approximately 18 for asphalt pavement, thus dynaeffects would appear at much higher
frequencies than the threshold of 10 Hz mentionetié previous paper. As will be demonstrated
in Chapter 7, the plate loading tests performedhis research project showed a dominant
frequency around 60 Hz. Consequently, dynamic effaere believed to range from negligible
to moderate, and it was concluded that a statitysisaof the tests should provide reasonable

results.

2.4. Summary

This chapter describes the different wave modesgi@pagate in a medium: body waves and
surface waves. Wave velocities have been linkeddterial properties so their measurement can
be used for material characterization. Physicahphena related to wave propagation, such as
reflection, refraction, mode conversion and intenfee are explained so that their impact on
experimental result can be recognized. The mataridl geometric attenuation mechanisms are

described.

Then, the pavement response to a static loadipgesented. The calculation is explained for a
linear elastic half space, and then extended teréa/systems. The deviation from the classical
theory due to non-linearity is approximated in ortie account for the non-linear behaviour of

subgrades in pavements. Finally, dynamic effectgesrerated stress patterns are discussed.
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Figure 2-4: (a) Symmetric and (b) anti-symmetrieribamodes
(NDT Resource Centre 2010)
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Figure 2-7: Phenomenon of mode conversion
(NDT Resource Centre 2010)
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Figure 2-14: Typical stress distributions on granaind cohesive soils

(Ullidtz 1987)
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Table 2-1: Acoustic impedance of typical construttmaterials
(Jiang 2007)

Material Acoustic impedance (km/nfs)
Air 4.1x10"
Water 1.5x10
Soil (1 to 3)x16
Bitumen 1x10¢
Asphalt 5x10
Concrete (8 to 10)x16
Granite (15 to 17)x16
Steel 4.6x10
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CHAPTER 3. SIGNAL PROCESSING TECHNIQUES

3.1. Introduction

Many signal processing techniques are used to zedhe signals measured with nondestructive
tests. An observation of these signals in the tiomain provides a preliminary assessment of the
tested material. As a matter of fact, the variatminthe signal amplitude with time gives
information such as the first arrival and the faling reflections, allowing the calculation of the
wave velocities, which are related to the matepiaperties. Nevertheless, much information
regarding the frequency content of the signal i$ aeailable in the time domain. Several
techniques used to perform the frequency analysisl@ok at the time dependant behaviour of

the different frequencies in a signal are describebis chapter.

3.2. Fourier Analysis
If a function repeats periodically with period Tcan be expressed as a sum of sinusoidal terms
having circular frequencies, 2o ..., wherew=2r/T. This is called the decomposition in a

Fourier series. If the function is not periodic;d@n be expressed as a Fourier integral.

3.2.1. Fourier Series

A periodic function x of period T can be represdrtg a Fourier series:

x(t)=a, + i(ancos(mnt) +b,sin(w,t)) (3-1)
n=1
wherew, = nx2t/T.

The coefficients of the Fourier series are defingd

1 T
a, =— | x(t)dt
7]
2 T
a, = { x(t)codo  t)dt (3-2)

2 T
b, =?£x(t)sm((ont)dt

Euler's formula allows decomposing x into exponarfiinctions with imaginary components:

x(t)= Y c.eer (3-3)
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where j is the complex unit.

The ¢, coefficients can be calculated directly, or whie previous @and g coefficients:

1T
c. == | x(t)e i dt -
. T{ ) (3-4)
a +jb
=% " h 3-5
shy (35)

The frequency content of the periodic function ipased by plotting the coefficients of the
Fourier series versus the frequency. An exampletgpa is provided in Figure 3-1.Fourier series
can also be used for non-periodic functions, ifase looking at a limited range of the variable. In

this case, the limited duration is considered ag#riod of a periodic function.

3.2.2.  Fourier Transform

Fourier series are applicable only to periodic fioms. However, non-periodic functions can also
be decomposed into Fourier components; this prasesaled a Fourier Transform. If the period
T tends to infinity,0, becomes a continuous variable, the coefficignbecomes a continuous

function of , and the summation can be replaced by an integhed. Fourier Transform of a

signal x(t) is defined by the following relationphi

+o00

X () = j x(t)e 4 dt (3-6)

By identifying the similarities between the sigrahd complex exponential functions, this
transformation allows examining the frequency coht a given time signal. It decomposes a
non-periodic signal into sinusoidal functions ofrigas frequencies and amplitudes Under

suitable conditions, x(t) can be reconstructed fi(m) by the inverse Fourier Transform:

(1) :2—17t [X(@e“do (37)

These representations are all continuous. Howeaey, information stored in computers is
discrete. Therefore, it is necessary to definesardte Fourier Transform to perform the Fourier

analysis of discrete time signals.

. k><n

N-1
X, =X(kxAn)=> x(nxAt)e TN At (k=0,1...N-1) (3-8)
n=0
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where N is the number of points, k and n are integminters, Ao and At are the circular
frequency and time resolutions, related throughetngation:
2
0=—2" (3-9)
N x At

Using the same notations, the inverse discretei€otransform is defined by:

1 ~jor N
X, =X n><At =2— XkXAco N Ao (n=0,1...N-1) (3-10)
T =0

3.2.3.  Discretization Effects

As described previously, @has values only in the range k = 0, 1...N-1. Morepdee to the

symmetry property of the discrete Fourier Transfoonly frequencies up to k = N/2 can be

represented. The maximum upper frequergyi$ called the Nyquist frequency (Bérubé 2008):
N 1 1

f
WA T N XAL | 2X At

Frequencies present in the signal that are hidiar the Nyquist frequency cannot be accurately

(3-11)

represented. They are seen as lower frequencigs. pilenomenon is called aliasing. If the
sampling rate is not large enough and the signatagms frequencies higher than the Nyquist
frequency, the signal must be filtered in orderdmove these high frequencies and obtain an

accurate spectrum at lower frequencies.

Usually, the Fourier analysis is performed by logkiat the magnitude and the phase of the
Fourier Transform. These two real components corahithe information carried by the Fourier
Transform. Figure 3-2 presents a typical time digvith the corresponding magnitude and phase

of its Fourier Transform.

In addition to providing the frequency spectra dfignal, the Fourier Transform presents many
advantages in term of calculation. For examplegravdtion in the time domain is equivalent to a
multiplication by the term (jes) in the frequency domain. Moreover, this transfation is used

to define the transfer function of a system, whigtihe ratio of the Fourier Transform of the

output over the one of the input. This transferction, which carries all the properties of the

system, is a very useful tool for material chandzstion. Nevertheless, this transformation

presents one main limit: it doesn'’t indicate thejfrency distribution over time. This information

is hidden in the phase, but not revealed by thegdlthe magnitude of the spectrum.
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3.3. Windowing

Windowing consists of selecting a specific sectibthe time signal by multiplying this signal by
a window function. Some of the most commonly usé&adaw functions (Rectangular, Hanning,
Hamming and Kaiser) are plotted in Figure 3-3. Tteshnique allows the frequency analysis of
an isolated portion of a time signal. For exampkjllustrated in Figure 3-4, the first arrival af

signal recorded by a transducer can be selectedts on P-waves analysis.

In addition, windowing is capable to reduce thenalgnoise, which can have a significant
participation in the signal, especially at the begig and the end of a transient signal. It
gradually sets the initial and final values of gignal to zero in order to avoid any leakage when

computing the Fourier Transform.

Windowing performed in the frequency domain is nefd to as filtering. For example, a band-

pass filter is used to remove any low-frequency ldigt-frequency noise present in the signal.

3.4. Short Time Fourier Transform (STFT)

Contrary to the Fourier Transform, the STFT hasateantage to indicate how the frequency
content of a signal changes over time. Its calmnaprocess is illustrated in Figure 3-5. The
signal x(t) to be transformed is multiplied by andbdw function w(t). Then, the Fourier
Transform of the resulting signal is performed. Shéwo steps are iterated as the window is
moved along the time axis. The obtained functiorai®-D function of time and frequency.
Mathematically, the STFT is written as (Yang 2009):

STRTX(t) = X(s.0)= [ x(tW(e— e (3-12)

—00

wherert is the time shift used to localize the window fiiow.

The width of the window determines the frequency &ime resolutions. This is one of the
disadvantages of the STFT: a trade-off has to beentetween time and frequency resolutions,
which are related through the equation:

Af =1L (3-13)
N, XAt

where Af and At are the frequency and time resolutions respdgtiand N, is the size of the

applied window. Therefore, low frequencies canr@thught with short windows, whereas short

pulses cannot be detected with long windows.
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3.5. Wavelet Transform (WT)

As explained previously, the Fourier Transform g¢stssof comparing the time signal with
selected complex exponentials. In the wavelet toams the signal is compared with wavelets.
These wavelets are scaled and time-shifted copiesfinite-length or fast-decaying oscillating
waveform, called a mother wavelet. Like the STHE WT is a two parameter transform. It is
given by (Yang 2009):

WT(a,b)= ﬁ]ﬁox(t) Xy [(%jdt (3-14)
where X(t) is the time signal* is the window used as the mother wavelet, andstherepresents
the complex conjugate.

By contracting or stretching the wavelet, the patmma allows looking at different frequency
scales. This windowing with a variable size is thain advantage of the WT. Contrary to the
STFT, the WT allows to improve frequency and tiragalutions simultaneously. The paraméter
is used to time shift the wavelet.

A common mother wavelet is the Morlet function,ideél by:

wlt) = 6?2 xS (3-15)

where § is the central frequency andhe frequency bandwidth.

The discrete form of the wavelet transform is gitagn

N-1 _
WTk,m=%anx\v*(nkmjxm (3-16)
n=0

where N is the number of point used to digitize tihe signal %, andAt is the time resolution.

The counter k defines the frequency scale and ntirtfeeshift (m>at).

An example of a WT using a Morlet function as motivavelet is shown on Figure 3-6.

The discrete form of the WT is fundamentally difiet from the discrete WT, which allows
decomposing a signal into its wavelet componenigurE 3-7 presents the discrete WT of a
signal performed with the WPNDTool program devebtbyy F. Tallavé at the University of
Waterloo (Tallavé 2009). The number of levels ufsedthe decomposition depends on the

number of points recorded in the time domain.
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3.6. Summary

This chapter describes the different signal prangstechniques used to examine signals in the
time and frequency domains. The Fourier Transfollowa translating the signal from the time
domain to the frequency domain. However, it dogsmdicate the signal’s frequency distribution
over time. The Short Time Fourier Transform, basada time windowing shifted along time,
maps a signal into a 2-D function of time and frexgey. Finally, the wavelet transform can be
considered as an improvement of the STFT as itcovees the limits in getting both time and
frequency high resolutions. These techniques adelwiused to obtain the information required

for material characterization.
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Figure 3-1: (a) Periodic time signal and (b) lipestrum of its Fourier series coefficients
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CHAPTER 4. NON DESTRUCTIVE TESTING METHODS FOR
ASPHALT PAVEMENT EVALUATION

4.1. Introduction

Non-destructive testing (NDT) methods have beenntonty used in the past decade to evaluate
pavement performance. They efficiently determine ghysical properties of the pavement

structure such as stiffness which can be relatgaetéormance. These techniques are generally
preferred over destructive methods as they are dgpensive, require less interruption to the

traffic, do not damage the pavement, and have Hilityato make enough measurements to

quantify variability.

The correct determination of the structural conditis very important to the management of a
pavement structure. Although it has no direct impac how the user will rate a pavement, the

structural capacity of a pavement must be knowprédalict its future condition.

The following sections describe the different NREEHniques that are being used for pavement
evaluation. Nuclear density gauges are able to umeathe compaction of asphalt mixture.
Deflection analysis can be used to estimate ostifftmess of the different pavement layers. Since
the propagation of seismic waves is affected byddesity and the modulus of the medium,

ultrasonic methods can be used to measure thetylansi the stiffness of asphalt pavements.

4.2. Nuclear Density
A schematic of a nuclear density gauge is giveRigure 4-1. The source emits gamma rays,
which interact with electrons through absorptiommpton scattering and photoelectric effect
(Washington State DOT 2010). Pavement density ssomed by counting the number of gamma
rays received by a Geiger-Mueller detector, locatedhe gauge opposite from the handle.
Nuclear gauges can be operated in one of two modes:
Direct transmission: the radiation source fixedtre extremity of a retractable rod is
lowered into the asphalt layer through a pre-diitele. Since the electrons present in the
material tend to scatter gamma rays moving towHresletector, the density is inversely

proportional to the detector count.
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Backscatter: the source remains within the gaugheasame level as the detector. In this

case, the interaction with the electrons redirgag of the gamma rays toward the

detector and the density is proportional to thedetr count.
Measurements with the backscatter modes are signtfy affected by the irregularities of the
pavement surface, and a better precision is olutainth the direct transmission mode. However,
the backscatter mode presents the key advantdgerion-destructive. Moreover, a measurement
depth of 88 mm is obtained with the backscatterenatstead of 150 mm for direct transmission
(Humboldt 2010). This is of particular importanae the evaluation of thin asphalt pavements
(less than 100 mm thick).

Nuclear density gauges have been commonly usedtémine the density of asphalt pavement
in a non-destructive manner. They present the ddgan of providing much quicker
measurements than typical densities obtain fromesoMHowever, questions still remain
concerning their reliability. Problems with the seg of the gauge have been met when testing at
the joints. Many density gauge measurements atoagitudinal joints are actually collected at
the location immediately next to the joint (Willianet al. 2009). The Ministry of Transportation
of Ontario (MTO) conducted its own trials to estim#éhe benefits of different longitudinal joint
construction techniques (Marks et al. 2009). Bathlear and core density tests were performed

at the joint. Analysis of the results showed pamrelate between the two method$ €R0.4).

4.3. Deflection Methods
Currently, any practical non destructive evaluatidrpavement structural capacity is based on
deflection measurements (Haas et al. 1994). Therehaee types of deflection devices: static,

vibratory and impulse devices.

4.3.1. Static Methods

Static methods consist of measuring the defleatiwgter static or slow-moving truck wheel loads.
The most extensively used static method is the Bemin Beam, developed in 1952 at the
Western Association of State Highway Organizati0fhWsASHO) Road Test. As illustrated in
Figure 4-2, it operates on the lever arm principeasurements are made by placing the tip of
the beam probe between the dual tires of a loadezk.t The pavement surface rebound is

measured by the dial gauge as the truck is movey &nom the test point.
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It is a simple deflection device, but requires &fttime for testing. When testing on stiff
pavements, the support legs may be within the ceftearea which would result in inaccurate
measurements.

For many years, the Benkelman beam has been thdasta However, it became necessary to

develop better methods to adequately representmvebehaviour under moving wheel loads.

4.3.2.  Vibratory Methods

Steady-state vibratory devices measure the dajlectf a pavement produced by an oscillating
load. The typical force output of a vibratory devis shown in Figure 4-3. It is composed of a
static load and a dynamic sinusoidal force. Thetmommon steady state deflection devices are

the Dynaflect and the Road Rater.

An illustration of the Dynaflect is given in Figude4. Two counter-eccentric masses rotating at a
frequency of 8 Hz are generating the load (Haaa.et994). A peak to peak dynamic load of
1,000 Ib (450 kg) is applied on the pavement thhotige two load wheels. Five geophones are

installed on the trailer to measure the deflechasin.

The Road Rater is another vibratory device, whichapable of varying the load magnitude and
the frequency. The dynamic load is generated hyidedly by raising and lowering a mass. The
weight of the trailer is transferred from the trlawdneels to the load plate in order to vary the

static load. Four geophones are used to measudefleetion of the pavement.

The main advantage of steady state over statieatafh equipment is that it can measure a
deflection basin, which is used to backcalculate ghofile of the pavement structure. However,
vibratory devices apply relatively light weightdhdrefore, it is more suitable for measurement on

thin pavements.

4.3.3. Impulse Methods

Impulse load devices measure the deflection ofverpant generated by a falling mass. These
devices are generally called falling weight defbeceters. They are able to produce peak forces
corresponding to a moving heavy truck wheel. Thee/fieveight deflectometer has been designed

for airfield evaluation. A portable version has meeveloped: the light weight deflectometer.
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4.3.3.1. Falling Weight Deflectometer (FWD)

Figure 4-5 shows the most commonly used FWD in peirand North America: the Dynatest
8000 Falling Weight Deflectometer (Ullidtz 1987). dérder to simulate a load impulse similar to
moving truck wheel loads, a weight is dropped doaaling plate in contact with the road. The
weight is hydraulically lifted to predetermined gjets, and dropped on a 30 cm or 45 cm
diameter loading plate. The resulting impact load b duration of approximately 30 ms and a
peak magnitude up to 120 kN. The deflection baairesmeasured by seven geophones located at
different distances from the loading system. ThiéedBon measurements are used to compute
the thickness and stiffness of construction layerduding subgrades, base courses and
pavements. This device presents several advansaghsas a high degree of accuracy and a good
repeatability which justify its use for Mechaniskenpirical design. However, the FWD presents
high purchase and operation costs. Therefore, &lger version of this device has been
developed: the Light Weight Deflectometer (LWD).

4.3.3.2. Dynatest Light Weight Deflectometer (LWD)

For this research, the Dynatest 3031 LWD, preseintegigure 4-6, has been selected as the
primary instrument because of its high level ofxithdity. The apparatus and the signal
conditioning and recording system follow the regoients specified in (ASTM Standard E 2583-
07).

The size of the load plate, the mass of the weaglit the drop height can be adjusted to apply a
suitable stress to the pavement surface (Dynatéstniational 2006). Three different plate sizes
can be used: 100, 150 and 300 mm diameters. Thémmax drop height is 850 mm. Two
additional weights can be added to the original, ameich results in three available falling
masses: 10, 15 and 20 kg. The Dynatest 3031 is tabbgpply a load up to 15 kN, which
corresponds to a peak contact stress of 200 kifa B0OO mm plate is used. The pulse duration is

between 15 ms and 30 ms.

Several sensors are used by the Dynatest 3031, &iigad cell measures the impact force from
the falling weight, with a precision of 0.3 N. Thengeophone located at the centre of the loading
plate is used to measure the centre deflection avifiiecision of im. Two geophones can be
added radially outward from the main unit to rectirel deflection basin. The different sensors are

shown in Figure 4-7.
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A personal digital assistant (PDA) equipped with Hoftware LWD 3031 is used to record the
stress and deflection measured by the sensorsc@loylation performed by the program follows
the elastic theory exposed in Section 2.3 for ctathding. Equations ( 2-35 ) and ( 2-36 ) are
used to calculate the surface moduli at the casfttbe loading plate and at distances larger than
twice the radius of the plate. Figure 4-8 showsxample of a PDA display after one deflection

measurement.

Further analysis can be obtained from the LWD mesmsants, using the LWDmod Program.
This program is able to backcalculate the moduto§ilp of the pavement. The backcalculation is
limited to three layers, and provides:

- The thickness and modulus of the first/asphaltiglye E;)

- The depth to bedrock, and the third/subgrade madiy E;)
The thickness of the second layer is fixed. Its nhasl cannot be backcalculated, and is either
regarded as a fixed value or a proportion of &S subgrade layers are known to be highly non-

linear, the modulus of the third layer is calcutbtising equation ( 2-41 ).

A screen shot of the backcalculation interface tievigled in Figure 4-9. First, structural
information must be entered in terms of definitiamfslayers and seed values. Based on these
input values, and the elastic theory equations,pttogram calculates the expected deflection.
Then, it calculates the root mean square (RMS)evafihe difference between the calculated and
the measured deflections, and changes the propeftigne layers in order to minimize the RMS
value. The calculation is performed in a selectathiver of iterations. After all iterations, the
results that fit best to all deflection measuremmentluded in the analysis are listed in the

“Results” frame.

The estimation of the top layer thickness requitesuse of different plate sizes during LWD
testing. The bedrock depth can be calculated bytbgram only if testing was performed with
more than one geophone. Finally, it is recommernidetheasure the deflection with different
falling heights. A better interpolation is obtaindddifferent stress levels are applied at the

surface of the pavement.

4.4. Ultrasonic Methods
Many non-destructive wave-based methods have bieeled for the evaluation of pavement

structural capacity, but not developed to the pofntommon implementation. Most of them are
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based on the analysis of two types of stress waitiser P-waves or surface waves. P-waves
travel at the highest velocity and can be easigniified as the first arrival in a recorded signal.
Surface waves energy is dominant along the surfdidbe medium, which makes them very

useful for the evaluation of pavement structures #ne accessible only from the surface.

4.4.1. Ultrasonic Testing Methods Using Body Waves

Body waves are either P-waves or S-waves. Mostriegailtrasonic methods are based on the
use of compression waves, as it is the only modeqnt in the first arrival of any time signal
generated by a mechanical impact. According to tmud 2-16 ), shear wave velocity is very
close to Rayleigh wave velocity. Therefore, S-wakgval is masked by surface waves that carry

most of the wave energy.

4.4.1.1. Ultrasonic Pulse Velocity (UPV)

The UPV is the most popular ultrasonic method fatemal characterization. It relies on the
measurement of body wave velocities through a sp@ti Young's modulus of elasticity,
Poisson’s ratio, acoustic impedance, and otheruugwbperties can be calculated for solid
materials with the ultrasonic velocities if the digynis known (ASTM Standard E 494-05).

The UPV test setup is presented in Figure 4-10. Tltm@asonic transducers are placed at each
extremity of the specimen. One transducer, used @wansmitter, transforms an electrical pulse
into a mechanical vibration. The wave propagatesutih the specimen and reaches the other
transducer, used as a receiver, which convertenbegy into an electric pulse. An oscilloscope
displays the measured signals, which are storedcimmputer for further processing. An average
of several recordings is computed by the oscillpsdo reduce the noise. An example of a signal
recorded by the oscilloscope during a UPV testivergin Figure 4-11. The arrival time of the
wave,At, is obtained from this graph. Since the lenggthof the specimen is known, the velocity
of the wave can be calculated. The transmitter uséus example generates mainly compression
waves, thus the calculation gives ¥ AL/At. Similarly, a shear wave transmitter can be used
determine ¥. Then, the Young's modulus and the Poisson’s rat® calculated using the

equations presented in Section 2.2.
A coupling agent such as vacuum grease should bd tes improve the transmission and

reception of the waves. Moreover, a constant presswould be applied to each transducer for a

better consistency between different measuremaéiaisg, who performed UPV measurements on
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HMA specimen in the Non-destructive Laboratory ta¢ tJniversity of Waterloo (Jiang 2010),

used a load cell to avoid the variation of wave kitonge due to changes in contact pressure.

The calibration of the UPV method consists of meaguthe arrival times for different
specimens made of the same material but havingrdiif lengths. A linear regression is
performed to relate the arrival times to the leagththe specimen. The intercept represents the
time delay introduced by the equipment and the loogigondition. Therefore, this intercept must

be subtracted from the arrival time obtained fro”RMUmeasurements.

Wave attenuation is another property that can bereéned by UPV. For this purpose,
measurements must be performed on specimens efditf lengths. The energy of the wave
propagating through the specimens is given by welvaracteristics such as peak-to-peak
amplitude or frequency spectrum area. In many casasge velocities do not provide enough
information on the material, and wave attenuatiooutd also be considered for a better analysis.
For example, Jiang found low correlation between cbmpaction of HMA samples and wave
velocity, whereas he found good correlation betwdle® level of compaction and wave

attenuation parameters (Jiang 2010).

4.4.1.2. Impact Echo (IE)

Impact-Echo is a method that has been developttimid 1980s (Sansalone and Carino 1986),
and successfully employed to measure the wave itiekand the thickness of concrete plates. It
has also been used to locate voids, cracks and dt#mage in structures. In this method, a
mechanical wave is generated into a test objecinipact on the free surface. Body waves
propagate into the solid spherically outward frdme source, and get reflected back and forth
between the top surface and internal defects orbthitom surface of the test member, as
illustrated in Figure 4-12. A transducer locatedmthe impact point is used to detect the arrivals
of these reflected waves. At points close to thpaioh point, displacements caused by P-waves
are more important than the one caused by S-waMesefore, the Impact-Echo method is
primarily based on P-wave reflections. The freqyeocthe P-wave arrivals at the receiver is
determined by transforming the received time-signgd frequency domain using the Fourier
Transform. Any high amplitude peak in the Fourigectrum could be associated with a reflection
event. Knowing the P-wave velocity, the depth [ teflecting interface can be determined by:

D=§ (4-1)
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where \b is the compression wave velocity and f is the desy of P-wave reflections between

the solid surface and the defect or boundary.

An advantage of the IE method is that it requites access to only one surface of the tested
object. Besides, the use of a relatively low fremyerange allows measuring thicknesses up to

several meters, but limits the investigation of Bw@ds and micro-cracks.

4.4.2. Ultrasonic Testing Methods Using Rayleigh Waves

As explained previously in Section 2.2, surface egmwattenuate slower than body waves.
Moreover, surface waves resulting from a verticapact are primarily Rayleigh waves. Miller
and Pursey (1954; 1955) showed that for a verticgdact, more than 67% of the energy
propagates as R-waves. Therefore, the analysis-wb\Wes is very important for ultrasonic

testing.

4.4.2.1. Spectral Analysis of Surface Waves (SASW)
The practical aspects of the SASW method have Ipeesented by Heisey et al. (1982a) and
Nazarian et al. (1983). Surface waves are dispeiisiva layered medium: their velocity varies
with frequency. Based on the experimental dispergiarve, the SASW method is able to
determine the shear wave velocity profile of thedimm, which is related to its modulus profile.
The test setup for SASW is presented in Figure 4AL3ource generates energy over a wide
range of frequencies by mean of a mechanical impadhe ground surface. Two receivers are
attached to the surface in order to record the wawepagating in the medium. A waveform
analyzer is used to record the time signals, whrehthen transformed into the frequency domain.
The phase information is used to obtain the phéserehce between the two receivers at each
frequency:

A¢ =Phase(FJ) - Phase(F]) (4-2)
where Ao is the phase difference, FiE the Fourier Transform of the signal recordedtiy

receiver No. i (i = 1,2), and Phase(F§& the unwrapped phase of the Fourier Transform.

In order to avoid any internal phase shift assediawith the receivers or the data acquisition
system, the test is repeated from the reversettire¢he impact is generated on the other side of
the two receivers (Nazarian and Stokoe 1986). THenphase velocity, defined as the velocity

with which a wave of a specific frequency propagdiea medium, is given by:
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AX
Vion = V) (4-3)

where \j;, is the phase velocity is the circular frequencyx is the receiver spacing ang is

the phase difference.

As the range of frequencies generated by a sirglecs is limited, testing should be performed
for several source and receiver spacings. Closeirggmare used to look at high frequencies and
near-surface materials, whereas large spacingsledmper frequencies and deeper materials.
Moreover, surface waves become fully formed onlydmel a minimum distance from the source.
Conversely, the signal-to-noise ratio becomes loatelarge distances from the source. These
phenomena are respectively called near-field andidll effects. A common criterion used to
select a receiver spacing and a range of wavelerigt minimizes those effects is expressed as
(1982a):

%<Ax<2x (4-4)

wherel is the wavelength antix is the receiver spacing.

The next step consists of converting the experialaispersion curve into a function of shear
wave velocity versus depth. Since the penetratidudace waves depends on their wavelengths,
velocities of given frequencies could be assigmeddpths using a wavelength criterion. Heisey
et al. (1982b) performed SASW on a pavement surface found that a depth criterion of one
third of the wavelength provided a velocity profiteat correlated best with the one obtained from
crosshole testing. A more rigorous method involwesnversion process. It is an iterative process
in which a theoretical dispersion curve is congeddy assuming a shear wave velocity profile.
The experimental and theoretical curves are condpard the assumed shear wave velocity

profile is changed until the two curves match withireasonable tolerance.

The SASW is part of the seismic pavement analy&A) that was developed through the
Strategic Highway Research Program (SHRP) at theelhity of Texas, El Paso (Nazarian et al.
1993). It is a trailer mounted wave propagation sneament based device, which has been
developed to detect pavement distresses at theyr tlages, so that problems can be resolved
through preventive maintenance. The SPA estimatasy's and shear moduli in the pavement
structure from five wave propagation measuremeartgyng which are the Impact-Echo and the

SASW methods. An evaluation of this device for pagat monitoring was conducted by testing

51



a number of flexible and rigid pavements in News@gr(Gucunski and Maher 2002). This report
showed that the SPA is a well designed automatdatdiection and analysis system for seismic
testing of pavements. However, the authors pointddhat the interpretation procedures related

to SASW data had significant space for improvement.

The portable seismic pavement analyzer has beenttgaceveloped to evaluate the stiffness of a
pavement structure (Steyn and Sadzik 2007). Thvéceepresented in Figure 4-14, is mainly
aimed at determining the stiffness of the uppertrpasement layers through a spectral analysis

of the surface waves recorded by two receivers.

4.4.2.2. Multi-Channel Analysis of Surface Waves (MASW)

The SASW method considers only the fundamental noddee Rayleigh waves. In general, the
contribution of the higher modes of the Rayleighvesis important in a pavement structure,
therefore it is difficult to determine a shear wanedocity profile from the inversion process of
the SASW data (Karray and Lefebvre 2009). The difie modes can change the apparent
dispersion characteristics of the fundamental mmdbeing misinterpreted as fundamental (Park
et al. 1999). The multi-channel analysis of surfazves uses a different signal processing
technique that identifies and separates the differ®des of the Rayleigh waves. The dispersion
curves are obtained for the fundamental mode agtiehi modes, which results in a better
determination of the shear wave velocity profilethg inversion process. One of the objectives of
the source and receiver configuration of the SASWbiminimize the contribution of the higher
modes. Therefore, several spacings must be teBhégl.is not the case for the MASW, which
results in a faster data collection. Another adzget of the MASW with respect to the

conventional SASW is a better noise control.

The MASW test configuration is provided in Figurd 8. An array of equally spaced receivers is
used to record the surface waves propagating imt#gium. The data is stored in a computer for

future processing.

In this research project, the program SWAN (Rus8062 has been selected to compute the
dispersion curves. This program is able to intérpesv data related to SASW or MASW

acquisition through several processing steps.,Rinst time signals are cleaned by deleting the
DC offset and removing any noise. Then, the FKqfiency — wave number) spectrum is

computed to view the energy distribution betweea tifferent modes of propagation. The
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experimental dispersion curve is extracted by sielgethe maxima of the FK spectrum. Finally,
an inversion process is performed to find a sheamwelocity profile of the ground that is linked

to the experimental dispersion curve.

The MASW is also used to look at wave attenuatiagth wistance. The energy carried by the
waves is expressed in the time or frequency doimageveral indicators such as:
Peak to peak amplitude in time domain:
PTR = max(x; (t)) - min(x; (1)) (45)
where i is a counter indicating the location whitie amplitude xt) is recorded.

Area in frequency domain:
Area =Z‘Xi(fj)‘ (46)
i

wherei is a counter indicating the location where thectpen X(f) is obtained, and j is

another counter for the discrete frequency f

4.4.2.3. Fourier Transmission Coefficient (FTC)

The practical measurement of wave attenuation orempant structures has been restricted
because of the variability introduced by the soutbe receivers, and the coupling condition
(Popovics et al. 1998). The FTC method, based selfacompensating technique, allows the
removal of those unknown characteristics. It haanbgsed for the determination of the depth of

surface-breaking cracks in concrete (Yang 2009p®iop et al. 2000).

As illustrated in Figure 4-16, two receivers sepadaby a given distance are placed on the
surface of a specimen (locations B and C). A fascapplied by a source located along the line
formed by the receivers, at location A. The gemstagurface wave propagates through the
specimen and is detected by the two sensors. §halgieceived by the nearest sensor at location
B can be expressed in the frequency domain asrduigt:

Fag =Sa0agRs (4-7)
where & is the source response term including the coupdifigct at location A, g is the
transfer function of the medium between locatioardl B, and Ris the transfer function of the
receiver at location B.

Similarly, the signal received at location C is egsed in the frequency domain by:

Fac =SadagdacRe (4-8)
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The S and R terms contain variability introduced by the sourceceivers, and coupling
condition. This variability masks the desired terthe attenuation responsg-tetween the two
receivers. In order to eliminate this variabilitydathe extraneoussgl term, the source is placed
on the other side of the receivers, at locatio Ik signals received by the two sensors are given
in the frequency domain by:
Foc =SpdncRe
Fos =SpdpcdcesRe

Note that the material is assumed globally isotr@pid: dc = des. A mathematical manipulation

(4-9)

of the above equations results in an expressiaef~ourier transmission coefficient between

location B and C (Popovics et al. 2000):

(4-10)

The transmission coefficient ranges from 0 to lvalue of O indicates a complete attenuation

whereas a value of 1 indicates a complete trangmiss

The FTC technique presents the advantage thaetudts are independent of the type of source,
receivers, and coupling conditions. The coeffic@ytcan be used to estimate the attenuation due
to a crack such as the one indicated in Figure.4-dvever, it also includes the geometrical
attenuation experienced by the surface waves betwleeations B and C. Therefore,
measurements should be performed on both crackédrack-free surfaces for comparison in
order to determine the attenuation due to the cradi. Moreover, reflected waves from the

crack could interfere with the surface waves reedriy the receivers and affect the results.

4.4.2.4. Wavelet Transmission Coefficient (WTC)

A new WTC method has been developed to overcomentia limitations of the FTC method
(Yang 2009). For this purpose, an equal spacindigumation is used. Two piezoelectric
transmitters are placed at point A and D, and tecekerometers are placed at point B and C, as
illustrated in Figure 4-17. As the four points defia square, a pulse sent from any of the source
locations travels the same distance before readhiegeceivers. The variability introduced by
the source, receivers and coupling condition isnielated by using the self-compensating
technique defined previously in the FTC method. Wavelet transform is applied to the four
signals recorded by the two receivers for the tauree locations. The parameteis fixed to the

value: @ = 1/(2t), where § is the centre frequency of the measurements. fioerconstants b
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b,, b; and h are obtained by identifying the first peaks of thavelet transforms. The wavelet

transmission coefficient is defined by:

WTC:\/WAC(aO’bZ) Wos (89,b3)
W (89,b;) Wpe(39,b,)

where W(ay,by) is the wavelet transform of the signal send legydburce i, received at location j,

(4-11)

and computed using equation ( 3-14).

Contrary to the FTC method, the WTC calculationsuse equal spacing configuration. It allows
reducing the effect of wave reflections in the prez of a crack. Besides, the distances traveled
by the four waves are the same, and the geomegitaiuation is cancelled in the WTC. Jiang
(2008) applied the WTC method to the evaluatiolongitudinal joints in asphalt pavements. The
results obtained from measurements performed ohadtsplabs compacted in the laboratory
showed that the WTC parameter was able to differenbetween good (WTC>0.49), medium
(0.32<WTC<0.34), and weak joints (WTC<0.13). Fielhluations of longitudinal joints were
performed at the Highway 401 and at the CentrePBorement And Transportation Technology
(CPATT) Test Track located near the University o&téfloo, Ontario. The WTC method was
found to clearly identify deteriorated and newlnstiucted joints, and was sensitive enough to

distinguish between the joints constructed usimgttaditional and the echelon paving method.

4.5. Summary

The different NDT techniques used for pavementuatidn are reviewed in this chapter. Nuclear
density gauges provide a quick estimation of HMAgity, but the accuracy of the readings
highly depends on the seating of the gauge, whachbe a significant problem when testing at
the joints. Among all deflection devices, the fajiweight deflectometer presents the highest
accuracy and a good repeatability. Its portablesigar the light weight deflectometer, has been
selected to perform deflection tests in this redearoject. Many wave-based methods have been
developed for the characterisation of materials. fag-destructive evaluation of pavement
structures can be performed only from the surfawthods using surface waves are more suitable
for this purpose. The MASW is able to backcalcuthtestiffness profile of the structure, and the
attenuation properties of the surface layers, whih be used for the evaluation of longitudinal

joints in asphalt pavements.
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CHAPTER 5. VISCO-ELASTIC FREQUENCY-DEPENDANT
PROPERTIES OF ASPHALT CONCRETE

5.1. Introduction

The strain of a pavement structure under a celdaih is determined by the stiffness of its asphalt
concrete mixture. As asphalt mixes are compositeniads, their mechanical behaviour primarily

depends on the viscous properties of the asphattebiand the volumetric properties of the
mixture. Because of this visco-elastic charactetishe stiffness of a given mixture varies with

temperature and frequency.

On one hand, ultrasonic methods used for asphedinpant evaluation are able to determine high
frequency moduli. On the other hand, traffic loaats highways correspond to a frequency of
approximately 25 Hz. Therefore, a model describihg frequency dependant behaviour of
asphalt concrete needs to be determined in ordsoripare the measured high frequency moduli
with the 25 Hz design value (Barnes and Trotti€cd30

5.2. Dynamic Complex Modulus
For visco-elastic materials such as asphalt mittes stress-to-strain relationship is defined by a
complex stiffness E*, which is the ratio of theess amplitudes over the strain amplitude

When the load is sinusoidal, with an angular freqye, it is expressed as follows:

6 =0, (5-1)
g =g, @I“7) (5-2)
E*:E :&ej‘?’ (5_3)

£ g

The dynamic modulus is defined as the absoluteevalithe complex number E*:

| = S0 -
E*=7 (5-4)

0
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The phase angle characterizes the viscous properties of the nateri= O refers to a pure
elastic material (E* is a real number) whergasn/2 corresponds to a pure viscous material (E*

is a pure imaginary number).

5.3. Time-Temperature Superposition Principle
Tests at different temperatures provide differaaltigs of dynamic modulus. The various curves
can be shifted with respect to time or frequency egference temperaturg i order to form a
single master curve. A reference temperature o€7@1.1°C) is commonly used (NCHRP 1-
37A 2004).The shifting is performed using a shafttbr a(T) which is a function of temperature.
The reduced frequency of loadingat reference temperature is calculated from tbguency of
loading f at desired temperature according to thexgon:

f, =f xa(T) (5-5)
At reference temperature, no shifting is required a(Tg) = 1.
The temperature dependency of the material is ibestby the amount of shifting that is required
to form the master curve. Several models have Heeeloped to determine the shift factors. Two
functions have been commonly used to model the tengerature superposition relationship in
asphalt binders and mixtures: the Williams-LandelrfF (WLF) and Arrhenius equations
(Bonaquist and Christensen 2005). In 1955, Williabrendel and Ferry proposed the following
model to calculate the shift factors (Williams et1®855):
- Cl(T _Ts)
C,+T-Tg
where T is a reference temperature, andabd G are two coefficients. If Jis chosen about
50°C above the glass transition temperature ofrtixe C, = 8.86 and ¢ 101.6.

Log[a(T)] = (5-6)

The Arrhenius equation is (Medani et al. 2004):

Ln[a(T)]=%($—TiJ (5-7)

whereAH is the activation energy (J/mol), R = 8.314 JA(Kpis the ideal gas constant, angli$

the reference temperature (K). If the differencénmeen the temperature to be shifted and the
reference temperature (Tx)Tis less or equal to 20°C, the Arrhenius equatimes a better fit
than the WLF equation. Otherwise, it is the comtrar

Another model to determine the shift factor, usgdNitczak and Bari (2004; 2006), is a second

order polynomial relationship between the logarithinthe shift factor and the temperature:

Log[a(T)]=aT? +bT+c (5-8)
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where T is the temperature of interest (°F), arta a,are coefficients of the polynomial.

The mechanistic-empirical pavement design guideERIDG) uses a different equation that
accounts for both temperature and asphalt agingHRFC 1-37A 2004). This guide uses a
hierarchical approach based on three levels. LewaVolves comprehensive laboratory and field
tests. In contrast, level 2 and level 3 requiredbsigner to estimate the most appropriate design
input values and are based on little or no testingthe input level 1, the shift factors are

expressed as a function of the binder viscosity:

Logla(T)]=cllog(y) - loglrr, ) (5-9)
wheren is the viscosity at the age and temperature efést (CPoise)yrr is the Rolling Thin
Film Oven (RTFO) aged viscosity at the referencaperature (cPoise), and c is a constant.

In order to determine the shift factors, a relagltip must be established between binder viscosity
and temperature. First, binder complex shear mad(Gr) and phase anglé)(testing are
conducted on the asphalt binder over a range opdeature. Then, the binder stiffness data is
converted to viscosity for the selected range wiperature:

_G* 1 4.8628 ]
1710 (sin(&)j (>-10)

Finally, the ASTM viscosity temperature relationsti$ determined by linear regression, after

log-log transformation of the viscosity data and tansformation of the temperature data:
loglogn=A +VTSxlogT (5-11)

wheren is the viscosity in cPoise, T is the temperaturdRkankine at which the viscosity was

determined, and A and VTS are regression parameters

The viscosity of the binder at any time is predictsing the Global Aging System, which is part

of the Design Guide software. The aged viscositytb@n be used in equation (5-9) to calculate

shift factors that account for both temperature agidg effects.

5.4. Sigmoidal Model

In general, master curves are mathematically mad®jea sigmoidal function, written as follows:

—h— > 5-12
Log/E*| Ty (5-12)
whered is the minimum modulus value, is the span of modulus valugs,andy are shape

parameters. As illustrated in Figure 5-4i,represents the steepness of the function fand

67



determines the horizontal position of the turnimgnp Thus, in logarithmic scaleBly is the x-

value of the turning point, which has a y-valu&-e/2.

The master curve is constructed by fitting the dgyicamodulus test data with a sigmoidal
function using a non linear optimization method.olafferent methods can be used to determine
the Shift factors. On one hand, they can be cdledlasing one of the equations (5-6), (5-7) or
(5-8). On the other hand, they can be determingudils&neously with the coefficients of the
sigmoidal function, when performing the non lineagression. The second method is used in the
M-EPDG: the coefficient from equation (5-9) is calculated simultaneouslthwe, 3, y andé

when fitting the model. Figure 5-2 illustrates thi8ng process.

The sigmoidal model is used to model the dynamiduhgs data because it captures the physical
properties of asphalt mixtures. At cold temperautte mixtures stiffness is limited by the
binder stiffness. The upper part of the sigmoidaiction approaches this maximum stiffness. At
high temperatures, the mechanical behaviour is ndomainated by the aggregates, and the
stiffness approached a minimum equilibrium valube Tower part of the sigmoidal function

captures this limiting equilibrium.

5.5. E* Predictive Equation.

The master curve can be directly determined fronstiey predictive models and mixture
properties, without requiring any laboratory teatad This is performed at the hierarchical levels
2 and 3 of the M-EPDG. The Witczak dynamic modyuedictive equation is one of the most
comprehensive models available. Based on informatieadily available from material
specifications or volumetric design of the mixtutasan predict the mixture stiffness over a range

of temperatures, loading rates, and aging condit{@arcia and Thompson 2007):

loglE*| = 3.750063+ 0.02933 54, —~ 0.00176{p ) ~ 0.00284},, —0.058097V,

_ 0.802208. Veer +3.871977+o.002134+o.00395$38—0.00001‘fp38)2 +0.0054p,, (5-13)

Vi + V. 1+ exp(- 0.603313- 0.313351Ilog(f) — 0.39353Zlog(n)
where,
|[E*| = dynamic modulus of mix, psi
n = viscosity of binder, T0Poise
P20 = %passing the 0.075 mm (#200) sieve
P4 = cumulative % retained on the 4.76 (#4) sieve
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cumulative % retained on the 9.5 mm (3/8) evsi

P3s =

P34 = cumulative % retained on thel9 mm (3/4) in siev
Va = air void, % by volume

Vet = effective binder content, % by volume

According to Bari and Witczak, this relationshipedanot consider the effect of frequency on the
stiffness of the binder (Bari and Witczak 2006)eféfore, they proposed a new revised version
of the predictive model using the complex shear uhgsd G* of binder instead of the stiffness

obtained from a typical ASTM viscosity temperattetationship:

LoglE*| = -0.349+0.754G,, *| *****

6.65— 0.032),0, +0.002%p,4,)° +0.013p, —0.0001p, )

x \Y
+0.006,5 — 0.00014p,,)* — 0.08V, —1.0{ﬁ} (5-14)
2.56-0.03V, + o.7{vbe:J +0.01245 — 0.0001p5)* - 0.01p,,
i 1+expl- 07810 0.5;852I]Og|Gb *| +0.88340g3 )
where,
|E*| = dynamic modulus of mix, psi
P20 = %passing #200 sieve
P4 = cumulative % retained on #4 sieve
P3g = cumulative % retained on 3/8 in sieve
P24 = cumulative % retained on 3/4 in sieve
Va = air void, % by volume
Vpet = effective binder content, % by volume
|&*] = dynamic shear modulus of binder, psi
O = phase angle of binder associated wiit||@egree

Due to its similarities to the model currently usedhe M-EPDG, this new model could be easily
incorporated in a future revision of the pavemesdigh guide. Moreover, with the adoption of
the performance grading system, thg" @ata will be more available than the A-VTS data,

defined in equation (5-11), which is another mdtosfor the revised version.

5.6. Comparison of Low and High Frequency Measurements
Once the master curve has been determined, uddogatary test data and a fitting method or
using a predictive equation and mixture propertiegan be used to shift the high frequency

modulus measured with ultrasonic waves down tova flequency design value. The shifting
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process is described in Figure 5-3. The measumg frequency modulus at the temperature of
interest is first shifted to the reference tempert Then, it is multiplied by the ratio of the
master curve modulus at low frequency divided by thaster curve modulus at the reduced

frequency of interest.

Barnes and Trottier performed MASW measurementasphalt concrete specimens to determine
their high frequency moduli (Barnes and TrottieD2D Using a master curve constructed from
dynamic modulus tests to shift the high frequenoduli down to a design frequency of 25 Hz,
they found that the MASW results agreed well witd teference modulus.

In a project conducted at the University of Tex&ésth dynamic modulus and seismic
measurements were performed on asphalt specimexzsu(isin et al. 2002). The master curve at
reference temperature was found to follow the sHifseismic points quite nicely. It was
concluded that the seismic and dynamic moduli @fiven material could be readily related
through a master curve, and that the quality cbofran asphalt concrete layer can be carried out

with seismic data.

In this research project, master curves are usedrgpare high frequency moduli measured with
surface waves and low frequency moduli determineith wihe portable falling weight

deflectometer.

5.7. Summary

One of the most important properties of hot-mix tedp affecting the structural capacity of a
flexible pavement is its dynamic modulus. Due te tlisco-elastic behaviour of asphalt mixes,
the modulus changes significantly with temperatuege of loading, as well as aging. This
chapter describes the time-temperature superpogitimciple that is used to shift moduli to a
reference temperature. The shifting process resultlsmaster curve that shows the variation of
the modulus with the frequency of loading at tHenence temperature. This curve can be used to
compare high-frequency moduli measured with seismathods and low-frequency moduli

measured with dynamic modulus testing or defleatievices.
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CHAPTER 6. EXPERIMENTAL METHODOLOGY,
PREPARATION OF ASPHALT SPECIMENS, AND TEST SETUP

6.1. Introduction and Experimental Program

The experimental program presented in Figure 6+isisted of two phases: the fabrication of
jointed asphalt slabs and the development of théDLad MASW techniques for longitudinal
joint evaluation. The compaction procedure usedHerpreparation of the slabs was not standard
and had to be calibrated. Therefore, asphalt sampbre prepared to estimate a relationship
between the density and the effort required for gaction. Then, an asphalt slab with a medium
quality longitudinal joint was manufactured in tlaboratory. The selection of the configurations
used for LWD and MASW tests was based on prelingimaeasurements performed on asphalt
samples in the laboratory or on real roads. TheASW testing was performed on the jointed
asphalt slab to determine if this technique wast,fable to detect the joint, and second, able to
discriminate between sections of different qualitié-inally, field tests were conducted at
different sites to see if longitudinal joints corofed with the actual equipment used in the field
could be detected, and if the testing configuratised in this study was suitable for testing on

actual roads with traffic control.

This chapter describes the compaction procedutevhs developed for the fabrication of asphalt
slabs with joints in the laboratory. Following thibe configuration of the LWD and MASW

methods used in this study are presented.

6.2. Fabrication of Pavement Slabs
Several techniques have been commonly used focahgpaction of HMA specimens in the
laboratory. Three of them are available at the CPAaboratory at the University of Waterloo:
Marshall Hammer
Asphalt Vibratory Compactor
Superpave Gyratory Compactor
The Superpave Gyratory Compactor produces speciméhsdensities comparable to the one
achieved in actual pavements. However, differegedsbe observed so it is desirable to test both
gyratory prepared samples and field samples. ltlsites the kneading action of rollers used in

the field. However, this compactor is not suitatdethe preparation of large asphalt slabs. The
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Asphalt Vibratory Compactor presents the same ditisihs since the available moulds are too

small.

Zhiyong Jiang (2007) tried three compaction methodsrepare asphalt slabs in the laboratory as
part of his MASc project at the University of Water. The roller compactor was not suitable to
achieve the desired compaction level. The usewabrating plate compactor was not successful
either, as vibrations resulted in the displacenméibose material. The traditional method based
on a hand hammer provided better compaction. Camesely, a method similar to the Marshall

procedure was developed in this project to comasghalt slabs with joints in their middle.

6.2.1.  Calibration of the Compaction Procedure

The Marshall method was developed by Bruce G. Mdrrgiist before World War 1l resulting in

a procedure that would determine the asphalt condénasphalt mixtures using available
laboratory equipment (Roberts et al. 2003). It isiraple, compact and inexpensive method.
Despite its limitations to reproduce the compactperformed in the field, the Marshall method is
probably the most widely used mix design methodhi& world. The preparation of Marshall
specimens is described in the Ministry of Transgah of Ontario Laboratory Testing Manual
(Test Method LS-261 2001). First, the aggregatasthe asphalt cement are mixed in a bowl.
Then, the mix is poured in a cylindrical mould, acoimpacted using a hand hammer or a

mechanical compactor.

In this research project, a procedure similar #® Marshall method has been developed for the
compaction of HMA slabs. Before compacting any sladt require large quantities of material,
the method was calibrated by preparing samplemaller moulds, as explained in the following
section. The objective of this preliminary phaseswa determine a relationship between the

volumetric properties of the asphalt samples aacetfort required to compact them.

6.2.1.1.  Method for Preparation of HMA Specimens

For this research project, hot mix collected disedtom an asphalt plant was used for the
preparation of the specimens. It had the advantdgproviding more consistency between
different HMA batches, as aggregates and asphattente mixing was performed in large

quantities. Mixing in the laboratory would resuita higher variability among the batches. The
method adopted for the preparation of the specinvess based on the Marshall method for

preparation of field samples (Test Method LS-260190Table 6-1 describes the different steps
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of the preparation. The compaction was performdd thie hand hammer shown in Figure 6-2. A
20.2 kg weight was dropped at a height of 72.8 ora steel plate having the same dimensions as
the mould. A 20x20x10 chwooden box was used as a mould for the asphatirapas. Three
boxes were built to allow the preparation of selvesmnples at the same time. The compaction
was performed in two layers. Each layer was 40 imigkt as a result the compacted specimens

were 80 mm thick, as illustrated in Figure 6-3.

6.2.1.2. HMA Mixes Used for the Fabrication of Slabs

A Hot-Laid 4 (HL 4) mix was used to prepare thetfspecimens. The objective was to get a first
idea of the compaction procedure and the numbdiafs that are required to reach targeted
densities. Before preparing any specimen, the #tieat maximum relative density (TMRD) of
the mix was measured according to the test metlesdriibed in the MTO Laboratory Testing
Manual (Test Method LS-264 2001). The TMRD mustkoewn to calculate the weight of
material needed for the preparation of a specimeorder to reach the desired density. The
results are presented in Table 6-2. Two measurengganvie an average TMRD of 2.500, with a
range of +0.003.

More material was required to properly calibrate tompaction procedure, which is to find a
relationship between the number of blows and dgnisdr this purpose, a Hot-Laid 3 (HL 3) mix
containing 15% of reclaimed asphalt pavement (RAB¥ used. It is a dense-graded surface
course mix for intermediate volume roads with a imaxn aggregate size of 16 mm, which
compares to the Superpave mix SP 12.5. It is tiigioaed throughout Ontario on most collector
and arterial facilities. Four samples were usedetermine the TMRD, as shown in Table 6-2. A
TMRD of 2.529 was found, with a standard deviati69.002.

Both HL 4 and HL 3 mixes were collected from Steed Evans Limited. The mix design report

is provided in Appendix A for the HL 3 mix.

6.2.1.3.  Preparation of HMA Specimens
The objective was to determine the number of bloeeggiired to compact specimens at a desired
density. First, the number of blows was calculdigadcomparison with the Marshall compaction
method, which has the following features:

Number of blows: N = 75 per side = 150 total

Weight of the falling mass: = 4.536 kg
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Dropping height: = 457 mm
Size of the compacted briquette: height: 63.5 miameéter: 101.5 mm; volume: W=
513.8 cm
The compaction method developed in this study haddllowing features:
Number of blows: Nb
Weight of the falling mass: m
Dropping height: h
Size of the compacted sample: height: 40 mm (ferlager); width: 207 mm; volume: V
=1714 cm

Theoretically, the same density should be achievid both methods provided that the same
compaction effort is impacted to the specimen. &fwee, the ratio energy over volume should be
the same, which results in the following equation:
NbCih _ Nby, [my th),
\Y Vi

(6-1)

During the compaction of the specimens, the hammadebthree times and had to be reinforced.
Consequently, the theoretical number of blows meglito achieve the same density as the
Marshall method was calculated for the four versiohthe hand hammer. The results are given
in Table 6-3.

The first specimens were compacted with a numbeblofvs close to the theoretical value.

However, density measurements indicated that tls& etk density was not achieved. This was
probably due to the fact that the compaction coutd be performed on both sides of the
specimen, and the shape of the mould was diffdrent the one used in the Marshall method.
Therefore, more specimens were prepared and thebemsmof blows required for their

compaction were estimated by interpolation of th&utts obtained from the previous specimens.
Specimens were prepared until the regression nuutained from previous measurements was

able to predict future results over a wide rangdesfsities.

6.2.1.4. Density Measurements and Regression Model

Two methods were used to measure the density ofpgheimens. First, the standard method of
test using saturated surface-dry specimens wastedtl¢gpASHTO T 166-07 2009). The results
are shown in Table 6-4. As expected, the air voidtdased when the number of blows was

reduced. However, the increase in air void wassigiificant for the specimens D1, D2 and D3
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which were compacted with only 8, 14 and 24 blowsotal. This is due to the limitations of the
saturated surface-dry specimens’ method whichtisved suited for samples that contain open or
interconnecting voids. When the air void is higlatev trapped inside the specimen can escape
and the mass of saturated surface-dry specimesrsimitnersion could be significantly reduced.
Consequently, a second standard method of testused to calculate the density of the
specimens with a better accuracy: the automaticwacsealing method (AASHTO T 331-08
2009). This time, measurements were performed onlthe specimens prepared with the HL 3-
R15 mix that would be used for the preparationhef $labs. The results are presented in Table
6-5. In accordance with the previous remarks, aidv were found to be higher than the one

obtained with the first method, especially for loampacted specimens.

Before comparing the densities of all the specimenme corrections should be applied to the
results. The specimens did not weigh the same esmdmber of blows required for compaction
had to be divided by the dry mass in order to campa voids of different specimens. Also, four
different versions of the hammer were used for caatipn and did not impact the same energy to
the specimens. Therefore, the numbers of blowsiegpplith the first three versions had to be
multiplied by a correction factor to compare theules with the fourth version. The equivalent
number of blows Nk, that needs to be applied with hammer D to geneéhatesame energy as
Nb; blows applied with hammer i is given by:
m.h

NbDeq = ml;th Nbi (6-2)

where i is an index for the hammer version (i = A@or D), and mand h are respectively the
falling weight and dropping height of the hammer i.

Table 6-6 provides the values of the correctiondiafor the different hammer versions.

Figure 6-4 shows the results after correction fibrttee specimens prepared in this study. It
presents the variation of air void with respectite number of blows applied per kilogram of
mix. Several observations can be made from thighgra
As noticed before, air voids measured with satdraterface-dry specimens are lower
than the ones measured with the automatic vacuafinganethod.
Two different trends are observed for the air voigsasured with the automatic vacuum
sealing method: one for the specimens compactddhgilmmer C, and the other one for

the specimens compacted with hammer D.
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The results obtained with the HL 4 mix do not fallany of the two trends obtained with
the HL 3 mix.
As a result, only HL 3 specimens compacted withldlseversion of the hammer were considered
for the model. Equation (6-2) was not able to adrtke results obtained with different hammers
and density measurements with saturated surfaceglrgimens were less accurate than the one

performed with the automatic vacuum sealing method.

The final regression model between the number @ivbland the air void is provided in Figure
6-5. An exponential model was used for the regoessas it provided a higher coefficient of
determination than linear, polynomial, and logamity models. The following equation was

obtained:

Nb =127.4x g *3¢76AY
R?=0.993¢

where Nb is the number of blows required to compaet kilogram of mix and AV is the air void

(6-3)

of the specimen.

6.2.2.  Fabrication of the Slabs

Two asphalt slabs were cut from the HL 3 sectiothef CPATT Test Track, Waterloo, Ontario
(Tighe et al. 2007). The slabs were cut with a cetecsaw, delicately extracted from the road,
and transported to the laboratory. Then, they vpdeed on bedding sand and a wooden frame
was built around each slab in order to mitigate dfeation of cracks that would appear without
confinement. A picture of the two pavement slalysrisvided in Figure 6-6. Slab 1 was cut on the
right wheel path while Slab 2 was collected neardbantreline of the road. These slabs have the
advantage to be representative of an actual pavetdemever, they do not have a longitudinal

joint and could not be used to evaluate the abiffitilDT techniques to detect joints.

The preparation of slabs in the laboratory allowsstructing a joint of controlled density.
Originally, the objective was to build slabs withirjts of different quality (poor, medium and
good) to see their effect on non destructive mesmsants. Nevertheless, only one slab could be
compacted at this point of the research projecs. iecommended that more slabs be prepared for
further testing in the future to assess the abdftthe LWD and MASW to properly discriminate

between levels of joint quality.
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A picture of the molding frame that was built tdofigate the slab in the laboratory is given in
Figure 6-7. Its internal dimensions were: 80x60r¥.cThe frame was divided into two equal
parts by a wooden beam in order to create a jdime. bottom and the sides of the frame were
covered with heat resistant plastic sheets to et mixture from sticking to the frame. The
compaction procedure was similar to the one usethéopreparation of small specimens that was
described in the previous section. The constructbthe jointed slab was performed in two

layers, as explained in Table 6-7.

The objective of this slab was to determine if Hi@T methods were able to detect a joint of poor
quality. Wedge joints and tack coats have been usédae field to achieve a better compaction

and bonding between the two lanes (Kandhal andi®kall996). These techniques were not used
for the construction of the jointed slab in orderréeduce the quality of the joint. Instead, the
divider was kept vertical to obtain a conventiojo@t. Moreover, the material compacted in the

first side was allowed to cool to about 60°C befptacing asphalt in the other side, which

reduced the bonding between the two sides. Thisiadetesulted in the construction of a semi-
hot joint. The temperature of the asphalt mix dyrthe compaction of the different layers is

provided in Table 6-8.

The next step consisted of defining the desiredsitierof the joint. In the field, joints are
characterized by two edges. When the first lammispacted, there is no confinement at the edge
which results in a lower density than the intepartion of the mat. When the adjacent lane is
placed, the unconfined edge of the first lane Ideroand can not be compacted anymore. On the
contrary, the edge of the second lane is confimeticmuld reach higher densities than the mat.
Typical density gradients across a longitudinahfjare presented in Figure 6-8. Most agency
specifications require joint densities to be no entitan two percent less than the mat density
(Williams et al. 2009). Estakhri et al. (2001) pospd a comprehensive documentation of several
studies of joint densities performed in differetaitss of the US. Density differences between the
unconfined edge of the joint and the interior mortdf the mat ranged from 1.5% to more than
10%, with an average value around 4.5%. The regled presented data collected on airfield
pavements. FAA specifications allow joint densitie®e no more than three percent less than the
required mat densities. Density data from severpbet paving jobs indicated density differences
between 1.9% and 4.1%. Based on the previous thatdéollowing air voids were selected for the
fabrication of the jointed slab:

Interior portion of the mat: 7.5%
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Good quality joint: 9.5%

Medium quality joint: 12.0%

Poor quality joint: 15.0%
According to equation (6-3), the compaction of that requires 8 blows per kilogram of mix,
which corresponds to 30 blows for one layer of alsspecimen such as the one presented in
Figure 6-3 (20x20x4 cih The compaction of a poor quality joint with 1586 voids required
only 0.5 blows per kilogram of mix, so 2 blows fmme layer of a small specimen. During the
preparation of the slab, this number of blows wamfl to be too small and did not provide a
good surface condition as loose material was obseat the edges of the slab. Therefore, it was
decided to construct a medium quality joint using dlows per kilogram of mix, thus 6 blows for

one layer of a small specimen.

During the compaction of each layer, the hammer mased along the slab following the path
indicated in Figure 6-9. First, the hammer was g@ibat the upper left corner of the left side, and
moved along line 1 at 10 mm intervals. Then, thexdnar was moved along lines 2 and 3. The
compaction of the right side started from the upjgtt corner and followed lines 4, 5, 6 and 7.
As explained previously, the desired density regiiBO hammer blows for each 20x20%cm
portion of the mat, and 6 blows for each 20x2¢ @ortion of the left side of the joint that
corresponds to the unconfined edge. Therefordptlmving procedure was applied:

Step 1: apply one blow per location along linesd a

Step 2: apply four blows per location along line 2

Step 3: repeat twice steps 1 and 2

Step 4: apply one blow per location along linesd @&

Step 5: apply four blows per location along linesngl 7

Step 6: repeat twice steps 4 and 5
According to the model developed in Section 6.2k, expected air void profile of the slab
should be as presented in Figure 6-10. The unceafadge of the joint is simulated by a 10 cm
wide stripe of asphalt having an air void of 11.8%hijch is 4.3% higher than the mat.

A picture of the compacted slab, termed Slab 8jven in Figure 6-11. Severe segregation was
observed at the corners, which were the least cotmpareas of the slab. Moreover, some lighter
segregation was observed at the left side of the. j@his is due to the fact that much more

energy was applied to the interior portion of eaide of the slab and resulted in the creation of

loose material at the edges. Figure 6-11 also shimsvbottom of the slab which surface condition
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appeared to be much better than the top surfaigiht Blumps were formed on the bottom surface
because of air bubbles trapped between the plsistiet and the wooden base of the frame. As
described in the next chapter, testing was perfdrore the top and the bottom surfaces of the
slab, termed as surface X and surface Y respegtivehe idea was to compare MASW

measurements on a rough and a smooth surface.

6.2.3.  Nuclear Density Measurements on the Slabs

The compaction method used to prepare Slab 3 widsatad with small samples. The mixture is
not confined in the same way when preparing lalgiassor small samples, which might result in
different densities. Nuclear density measuremeset®\performed on Slab 3 to estimate its actual
density. Slab 3 was placed on a uniform pavemestiogein order to avoid any variation related
to the density of the underlayer. The main objectias to compare the relative density of the

different sections of the slab.

Nuclear density testing requires a good contactéeh the gauge and the asphalt surface. Any
air gap would result in a significant drop in theasured density. Therefore, measurements were
conducted on the smooth surface Y of the slab.tAsllibe explained in the following chapter,
aluminum plates were glued across the joint to ipeva good coupling between the
accelerometers and the asphalt surface. The nugdeme was moved along line 1 and line 2 in
order to avoid any interaction with the metalliatels, as indicated in Figure 6-10. Measurements
were taken at six locations every 10 cm intervalsas to follow the compaction path. Two
different orientations of the gauge were used ah éacation to reduce the variability introduced
by the surface irregularities. Five readings weskected for each orientation, and the results are

provided in Appendix B.

Figure 6-12 shows the average air void measurea@et location, including readings from both
lines. The expected air void indicated on the grajls calculated by taking the average of the
expected air voids on both sides of the line. Tleasared density was consistently lower than the
expected density, with an average increase of hir%oid. Equation (6-3) over predicted the
density, which was due to the fact that the mixtwaes less confined in the slab than in the
squared samples. Another reason might be that toelen base used for the preparation of the

slab was not very stiff, resulting in less compaciffort than expected.
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A good agreement was observed between the treritie efkpected and measured density curves,
indicating that a lower density was achieved atuheonfined edge of the joint. Nevertheless, an
important variability was noticed in the data. Tdievoid showed an average standard deviation
of 1.8%.

Another factor must be taken into consideration whaalysing the data. The surface of the
density gauge in contact with the asphalt was 30lamg, and measurements taken at each
location were affected by the adjoining section&e Tprevious analysis was based on the
assumption that the measurements were mostly affelsy the 10 cm wide asphalt section

located below the centre of the gauge.

In conclusion, the results indicated that the castipa procedure used in this study was able to
reproduce the horizontal density profile of a Idadinal joint. However, this conclusion should
be confirmed by taking cores from the slab and mn@ag densities with the automatic vacuum

sealing method.

Density measurements were also performed on Slandl Slab 2. The following average
densities were obtained:

Slab 1:p = 2352 kg/m} ¢ = 13 kg/ni

Slab 2:p = 2381 kg/m} ¢ = 26 kg/ni

Slab 3:p = 2251 kg/m}, ¢ = 51 kg/ni
The densities of the slabs extracted from the Temtk were significantly higher than the density
of the slab compacted in the laboratory. Consedyenigher densities were achieved in the field
with roller compactors than in the laboratory witie hand hammer. The standard deviation was

lower for Slab 1 and Slab 2 than for Slab 3 sirevedr locations were tested on these slabs.
According to the theoretical maximum density pr@ddn the mix design report for the HL 3 mix

used at the Test Track (Appendix C), Slab 1 ande2characterized by air voids of 4.9% and

6.0% respectively.
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6.3. Testing Equipment and Configuration

6.3.1. Portable Falling Weight Deflectometer
The Dynatest LWD 3031 described in Section 4.2 usesl to collect the deflection data. In order
to get the best results from the analysis withltt@dmod software, testing was performed with:
Different falling heights
Different plate sizes (300 mm, 150 mm and 100 mamaiers)
Small plate diameters were used to ensure thahdasurements were mostly affected by the top
layers of the pavement that contain the joint. Aarage of six measurements was taken at each

testing location. The additional geophones werecalibrated and could not be used.

Figure 6-13 presents the configuration used fdirntgscross the joints. The LWD was placed at
three different locations:

On the centreline

On the northbound lane, one meter away from th&elare

On the southbound lane, one meter away from thizedizre

The objective was to detect any difference inrséifls across the joint.

6.3.2. Surface Wave Based Method

6.3.2.1.  Testing Equipment

The configuration used in this project for MASWtieg is schematically illustrated in Figure
4-13. A 50 kHz ultrasonic transmitter was used émegate surface waves in the pavement.
Tallavo et al. (2009) proposed a characterizatibthis source in a detailed paper. The Fourier
spectra of the ultrasonic transmitter excited byna-cycle sinusoidal pulse showed three main
frequencies at 25.4 kHz, 36.6 kHz and 49.8 kHz. Hteer is the nominal frequency of the
transmitter. Twelve Dytran 3055B3 accelerometerthvei 35 kHz resonant frequency and a
sensitivity of 500+10 mV/g were used to record sheface waves. The transmitter was driven by
a corresponding pulser (Pundit) while the acceletens were driven by a power supply (Dytran
4123B) that could amplify the signal by a factorl6for 100. The LDS Nicolet Genesis was used

for the acquisition of the data with a resolutiartime of Ls.
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Measurements were taken across longitudinal jawvite the transmitter on each side of the
receiver array, as illustrated in Figure 6-14. Blaluation of the joint was based on attenuation

parameters in the time and frequency domains, plaierd in the next chapter.

6.3.2.2. Coupling System

A critical point in the development of the wave éa@snethod was the selection of the coupling
system between the pavement surface and the trearsdié good coupling was required between
the transmitter and the asphalt to generate agtwave that could propagate throughout the
entire pavement section located under the receifray. Similarly, proper coupling was needed
between the receivers and the surface to record gaality signals. In order to determine the

best coupling system, measurements were performiztilaboratory on an asphalt slab with one
source and one accelerometer. The source was pitieadly on the pavement, either without

coupling or with vacuum grease. Different weigh&revplaced on top of the source to apply a
vertical pressure. The accelerometer was eitheegldirectly on the asphalt surface or glued on
an aluminum plate (15 mm diameter) which was fiteethe asphalt with epoxy. In the first case,
the accelerometer was placed with or without vaclugrease while a vertical pressure was

applied on its top.

The following results were obtained:
A good-quality signal is transmitted by the souwdgen coupled directly to the asphalt
surface with vacuum grease.
When a vertical pressure is applied on top of thece, the intensity of the transmitted
signal is increased while the frequency contentaiamthe same, as illustrated in Figure
6-15.
The best measurement is obtained when the accedezom glued to an aluminum plate.
However, this coupling method is time-consumingause of epoxy curing. A relatively
good-quality signal is recorded by the acceleromateen coupled directly on the asphalt
surface with vacuum grease. Figure 6-16 shows tfferehces between the signals
acquired when gluing the accelerometer on an alumiplate or using vacuum grease.
When a vertical pressure is applied on top of tbeekerometer, the intensity of the
recorded signal is increased. Nevertheless, thquémcy content is modified, as

illustrated in Figure 6-17.
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Using the previous observations, a first configoratwas determined for the MASW tests
conducted in July 2009 at the CPATT Test Trackcltaracteristics are presented in Figure 6-18:
The transmitter and the accelerometers are couplelde asphalt surface with vacuum
grease.
Weights of 5.3 kg and 250 g are applied on tophef transmitter and the receivers
respectively.
A spacing of 40 mm is selected for two consecutiseelerometers.

6.3.2.3.  Design of a Structure to Hold the Receivers

The previous configuration did not require epoxyimetallic plates on the asphalt which reduced
the testing time. However, each accelerometer tide fplaced individually on the pavement with
vacuum grease and a weight on its top, which whkgiste consuming. Besides, the condition of
the pavement surface had an important impact onet@rded signals. As a matter of fact, if the
surface was very rough, some accelerometers hdak tslightly moved from their original

position to a flatter area in order to have a betbeipling.

Consequently, a structure was design to hold Hresttucers vertically with a consistent pressure,
and make the setup easier and less time consuriggre 6-19 provides a picture of the
structure. Twelve small PVC pipes are fixed on aCPplate. Foam cylinders which inside
dimensions match the shape of the accelerometergplaced inside the pipes to isolate the
receivers from the main structure. The objective waensure that any wave propagating through
the structure would not be transmitted to the remsi Finally, a foam stripe with twelve
openings was placed on the side of the structudeép parallel the cables coming out of the

transducers.

6.4. Summary

The main objectives of the experimental programewdescribed in this chapter. Asphalt samples
were prepared in the laboratory to determine diogldoetween the volumetric properties and the
effort required for compaction. Based on this ielgtan asphalt slab with a joint in the middle
was prepared in the laboratory. Nuclear densitysmesments showed a good agreement with the
expected horizontal density profile of the slamafli, this chapter explained the different steps
followed in this project to develop both MASW andivVD configurations used for longitudinal

joint testing.
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Preparation of asphalt samples to calibrate|  Preliminary wave based Preliminary LWD
the compaction procedure measurements on asphal measurements on
l samples in the laboratory to | asphalt pavements to
determine the coupling determine the testing
Preparation of an asphalt slab with a medium configuration for MASW procedure
quality joint testing
MASW laboratory testing on the jointed LWD and MASW field testing at the CPATT test
asphalt slab track and the city of Hamilton

Figure 6-1: Experimental program

Figure 6-2: Hand hammer and mould used for compaatf HMA slab specimens
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Figure 6-3: Compacted slab specimen
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Figure 6-11: (a) Top and (b) Bottom surfaces ofjtireted slab prepared in the laboratory
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Figure 6-13: Configuration used for deflection mgaments across longitudinal joints
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Table 6-1: Method of test for preparation of HMAespmens

Warm the HMA using a microwave oven to achieveisidgifit workability (temperature
around 105°C). Heat all metallic tools that willibecontact with the mixture by placin
them inside an oven or on a hot plate.

«

Reduce the sample to testing size by
pouring the mixture in a riffle splitter.

Spread the mixture in a flat pan, and
weight it. Remove any extra material with -
a flat bottom scoop until the proper 5
weight is measured. Prepare two pans |
with the same weight of material for eact
specimen.

Cover the pans with aluminum foil and heat in aaroio a temperature no more than
5°C above the compaction temperature of 138°C.

Place a heat resistant plastic sheet in the mowddaskghtly spray some ‘Pam’ on the
sides to prevent the sample from adhering to thelano

Pour the mixture from the first pan in a
bowl and mix it with a scoop to ensure it
is of uniform composition. Place the
HMA in the mould using the scoop and a
100 mm diameter funnel to make sure it
equally spread in the mould. ‘
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Rod the mixture in the mould with a
squared end spatula 80 times, 40 times
around the outside, 40 times around the
centre. When rodding around the outside %
keep the spatula flat against the inside of
the mould. When rodding around the
centre, do not change direction of the
blade.

Place the hammer on top of the mix and
compact the specimen by applying a
predetermined number of blows. Try to
compact the specimen at a rate of 60 + 5
blows per minute.

10

Remove the hammer and the plastic sheet. Takesttond pan out the oven and
repeat steps 6 to 9.

11

When both layers have been compacted, allow therepa to cool until warm to touch.
Use fans to quicken cooling.

12

Unscrew the sides of the mould and remove the gatiAllow to sit at room
temperature for a minimum of one hour before amghér testing.
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Table 6-2: Theoretical maximum relative densitieblb 4 and HL 3-R15 mixes

Mix HL4 HL3-R15
Mass of dry specimen in air (g) 3088.5 32329 3125.89126 2885.3 2802.1
Mass of Flask + Water (g) 548.5 5482 5485 548.1 548.548.5
Mass of Flask + Water + Sample (g 2404.1 24875 MA0R176.3 2292.8 2241.6
Water temperature (°C) 28.6 28.3 27.4 27.3 26.5 2.3
Correction factor K 0.99901 0.99910 0.99936 0.999389W69 0.9996¢
TMRD 2503 2497 2531 2530 2528 2576
Average TMRD 2.500 2.529
Standard deviation NA 0.002
Table 6-3: Theoretical number of blows
Hammer version A B C D
Falling mass m (kg) 14 16.6 18.86 20.2
Dropping height (mm) 700 698 728 728
Theoretical number of blows for one layer  10g 920 76 71
Table 6-4: Bulk relative density using saturatedasie-dry specimens
Mix HL4 HL3-R15
Hammer version A B C
Specimen Al Bl Cl Cc2 C3
Date of compaction Apr-09 Oct-09 Nov-09
Total number of blows for two layers 160 100 80 126 166
Mass of dry specimen (g) 8315|6 7848 7937.9 8144.3 8285.
Mass of surface-dry specimen after immersion(g) 88397897.7| 8036.5 8196.6 8321J5
Mass of sample in water (g) 4785|9 4506 4627 4748.4 88B4
Water temperature (°C) 19 27.8 27.55 27.5 2714
Correction factor K for temperature 1.00116 0.999249931 0.99933 0.99936
Bulk relative density at 25°C 2.324 2.311L 2.327 2.360 373.
Air void (%) 6.82 7.56 7.99 6.65 6.09
Mix HL3-R15
Hammer version C D
Specimen C4 C5 D1 D2 D3
Date of compaction Dec-09 Dec-09
Total number of blows for two layers 40 64 8 14 24
Mass of dry specimen (g) 77675 7910.5 7335.1 7510.6 5.86B
Mass of surface-dry specimen after immersion(g) 78B958018.5| 7532.8 7689.2 7821[6
Mass of sample in water (Q) 4516.9 4604.4 4266.8 4363 7244
Water temperature (°C) 24.5 24 4 23.4 23.4 23.65
Correction factor K for temperature 1.00013 1.0001800@4 1.0004 1.00034
Bulk relative density at 25°C 2.299 2.31y 2.247 2.259 298.
Air void (%) 9.07 8.35 11.14 10.66 9.21
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Table 6-5: Bulk relative density using the automatcuum sealing method

Hammer version C D
Specimen Cl Cc2 C3 C4 C5 D1
Date of compaction Nov-09 Dec-09 Dec-09
Total number of blows for two layers 80 126 166 40 64 8
Mass of dry specimen (g) 7938.5 8148.5 8285 77725 B9]57330.6
Mass of sealed specimen in air (g) 7996.3 8206.6 83#37830.3 7973.24 7387.8
Mass of sealed specimen in water (g) 44785 4654.4 2.87H 4337.5 4453.3 3956.9
Mass of bag (g) 58.1 58.4 58.9 58.4 58.B 5719
Specific gravity of bag 0.63279 0.62798 0.6267 0.6386/63422 0.64948
Bulk Relative Density at 25°C 2.317 2.355 2.349 2.284 302.| 2.193
Air void (%) 8.37 6.85 6.32 9.65 8.70 13.2Y
Hammer version D

Specimen D2 D3 D4 D5 D6 D7
Date of compaction Dec-09 Jan-10

Total number of blows for two layers 14 24 2 100 40 72
Mass of dry specimen (g) 7508.3 7689.4 7358.7 8001.7 0.291 8032.2
Mass of sealed specimen in air (g) 7565.7 < 7746.7 B4168058.2 7968.2 8090.4
Mass of sealed specimen in water (g) 4106.3 4278.4 8.384 4599.4 4456.2 45725
Mass of bag (g) 58 58.4 58.9 58.2 58.3 58.5
Specific gravity of bag 0.64471 0.641p3 0.65221 0.63168.63437 0.63168
Bulk Relative Density at 25°C 2.228 2.27p 2.115 2375 312. 2.345
Air void (%) 11.90 10.00 16.36 6.08 8.54 7.27

Table 6-6: Correction factors for the equivalentiver of blows with hammer D

Hammer version A B C D

Correction factor for the number of blows g6 0.79 0.93 1
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Table 6-7: Preparation of the jointed slab in Higokatory

Warm the HMA using a microwave oven to achieveisigifit workability (temperature
around 105°C).

Place the mixture in four different bowls,
weight each of them and remove extra
material until the desired weight is
reached.

Cover the bowls with aluminum foil and
heat in an oven to 145°C.

Mix the material present in one of the
bowl with a scoop to ensure it is of
uniform composition. Place the HMA in
the left side of the mould and rod the
mixture with a square end spatula 100
times on the outside and 240 times arou
the centre.

Place a plastic sheet at the bottom of the*
hammer with double sided tape, and starg
the compaction by applying a

predetermined number of blows.

Once the first layer of the left side is
compacted, remove the divider and let th* S : :
asphalt cool down to 60°C. ¥
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Repeat step 3: mix the HMA present in
6 another bowl; place it in the right side,
and rod the mixture.

X

Compact the right side with the hammer,”
and make sure to overlap the left side
when compacting the centreline of the
slab.

g =4

8 Repeat steps 3 to 7 to compact the second laybedafab.

Table 6-8: Asphalt temperature during the prepamatif the slab

) Temperature (°C)
Construction
Step Layer 1 Layer 2
Left (1) Side  Right (¥) Side  Left () Side  Right (¥) Side

Layer 1, Left 138-144 - - -
Layer 1, Right ~60 138-142 - -
Layer 2, Left ~60 ~80 138-150 -
Layer 2, Right - ~80 ~80 138-145
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CHAPTER 7. RESULTS

7.1. Introduction

This chapter presents the results obtained froniaheratory and field NDT tests performed in

this project. First, ultrasonic measurements wenedacted in the laboratory on two different

slabs: Slab 2, which was extracted from an actaaément and did not have a joint; and Slab 3,
which was compacted in the laboratory in orderrgate a joint in its middle. Measurements on
these two slabs were compared to identify the eftécthe joint on the data. The signal

processing techniques developed in this study eti@gldd in the first section of this chapter.

Then, deflection and ultrasonic data was colleatetivo field sites: the CPATT Test Track in

Waterloo and Garth Street in the City of Hamilt8tab 2 was taken from the CPATT Test Track,
thus an interesting comparison could be made betwesilts obtained in the laboratory and the
field. Ultrasonic tests in the City of Hamilton veeperformed with the MASW structure showed

in Figure 6-19, which main objective was to redthmetesting time.

7.2. Laboratory Testing on Asphalt Slabs (Sept. 2009 -uhe 2010)

Ultrasonic measurements were conducted in the dagyr on a field slab without joint (Slab 2,
presented in Figure 6-6) and a jointed slab preparehe laboratory (Slab 3, showed in Figure
6-11). Slab 2 is representative of actual pavemehnts it was used as a control slab to develop
testing and processing techniques that would belaymp for the assessment of longitudinal
joints. Slab 3 was prepared in the laboratory wittalibrated compaction procedure in order to
create a joint at a desired density. Ultrasonic sueaments taken on the jointed slab were
compared to its horizontal density profile in ordemdetermine if the techniques developed with

the control slab were able to detect the jointlabS3.

The MASW tests were performed with two differentelerometers and coupling systems. As
observed in Section 6.3, the best coupling corsistegluing the accelerometers on aluminum
plates previously fixed to the asphalt with epdxgwever, this method was time consuming and
could not be used for field testing. A couplingtsys combining vacuum grease and a vertical
pressure was found to provide relatively good dquatieasurements and required less time for

setup; thus it was selected for field testing. Lrabary measurements were performed with both
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coupling systems at the same locations for compariBesides, recordings are affected by the
transfer function of the receivers. Thus, two diéfg types of accelerometer were used to
investigate their impacts on the measurements. &prestly, three configurations were used for
testing on the slabs:

(A) Accelerometer Dytran 3055B3 (sensitivity: 500 m\gsonant frequency: 35 kHz)
glued on aluminum plates fixed to the asphalt serigith epoxy.

(B) Accelerometer Dytran 3055B3 coupled directly te gavement with vacuum grease.
A vertical pressure is applied by a weight placedap of the transducers.

(C) Accelerometer PCB 352A60 (sensitivity: 9.8 mV/gsonant frequency: 90 kHz)
glued on aluminum plates. Only one PCB acceleromeges available, thus twelve individual

measurements had to be taken for each test.

The transmitter was placed on both sides of theivec array, in accordance with Figure 6-14.
Signals were processed in MathCAD. Analysis wafopered in the time and frequency domains
to calculate wave velocities and attenuation patarseDispersion curves were computed with
the software SWAN.

7.2.1.  Control Slab 2

Slab 2 was cut from an actual pavement and its mbines are 83x69x9 émMeasurements
were performed along the middle line of the consialb with configurations A, B and C, as
showed in in Figure 7-1. The objective was to deiee the best methods to calculate wave

velocities and attenuation parameters that couldsied for joint evaluation.

7.2.1.1.  Wave Velocities

Time signals were recorded with a sampling rat& &Hz over a period of 2 ms. Normalized
signals are presented in Figure 7-2 for the thoegigurations and both source locations. Signals
collected with the PCB accelerometer showed lovigmad-to-noise ratios because of the low
sensitivity of the transducer. P-wave and R-wavevas were detected on the graphs, as
indicated by the two doted lines for configuratidanArrival times were plotted with respect to
the distance from the source, and linear regressi@re performed as illustrated in Figure 7-3.
The slopes of the lines are the inverse of the walecities. Table 7-1 provides the values of the

velocities calculated for the three configurations.
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All coefficients of determination were higher th@9965, which indicates that the linear
regression provided a good estimation of the waalecities for all configurations. A program
was written in MathCAD to detect P-wave arrivalsomoatically, instead of having to locate them
one by one on the time signals® ®alues were found to be smaller than the onesulcadm
previously, especially for configuration C. Thisdige to the noise present in the signals. P-waves
generate low amplitude displacements and theivalrdould be masked by the noise. Therefore,
the author preferred to identify the arrivals mdlyuso make sure they are not confused with

unexpected high amplitude noise.

The highest ¥ was measured with configuration B, and the lowegh configuration C.
Configuration B used the best coupling system agi sensitivity accelerometers which resulted
in large signal-to-noise ratios. Therefore, P-wamévals could be easily identified on the time
signals. In configuration A, accelerometers weredally coupled to the asphalt, introducing noise
in the signals, especially at large distances ftbensource. Thus, the very first P-wave arrivals
could not be identified on signals recorded fanfrihe source, and the linear regression resulted
in a lower \b. In configuration C, the accelerometer was resiptmgor the noise and P-wave

arrivals were even harder to detect.

It was difficult to identify R-wave arrivals becausf the interference caused by body waves that
propagate faster than surface waveswés estimated by selecting the time corresponidirige
maximum absolute amplitude of the first large pabdatified as the R-wave arrival. Too much
dispersion was observed in the signhals recordethdyurthest receivers. Consequently, only the
arrival times detected with the ten receivers dbse the source were included in the regression
calculations. The resulting average R-wave velegitiwere quite consistent from one

configuration to the other (less than 5 perceriet#hces).

The difference between the velocities obtained whth source at location 1 and location 2 was
less than 1.3 percent for configuration A and BerEffore, there was a good consistency between
measurements performed at the two source locatidus.to the noise recorded with the PCB

transducer, higher changes in velocities were @bsebetween the measurements performed at

the two source locations with configuration C.

Surface wave velocities were also calculated udiggersion curves. At high frequencies, surface

waves penetrate only in the slab and the phaseiteis equal to the surface wave velocity of

105



the asphalt mix. Figure 7-4 shows the dispersianesucomputed for configuration A with the
source at the two locations. Both curves convetgea constant value at frequencies higher than
20 kHz. \; was calculated as the average phase velocity batve= 25 kHz and f = 42 kHz.
Similarly, surface wave velocities were computed thie three configurations, as reported in
Table 7-2. The calculation provided very close galuess than 1.5 percent different. Moreover, a
very good consistency was observed between measotentaken at both source locations.
Consequently, the method based on dispersion cwasgreferred to the method based on time

signals for the calculation of surface wave velesit

Further observations could be made regarding tBpedsion curves. Figure 7-5 presents the
curves computed for the three configurations amdsthurce placed at location 2. It was noticed
that the three curves were very similar, especialtyconfiguration B and C that used the same
coupling system, and converged to a consistent ¥ewalocity. An average g/of 1698 m/s was
calculated using the three curves. Theoreticallyvavelengths shorter than the slab thickness (9
cm) should propagate only in the slab, at a phadecity equal to ¥. Those wavelengths
correspond to frequencies higher thap: ¥ Vr/Aq = 1698/0.09 = 18.87 kHz. As indicated on
Figure 7-5, §; is very close to the inflection point at which tbgrves start converging torV

This result showed that dispersion curves were tabdietermine the slab thickness.

A jump of the phase velocity was observed aroypg £ 12.9 kHz. In order to explain this
phenomenon, theoretical dispersion curves of Lantole® were computed using a program
developed by Yang (2009) as part of his doctorakved the University of Waterloo. It requires
three inputs for the calculation of the dispersianves:

Half the slab thickness: h = 4.5 cm

Vp = 3377 m/s (average of the P-wave velocities detexd with the time signals)

Vg =1698 m/s
The theoretical dispersion curves of the fundameytametric and anti-symmetric Lamb modes
are showed on Figure 7-5. A comparison of the expartal and theoretical curves showed that
the experimental curve followed the anti-symmeirnicde at frequencies below.f, and above

ferir, While it followed the symmetric mode at frequarscbetweenf,, and f:.
An example of a FK spectrum is given in Figure 766 configuration A. Most of the wave

energy was observed at frequencies between 15.5akH25 kHz, which correspond to Lamb

modes. Surface waves propagate at higher frequenaimve 25 kHz. Consequently, mainly
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Lamb waves were generated in the slab. When ciolitetiie MASW data, Slab 2 was seating on
a 2.5 cm thick layer of sand and a 2 cm thick woobleard. In theory (see Section 2.2), Lamb
waves propagate in plates with two free boundanditions at the top and bottom surfaces. The
results obtained in this section showed that tlewipus statement might be applicable to plates
seating on a soft layer like sand. The verticaitakon of a plate should result in the apparition
of anti-symmetric modes. However, symmetric modesevobserved at frequencies betwggn f
and {, This might be due to mode conversion occurrinthatvertical edges of the slab. Further

work is needed to explain this phenomenon.

7.2.1.2.  Attenuation Coefficients

As mentioned in Section 2.2, low frequencies arss lattenuated than high frequencies.
Therefore, the frequency content of the MASW datastmbe analysed before looking at
attenuation parameters. Frequency spectra arenpees@ Figure 7-7 for the three configurations
and both source locations. The calculation involweddowing of the time signals and zero-
padding to improve the resolution in frequency. Shectra obtained with configuration A and B
were quite similar. Both spectra had two main fesguies around 8 kHz and 19 kHz. A third
peak was observed at different frequencies: 505 filiH A and 37 kHz for configuration B. The
aluminum plates used in configuration B were pridpaltting as a low-pass filter. The signals
recorded with configuration C contained much loreguencies because a different type of
accelerometer was used to collect the data. Trenaes frequency of the PCB accelerometer is
very high (90 kHz). On the contrary, the resonanéehe Dytran is around 35 kHz. The
ultrasonic source generates frequencies aroundk®436.6 kHz and 49.8 kHz. Consequently,
the resonance of the PCB did not affect the frequeontent of the signals, whereas the Dytran

significantly amplified frequencies around 35 kHz.

As a result, the highest attenuation should bergbdewith configuration A whereas the lowest

one should be measured with configuration C.

Two parameters were used to quantify the attenuafithe waves propagating through the slab:
Peak to peak (PTP) amplitude calculated in the tomain with equation ( 4-5)
Spectral area (SA) given by equation ( 4-6 )

Attenuation parameters were computed from both leaien and displacement traces.

Displacements were calculated by integrating twiite acceleration signals using the signal
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processing software WPNDTool-box (Tallavé 2009).eTHouble integration consisted of
performing twice the following sequence of calcigias:
Computation of discrete wavelet transforms to reenawndesired low frequency
components. Level 4 to 11 were used to reconstinechew signals (frequencies between
1.5 kHz and 300 kHz).
Windowing to remove any noise before the arrivatied waves and at the end of the
signals.

Single integration.

Two theoretical models, based on equation ( 2-2&je used to fit the attenuation curves:
Model 1: Only one fitting parametet, material attenuation coefficient.

The geometrical attenuation coefficient is fixedts theoretical valugi = 0.5.

-0.5
Mod 1((1, n) = (%j e—a(xn_x1) (7'1)

1
where X, is the distance between th& receiver and the source.

Model 2: Both coefficientsy andp are changed during the regression.

Y
Modz(a,B,n)z(X—”J g *n X (7-2)

1
Model 1 and model 2 were compared to determinbdfeaxperimental attenuation curves were

able to capture the theoretical valuegdD.5 for surface waves).

Non-linear regressions were performed by minimizimg sum of squares of the errors expressed

either in linear or logarithmic scale:

12
Regression 1: Minimiz&SE1= Y [Mod1(a,n)- Att,, ]

n=1
12
Regression 2: Minimiz&SE2=> [log(Mod1(a, n)) - log(Att,, )]
n=1
where Atf, is an attenuation parameter (PTP or SA) calcultmtethe 11" receiver.
Similar equations are defined for Model 2. Attentimust be paid regarding the terminology: the

regression in linear scale (regression 1) is alimma+ regression.

Figure 7-8 shows the PTP attenuation curve corredipg to configuration A with the source at

location 2. The parameters of models 1 and 2 weterchined for both regression types. The two
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models obtained with regression 1 were signifigadtfferent: almost no geometric attenuation
was observed with model 3 & 0.03). On the contrary, regression 2 lead tatinadly similar
curves:p = 0.64 for model 2. Consequently, regression Zigdeal more reasonable results with a

geometric attenuation coefficient close to the thtcal value for surface waves.

Attenuation coefficients were calculated for alsest PTP amplitude and SA, acceleration and
displacement, model 1 and model 2, regression Tegréssion 2. The results are analysed in the

following paragraphs.

The values of the geometric attenuation coefficfleobtained for all regressions with model 2 are
presented in Figure 7-9. In accordance with theipus observation, coefficients calculated with
regression 2 were closer to 0.5. In most of thesa®gression 1 gave coefficients between 0 and
0.35 while regression 2 lead to coefficients betw8e3 and 0.65. For the same reason, SA
provided attenuation curves that were more congistgth the theory than PTP amplitudes.
Besides, coefficients computed with displacemergsevcloser to 0.5 than with accelerations.
Finally, the best consistency between the valugsfof different source locations was observed
when fitting the SA of the displacements. Consetjyeresults that best matched the theory were

calculated by fitting the spectral area of the Bispments with regression 2.

Regressions diagnostics were performed by calaglatbefficients of determination for model 1.
Regressions were non-linear, so tHevBlue could not be considered as an exact estimati
the percentage of the variation in the data that asounted for by the model. However, it was
believed that Rvalues could be used to compare different regrassiand determine which
method provided the best fitting of the data. Gogdhts of determination were calculated with
the following equation, and summarized in Table 7-3
_SST-SSE
SS1

where SST is the total sum of squares and SSE isrtbr sum of squares.

R? (7-3)

Higher R-values were obtained with spectral areas, displaogs, and regression 1. Consistency
with the theory was the primary criteria for théeséon of the regression method. That is why

regression 2 was identified as the best fittinghmet

The next step of the analysis consisted of compatime results obtain with different

configurations. As indicated in Figure 7-9, georceattenuation coefficients of 0.50 and 0.51
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were calculated when fitting with model 2 and regien 2 the SA of the displacements measured
with configuration B. Those coefficients are clds¢e the theoretical value. Moreover,
coefficients of determination were, in average,hbigt for configuration B, and lowest for
configuration C. For instanceRalues of 0.99 were calculated when fitting thectal areas of
displacements for configuration B. Figure 7-10 shatlve attenuation curves and regression
models determined for the three configurations whih best fitting method: regression 2 applied
to SA of displacements. The highest attenuation eteserved with configuration A whereas the
lowest one was measured with configuration C, wisctonsistent with the observation made at

the beginning of this section regarding the freqyespectra.

Material attenuation coefficients were convertedd&mnping ratios for comparison with values

available in the literature. Equations ( 2-27 ) 2429 ) lead to the relation:

g:ax)‘ _axVg
2n 2n xf

Wherea is the material attenuation coefficieftis the damping ratid, is the wavelength, Vis

(7-4)

the surface wave velocity determined with the disioa curve, and f is the frequency.

The values of damping ratios calculated at the danti frequency with the best fitting method
for the three configurations are given in Table. T-de Asphalt Research Consortium performed
dynamic modulus tests on a PG64-22 mix to meadarstiffness and internal damping as a
function of frequency (Asphalt Research Consort2008). Damping ratios between 8% and
8.5% were measured at frequencies between 10 kidz1@80 kHz. Although the dynamic
properties of asphalt can significantly change frame mix to the other, those values have the

same order of magnitude as the one determinedsirstiindy.

Another processing technique was developed to iwgptiee quality of the attenuation curves. In
this case, the calculation of the areas in frequatamain only included given bandwidths of
frequencies. The areas were calculated using fiifereint bandwidths (2, 4, 7, 10 and 15 kHz)
that were moved along the frequency axis. As altefsue attenuation curves were obtained at
each frequency, selected as the centre frequenthediandwidths. Regressions were performed
using the same models as previously. Figure 7-Ekgmts the coefficients of determination
calculated for configuration A with two differentabdwidths. The Rvalue determined
previously with the total spectral areas of theldisements is indicated on the grapA4g. R>-
values higher than R, were obtained with the new method for frequenbigtsveen 48 kHz and
64 kHz. A maximum value of 0.990 was determinedlie 7 kHz bandwidth at 57.9 kHz.
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7.2.1.3.  Conclusions

The following results were determined from the ekpents conducted on Slab 2:
Vp was calculated by detecting the P-wave arrivalthertime signals. Linear regressions
performed between the arrival times and the digtmrfcom the source showed very
strong correlations (& 0.996).
The most accurate calculation of; Wvas obtained from dispersion curvesz Was
defined as the average of the phase velocitieggponding to frequencies higher than 25
kHz.
The thickness of the slab could be determined thig¢hdispersion curves.
A comparison of experimental and theoretical disjper curves showed that mainly
Lamb waves were generated in the slab. A jump fitbe anti-symmetric to the
symmetric fundamental Lamb mode was observeq,at+ 12.9 kHz. Surface waves
were propagating at frequencies higher thap =f18.9 kHz
Aluminum plates seemed to act as a low-pass #isehigher frequencies were recorded
with Configuration A. The resonance of the Dytracederometers used in configuration
A and B resulted in an amplification of the freqoies around 35 kHz, as opposed to the
PCB accelerometer which resonant frequency wasdeutsf the frequency bandwidth
generated by the source.
The spectral area of the displacements provideshadtion curves that best matched the
theory (0.43 <p < 0.51). Regression of these curves resulted ghdsit R-values
(R*>>0.97).
Two regression methods were evaluated: regress{binelr scale) resulted in highef-R
values while regression 2 (logarithmic scale) pidedi more consistency with the theory
and was selected as the best fitting method.
Regression of the attenuation curves measuredoeitfiguration B presented valuesfof
closest to 0.5, and highest-Ralues. This configuration is believed to provitie best
quality measurements.
The highest material attenuation was measured aitiiguration A, then configuration
B, and configuration C.
Finally, spectral areas were calculated for différébandwidths moved along the
frequency axis. For a certain range of frequengmgessions of the attenuation curves
computed with this method provided-Ralues significantly higher than the one obtained

with the total spectral area.
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7.2.2. Jointed Slab 3

Slab 3 was constructed in the laboratory accordinthe procedure described in Chapter 6 in
order to create a joint. Its dimensions are 80668 First, experiments were conducted across
the joint on the top surface, which showed segiegatspecially near the sides and the joint
interface. The top surface will be referred to aarface X”. The joint was located between

accelerometers 6 and 7, and S1 was on the coldwiidie S2 was on the hot side. Then, the slab
was flipped to the other side, and testing wasoperéd on the former bottom surface, termed as
“surface Y”, which was very smooth. The transduceese placed at the same locations when
testing on surface X and Y. The expected horizodtaisity profile of the tested section is

provided in Figure 7-12.

The main purpose of these experiments was to eeatha effect of the joints on the results.
Secondary objectives were to investigate the infteeof the surface condition on the quality of
the data, and to compare measurements taken onSiab 2 and laboratory Slab 3. Data was
processed using the techniques that provided tisé tesults from the analysis of the tests

performed on Slab 2.

7.2.2.1. Wave Velocities
P-waves arrivals were identified on the time hist®iand lead to the P-wave velocities indicated
in Table 7-5. Dispersion curves were used to cateuR-wave velocities. In accordance to the
results obtained with Slab 2, the lowest Was measured with configuration C because of the
noise present in the signals. Overall, values ptigtermined with the three configurations were
consistent. The following average velocities wdrstaimed for each test location:

Slab 2: \b=3388 m/s; ¥ = 1693 m/s

Slab 3, surface X: ¥= 3055 m/s; ¥ = 1498 m/s

Slab 3, surface Y: ¥= 3247 m/s; ¥ = 1638 m/s

Velocities measured at surface Y of Slab 3 weraiogntly higher than at surface X. The
difference in P-wave velocities is related to theface condition. Good coupling between the
transducers and the asphalt was achieved at suyfastereas poor coupling was observed at
surface X. Thus, accelerometers installed on serfacould not detect the very first P-wave

arrival, resulting in a higherp/
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The difference in ¥ is harder to explain, as surface waves carry mbghe energy and their
arrival should be easily identified even if thefaoe condition is poor. A possible reason could be
the difference in density between the two consioadayers of Slab 3. Although the bottom layer
was allowed to cool down to a temperature of appmately 60°C, it must have achieved
additional compaction during the placement of e kayer. The higher density of the bottom
layer resulted in higher wave velocities. Furthemmaissimilar frequency contents might be
transmitted to the slab by the source when placedhe two surfaces that provided different
coupling conditions. As surface waves are dispersuch dissimilarity would result in different
wave velocities. This phenomenon also explainsréhatively large changes between R-wave
velocities measured on surface X with the sourdedattion 1 or 2, as illustrated in Table 7-5.
Surface Y provided a good coupling between thecsoand the asphalt, resulting in consistent
measurements. On the contrary, the coupling camdiit surface X varied significantly from

location 1 to location 2, producing sizeable défg@rwave velocities.

Overall, velocities measured on Slab 2 were highan on Slab 3 (~7% difference). This is due
to the fact that higher densities were achievetthénfield than in the laboratory, as demonstrated
with the nuclear density tests. Moreover, hardemhthe asphalt must have occurred in Slab 2

which was extracted from a seven years old road.

The interface of the joint did not have a significampact on P-wave velocities. As can be seen
in Table 7-5, all regressions between P-wave dsrigad distances from the source provided

straight lines with Rvalues higher than 0.99.

Since relatively consistent velocities were deteediwith different measurements on each slab,
and W calculations were associated to very higivBlues, the wave velocities obtained in this
study were believed to be close to the true valmes could provide a good estimation of
Poisson’s Ratios. Testing on Slab 2 showed thafigimation B gave the most accurate velocity
measurements, thus they were used along with eqsa(i 2-14 ) and ( 2-15 ) to calculate
Poisson’s ratios:
Slab 2: Source at locationd= 0.309
location 2:v = 0.313
Slab 3, surface Y: Source at locatiomE 0.307
location 2:v = 0.291
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Dispersion curves computed for all measurementSlab 3 are given in Figure 7-13. A jump
from the anti-symmetric to the symmetric fundamebéanb mode was observed when testing on
surface Y but not on surface X. This may be duthéofact that the bottom surface was in good
contact with the wooden base when testing on seitkadOn the contrary, after flipping over the
slab for testing on surface Y, only point contag&se achieved between surface X and the base.
This difference in boundary condition could be mspble for the propagation of different Lamb

modes in Slab 3.

7.2.2.2.  Attenuation Coefficients

Attenuation curves were computed by calculatingspkareas of displacements. The best fitting
method identified with Slab 2 (regression 2) wagligd to the data collected on Slab 3. Resulting
attenuation coefficients and damping ratios arsqrted in Table 7-6. Higher coefficients were
measured when testing on surface Y. This is rel&tethe frequency content of the signals
recorded by the receivers. As can be seen in thie,tthe main frequencies of the spectra

recorded at surface Y were higher than at surfgabué they were more attenuated.

Experimental curves and regression models are shawerigure 7-14. Attenuation curves
provided by configuration B and C were very closethe theoretical models, with*Ralues
higher than 0.97. On the contrary, spectral areassored with configuration A showed
significant variation, with Rvalues as low as 0.90. This was due to the coylystem used in
configuration A: vacuum grease did not provide aglmconsistency as aluminum plates. For
both configuration B and C, very similar curves &ebtained at surface X and Y. Therefore, a
good and consistent coupling was achieved betwhenrdceivers and the asphalt, and any
variation identified in the attenuation curves dbdoe strongly related to the properties of the
asphalt mix. However, no clear relation could bl@shed between the density gradients across
the joint of the slab indicated in Figure 7-12c &inel attenuation curves. The low density area of
the unconfined edge and the interface of the jithitnot seem to have a significant effect on the

attenuation parameters.

7.2.2.3.  Fourier Transmission Coefficients
The FTC method explained in Section 4.3 was apphedtie data collected on the asphalt slabs in
order to remove or at least reduce the variahitityoduced by the source, the receivers and the

coupling condition. FTC coefficients were defined éach pair of consecutive accelerometers:
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I:l,n+l|:2,n

FTC, =
) Fl,n I:2,n+l

(7-5)

where k, is the Fourier Transform of the signal sent by sberce at location i (i = 1,2) and
received by the'haccelerometer (n = 1,...,11).
FTC, represents the attenuation response of the paveseetion located between th& and
(n+1)" receivers. Theoretically, this coefficient is ipgadent of the transducers and the coupling
condition, and the only factors having an effecitervalue are:

The geometrical attenuation related to the recespacing,

The material attenuation of the asphalt section,

Reflections at an interface characterized by a@hamacoustic impedance.
The twelve receivers used for MASW testing wereadlgjuspaced. Thus, the same geometrical
attenuation should be observed between any padecutive receivers. As illustrated in Figure
7-12c, the unconfined edge located between frand 7" receivers was less compacted. As wave
scattering increases with air void, higher matesidénuations should be measured between the
4™ and 7" receivers. Moreover, wave reflections should oatuhe joint interface between th& 6
and 7" receivers. In conclusion, the only factors thatdti have an effect on the FTC values
measured in this study are the increased matdtéiwation at the unconfined edge and the wave

reflection at the joint interface.

The calculation of FTE showed too much variation from one frequency totlaer. If the
magnitude of one of the factors present at the miémator was very low, then the coefficient
became very high. In order to reduce this variateoras in frequency domain were used instead
of magnitudes of single frequencies. As the totaaaof the frequency spectrum of the
displacement provided the best attenuation cutweas used to get a first estimation of the FTC.
The resulting coefficients are showed in Figure5a-for the measurements on surface Y. The
three curves obtained with the different configiored presented comparable trends. Both types
of receivers (PCB or Dytran) and both coupling ey® (vacuum grease or aluminum plate)
provided relatively consistent FTC values. Consatjyethe calculation method was able to
significantly reduce the variability due to the ea@rs and the coupling system, and FTC values

were representative of the HMA condition.

Theoretical FTC coefficients were calculated ughgtheoretical attenuation curves presented in

Figure 7-14. The resulting theoretical FTC curves jrovided for the three configurations in
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Figure 7-16. As can be seen, all curves were aringde same way, which was due to the
geometric attenuation. The plain black curve shouaietthe top part of the graph was determined
by removing the material attenuation component fthentheoretical FTC. The three theoretical
curves appeared to be shifted down from the blacke; and the amount of shifting was only

function of the material attenuation coefficients.

Averages of the three experimental and theoretoales were computed for comparison, as
illustrated in Figure 7-17. For the pairs 1-2, 4 10-11, the experimental FTC was below the
theoretical curve, suggesting that these locati@ts higher material attenuation than the rest of
the tested section. The FTC values for the pasafd 6-7 showed relatively good pavement
condition. These results did not show a good ageaemnwith the expected horizontal density

profile of the slab, and could not reveal the pneseof the joint between th& @nd 7" receivers.

This lack of correlation between FTC and estimatadement condition may be due to the fact
that, although comparable trends were observeddeetthe three curves, there was still some
disparity among the values determined for eachqdaieceivers. Standard deviations between the
coefficients obtained with the three configuratiovere calculated for each pair of receivers. As
can be seen in Figure 7-15b, the deviation decdeasehe pair of receivers moved toward the
centre of the array. This was probably due to #ar4field and far-field effects that took place at

short and large distances from the source, but wereccounted for in FTC calculations. This

variability could hide the effect of the joint dmet measurements.

Another frequency parameter, similar to the oneidlesd at the end of Section 7.2.1, was used to
compute FTC coefficients. Areas in frequency domuaiere calculated for five different
bandwidths (2, 4, 7, 10 and 15 kHz) that were moakxuhg the frequency axis. Figure 7-18
provides the five FTC curves obtained for a cefrequency of 20 kHz, which was close to the
dominant frequency observed in the Fourier speétgain, good correlation was found between
the curves corresponding to different configurationhis confirms that the FTC method reduces
the variability due to the receivers and the coyptiondition. However, FTC values did not show
a good agreement with the density gradient of thle and the presence of an interface between

the 8" and 7" receivers.
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7.2.2.4. Conclusions

The following conclusions were drawn from the meaments performed on Slab 3:
Velocities measured at surface Y were significahilyher than at surface X. This was
due to the roughness of the top surface, resuitirey poor coupling condition between
the asphalt and the receivers. Moreover, the bolayer was more compacted than the
top one, thus surface waves were faster when patipggthrough the bottom layer.
Finally, different frequency contents may be getegtdby the source because of the
disparity in coupling condition. These frequencg®pagated at different velocities
because of the dispersive nature of surface waves.
Slab 2 was characterized by higher velocities tBk 3. This result is consistent with
the conclusion drawn from nuclear density measunésndiigh densities were achieved
in the field with roller compactors; whereas lowndéies were obtained in the laboratory,
especially at the unconfined edge of the joint @nésn the middle of Slab 3. Asphalt
hardening also contributed in increasing the véjaai Slab 2.
Similarly to the results observed with Slab 2, dison curves showed that Lamb waves
were produced in Slab 3. Symmetric modes were decbonly when testing on surface
Y. This may be related to the nature of the surfaceontact with the wooden base: the
smooth bottom surface was in good contact withethiire surface of the base whereas,
after flipping over the slab, the rough surface Myoprovided point contacts with the
base.
Higher attenuation was measured at surface Y thauréace X, which was consistent
with the fact that higher frequencies were recorateslirface Y.
Configuration B and C provided consistent attermmatiurves that matched well with the
theoretical curves (R> 0.97). However, they did not show clear coriefat with the
horizontal density profile of the slab. No signéit effect of the joint could be identified
on the attenuation curves.
FTC coefficients were computed to reduce the uneesiariability due to the source, the
receivers, and the coupling system. FTC curves stlogood consistency from one
configuration to another, which means that the femehts were representative of the
HMA condition. Nevertheless, a comparison of the@esinental and theoretical FTC
curves showed that the estimated density grad@nsa the joint of Slab 3 did not agree

well with the FTC values.
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In conclusion, the low density area and the interfaf the joint were not clearly identified by the
different methods described in this section. ThHéofdng points indicate the different factors
responsible for the limitations of the MASW in dgtteg the joint, and propose possible
improvements to the method:
As noticed with both Slab 2 and Slab 3, mainly Lamwdwes were generated by the
source. Density discontinuities may not have aisamt effect on the propagation of
Lamb modes. This point must be studied for furthealysis of the data.
Higher frequencies should be transmitted to theepent slab in order to generate
surface waves. This requires a better control efftaquency content sent by the source.
Ideally, the transmitter should produce a higheq@iency bandwidth, with minimum
energy below 30 kHz. Moreover, the coupling syswesed to set the source on the
asphalt surface must be improved. Unbonded cowuplanth as vacuum grease are
believed to attenuate high frequencies. An interggtaper addressing those issues was
written by Barnes and Trottier (2009).
The heterogeneous and visco-elastic nature of HMArdsponsible for complex
phenomena such as wave reflection, mode conversind, dispersion, introducing
unexpected variability in the measurements. Morgoasphalt presents a difficult
coupling surface for both the source and the reesivThe dimension of the surface
texture could exceed the size of the transducetshame an effect on the amplitude and
quality of the measured signals.
Finally, NDT results were compared to the densityStab 3 estimated with equation
(6-3). This relationship was calibrated with smsafiecimens, thus it might lead to
different densities when compacting larger slabere€ should be taken at several
locations of the slab in order to check its actehsity. The joint might be of better

quality than expected, which would agree with #&uits obtained in this section.

7.3. Field Testing at the CPATT Test Track (July 2009)

Field tests combining deflection and seismic mearsents were performed in July 2009 at the
Centre for Pavement And Transportation TechnoldgyATT) Test Track, Waterloo, Ontario.
Results were presented at thd'83ansportation Research Board Annual Meeting, lead to a
publication in the Transportation Research Recardrnbl (Du Tertre, Cascante, and Tighe
2010). Some of the processing techniques have ing@oved since the publication and revised

results are presented in this section of the thesis
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The Test Track was constructed in June 2002 (Tigthal. 2007). All sections of the road
presented the same subgrade, base and binder d¢totréaid 4 (HL 4) which was a standard
municipal mix. As illustrated in Figure 7-19a, fodifferent mixes were used for the surface
course, including Hot-Laid 3 (HL 3) for the contis#ctions, polymer-modified asphalt (PMA),
stone mastic asphalt (SMA), and Superpave®. Thélemf the pavement structure is given in
Figure 7-19b.

MASW measurements were performed on two locatidriseocentreline, at 25 m and 50 m from
the beginning of the Test Track. These locationsevpart of the HL 3-1 section from which the
field slabs 1 and 2 were extracted. The materidlsiructural design of this section are typically
used throughout Ontario on most collector and iattéacilities. The mix design reports of the
HL 4 and HL 3 mixes are provided in Appendix C. LVW#3ts were performed at the centreline
and the right wheel path of the southbound lanis. iibtable that the south lane has all the heavy

loaded trucks.

7.3.1. Deflection Testing

Two sets of deflection data were collected at thstTrack with the LWD. First, the deflection
was measured at the right wheel path of the HL &8 PMA sections of the south lane for
comparison with previous data. Second, the defleattas measured at the centreline of the HL
3-1 section, using the configuration presentedigufé 6-13. Six measurements were taken at
each location, with maximum weight, dropping hejgd plate size. For comparison purposes,
all deflections were normalized to a 100 kPa stiesel. During the analysis, the points
presenting unexpected stress levels (deviationehifan 30%) or unexpected deflection values
(deviation higher than 80%) were deleted. Then,amaarage of the centre deflection was

determined for each location.

7.3.1.1.  Testing on the Right Wheel Path

Deflection surveys on the right wheel path of tbetk lane were performed in 2007 and 2009.
Figure 7-20 presents the deflection and surfaceulnsddata collected during the different
surveys. Average deflection and modulus valuessaremarized in Table 7-7. The deflection
increased by approximately 10% from 2007 to 20Q8icty means that the structural capacity of
the pavement decreased over time. Even though uhface course was subject to asphalt
hardening, this trend is consistent with the detation of the whole structure (surface course,

base, subbase, subgrade and drainage system)h@hgecin standard deviation between 2007
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and 2009 measurements is less than 20% for the-Hke&:tion. However, for the PMA section,
2009 measurements present a standard deviation thare five times higher than 2007

measurements.

In addition to pavement deterioration, seasonalatians and temperature must be considered
when analysing the results. In 2007, the data w#sated in Spring, whereas 2009 surveys were
performed in the beginning of summer. Because aihg, deflections could be higher in spring

than in summer, but more data is required to vefityis is the case. The temperature of the
pavement, which was not available for the 2007 eyyrghould be also included in the analysis.
The impact of the temperature can be very signifieand deflections should be normalized to a

standard temperature of 21°C.

Finally, in 2007, the deflection was measured i PFWD Keros Prima 100 whereas in 2009,
it was measured with the LWD Dynatest 3031. Thiget®nce in apparatus was also likely

responsible for the difference in the deflectioreagured in 2007 and 2009.

7.3.1.2. Testing on the Centreline
During the survey performed on July 4, 2009, LWBtdevere conducted at four locations across
the centreline using the configuration describe&igure 6-13. The temperature of the pavement
surface varied from 21°C to 27°C. The centre défies measured at each location are provided
in Figure 7-21. The average deflection and modédudocations C, S and N are presented in
Table 7-8. The change in surface modulus betweerhtee locations was less than 7%. If the
deflection measured by the PFWD was only affectethb stiffness of the surface course, these
results would lead to the conclusion that the j@ras in good condition. However, as explained
in Section 2.3.1, the measurement depth of the Wb equal t®B.71xa wherea is the radius
of the loading plate. Since the 300 mm diametetepleas used for this survey, the stiffness of
sub layers up to 557 mm deep were taken into at¢eéouhe surface modulus values. Therefore,
the PFWD used with the configuration described his tsection did not provide sufficient
precision to determine the quality of the joint. fdover, the calculation of the surface modulus
was based on the elastic theory which does notidensll the characteristics of a pavement
structure. To improve the accuracy of the results:

A smaller loading plate should be used in ordengee deflection measurements mainly

affected by the 90 mm asphalt surface course thrdans the joint.
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Geophones should be added radially outward froncémre to measure the deflection
basin.

The weight should be dropped at various heighterier to generate different stress
levels that would improve the calculation of thedul of the different pavement layers
with the LWDmod software.

A higher number of locations must be tested foetdeb statistical analysis.

7.3.2.  Seismic Testing

As explained in Section 6.3.2, preliminary expertsewere performed in the laboratory to
determine a suitable configuration for testingha field. Figure 6-18 presents the test setup used
for seismic measurements at the CPATT Test Trabiclwwas identical to configuration A used
for testing on the slabs. Measurements were takdwa locations (A and B) of the HL 3-1
section, with the source placed on both sides efttansducer array. S1 was on the south lane
while S2 was on the north lane. The terms Al, A2, &d B2 will refer to measurements
performed at location A and B with the source amdbuth and north lane respectively. The data
was collected on July 4, 2009; under the same tiinwonditions as for the PFWD testing

performed at the centreline.

7.3.2.1. Time Domain and Dispersion Curves

Signals recorded by the twelve accelerometerscattiom A are presented in Figure 7-22. The
signals were normalized to their maximum absolutglaude value for a better visibility.
Unfortunately, some signals were saturated. Asbeaseen on the figure, the largest peaks of the
signals recorded by accelerometers 5, 8, 9 andittOtlne source on the north lane were cut. The
same saturation problem was noticed on the signakrded by the"8receiver with the source on
the south lane of location B. This saturation weasduced by the data acquisition system, since

the spans selected during the acquisition of ts@geals were too short.

Arrivals of compression waves (first arrival, lomnplitude) and surface waves (second arrival,
large amplitude) were identified on the signalslogities were calculated by linear regression of
arrival times, as explained in Section 7.2. R-weslecities were also determined with dispersion
curves, by taking the average of the phase vedscddrresponding to frequencies between 25 and
52 kHz. Table 7-9 summarizes the velocities obthiioe location A and B with time signals and
dispersion curves. R-wave velocities computed disipersion curves (04 were more consistent

than with time signals (V). Moreover, as indicated by the ratigX¥/r;, time signals provided
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consistently lower surface wave velocities tharpelision curves. A constant delay might have
been introduced when selecting the R-wave arrivatime domain and dispersion curves were

believed to provide the most accurate velocities.

Slab 2 was cut from the same HL 3-1 section ofTtest Track. Thus, measurements performed
on Slab 2 with configuration A should give compaeatesults to the field tests presented in this
section. The following average velocities were gldted from each test:

Slab 2: \b = 3429 m/s; ¥ = 1696 m/s

Field test: \b = 3214 m/s; ¥ = 1615 m/s
Measurements on Slab 2 provided higher velocitias the field tests. This could be attributed to
the difference in asphalt temperature observedénfield and the laboratory. Field tests were
performed under sunny conditions, with temperatipgo 27°C; whereas the temperature was
maintained to approximately 21°C in the laboratdyy.the stiffness of asphalt cement decreases
with temperature, the propagation of the waves slawer through the field pavement than the
laboratory slab. Moreover, field tests were conddcat the centreline whereas Slab 2 was
extracted from the right wheel path of the roader€fore, Slab 2 should be of higher density than

was the field section.

A comparison of Table 7-1 and Table 7-9 revealed field velocities showed less consistency
than Slab 2 velocities. This contrast was partitylamportant for P-waves: the difference
between ¥ measured with the source on the south and nomth Waas less than 1% for Slab 2,
whereas it was more than 5% for both field locatiobhis variation may be accounted for the
coupling system. Accelerometers were placed direutlthe asphalt surface and often had to be
moved from their original position to relativelyatl areas in order to achieve good coupling,
resulting in slightly modified receiver spacing$ig variability was more pronounced in the field

since less time was available to ensure properlicguand spacing were obtained in the field.

Dispersion curves were computed for both test lonat as illustrated in Figure 7-23. All four
curves were very similar and converged to an awekagof 1615 m/s. The wavelength equal to
the thickness of the asphalt layer (9 cm) corredpdn the frequencygf = 1615/0.09 = 17.94
kHz. As noticed on the graphyfis very close to the inflection point at which tberves start
converging to ¥, which shows that the method could be used tanasti the thickness of the
surface course. Theoretical dispersion curves efillianodes propagating through the asphalt

layer were computed with the MathCAD program ddseatiin Section 7.2. The average values of
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Vp and \k calculated previously and the thickness of théhakpayer were used as inputs for the
program. The four experimental dispersion curveseaped to match very well with the anti-
symmetric Lamb mode. Contrary to the measuremeat®nmed on Slab 2, no jump to the
symmetric mode was observed. This was probablytoluke difference in boundary conditions.
First, the asphalt layer of the Test Track waslinated in the horizontal direction and could be
considered as an infinite plate. Mode conversiog o&ur at vertical edges, which would result
in the generation of symmetric modes in the slabrimi in the field. Moreover, since Lamb
waves propagate in plates, they are significarftgcsed by the boundary condition at the bottom
surface. Slab 2 was seated on a thin layer of samdh was probably softer than the base course
of the Test Track. The difference in acoustic ingesk between the surface course and the base
was less important in the field than it was in ldd@oratory, resulting in the generation of diffdren

modes. Again, more work is required to understargighenomenon.

In order to evaluate the sensitivity of disperstonves with respect to the thickness of the asphalt
layer, theoretical Lamb wave dispersion curves veamaputed for two other thicknesses (7 cm
and 11 cm). The three theoretical curves are shawEdjure 7-24 along with the average of the
four experimental dispersion curves obtained frdme field tests. The theoretical curve
corresponding to the actual thickness of the sartamrse (9 cm) best matched the experimental
curve, especially at frequencies aboyg Therefore, this method provided an estimatiomhef

thickness of the asphalt layer with a relativelpggrecision.

7.3.2.2.  Frequency Spectra and Attenuation

Frequency spectra normalized to their maximum magdei are provided in Figure 7-25. Two
main peaks were observed around 20 and 50 kHz hvgfiould correspond to the 25.4 and 49.8
kHz frequencies sent by the source. The 50 kHzespi#ks observed only in the Fourier spectra of
the signals recorded by the first receivers, whighs consistent with the fact that high

frequencies attenuate faster than low frequencies.

As noticed previously, some time signals were sadal, which significantly changed their peak-
to-peak (PTP) amplitude. Since only one or two peafkthose time signals were cut, it only had
limited effect on the area in frequency domain. réfere, spectral areas (SA) were preferred to
PTP for the determination of attenuation propertiegthermore, previous measurements on the
slabs showed that displacements provided attemuatiarves closer to the theory than

accelerations. Consequently, acceleration tracese vimtegrated twice with the software

123



WPNDTool-box, and SA of displacements were computediraw experimental attenuation

curves, as illustrated in Figure 7-26.

Non-linear regressions were performed for both nsoded both regression methods described in
Section 7.2. As noticed on the figure, thd Atcelerometer recorded unexpectedly higher energy
than the 19 when testing at location A with the source on itbeth lane (case A2). Thus, only
receivers 1 to 11 were included in the regressidme same procedure was applied to the
attenuation curve corresponding to case B1. Inr@ecwe with previous observations, regression
2 provided geometric attenuation coefficients naesistent with the theoretical value (0.5) than
regression 1. Figure 7-26 shows the theoreticalesurobtained by fitting model 1 to the
experimental curve using regression 2. Theoretoal experimental curves were normalized to

the maximum value of the theoretical curve.

The material attenuation coefficient determinedoaation B with the source on the north lane
was significantly smaller than it was for the thgher cases (Al, A2 and B1). This was due to
the fact that signals measured in case B2 hadlgenamplitudes. The average spectral area was
approximately four times lower than it was for theee other cases, which may be attributed to a
poor coupling between the source and the asphditcguat this specific location. Consequently,
the noise significantly increased the energy reedrdy the far receivers, reducing the apparent

attenuation determined for case B2.

Damping ratios were calculated using equation ()7&ases Al, A2 and B1 provided an average
value of 10.4%, which was significantly higher ththe average damping ratio of 8.0% measured
on Slab 2 with configuration A. This was consisteiith the previous observations regarding
wave velocities. Due to different temperature cbods, the asphalt cement was softer in the
field than in the laboratory, resulting in highemaping. Moreover, field tests were performed at
the longitudinal joint which was expected to haighkr air void than the right wheel path from

which Slab 2 was extracted. The lower density efftéld section resulted in higher damping.

For the three cases Al, A2 and B1, an importanp dncspectral area was observed at the joint
interface located between th8 &nd 7" accelerometers. However, this reduction in enemyd

not be directly related to the condition of thenjpisince other factors such as the geometric and
material attenuations contributed to the attenwatiel C coefficients were computed to reduce

undesired variability components and isolate thenattion due to the joint. Experimental and
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theoretical FTC curves are compared in Figure 7€&Y one hand, location B showed relatively
consistent FTC coefficients, indicating that thegraent condition was probably constant across
the joint. On the other hand, a significant valigbiwas observed among the FTC values
determined at location A. Coefficients determined the pairs of receivers 6-7 and 7-8 were
below the theoretical curve, indicating higher mateattenuation near the longitudinal joint. This

result suggests that the joint was probably in pmordition. Unexpected low FTC coefficients

were also observed for the pairs 2-3 and 3-4. Astimeed in the analysis of Slab 3 test results,
FTC values presented more variability at the exitiemof the receiver array than near its centre,

and the latter observation might not be relategt tmpavement performance.

In conclusion, the drop in FTC observed near thereéne of location A might be attributed to
the low density and the interface of the longitadlijpint; however the quality of the joint could

not be determined with enough confidence.

7.3.3.  Summary of the Results

The following results were determined from theditests at the CPATT Test Track:
A comparison of the deflection data collected i®2@&nd 2009 on the right wheel path
suggested that there was a slight deterioratiothef pavement structure. However,
seasonal variations and temperature might havgnifisant impact on the data.
Deflection measurements were not only affectedhieystiffness of the surface layer but
also by the sub structure of the pavement. Thezefiborwas difficult to identify the
quality of the joint which was confined to the swé course.
Field measurements at the Test Track provided lawhacities than laboratory tests on
Slab 2 (6.3% and 4.8% reduction in- \nd \k respectively). This difference was
probably due to:

- The higher temperature of the asphalt in the fieddulting in softer material,

- The lower density of the field section, locatedoasrthe longitudinal joint.
Dispersion curves could be used to determine tlokrtbss of the asphalt layer with a
relatively good precision (£1 cm).

The symmetric mode did not appear on the dispegioves measured in the field, which
suggests that mode conversion may occur at thesexfdgbe slabs.
Damping ratios measured in the field were in aver2g% higher than in the laboratory,

which was consistent with the results obtained freawe velocities.
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FTC coefficients suggested that the pavement donditas probably consistent across
the longitudinal joint at location B; whereas tl@ni at location A may be in poor

condition.

7.4. Field Tests at the City of Hamilton (Nov. 2008 anduly 2010)

The CPATT at the University of Waterloo in coopaatwith the City of Hamilton, McAsphalt
Industries and King Paving Ltd., is currently intigating the use of warm mix technologies to
improve longitudinal joint performance (Tighe et 2008). Warm Mix Asphalt (WMA) is a hew
technology which has many proposed advantages cechpta traditional Hot Mix Asphalt
(HMA). Additives are used to increase the work#pitif the asphalt mixes at lower temperature,
resulting in several constructions and performabeeefits such as reduced asphalt aging,
reduced tenderness of the mix during compactiodyaed energy consumption and reduced

emissions. However, questions still remain regaydire performance of WMA.

A WMA trial section was placed in June 2007 on GaBtreet from Stone Church Road to
approximately 200 m north of the Lincoln ParkwayHamilton. The main objective was to
investigate if the WMA technology could mitigatengptudinal joint cracking. The HMA Control

Section was placed prior to the WMA trial.

Seismic tests were performed in November 2008 dh BIMA and WMA sections using the
WTC method developed by Jiang (2008). Results weleded in a report addressed to the city

of Hamilton, and are provided in Appendix D.

Both seismic and deflection tests were conductetlin 21 2010, at four and three locations of
the WMA and HMA sections respectively. The struetpresented in Figure 6-19 was used to
perform MASW tests. Since the testing time wasiiantly reduced, measurements were taken
across the longitudinal joint and across joint-fesgtions for comparison. The analysis of this

data was outside the scope of this thesis.

The traffic control setup involved the closure afeolane, and LWD tests could only be
performed on one side of the longitudinal joint.eTdheflection was measured at the centreline
(location C) and one meter apart from the longitatlijoint (location M). Four tests
configurations were used in order to generate fiifferent stress levels at the pavement surface,

as indicated in Table 7-10. Five good drops weoended for each configuration, resulting in
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twenty readings at each location. Figure 7-28 shdwes surface modulus obtained at each

location with the four configurations.

The results were relatively consistent from onefigomation to another. Overall, the surface
modulus measured at the WMA section was higher #tatmhe HMA section, as illustrated in
Table 7-11. A difference of 24% was observed betwhe surface modulus of the two sections.
A significantly higher modulus was obtained witle tht50 mm plate than the 300 mm plate. This
was consistent with the fact that measurements suithller plate size were affected by shallower

and stiffer layers.

Locations 3 and 4 of the WMA section and locatioof Zhe HMA section showed considerably
higher surface modulus at the joint than at locabt This unexpected result might be related to
the condition of the base or subgrade underneahadiphalt layer. The surface modulus was
slightly lower at the joint than inside the lane focations 1 and 2 of the WMA section and

location 1 and 3 of the HMA section.

7.5. Master Curves and Comparison of LWD and MASW Moduli

The objective of this section was to compare theduhes measured with the two NDT techniques
at different frequencies of loading. The seismatdavere performed with a 50 kHz source, and
dominant frequencies around 8, 19, 36 and 50 kHz wecorded by the receivers. During the
field survey at the CPATT Test Track, the MASW grveas placed next to the LWD in order to

analyze the wave generated by the deflection deWmpire 7-29 shows the time signals and
frequency spectra recorded by the twelve receividre.dominant frequency was around 60 Hz,
which was much lower than the frequency contentlyced by the ultrasonic source. In order to
compare the moduli obtained with the two methodsiaater curve was used to shift the moduli

to a design frequency of 25 Hz, as explained ini&e&.6.

The most accurate method to determine master cwaesists of conducting dynamic modulus
testing at five temperature (-10, 4.4, 21.1, 318 34.4°C) and six loading frequencies (0.1, 0.5,
1.0, 5, 10 and 25 Hz), as recommended in (AASHT®Z®7 2009). However, 150 mm height
cylinders are required for the tests, which coubd Ime obtained from the CPATT Test Track.
Another alternative consists of using the E* pradéecequation (5-13), as suggested in the input
level 3 of the M-EPDG (NCHRP 1-37A 2004). This eiiprm was established with 2750 data
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points and provided a’Ralue of 0.96. Therefore, it was used in this gttol estimate the

dynamic modulus of the asphalt mixtures over agafgemperatures and frequencies.

7.5.1.1. Moduli Measured on Slab 2 and at the CPATT TestRra

As mentioned previously, field tests were perforna¢édhe HL 3-1 section of the CPATT Test
Track, from which Slab 2 was extracted. The mixigleparameters used to compute the master
curve of the HL 3-1 section are indicated in Tabl#2 (Tighe et al. 2007). The viscosity was
calculated with the ASTM viscosity temperature tielaship (5-11). The A and VTS regression
parameters were obtained from the AASHTO 2002 Desigide which recommends typical
values for all binder grades. The air void was amslito be 7%, which is a typical value for this

type of pavement. The resulting master curve aiftifabtors are presented in Figure 7-30.

Seismic measurements provided good estimationsedPiwave and R-wave velocities. Using the
equations presented in Section 2.2.1, elastic medkre determined from ¥ Vs and the HMA
density, as illustrated in Table 7-13. MeasurememisSlab 2 with configuration A, B and C
provided an average modulus of 20.06 GPa with adsta deviation of 0.24 GPa. The
temperature of the laboratory was assumed to bal équthe reference temperature, thus no
shifting was required. However, field tests werefgened at an average temperature of 24°C,
and the elastic modulus needed to be shifted tedaced frequency for comparison with the

master curve.

The master curve and the average seismic moduplated in Figure 7-31. The MASW results
appeared to be higher than the dynamic modulusdiyethe master curve. This difference was
due to the fact that the master curve was estadlishith a predictive equation, without
laboratory test, and therefore probably undereséchéhe dynamic modulus of the asphalt mix.
The high frequency seismic measurements could bd tes correct the master curve obtained
from E* predictive equations. This is of particuliaterest for in-situ measurement of asphalt
dynamic modulus. A few MASW tests combined with & [@edictive equation based on
information readily available from material spec#iions could provide a good estimation of the

dynamic modulus over a range of frequency, witliequiring destructive testing.
Design moduli were calculated by shifting the séiswralues to a design frequency of 25 Hz

using the master curve. Although significantly diffint seismic moduli were obtained for Slab 2

and the field section (9.1% difference), both measents lead to very similar design moduli
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(less than 0.2% difference). This result confirimat the difference in wave velocity and elastic
modulus observed between laboratory and field nreasents were mainly related to a difference

in pavement temperature.

The dominant frequency produced by the LWD was ralos0 Hz, corresponding to a reduced
frequency of 25.11 Hz since field tests were penfed at 24°C. This reduced frequency was very
close to the design frequency; hence the LWD shpuévide modulus values similar to the
average seismic design modulus of 6.23 GPa. Thevaaf LWDmod was used to estimate the
modulus of the asphalt course of the Test Traclke Backcalculation involved three layers, as
shown in Figure 7-32. Typical base and subgradeuthadd the asphalt seismic design modulus
were used as seed values. The results of the @nalgs presented in Figure 7-33 for the LWD
tests performed with two different plate sizes (I%&nh and 300 mm diameter) across the
centreline of location A and B of the CPATT Tesadk. An average modulus of 6.06 GPa was
obtained for the asphalt surface layer, which wary ¢lose to the design modulus obtained from
seismic measurement. However, this average valseagsociated to a high standard deviation of
1.07 GPa.

As can be seen in Figure 7-33, deflection testiitg the 150 mm diameter plate provided higher
surface modulus EO than the 300 mm diameter plateéhe measurement depth is proportional to
the plate radius, measurements with the 150 mmat@mplate were affected by shallower and
stiffer pavement layers. The figure also highligtite important effect of the subgrade on the
surface modulus. For location 2, the surface madédliowed the same trend as the subgrade
modulus, unlike the base and asphalt moduli. Séveead values were tried during the

backcalculation process, and the asphalt moduldstdiébe increased by approximately 2000
MPa in order to obtain a reduction of about 10 MBiathe subgrade modulus. This result

confirms that the surface modulus is not or littterelated to the condition of the surface layer
that contains the longitudinal joint. A backcaldida process is required to isolate each layer of
the pavement structure. Measurements with diffepéaie sizes and dropping heights should be
combined at the same testing location in orderpinoze the calculation. Only two different

stress levels were used for testing at the CPATSE Teack, and the results of the backcalculation

were not accurate enough to evaluate the effetttejoint on the stiffness of the asphalt course.
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7.5.1.2.  Moduli Measured on Laboratory Slab 3

The mix design parameters used to compute the mastwe of laboratory Slab 3 are
summarized in Table 7-14. Based on the predicteditjeof the slab, an average air void of 7.5%
was selected. A comparison of Table 7-12 and Tadlé shows that the two HL 3 mixes used at
the Test Track and for the preparation of Slab @ vexy similar characteristics, resulting in the

computation of almost identical master curves hinpredictive equation.

The seismic modulus measured at the surfaces XvaofdSlab 3 are indicated in Table 7-15.
Testing at surface X provided lower modulus tharfage Y, which was probably due to the
difference in compaction and coupling condition eved at the top and bottom surfaces, as
explained in Section 7.2.1. Besides, Slab 3 showddwer modulus than Slab 2. Asphalt

hardening and high densities achieved in the fiedde probably the main reasons.

Finally, the master curve was used to shift thehiggquency seismic moduli to the design

frequency, as illustrated in Figure 7-34.

7.6. Summary

The results of the different experiments condudtedhe laboratory and in the field were
presented in this chapter. The analysis of the MA8&& involved the calculation of wave
velocities, attenuation curves and Fourier transimms coefficients. The centre deflection
measured with the PFWD was used to determine tHacgumodulus of the tested pavement
structures. The MASW measurements performed onadtsplabs are described. Then, results
from LWD and MASW tests conducted in the field, thie asphalt section of the CPATT Test
Track, and on the HMA and WMA sections of Garthe8trin the City of Hamilton, are
presented. Finally, pavement moduli measured derdifit frequencies of loading with the
deflection and seismic methods are compared usasgencurves. The results indicated that the
methodology presented in this chapter has potespialication for quality control of longitudinal
joints in the field, provided improvements are maedgarding the test setup and the signal

processing techniques.
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Figure 7-2: Normalized time signals recorded withfggurations A, B and C (Slab 2)

132



0.26 - (@)
+
» +
= =
2 0221 F
£ A+
= _F
© +  R?=0.9984
S 0181
< _F
()
T + 8
0.14 1 +
3 +
o _
+
0'1 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Distance (cm)
0.8, (b)
A+
@ 0.34- e
£ A
: 0.3 A
E A
=
— 026- 7t
= -t R?=0.9996
= 022
Z +
o +
0.18 1
o 0.14
o-l T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Distance (cm)

Figure 7-3: (a) ¥ and (b) \k calculation for configuration A, source at locatib (Slab 2)

133



Phase Velocity (m/s)

Phase Velocity (m/s)

2.5¢10)

2x10]

1.5¢10]

1x10°

50

T
Source
+
Source 1 &
+ | :
- © jﬁ- | B
B * ‘
o | |
L+ ® 1 .
o &ﬁ | |
+ | |
+o | |
$<><> | |
& | |
Mg | | \ | | \
0 10 20 30 40
Frequency (kHz)

Figure 7-4: Dispersion curves for configurations@urce at locations 1 and 2 (Slab 2)

2.5¢10]

2x107

1.5¢10]

1x10°

Config.(C)— | w ’% Symmetric
|

oot y Lamb mode

o A,
Config.(A)\i: t:_é&i. ‘

l
|
Anti-symmetric :+
Lamb mode 1

.-00:‘;.;‘:3'"

Frequency (kHz)

Figure 7-5: Dispersion curves for the three configjons, source at location 2 (Slab 2)

134



Frequency (Hz)

41565

34729

27710

20691

13855

6536

0.00 19.79 3942 58.75 75.54 95.17 117,51 1537.44 156,93
Wave Number (rad/m)
Figure 7-6: FK spectrum for configuration A, souetdocation 2 (Slab 2)

(A) Dytran + Grease

Source at location 1 Source at location 2

7.91 19.68f ' 50.52 '
: : : 12 |

s LL/\f\ S 2
/:r\wj\\ . . Receiver 12 | | JK_J‘\\A . . Receiver1

h
!
i
20 40 60 0 20 40 60

Frequency (kHz) Frequency (kHz)

135



(B) Dytran + Plates

Source at location 1

Source at location 2

9.13! 19.47 37.36! ' L

T T T T
7.97: 18. i 37 12

11

Receiyer 12

| '
i i,

Recleiver 1

|
Nl

0 ‘ 20 40 60 0 20 40 60
Frequency (kHz) Frequency (kHz)

(C) PCB + Plates

Source at location 1

Source at location 2

9.08, /\ 14,79 ' '

10

Receiver 12
A 1 s

Reqeiver 1

oA A,

0 ‘ ‘ 20 40 60
Frequency (kHz)

0 ;0 40 60
Frequency (kHz)

Figure 7-7: Normalized frequency spectra for camfigions A, B and C (Slab 2)

136



Regression 1 (linear)

Regression 2 (logarithmic)

1 T
e A\ \
'8 N Model 1 %
© '-‘ o =8.8m! ’\‘ . Model 1
P N, 3
2 N, e o= 9.63m
é(",’ 01 N % Experimental | 7 [ N 7
& -\ Curve }
o \0\ 0/ o .
° NN e
o ";’i S Model 2 “‘.-
g i Model 2 b ‘--"' | o= 8.7m S ]
S . N 1 B=0.64 ™
prd a=14.8m! N
B=0.03 A
10 I 10 5 0

5
Normalized Distance from S2

Normalized Distance from S2

Figure 7-8: Normalized PTP acceleration for confagion A, source at location 2 (Slab 2)

(Y-axis: logarithmic scale)

137



(@)

PTP Acceleration PTP Displacement

S1 S2 S1 S2
0.00 +----- lé\f—*titj(:**_il?gg'];""f *********** m------ -
= ---_ g -
: ~._  A-Reg.1 -
%— T 9 .. A-Reg.1
o 0107 B-Reg.1°-~-
@) e
C \\\
2 -0.20 .
s N
2 [
D -0.30 | B —Reg. 2 DN RO B - Reg. 1
< o — — _ Tl
=] - = \\\\
'S 040 - A—-Reqg.2 =
“E-’ 0.40 Al N g 0
~._C—Reg. 2
o) ~ _
()] _050-----------------------‘K\-‘ ----------------- L C_:____R_e_g__l___A ________
O S O - o -
\A ///\/\// _
S T —O A
C—-Reg. 2
0.70
(b) SA Acceleration SA Displacement
S1 S2 S1 S2
000 +—--—~ .\:?****i(:**_ieggi.j]{jjjil ***************************************
. e m
%— s ~. A-Reg.1 S~
3 010 R ~ \A—Reg 1
@) S ~.
c B —-Reg. 1. ~ .
2 -0.20 1 m S
('5 N N
S A AN ]
. B-Reg. 1
c -
D 030 1 \\ ¢ T .
< . A" ClReg1
Q C—Reg. 2> g
T A C—Reg.2
e N 0 A—-Reg.?2
o —_— —
© 050 {---mnmmne- B—REG: 2--mooamotiap oo I D=
o o — =R B -Reg. 2 e
-0.60 - A —-Reg. 2
g — — — — —]
0.70

Figure 7-9:8 calculated with Model 2 for (a) PTP and (b) SAa{sR)

138



A T T T T T T T T T T T T T T T
() (b)
- <.
5 X XA,
Q <. O
3 AN N\
3 A NN
5 0 O
7 AN NoRNe
I R NN
5 : " NG
o RN
pd . I
H‘[ EPs
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
M 2 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 11 12

Normalized Distance from S1

Normalized Distance from S2

Figure 7-10: SA of displacement and regression fsdde configurations A, B and C with the

source (a) at location 1 and (b) at location 2l{SIp(Y-axis: logarithmic scale)

T T T T
2 a' N\, —~\\\'
Rtota s\ k
0.95 . 2\
® j
= 15kHz bandwidth
§ 0.9
C\II
o .
7kHz bandwidth
0.89
0. |

Frequency (kHz)

Figure 7-11: Rvalue vs. frequency for two bandwidths (configioatA, source 1, Slab 2)

139



, EECERRRaEReE (b)
5l p mp @ B e e m @@ 52

7.5 BRD =2.34 BRD =2.34

Air Void (%)

11.8 BRD = 2.23

T (€)

A\ 4
Figure 7-12: MASW testing with configuration A &) (surface X and (b) surface Y of Slab 3;
and (c) horizontal density profile of the testedtism

140



Phase Velocity (m/s)

Phase Velocity (m/s)

2x1

1.8¢10]

1.6<10]

1.4x10]

1.2x10]

1x10°

Anti-symmetric
Lamb mode

Symmetric
Lamb mode

2.5¢10}

2x107

1.5¢10]

1x10*

Symmetric
Lamb mode

Config. (B)

Anti-symmetric
Lamb mode

(b)

Frequency (kHz)

30

Figure 7-13: Dispersion curves measured on (agsearK and (b) surface Y of Slab 3

(Only curves measured with the source at locatianeZhowed for (b))

141



(A) Dytran + Grease S2
T T T T : T T T T T .
JOINT
- Surf. X - S2 7
c =%
4] g
g -‘0, .
Q g
(18] K
& 7
a <% 4
Y— . . .’ _"
o ok = D ’ -
c IR
o ~‘¥»:'," S8
< N ""é-_-:: e O
T SN K]
5 o
g
n Surf. X -S1
0.0 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12
(B) Dytran + Plates
+— 1 T T T T T T T T T T
T ) a‘;"'"-
g R surf. Y - S1 >
Q ) ... 7
8 .
=X o 7
a '_':‘P"
— T
)
© Ve
O | A T =
< _
©
+—
O
Q
o
0
1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12
(C) PCB+ Plates
E il T T T T T T T T T T
o) 3 L
g g
o . s
o .
s § e, Surf. X - S1
(3]
g ? ;
< B == |
@ >
°
Q
o
n
1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12

Accelerometer #
Figure 7-14: Experimental attenuation curves agdassion models (testing on Slab 3)

(Y-axis: logarithmic scale)

142



T T l T T
) JOINT (@)
1 . .
I ©) ®)
fon " & .
R R NN B PRI
0.8 ‘i A n B —?\"{:’ AN /ﬁ .
O : g Ny gtecT s A
E A N & R
d ; \.'.1_-'/ :\‘\'://,,"'
; "z
0.6~ : by i
L
| | | |
> T T T T T
o of (b)
©
S ook 1
2 0.05
o
7y E—

0 12 23 34 45 5667 78 89 910 10-11 M-
Pair of Accelerometers
Figure 7-15: (a) FTC calculated with spectral a@fadisplacements and (b) standard deviation

between the three configurations (surface Y of Sjab

0.9

0.9

FTC

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 1A-

Pair of Accelerometers

Figure 7-16: Theoretical FTC curves for the thresfigurations (surface Y of Slab 3)

143



FTC
o
%

0.7t ::': T ] l‘l':ll ]

: Experiment

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 12A-

0

Pair of Accelerometers
Figure 7-17: Average experimental and theoretidal Eurves (surface Y of Slab 3)

FTC
>

15kHz

12 23 34 45 5667 78 89 910 1011 1A-
Pair of Accelerometers
Figure 7-18: FTC calculated at 20k Hz with 5 diffier frequency bandwidths

(Surface Y of Slab 3)

144



@

(b)

Seismic Test

Locations
- £ .
[=2] M~ o P .
) i 7 g R
=1~ South Lane
HL3-2 - Superpave SMA-{——PMA-—HL3-1-&-——| Bm
North| Lane—
« 3
= ™~
200 mm
Geotextile
Subgrade Mainly clay and

sand

Figure 7-19: (a) Layout and (b) structure of thexitble section of the CPATT Test Track

145



140 :
July 2009 i
120 ©
~—~ '
e
ne 2009 :
3 100 | Ju e 0
- H
S
S 80
5=
o) :
60
HL3-1i PMA
40 :
Distance (m)
450
o 400
o
é 350
[72]
= |
S 300
3 AP
S 250 June 2009 [
o O :
S 200 July 2009 :
=
150 :
N HL3-1: PMA
100 . o w5 & 8: P28 8 B3
Distance (m)

Figure 7-20: (a) Deflection and (b) surface moduhezasured on the right wheel path of the

CPATT Test Track

146




120
110 -
-
% 100
c N
.g 90 4
3 C
T 801
o S
70 -
60
1 2 3 4
Location #

Figure 7-21: Deflection measured across the ceméref the CPATT Test Track

»y Source 1] 1\ Source 2

,.!\ Af Receiver 1

!

W
Sy N :

7
8
9

Normalized Amplitud

“_“_“"’“"/\/W/‘\lfo" <
vavJ\/—\/\/\/\/w‘\"J}’ —"'\I\IVJ\\IV\I—'\W\W 11
WMV\/\[\NW [ “.-. IJ\" P AR A A Receiver 12

0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1

Time (ms) Time (ms
(a) (b)

Figure 7-22: Normalized time signals for the sodomated (a) on the south lane and (b) on the

north lane of location A

147



Phase Velocity (m/s)

2x107 .

T T T
Symmetric \
Lamb mode
Anti-symmetric
Lamb mode
1.5x10F
+
[m}
Lt
+++ Loc. A - S1
: aan Loc. B-S1
1x10%F O xxx Loc. A - S2
g ooo Loc. B - S:
1 1 1 1
0 10 20 30 40 50

Frequency (kHz)
Figure 7-23: Dispersion curves computed from thea dallected at the CPATT Test Track

1.8¢10]

1.7%10]

1.6¢10]

1.5¢10]
A

Phase Velocity (m/s)

1.4¢10]

/ . . .

0 20 30 40 50
Frequency (kHz)

Figure 7-24: Experimental and theoretical dispersiorves for different thicknesses of the

1.3x10°
1

asphalt layer (7, 9 and 11 cm)

148



MA i Receiyer 12 M Receiver 1

0 20 40 60 0 20 40 60
Frequency (kHz) Frequency (kHz)

(@) (b)

Figure 7-25: Normalized frequency spectra for thierse placed (a) on the south lane and (b) on
the north lane of location A

149



= ' M o=7.86mt [T ' ' a=7.18mt [T '
c
@ £=10.8% JOINT £=10.1%
g R?=0.98 R?=0.90 .
Q : ’ .
E . .@. . .
¥ . . SaxT R g
X4 .. . ©
a el .9
S | ..
© 0.1 tee.
o .
< ..
E .2
g
Q. ,’O
()] .
Do
0.0 —- ' '
1 2 3 4
(b) = 1 T T oa=7.18m! T a=5.28m! T T T Z
] £=10.3% £=7.1% o
£ N R?=0.92 R?=0.90
Q . 5}
S y O .
= St ol "o
%) L & Teell :
) .. -
B Oeeenal. ol > :
g O -
o : ‘
< 0000000 ;-
© 2
3] .
o .
D- .
ok
0.0 ' ' ' ; '
1 2 3 4 5 6 7 8 9 10 11 12

Accelerometer #

Figure 7-26: Attenuation curves and regression msadeasured at (a) location A and (b)
location B of the CPATT Test Track

150



(a) 1.5 T T T T T T T T T T 7
JOINT . :
Experiment * @=0 | 7 :
S p=05| o :
1= 3 :o ; ..u o: N
O , . ; . :
LL ° ‘. ’ . .
3 | ¢ Voo
'. F OO \ L
0.5_ .s .,"‘ .’ '. : —
> Theory | +:
'S
| | | | | | | | | |
O 412 23 34 45 5667 78 89 910 1011 12
(b) I I I I | I I T T I
a=0
B=05
0.9 :
0.9 .
O
|_
LL
0.7 .
- A ’ -]
0§ Experiment
| | | | | | | | | |
70

12 23 34 45 5667 7-8 89 910 1011 1A-
Pair of Accelerometers

Figure 7-27: Experimental and theoretical FTC doefhts measured at (a) location A and (b)

location B of the CPATT Test Track

151



1100.0 800.0
s Config. 1 i
H )
: : 700.0| 4 :
900.0- 3 )
? . { C 600.0 #
700.0- 4 f
: 500.0 .
(]
500.01 400.0
@ M '
300.0 300.0
1100.00 800.0
] Config. 2
900.00 700.09
7 i S
i; } : 600.0 @
700.00 4 ¢ C L i
¢ 1 500.0 +
500.00 3
400.0 | @
@ M
300.00 300.0
£ 1600.0
1900.00- T i
b3 Config. 3
T 1400.0- L J
1600.00-| T < i T
3 ? é 1200.01 L4
g e > C ' ¥ ¢
1300.00] +
1000.04
(]
1000.00-| 8000
@ M
700.00 600.0
1600.0
1900.00+ ] Config. 4
| 1400.01
1600.00- ¢ ]
] ¢ | 1200.0] 3 if
3
1300.00- ¢ é 1 Cc #
1000.04
1000.00- 800,01 @
H M
700.00 ; : .‘ 600.0
1 2 3 4 1 2 3
Location Location

(@) (b)
Figure 7-28: Surface modulus (MPa) measured d@ah&@)yVMA and (b) the HMA sections
(Garth Street, city of Hamilton)

152



T T T T 1 B T T T
ﬁ/\/\/\/—v /W;M 1
W SN 20 /IS~

! 2
(\ NN 3| 1
. lo//Af*\\\f//_\\\\u/”‘\\\\~_-_ 3
_____’\j\\/\//N\\\h‘fFF_h__i__ //A/T\\\’//_\\\\u/’-\‘\\_____ 4
w 5
° /\M
— W S 3 ]
7 !
W S SN ]
8 W
A A 1 5
- SW
__\[\/\/\/_\,7 : 9
10 ;
— W S | o
BN ul
Receiver 12 j =
\/\I/\/\—I/‘ . . j . Receiver 12
0 0.02 0.04 0.06 0.08 01 0 200 400 600
Time (s) Frequency (Hz)
(a) (b)

Figure 7-29: (a) Time signals and (b) frequencycspsgenerated by the LWD

1x10° |

1x1d't

1x10°

Log|E*|, MPa

100~

-10 -5

0

5

Log reduced frequency, Hz

(@)

153

Log[a(T)]

Temperature (degC)

(b)

Figure 7-30: Estimated (a) master curve and (H) futors for the Test Track

800



1.E+02

MASW Slab 2
_ MASW Field Test
©
o \ /
) X+
Design
7)) _
3 1.E+01 Modulus Master Curve
S G X
o
o |
= '
kS |
e 4 |
= 1.E+00 :
C 1
> 4 '
a |
 Design
' Freq.
1.E-01 ‘  Teq ‘ ‘ ‘
1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10

Reduced frequency (Hz)

Figure 7-31: Master curve and seismic moduli fer L 3 section of the Test Track

Structure and seed values Hesults

Mo. of layers |3 Deflections Calculate point | Save |

[ h W mm ¥ E| 6230 MPa h 90 mm E1 | 7277 MPa

v FixE1/E2
h| 200 mm E 300 MPa EZ 350 MPa
Fs
o Vn[ o W[ qoompa | (ml 00 € 108MPa
&%ﬁ;‘ﬁ Ermn lw MPa
iﬁ - A Depth to bediock 0 rm Depth to bedrock 0 'rorn

Figure 7-32: Seed values entered in the LWDmodwso# to backcalculate the modulus of the
pavement layers of the CPATT Test Track

154



400 500

Surface 350 1 150mm ¢ - ----¢ 200 | ®
Modulus 300 4 ";4“-474/:,;0/0 P
EO (MPa) 250 mm 300+ g - &
200 200
8000 9000
Asphalt | 7500 e SRR 7000 b
e - - _ "=~ _
rodis w7 o B e
5000 3000 L
400 400
Base 350 e ¢ 200 S
Modulus | 300 ";j;__,,«/”/ 200 e
E2 (MPa) | 250 | e
200 100
120 160 <
.8 /
Subgrade| 1904 o PR 120 o
Modulus 0l R T o0 ] ‘F“;(:::gf/ S
Em (MPa) T-e -
60 40
North Lane Center South Lane North Lane Center South Lane
(a) (b)

Figure 7-33: Modulus of the pavement layers deteeghiacross the centreline of (a) location A
and (b) location B of the CPATT Test Track

1.E+02
= MASW Surf. Y
o
e _
S 1.E+01- Design Master Curve
=) Modulus
3 ST X MASW Surf. X
=} i
= !
Q !
= i '
= 1.E+00 :
[ 1
> 1 |
| |
iDeggn
1 Freq.
l.E'Ol T L \q T T T
1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10

Reduced frequency (Hz)
Figure 7-34: Master curve and seismic moduli deireeohat the surfaces X and Y of Slab 3

155



Table 7-1: P-wave and R-wave velocities calculatid time signals (Slab 2)

Configuration  (A) Dytran + Grease (B) Dytran + Plates (C) PCB + Plates
f)‘;‘;{;en s1 S2 '?;/fj) s1 s2 '?;/fj) s1 s2 '?;/fj)

Vp (m/s) 3444 3413 0.9 3466 3503 1.1 3288 3216 32
R? value 0.9984 0.9965 0.9994 0.9996 0.9992 0.9993

Vg (M/S) 1719 1697 1.3 1673 1668 0.3 1608 1675 4.0
R? value 0.9995 0.9995 0.9993 0.9995 0.9992 0.9998

Table 7-2: R-wave velocities calculated with digp@n curves (Slab 2)

Configuration ~ (A) Dytran + Grease (B) Dytran + Plates (C) PCB + Plates
Source Diff. Diff. Diff.
location S1 S2 (%) S1 S2 (%) S1 S2 (%)

Vg (mM/s) 1687 1704 1.0 1691 1696 0.3 1680 1702 13

Table 7-3: Coefficient of determination for the megsions of the attenuation curves (Slab 2)

(A) Dytran (B) Dytran (C) PCB +
rl;z;g; Trace $§S(re + Grease + Plates Plates Means
S1 S2 S1 S2 S1 S2
1 096 098 095 096 0.95 0.950.958
Accel. 0.956
2 095 098 093 096 0.95 0.950.953
PTP 0.966
1 095 098 099 097 0.99 0.980.977
Displ.. 0.976
2 094 098 099 097 0.99 0.980.975
1 097 099 097 098 0.94 0.970.970
Accel. 0.967
2 096 099 097 098 0.92 0.960.963
SA 0.973
1 097 098 099 099 0.98 0.970.980
Displ. 0.979
2 096 098 099 099 0.98 0.970.978
Mean 0.970 0.974 0.964
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Table 7-4: Damping ratios determined with the figitg method (Slab 2)

Configuration (A) Dytran + Grease (B) Dytran + Plates  (C) PCB + Plates
Source location S1 S2 S1 S2 S1 S2
Main Frequency (kHz) 19.61 19.68 19.41 18.74 14.77 14.83
Material Attenuation

Coefficienta (m) 5.87 5.78 4.62 3.88 3.69 2.75
Damping Ratio (%) 8.04 7.96 6.41 5.59 6.67 5.02

Table 7-5: \ and \k calculated with time signals and dispersions csirespectively (Slab 3)

Surface X
Configuration ~ (A) Dytran + Grease (B) Dytran + Plates (C) PCB + Plates
f)‘(’:‘;:ﬁ)en s1 S2 '?;/fj) s1 s2 '?;/fj) s1 s2 '?;/fj)
Vp (M/s) 3115 3156 1.3 NA 3134 NA 2952 2920 1
R? value 0.9983 0.9961 NA  0.9993 0.9979 0.9987
Vg (M/S) 1441 1509 4.5 NA 1610 NA 1508 1421 5
Surface Y
Configuration ~ (A) Dytran + Grease (B) Dytran + Plates (C) PCB + Plates
f)‘(’:‘;:ﬁ)en s1 S2 '?;/fj) s1 s2 '?;/fj) s1 s2 '?;/fj)
Vp (M/s) 3259 3328 21 3285 3330 1.4 3118 3160 1
R? value 0.9988 0.9992 0.9992 0.9989 0.9986 0.9977
Vg (M/S) 1632 1627 0.3 1610 1671 3.7 1624 1665 2.
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Table 7-6: Damping ratios determined with the ligitg method (Slab 3)

Surface X
Configuration (A) Dytran + Grease (B) Dytran + Plates  (C) PCB + Plates
Source location S1 S2 S1 S2 S1 S2
Main Frequency (kHz) 17.82 19.35 NA 18.31 14.16 635.
gg;%:ggﬁ:f?m“?)“o” 5.50 3.30 NA 3.25 2.65 2.33
Damping Ratio (%) 7.4 3.5 NA 4.5 4.5 3.4
Surface Y
Configuration (A) Dytran + Grease (B) Dytran + Plates  (C) PCB + Plates
Source location S1 S2 S1 S2 S1 S2
Main Frequency (kHz) 21.85 22.10 17.58 18.37 16.97 18.68
gg;%:ggﬁ:f?m“?)“o” 4.77 5.64 2.95 3.74 2.81 3.08
Damping Ratio (%) 5.7 6.6 4.5 5.2 4.4 4.3

Table 7-7: Average deflection measured on the mgigel path of the CPATT Test Track

Date April 2007 June 2009 July 200
Section HL 3-1 PMA HL 3-1 PMA HL 3-1
No. of tested locations 7 4 8 4 7
Deflection (um) 92 90 106 99 95
Standard deviation 15 4 16 25 18
Modulus (MPa) 293 294 255 283 286
Standard deviation 50 13 39 81 51
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Table 7-8: Average deflection measured acrosseht&raine of the CPATT Test Track

Location North Centreline South
Deflection (um) 93 87 89
Standard deviation 7 4 14
Modulus (MPa) 285 304 304
Standard deviation 22 13 47

Table 7-9: \b and \k determined with time signals and dispersion cuatdecations A and B of
the CPATT Test Track

Location A B

ISourpe s1 S2 Diff. (%) s1 S2 Diff. (%)
ocation

Ve (M/s) 3116 3282 5.3 3325 3132 5.6
Time signals

R? value 0.9983 0.9991 0.9987 0.0946

Vi (M/S) 1499 1564 43 1524 1460 42
Time signals

R? value 0.9990 0.9976 0.0968 0.9973

Via (M/S) 1605 1651 28 1635 1570 3.9
Disp. curves

VedVai 1.071 1.056 1.073 1.075

Table 7-10: LWD test configurations used at thg eftHamilton.

Dropping Height

Configuration Plate Diameter (mm) Resulting Stress (kPa)

(mm)
1 300 710 ~ 150
2 300 410 ~ 100
3 150 710 ~ 600
4 150 410 ~ 400
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Table 7-11: Average surface modulus (MPa) measairdte WMA and HMA sections

Configuration WMA HMA
1 796.8 588.4
2 705.8 534.6
3 1484.4 1177.3
4 1387.5 1067.1

Table 7-12: Parameters used for the master curtledflL 3 section of the Test Track

Mix design parameters

Binder Type PG 58-28
Air voids, V,, % 7.0
Effective Binder Content, Mx, % 10.02
P3a, %0 0

pag, %0 19.4
P4, % 45.8
P200, %0 3.1

Master curve parameters

A 11.010

VTS -3.701

Reference temperature, °C 21.11
a 3.846184
B -0.792671
Y 0.313351
) 2.814556
o 1.255882
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Table 7-13: Seismic elastic moduli of Slab 2 arelkth 3-1 section of the CPATT Test Track

Test location Slab 2 CP'.?:;;J est
MASW Configuration A B C A
Frequency (kHz) 50 50 50 50
Temperature (°C) 21.11 21.11 21.11 24
Reduced Freq. (kHz) 50 50 50 20.93
Elastic Modulus (GPa) - 54 175, 20.214 19.7789 18.2318
at ref. temperature
Design Frequency (Hz) 25 25 25 25
Design Modulus (Gpa) ¢ 564 6.28 6.145 6.221

at ref. temperature

Table 7-14: Parameters used for the master cur@abf3

Mix design parameters

Binder Type PG 58-28
Air voids, V,, % 7.5
Effective Binder Content, Mx, % 10.8
P3a, %0 0
p3s %0 16.8
P4, % 42.3
P2oo, %0 4.3
Master curve parameters
A 11.010
VTS -3.701
Reference temperature, °C 21.11
a 3.844843
B -0.792671
Y 0.313351
d 2.813692
c 1.255882
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Table 7-15: Seismic elastic moduli measured agseriX and Y of Slab 3

Test location Surface X Surface Y
MASW Configuration A B C A B C
Frequency (kHz) 50 50 50 50 50 50
Temperature (°C) 21.11 21.11 21.11 21.11 2111 1211
Elastic Modulus (GPa) ¢ ¢ 18.15  15.145 18.789  19.032  18.822
at ref. temperature
Design Modulus (Gpa) g4 5.641 4.707 5.84 5.915 5.85

at ref. temperature
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CHAPTER 8. CONCLUSIONS

The different theories and methods related to tiredestructive evaluation of asphalt pavements
have been reviewed in this research. The respohgmvements to static plate loads was
understood. The theory of wave propagation andiiffierent signal processing techniques used
for data analysis were studied. The methods usezhaoacterize the frequency-dependence of
asphalt dynamic modulus were reviewed. The diffefdDT techniques used for pavement
evaluation were compared to explain why the LWD BMASW methods were selected for this
project. The following sections present the maimatasions drawn from the experiments

performed in this research.

8.1. Preparation of a Jointed HMA Slab in the Laboratory
Several asphalt specimens were prepared in thjegdy@nd their density was determined using
different test methods. The following conclusioresrermade:

» Based on the compaction of fourteen asphalt sam@@s20x8 cr) in the CPATT
Pavement laboratory, an exponential regression mgde determined between the air
void and the compaction effort applied to the migtwith a hand hammer. A coefficient
of determination of 0.994 was obtained.

» Using the calibrated procedure, an asphalt slaB§888 cmi) was compacted in two
stages in order to create a joint in the middleeftical semi-hot joint of medium quality
was obtained and the air void of the 10 cm wideoufioed edge was estimated to be
4.3% higher than the rest of the slab.

= Nuclear density measurements indicated that théeweth horizontal density profile

agreed well with the prediction based on the regjoasmodel.

8.2. LWD Test in the Field
Deflection testing was performed across longituldimats in the field, at the CPATT Test Track
in Waterloo and at the City of Hamilton. The follow conclusions were reached:
= Less than 7% change was observed between the sumiadulus measured on the south
lane, centreline, and north lane of the Test Track.
= Most locations tested in the City of Hamilton iralied that the modulus at the joint was

slightly lower than inside the lane. However, thideeations showed much higher
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modulus at the joint than inside the lane, whichhhbe due to a difference in the base or
subgrade structural capacity.

Since 300 mm and 150 mm diameter loading plateg weed, the measurement depth
exceeded the thickness of the asphalt surface esoansl the results could not be directly
related to the condition of the joint.

Backcalculation with the LWDmod software showedtthize surface modulus was
mostly affected by the base and subgrade moduti,veas not a good indicator of the
condition of the surface layer that contains thgltudinal joints.

The modulus of the asphalt layer could be estimttesligh the backcalculation process.

However, the results presented large standard titevsa

8.3. MASW Tests in the Laboratory and the Field

Seismic measurements were conducted in the fielthetCPATT Test Track, and in the

laboratory on a slab cut from the Test Track (2kand on the jointed slab prepared in the

laboratory (Slab 3). Three different configuratiavere used for testing in the laboratory, in order

to determine the effect of different coupling aretaivers on the measurements. The main

conclusions are:

Good estimation of P-wave and R-wave velocitiesawtatermined from the time signals
and the dispersion curves. For all tests perforineithis study, measurements with the
source placed at the two ends of the receiver grayided consistent velocities (less
than 6% difference). This variation was signifiégnmeduced when testing on smooth
surfaces (less than 2% difference in most cases).

Wave velocities measured in the laboratory werehdnigthan in the field (~ 5%
difference). This may be caused by the differemcpavement temperature, which was
3°C higher in the field than in the laboratory. Mover, field tests were taken across the
longitudinal joint, which was expected to have wdo density than Slab 2.

Slab 2 presented higher wave velocities than Sléb 3% difference), resulting in the
same conclusion as the nuclear density measurentegiter densities were achieved at
the Test Track than in the laboratory. Moreovepha$t hardening that occurred in the
field contributed in increasing the velocity in BI2.

Measurements at the smooth surface of Slab 3 shbigbdr velocities than at the rough
surface. This may be attributed to the differemcsurface condition. The rough surface
did not provide a good coupling quality between tbeeivers and the asphalt, yielding

significant noise in the time signals that couldehithe first P-wave arrivals. Another
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reason for this difference in velocities may be ¢benpaction method, which produced a
higher density in the bottom layer than in the cog.

Dispersion curves could be used to determine tlokrtass of the slabs or the asphalt
layer in the field with a precision of +1 cm.

The theoretical and experimental dispersion cuinelécated that Lamb waves were
mainly generated in the asphalt layer. A jump frilb@ anti-symmetric to the symmetric
fundamental Lamb mode was observed in the slabndiuin the field. Mode conversion
probably occurred at the edges of the slabs. Thedary condition at the bottom surface
of the asphalt layer may also influence the germratf different Lamb modes.

Among all the attenuation parameters computed is firoject, spectral areas of
displacements provided attenuation curves that inesthed the theoretical curves~«
0.5). Fitting of the attenuation curves provide@vRlues higher than 0.90 and 0.96 for
field and laboratory measurements respectively.

Field tests showed higher material attenuation @ardping ratios than laboratory tests,
which was consistent with the conclusion drawn fritve analysis of wave velocities.
The temperature of the pavement was higher iniéhe than in the laboratory, resulting
in softer material.

The effect of the joint could not be identified tre attenuation curves because of the
variability introduced by the coupling conditiontiyeen the receivers and the asphalt
surface. The quality of the coupling had a moreificant effect on the attenuation
parameters than the condition of the joint.

FTC coefficient showed consistency from one configion to another. Hence, the
calculation reduced the undesired variability doethe receivers and the coupling
system; and the coefficients were representatithedHMA condition.

Experimental and theoretical FTC curves were coep#o identify weak sections in the
pavement. The results suggested that the jointtnighin good condition at the second
location tested at the CPATT Test Track, whereagdimt might be of poor quality at the
first test location. Nevertheless, some variatiohghe FTC coefficients could not be

related to pavement condition, especially for Sab

8.4. Master Curves and Comparison of LWD and MASW Moduli

Master curves were computed with an E* predictigriation based on information readily

available from material specifications. Asphalt mibdheasured with the two NDT methods were

compared to the master curves, and the followimglcsions were drawn:
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The high frequency moduli determined with seismieasurements were shifted to a
design frequency of 25 Hz using the master curdtholigh different seismic moduli
were obtained for Slab 2 and the field section %® difference), both measurements
provided very similar design moduli (less than 0.@Fference). This confirms that the
difference in wave velocity and modulus observedwben laboratory and field
measurements were mainly due to a difference iepawnt temperature.

A good agreement was found between the moduli medswith the LWD and the
MASW method after shifting to the design frequeriey3% difference). However, the
elastic moduli of the asphalt layer backcalculatéith the LWDmod software showed a
high standard deviation of 1.07 GPa (~18% of tregtremodulus).

The E* predictive equation combined with NDT testsild provide a good estimation of
the dynamic modulus over a range of frequency, auitirequiring testing on field or

laboratory samples.

8.5. Recommendations

Based on the findings of this research, the follmariecommendations are made:

Cores should be taken at different locations obSlan order to measure asphalt density
with the automatic vacuum sealing method, whichvigi®s more accurate results than
nuclear density gauges.

Additional slabs with joints of different qualitieshould be prepared in the laboratory.
Poor quality joints should be constructed by alloyvihe first side to cool down to room

temperature before placing the second side.

LWD tests should be performed with various dropgiegghts and plate sizes in order to
optimize the LWDmod backcalculation and estimaterttodulus of the asphalt layer that
contains the joint.

Mainly Lamb waves were generated by the ultrassoigrce in the asphalt layer. The

effect of vertical discontinuities on the propagatiof Lamb modes must be studied for
further analysis of the data.

The generation of surface waves requires a battdral of the frequency content sent by
the source in the pavement. Most of the energyldHmeiproduced at frequencies higher
than 30 kHz.

An important part of this project was aimed at depimg a good coupling system

between the receivers and the asphalt surfacewbald be suitable for testing in the
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field. However, further work is still required ohi¢ point to improve the ability of the
technique to detect and assess the condition gftlatinal joints.

Poorly compacted asphalt at the joint usually hémramodulus and high permeability.
An effective cold joint construction technique imdés using a bituminous tape which
does not increase the modulus but reduces the pbitibe of the asphalt. The LWD
cannot detect the change in permeability due taffage of the bituminous tape because
it only measures modulus. Surface waves are atfdntechanges in material impedance.
Thus, the MASW is, in theory, able to detect change asphalt permeability across
longitudinal joints. Future work should examine wWiex different permeabilities (i.e.
area that use bituminous tape and those that dwaritpe detected with a MASW test.
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APPENDIX A: Marshall Mix Design Report for the HL 3-R15 Mix

Used for Preparation of the Asphalt Slab

TABLE 1: MARSHALL MIX DESIGN REPORT

NTOMEE Var . 8.1 - HWA Mix Dk ign Sofeads [OFSE 1150 - Novermbar 2002 Sditien)

T Confractor: Stesd and Evans Job Humber: brge02E0356a
Contract Mumbsar: Varlous Hot Mix Typea: HLI-R15 Mix Deslgn Itam Mumber:
Highway: Varlous Location: — Heldelbarg
Date Samplss Racelved: January 15, 2003 Date Mix Completed: March 10, 2003
~ i?‘caﬁ- ("
Test Results Supplisd By: _j— ————— Trow Assoclates Inc.
Fard A Khan, F.Eng. Taran Enutia, PR FENg.

JOB MIX FORMULA - GRADATION PERCENT PASSING™

| 122mm | #5mm | 476mm | 238mm | 192mm | esowm | 300pm | 1

£.00% 100.0 58.1 8.2 57.7 452 312 207 11.5 5.7 4 3
 MorchaliDala Zpesifiation  Seleoisd | [Ferent maF 15.0%
min 3.5% ) ENTE wo% FAF Percent POAC 400
Percent Alr Vold 41%
b Al el man ) FA Ho. 1 0% FAF Fensbraiion =00
Flow [0.55 mm] min 5.0 0.0 FA o 2 I00% Gl FEET]
Siability (N min 8500 12347 RAF 150% MED 203
% VMA min 15.3% 153% a, 2550 MRD (250)
raac Additive
Tupplier Grade TuppieT HamaiType Foroent of FOAC
McAzphat PG 58-28 — — —

CA Ho.1 HL3 Sione (Heidelberg — 2710 275
FA. Mo 1 Scresnings (Heldzbarg — 2,689 =
FA. Ho. 2 Asphat Sand [Heideleng] — 2576 =

RAF iEmm RAF — 2,581 .70

CA Mo i 100.0 55.8 =] 1.6 1.5 1.4 1.2 10 0.5 K]
FA. Ho.1 100.0 842 53. 480 356 45 19.2 147
FA. Ho. 2 i00.0 3.5 774 4534 29.8 132 A 18

RAP 100.0 B 5.3 67.6 EL.1 425 I.E 129 12.1 80

"FINES RETURMNED TO MIX ARE 1.0%
*PERCENT TOTAL ASPHALT CONTENT 5.00%
*TOTAL PGAC INCLUDES VIRGIN PGAC and RAP AS APPLICABLE FOR THIS MIX
* RECOMMENDED MIXING TEMPERATURE IS 150°C
RECOMMENDED COMPACTION TEMPERATURE IS 138°C
RECOMMENDED RECOMPACTION TEMPERATURE 15 138°C
NUMBER OF BLOWS USED 75 HAND BLOWS EACH SIDE
* THEORATICAL ASPHALT FILM THICKMESS 15 9.6 microns
DUST TO ASPHALT RATIO IS 0.87
FINE AGGREGATE PROPORTION BY VOLUME AT 4.75-mm SIEVE 15 57.5%
WEIGHT REQUIRED FOR BRIGQUETTES TO BE 63.5 £ 1.5 mm IN HEIGHT 15 1,2758 g
PLANT TYPE IS DRY COLLECTOR

REMARKS

VIRGIN ASPHALT CEMENT TO BE ADDED TO THE MIX 1S 4.41%

GRADATIONS FROM SAMPLES (CHECKED AGAINST PROCESS CONTROL).

ASPHALT INSTITUTE M5-2 PROCEDURES FOLLOWED.

THIS MIX DESIGN IS SUBJECT TO MARSHALL COMPLIANCE CHECKS AND POSSIBLE JOB MIX ADJUSTMENT.
NO AIR VOIDS CORRECTION REQUIRED.

AGGREGATE COMPONENT OF JMF ADJUSTED.
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APPENDIX B: Nuclear Densities Measured on Slab 3
Line 1
Location 1 2 3 4 5 6
2298 2282 2188 2227 2199 2244
2320 2265 2144 2169 2252 2261
2334 2265 2132 2162 2249 2268
2344 2274 2154 2191 2234 2267
2349 2267 2191 2181 2220 2241
Average 2329.0 2270.6 2161.8 2186.0 2230.8 2256.2
Stdev 20.6 7.4 26.5 25.5 21.9 12.8
Line 1 Reversed
Location 1 2 3 4 5 6
2267 2300 2232 2252 2284 2396
2293 2246 2177 2242 2305 2412
2280 2246 2222 2224 2316 2368
2300 2316 2230 2242 2238 2363
2291 2273 2175 2269 2255 2394
Average 2286.2 2276.2 2207.2 2245.8 2279.6 2386.6
Stdev 12.9 31.6 28.7 16.4 32.9 20.6
Line 2
Location 1 2 3 4 5 6
2203 2278 2246 2304 2270 2222
2223 2297 2255 2273 2238 2283
2212 2289 2244 2241 2295 2228
2247 2285 2240 2276 2284 2273
2255 2276 2232 2261 2257 2261
Average 2228.0 2285.0 2243.4 2271.0 2268.8 2253.4
Stdev 22.3 8.5 8.4 23.0 22.4 27.2
Line 2 Reversed
Location 1 2 3 4 5 6
2226 2202 2172 2224 2256 2228
2177 2249 2230 2218 2257 2238
2230 2189 2213 2295 2242 2210
2203 2187 2220 2216 2316 2246
2167 2186 2222 2248 2244 2234
Average 2200.6 2202.6 2211.4 2240.2 2263.0 2231.2
Stdev 28.3 26.7 22.8 33.2 30.4 13.5
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APPENDIX C: Marshall Mix Design Report for the HL 3 Section of

the CPATT Test Track
Materials HL4 HL3
Coarse Aggregate 36.53% 43.70%
Fine Aggregate 1 40.17% 38.00%
Fine Aggregate 2 - 13.30%
RAP 19.17% -
Filler - -
Virgin Asphalt Cement 4.13% 5.00%
PG-AC Grade PG 58-28 | PG 58-28
Gradation % Passing
26.5 mm
19 mm 100.0
16 mm 99.3 100.0
13.2mm 92.7 98.0
9.5 mm 76.9 80.6
4.75 mm 55.1 54.2
2.36 mm 46.9 44.5
1.18 mm 34.6 31.9
600 um 21.8 19.8
300 pum 10.5 10.3
150 um 4.4 5.2
75 um 2.0 3.1
Properties HL4 HL3
Ndesign NA NA
% Gmm @ Ninitial NA NA
% Gmm @ Npax NA NA
Air Voids (%) 4.62% 4.62%
VMA (%) 16.40% 14.90%
VFA (%) 71.83% 71.41%
Flow (0.25 mm) 9.6 9.2
Stability (N) 9500 8915
Tensile Strength Ratio NA NA
(%)
Gy - Blend 2.359 2.403
Gmm - Blend 2.474 2.510

NA=Not Available
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APPENDIX D: Testing at the City of Hamilton Using the WTC
Method (Nov. 2008)

Test Configuration

This test was developed by Zhiyong Jiang during Master of Science at the University of
Waterloo (Jiang 2007). The WTC method, describe@hiapter 4 and illustrated in Figure D-1, is
used to perform this test. Two accelerometers RILR# are receiving a signal from a source
which is placed in A or B. For both locations o€ thource, one receiver records the response of
the joint free surface while the second one recdtds response of the joint surface. The

comparison of these signals shows the impact oiihd ¢n the propagation of surface waves.

Two tests using different sources have been peddrifihe first test, which uses an ultrasonic
source generating high frequencies (~50 kHz), fmall wavelengths, provides an insight of the
condition of the near-joint asphalt. For the sectmst, a hammer source generating bigger

wavelengths is used to look at the asphalt furfiteen the joint.

The instrumentation used for the ultrasonic testhbwed in Figure D-2. The source is driven by
a pulser/receiver. The signals measured by thdeaooseters are amplified by a power amplifier.
A data acquisition system is used to gather tha dduich is then displayed and recorded on a

computer for further analysis.

Results
Transmission coefficients are used to quantifyatwedition of the joint. The Coefficient selected
as the best indicator for the condition assesswiethie joints is the WTC:

Wari X Wgro
Wpro X Wegy

WTC= (8-1)

where Wir: (War2) is the wavelet transform using a Morlet functifrthe signal transmitted by
source A and recorded by receiver R1 (R2 respdglivand Wir: (Wgr2) is the wavelet

transform of the signal transmitted by source B mwdrded by receiver R1 (R2 respectively).

The selection of the centre frequency is a veryoirtgmt step in the calculation of the WTC. A

logical choice would be to select the frequencyeisted to the maximum magnitude. On one
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hand, the ultrasonic source used for the test masamant frequency around 50 kHz. On the other
hand, the signals recorded by the accelerometarsept an important amount of energy at
frequencies around 30 kHz, which is caused bydkerrance of the accelerometers. The selection
of only one centre frequency would emphasis toohnthe impact on the results of one of the
two phenomena described previously. ThereforeWHe& was calculated for centre frequencies
ranging from 10 kHz to 60 kHz, by 5 kHz incremenfar the Hammer test, as the main
frequency recorded by the transducer was about 8 kit WTC was calculated for centre

frequencies ranging from 1 to 10 kHz, by 1 kHz éroents.

Tests have been performed in three sections fdr W&rm Mix Asphalt (WMA) and Hot Mix
Asphalt (HMA) pavements. On each section, bothstesing the ultrasonic and the hammer
sources are conducted. Figure D-3 presents thetewolof the WTC coefficients with respect to
frequency. The condition of the joints at differesgictions can be compared. For example, the
WTC plots for WMA with both sources indicate thhetjoints at sections 1 and 2 are in better

condition than the joint at section 3.

For each pavement (WMA or HMA) and each type ofreseyfultrasonic or Hammer) a mean of
the WTC of all 3 sections is calculated to get deai of the joint condition over the whole
pavement. In all situations, the WTC have valudswene for most of the frequencies which
indicates that there is attenuation due to thegoin Figure D-4, the WTC from WMA and HMA

testing are plotted on the same graph for comparidomean of the WTC values at different
frequencies is calculated to quantify the conditidrihe joint for each pavement. This mean is
slightly higher for testing of the WMA pavement kiboth ultrasonic and hammer sources.

Therefore, the WMA section present a better qubityt than the HMA pavement.

The accuracy and reliability of these results dfected by the following factors, which have to
be taken into consideration for further testing:
The spacing between the transducers has to be veghrim the test with the hammer
source. In the time domain, we can notice that digmals recorded by the receiver
overlap the trigger signal. Thus, the spacing éssimall and near-field effects appear.
In the tests with the ultrasonic source, the resoaaf the transducers is observed. Most
of the energy of the signal recorded by the traosduis located at frequencies around

the resonant frequency, which can badly affectdisalts.
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Figure D-1: Testing configuration
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Figure D-2: Ultrasonic experimental setup
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Figure D-3: WTC coefficients vs. frequency
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WTC

Ultrasonic source Hammer source

--- WMA --- WMA
— HMA — HMA

=
=
Center frequency (kHz) Center frequency (kHz)
WMA: Mean(WTC)= 0.845 WMA: Mean(WTC)=0.778
HMA: Mean(WTC)= 0.816 HMA: Mean(WTC)= 0.768

Figure D-4: Comparison of WTC obtained at the HM#A&I AVMA sections
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APPENDIX E: MathCAD Files

This Appendix is available in the CD. It consisfsatl the MathCAD files developed in this
research to process the MASW data collected itetheratory and the field.

The MathCAD files include:
- Time signals
- Vpand \k calculation by detection of arrival times
- Frequency Spectra
- Attenuation in time domain: Peak-to-Peak amplitude
- Attenuation in frequency domain: Spectral Area
- Fourier Transmission Coefficients

- Dispersion curves
Associated data files are also provided in the CD.
The following section shows a typical MathCAD filethich was used to analyse the data
recorded on the smooth surface (bottom surfacef¥almratory Slab 3. The calculations are

presented for the source on the right side of éleeiver array (location S2). Similar calculations
were made for the source on the left side (S1).
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File: "Time Signals, Velocities, Dispersion Curves"

[=] ACCELERATION DATA

ORIGIN =1

data?l := READPRN("SlabA-061.txt")  data3l:= READPRN("SlabA-071.txt")
data22 := READPRN("SlabA-062.txt")  data32 := READPRN("SlabA-072.txt")
data23 := READPRN("SlabA-063.txt")  data33 := READPRN("SlabA-073.txt")
data24 .= READPRN("SlabA-064.txt")  data34 := READPRN("SlabA-074.txt")
data25 := READPRN("SlabA-065.txt")  data35:= READPRN("SlabA-075.txt")
data26 := READPRN("SlabA-066.txt")  data36 := READPRN("SlabA-076.txt")
data27 := READPRN("SlabA-067.txt")  data37 := READPRN("SlabA-077.txt")
data28 := READPRN("SlabA-068.txt")  data38 := READPRN("SlabA-078.txt")
data?29 := READPRN("SlabA-069.txt")  data39 := READPRN("SlabA-079.txt")
data30 := READPRN("SlabA-070.txt")  datad0 := READPRN("SlabA-080.txt")

N,= rows(data21) N=2x10°  i:

1.N

Nx := cols(data2l) Nx =13 j = 1..NX
Source on S2 (right):

SZi j = mean(dataZli j,data22i j,daIaZ3i J.,daIaZ4i J.,data25i j,data26i j,daIaZ7i J.,daIaZSi J.,data29i j,de

SZi 10 = mean(d:’:xtaBli 110 data32i 11 data33i 11 data.’.’>4i 11 data35i 110 data36i 11 data37i 11 data38i 1
[+] ACCELERATION DATA

| TIME SIGNALS
[*TACCELERATION

Source SourceR := 82<13>

Sensitivity of the accelerometers:

k:i=1.12
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511.8

497.2

504.1

496.2

495.7

496.9
mVig: Y= gV: K ;:@

500.4 k 2,

497.1

497.2

508.5

498.6

493.1
Receivers

S2. S2.
ikl _ . i,k2

kl:=1.4 RRi,kl = W[Kkl k2:=5..10 RRi,kz = [lKk2
k3:=11..12 RRi,k3 = Szi,kSDKkS

i — (k0
Offset suppression RROi K= RRi K ~ mean RR

gad |]<k[>_> RRO. .
Normalization MaxRRO, := max(|RRO |) RRN. 1= —
k ik MaxRRO,
Distance from S1 AX := 0.04m X, = KCAX D = 13[AX
: _ . -6 . -3
Time At:=10 s ti = (i — 1At tN =1999x 10 s
%

a0:=2 x(k):= RRN™ - Kl&O
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Normalized Time Signals

_ 10—«JV\\/‘\/\~’\/WN

Normalized Amplitude

- 20
| | | |
0 10 4 410 4 6x10 &x10
Time (s)

[+] ACCELERATION
[+] DISPLACEMENT

Displacement DR := READPRN("RRO-SlabAbot-DYTglue a W_v_a W_d.txt")

i — (0
Offset suppression DROi K DRi K ~ mean DR
Q0o D<kf>~ DRO,
Normalization MaxDRO, := max(| DRO |) DRN, = —
k i,k MaxDRO,

90:=2 x(k):= DRNY ka0
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Normalized Time Signals

—10——————-—\/\k/‘\,—/“\/\—-/’\\—~’—"

Normalized Amplitude

—-20=____’J\//\w/\_\’*

0 5x10 4 1x10 3 1510 3
Time ()
Derivation: velocity ivi=1.N-1
VR. - I:)Riv+1,k - I:)Riv,k
iv,k At
Derivation: acceleration ia=2.N-1
AR ::VRmk'V@aax
ia, k At
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0. T T T
—— Acc from Displ
0.05~ — - Origina Signal |
3
3 0
2
E— - 0.09 .
<
- 0.1 .
- 0.15 1 1 1
' 05 1 15 2
Time (ms)
[<] DISPLACEMENT
| P&R WAVE VELOCITIES
[=]P-WAVES

Arrival times determined MANUALLY, from Acceleration traces

Source S2, right:

— 0

0.4

SourceR . | to = 0.098ms

0.3

RRNZ ¢4

- 0.2

TRp12 = 0.119ms

0.12 0.14
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TRp11 = 0.131ms

0.15 0.16

0.14

t10°

TRp10 = 0.142ms

b.142

0.1~
-0.2~

-0.q~

RRN<10>

0.16

0.14

0.12

TRp9 = 0.153ms

t10°

0.16 0.17 0.18

0.15

t10°

TRp8 = 0.164ms

0.05~

- 0.05
-0.4-

RRN<8>

0.16 0.17 0.18 0.19

0.15

t10°
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TRp7 = 0.176ms

0.05~

-0.05~

RRN<7>

-0.4-

0.17 0.18 0.19 0.2

0.16

t10°

= 0.188ms

TRp6 :

0.4

RRN<6>

-0.4-

0.17 0.18 0.19 0.2

0.16

t10°

= 0.2ms

TRp5 :

0.4

RRN<5>

-0.4"

0.16 0.18

0.14

t10°

= 0.215ms

TRp4:

0.4

RRN<4>

-0.4"

0.21 0.22 0.23

0.2

0.19

t10°
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0.1 ' T 0.226 '
RRN< ) __ - i 7777777777 of TRp3 .= 0.226ms
-0.1r | | 1 | N
0.2 0.22 0.24
t10°
0.1 ' 0.237
RRN< % _ _ T: 777777777 o TRp2 = 0.237ms
-0.1 | 3 ] ]
0.2 0.22 0.24
t10°
0.1 ' 0252
RRN< D ,T 7777777777 ol TRp, := 0.252ms
-0 | 3 ] ]
0.22 0.24 0.26
t10°
P-wave velocity
1
VRpl:= =333x 1000

bR1 := intercept(D - X,TRp - to) =7515x 10 s

sIope(D -X,TRp - to)

S

6

197



0. T T T T
w
E
© 015 7
E
|_
E 0.4 7
<
(O]
8 005 1
=
o
| | | |
0 0.1 0.2 03 0.4
Distance from S2 (m)
z 2 8 2
Total SofS  SST1g:= Z (TRpk— mean(TRp)) =2065x% 10 °s
k=1

2 (P % i -82
Regression SofS  SSRip:= ) T HERL) mean(TRp - tg) | =2063x 10 s
p

SSR1

R =0.99889

Coef of Determination Rsglg = 1
R

| Arrival times determined AUTOMATICALLY, from Acceleration

Window width (Nb points) width ;= 10
u:=1+ width..N v:i=1+width.N-1
1 o 2
RMS (acceleration) RMSR | := EDZ (RRNi,k)
i =u-width
GiffR, | = |RMSR 1 | = RMSR, |
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h==8 19 T T T T
m — RMS
—— Difference
1+
0.5~
| | |
0 200 400 600 800
Index

Max RMS difference Maxdifka = max(diffR<k>)

Arrival Time from Acceleration

Cst:= 0001 q:=1.100 % := Cstd
g

aRR(k,q) = |n < 1 aRR, =~ =1t

k,q" "aRR(k,q)
while |diffRn k| < MaxdifkaB]/oq

ne-n+1

(n)

P - Wave velocities from Acceleration Vszq = 1 7
sIope(D - X,aRR ? - to)

bRZq = intercept(D - X,atRR<q> - to)

VRp2_ - VRpl
100

% Difference between Vpl and Vp2 DiffVRp2 :=
q VRpl
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% Diff Vp2/Vpl

Index

% Difference between Vpl and Vp2 inferior to 2% for both right and left if: 8 <q < 12

00:=10 %) =001 aARR = aRR P

VRp2:= VRp2 = 3.28 1020

bR2 := bR2
q0
T T T T
& 015 7
E
[0)
£
[ 0.1~ 7]
©
=
% 0.05— 1
3
=
o
1 1 1 1
0 0.1 0.2 0.3 0.4
Distance from S2 (m)
12 2 8 2
Total SofS  SST2g:= Z (aIRRk - mean(aIRR)) =2128x 10 °s
k=1
12 [(D-X 2
: _ k _ -8 2
Regression SofS SSR2R, := Z + bR2 | - mean(aIRR - to) =2127x10 s
VRp2
SSR2Rp
Coef of Determination Rs2R = =0.99951
2R
[«] P-WAVES
[*] R-WAVES
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Arrival times determined MANUALLY, from Acceleration traces

Ter2 = 0.152ms

(1D

RRN Terl = 0.173ms

-0.5

(10

RRN Ter0 = 0.201ms

TRr, := 0.219ms
RRN 9

Very hard to determine which peak corresponds to R-waves at this distance from the source...
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= 0.249ms

TRr8:

t10°

0.27ms

TRr7 =

t10°

= 0.305ms
0.317ms

TRr6
TRr5

t10°
t10°
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(@

TRr, := 0.376ms
RRN 4

0.1

TRr3 = 0.342ms

R-wave velocity

Points selected for regression

TRr D-X

9 9
TerO D- Xlo
ArrivaR := DistanceR :=

Terl D- x11
Ter2 D- x12

VR = Y 1747x108™

slope(DistanceR, ArrivalR) S

4

cR := intercept(DistanceR, ArrivalR) = 1.29x 10 ~'s
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0.5 T T T T
3
= 04 -
Q +
£ +
= o3 + i
©
=
g o 1
g
= ol 1
o
| | | | L L
0 0.1 0.2 0.3 0.4
Distance from S2 (m)
R 2 92
Total SofS  kR:=4  SST3g:= Z (ArrivaIRk— mean(ArrivaIR)) =2639%x 10 'S
k=1
. 2
. kR DistanceR
Regression SofS k . -
9 sR3g= 3 || —— + R| - men(ArrivaR) | =262 10 92
VRrl
k=1
Coef of Determination SSR3R
Rsq3R = = 0.99367
SR
[<] R-WAVES

| FREQUENCY SPECTRA

[*TACCELERATION

Windowing:
7= losht - cod — =D i 1 o <flood N2 4 g
! N-2 20
floor]
L L 20
0,511 - cos ui0) it N-flool ~—=|-1<i<N
N-2
floor] +1
L L 4
1 otherwise
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1F T T T n
Tr. =0
1
Ti 05 -
TrN =0
| | |
0 5x10” 4 x107°  1sx107° 2«10 3
f;

RRWi,k:: RROi,kErri

Zero-padding:

_ 3 14 4 o o _
N=2x10 N2:=2"  =1.638x 10 i2:=1..N2 ti2'_ (i2-1)At tN2 =0.016s
RRZiZ,k:: RRWiZ,k if i2<N RRZiZ,k

RRZN. =
0 otherwise i2,k MaxRROk
0:=2 x(k):= RRZN<k> - kldO
Q=2 XK =
Normalized Time Signals
| |
o _

Q ViV w Y}

©

2

=

c — 10——'v\/U\/\[\/\//\zMA

<

B

N

£ o

B "'A—v

Z

- 20——/\ﬁW‘~
J | |
0

1x10"° %10

Time (s)
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Fourier Transform - Receivers l—‘rR<k> = Fl—‘l‘(RRZ<k>) MagR<k> = |FFR k>|
(K
o MagR

Normalization MaxMagR, := max(MagR<k>) MagRN<k> = LA

k MaxMagR

_ 1 1
Frequency N3:= 214 128103x 100 i3:=1.N3  Afi=——  Af=61030=

' 51 N2 s
fig=(@3-DIAf  f ,=5x10 <

Qa0:=1 XK = MagRN<k> - klaO

Normalized Fourier Spectra

/\J/ 18373 36745 ! !

Normalized Magnitude
|

- 10

Frequency (kHz)

Main frequencies

fry = 11.17kHz fro = 18.373kHz frg = 36.745kHz
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Sig = i3 iR1l:= floor(linterp(f ,c,le)) iR2 := floor(linterp(f ,c,fRz)) iR3:= floor(linterp(f ,c,fR3))

_ 41 _ 41 _ 41
fipg = 1111x 10"~ firg = 1837x 10"~ firg = 3668x 10"~

Penetration depth of surface waves

N __ VRr1 _ _
ix:=2.N3 >\Ri>\'_ y >\RiRl =0.157m >\RiR2 =0.095m
DN
[«] ACCELERATION
[*] DISPLACEMENT
DRWi,k:: DROi,kErri
Zero-padding:
DRZiZ,k:: DRWiZ,k if i2<N DRZiZ,k
DRZN. =—
0 otherwise i2,k MaxDRO,
(k0

a0:=2 x(K) :=DRZN™ - kldO
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Normalized Time Signals

M

N

Normalized Amplitude

- 20-'—J\/\/‘\~V-

M

0 110 ° 210 °
Time (s)
Fourier Transform - Receivers |—‘|‘DR<k> = FI—‘I'(DRZ<k>)
o 3 ) ® ._
Normalization MaxMagDR, := max\MagDR MagDRN ™ :=
0:=1 K):=M DRN<k> - kia0
A= XK = Mag

208

000 D-
MagDR<k> = |FTDR<k>|

MagDR<k>

MaxMagDRk



Normalized Fourier Spectra

W@ . .
100 0
o) W\ﬂ\,\
© |
2 l l
f= -5 : |
g ff/\/\/\’\\/\ — Receiver 1
3 : i Receiver 2 [
% M —— Receiver 3
£ Receiver 4 [
3 | | — Receiver 5| |
—— Receiver 6
—— Receiver 7
M— Receiver 8
Y | Receiver 9 |
1 1 —— Receiver 10
| Receiver 11
M —— Recelver 12
| : : | i
0 10 20 30 40 50
Frequency (kHz)
[&] DISPLACEMENT

DISPERSION CURVES

[*] Measured Disp Curve (SWAN)

DC_Right := READPRN("SlabAbot-DY Tglue-R-DC.txt" )

N4 := rows(DC_Right) = 747 i4:=1.N4

Phase velocity

Frequency

VphR := DC_Right 2 &
S

fRi4 = DC_nghti4' 1[E-Iz
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flow:

= 24kHz fhlgh = 34kHz

Pig= i4 i4ow = roor(Iinterp(fR,p,f|0W)) i4high = roor(Iinterp(fR,p,fhigh))

1 1
fR =2397x 10°= fR.  =3398x 10"~
40w s Yhigh s
3><103 T T fl T f ;
low high
2 | |
£ %107 : : i
> | |
-6 | |
(@] | |
K | |
> | |
o | |
| ~ Right
| | : | |
0 1x10* 210" 3x10" 4x10"
Frequency (Hz)
hign VPhR;, 3m
R waves velocity VRr2:= Z _ - VRr2 =1671x 10" —
gy T4y + 1 s
4= |410W
m
From TD VRrl = 1.747 x 103—
S
VRr2 - VRr1

[«] Measured Disp Curve (SWAN)

Difference % ‘ 100 = 4.33

VRrl

[THEORETICAL DISPERSION CURVE (YANG)

[=| Elastic constants

zero = 107 20
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. S S
P-wave and R-wave velocity: VPR = VRplE— =333 % 103 VRR = VRr23- = 1.671x lO3
m

m
Half the thickness of a plate: Ar)w:: 0.08 h=0.04
. . VRR  (0862+ 114X [ 1 -2
Poission ratio: fung(x) = - VR = root(funR(x) ,x,0.1,0.5)
VPR 1+x 21 - x)
v =0.291
1+ UR

S-wave velocity: WRR VSR =1.807x 103

Vo= —————
R Qa2+ 1140g

Mass density: p := 2350
. 2 9
Shear modulus: Cr=V&R [ Gr=7675x10
. . 10
Young's modulus: Eg:= GREZ(l + ]/R) Eg = 1.982x 10
. 1-vR 10
Cons traint modulus: MR = [ER MR =2.606 x 10
(L+vR)qL - 20R)
ErR

Bulk modulus: KR = 1.583 x 1010

"R 3if1 - 2mg)

[«] Elastic constants

|l Rayleigh - Lamb - Frequency Equations

For symmetric Lamb modes:

tan(d(w, K)) . 4K PR(w,K) Tan(pg(w, k) h)
Ir(@, K) 2
i (o 0? 1)

For anti-symmetric Lamb modes:

FsymR(w' K) := oo onerror

2
(qR(w,k)2 - kz) Tan(pR(w, K) )

AR P(w,K)

Fantir(w; k) := oo on error qR(w,k)[tkan(qR(w,k)[n.) +

[«] Rayleigh - Lamb - Frequency Equations
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[*IRange for frequency and phase velocity

Numerical time increment: delta t:= 4010 !
. 1 3 .
f inc.= ———— f_max:= 70010 f_inc =244.141
256[10M4delta t
Point number in frequency: Nf = ceil(ff—maxj Nf =287
_inc

Freguency range:

Increment:  w_inc:= 20&M_inc Start:  w0:= 2&M_inc  End:  w_max := 2[&H_max

Phase velocity range:

Incre ment: v_inc:= 1.0 Start:  v0:= 10 End:  v_max:= 10000

[«] Range for frequency and phase velocity

[*] Symmetric Lamb modes
Frequency and Phase Velocity:

MX1,1: f
MX1,2: Vph

212



MXlR = |row ~ 1
W « LOO
while w < w_max

Vv « VO

w

sgn — sign(val)

V2 « V+Vv_inc

w
va2 « F w,—
Q/mR( sz

sgn2 — sign(val2)
while v2 <v_max
while v2 <v_max O sgni$gn2 = 0

V2 « V2 +v_inc

w
va2 « F w,—
symR( vz)

sgn2 — sign(val2)
if v2<v_max Osgnisgn2 <0

cond - 1
w w

cond — O onerror rOOt(meR(w’k)'k’E’VJ
if cond=1

Miow,1 = 2l

w
row,2 © Wwow
root(FSymR(w, K),k, E V)

row — row + 1
V <« V2
va ~ va2

sgn — sign(val2)

V2 « V+v_inc

w
Va|2 — F w,—
symR( vz)

sgn2 — sign(val2)

W< w+ w_inc
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Symmetric Lamb modes - Dispersion Curve

8x10 T T T o T T T T .
6.4x10° kS t .
) 3 ' b
= 4.8<10°T ° .
s 3
~ 3210 e —]
> \
1.6<10F
| | | | | | | | |
0 7 14 21 28 35 42 49 56 63 70
Frequency (kHz)
Frequency and Wave Number:
MKZ1,1: f MK1g:= | for i0 1. rowgMX1g)
MK1,2: k/2 1

M. . « MX1

I,l Rl,l
MX1

Ri1

Mi2 = uxt
Ri 2

M

Symmetric Lamb modes - FK spectrum

8 T T T T
64 _
~N
I
4
‘5 48~ -
% 32 m
T
16 m
1 1 1 1
0 10 20 30 40 50

Wave number k/2mw

[+] Symmetric Lamb modes

[*[ Anti-symmetric Lamb modes
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Frequency and Phase Velocity:

MX2,1: f MXZR = Jrow « 1

MX2,2: Vph w < w0

while w < w_max

VvV « VO

w
va <« F H w,—
an'uR( v)

sgn « sign(val)

V2 « V+Vv_inc

val2 - FamiR(w,v—“;)

sgn2 — sign(val?2)

while v2 <v_max

while v2 <v_max O sgni$gn2 = 0
V2 « V2 +v_inc

val2 - FamiR(w,v—“;)

sgn2 — sign(val2)

if v2<v_max Osgnisgn2 <0

cond ~ 1

cond — O onerror root(Fanti R(w,k),k,%,%)
if cond=1

w

Mrow,1 = ol

w

row,2 ~ W W
root| Foqtip(w, k), k,— ,—
(anth( ) V2 v)

row — row + 1

V « V2
va « va?2
sgn ~ sign(val2)

V2 « V+v_inc

w
va2 « Foipl w,—
anth( vz)

sgn2 — sign(val2)

W< w+w_inc
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Anti-Symmetric Lamb modes - Dispersion Curve
8x10 T Ol T

. ..$
6.4<10° p .

48x10°F

3.2><103— \

1.6x10°F

Vph (m/s)

I I I I I I I I
0 7 14 21 28 35 42 49 56 63 70

Frequency (kHz)

Frequency and Wave Number:

MKZ,1: f MK2g = | for i 0 1..rows(MX2g)
MKZ1,2: ki2 T
M, 4 - MXZRi,l
MX2
Ri1
Mi2  uxe
Ri 2
M
Anti-Symmetric Lamb modes - FK spectrum
8 T T T T
T\T -
T
=
%)
@ i
=2
g
LL —

50

Wave number k/2mw

[«] Anti-symmetric Lamb modes

[*] Comparison Measured and Theoretical Disp Curves

Frequency of Jump Antisymetric --> Symetric ijpl = 18164Hz ijp2 = 20166Hz
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I
3107 R plﬂ!?j p2 .
Q e N
é ....'d‘ |
P 107 e, }
5 : NO...........................
o | ‘ ss el
3 —
2 1x10°F e+ MeasuredR |-
& : |+ * Theory - Sym
L Theory - Anti
| ! I
0 1x10* 210"
Frequency (Hz)
Wavelength of Jump Antisymetric --> Symetric
Antisymetric Mode >\Rj pa= 0.07502m =0.075—
H
Symetric Mode AR: = 0.14525m MRips 1
Ipst = ——— =0.145=
H
)\Fle- I I
x10% s Cvessed o MeasuredR |-
1  » « Theory - Sym
/ ) Theory - Anti
2107 .

Phase Velocity (m/s)

|

|

I

I
) I
| I
| )

I
,\__2
| I

1)( 103_ : : .I'-'..-'....I.--..

I

I

I

I

I

I

I

|

|

Wavelength (m)

[+] Comparison Measured and Theoretical Disp Curves
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File: "Attenuation in Frequency Domain"

[*]ATTENUATION: TOTAL AREA ACCELERATION

| Measured Attenuation

N

2

Total area  AresR, := Z MagR 5 |
i3=1

Maximum Area MaxAreaR := max(AreaR) = 3.248
AreaRk

Normalized Area AreaRN = ——

k MaxAreaR

Areain Freg Domain vs. Distance from the Source

Areain Freqg Domain (g)

I d
+-¢ Right
©-@ Left

= s e, e
L N .
‘@, e 2T 28
--?“”'" ~~~~~ ®-.
----- D et e, bttt ek il LLLLL _LLLLY LETTPY S
10 20 30 40
Distance (cm)
XR := AreaRN

Call refecrence file: "Attenuation"

| Fitting - LINEAR scale

Error between Theoretical model and Measured attenuation

ErrM2R(a)

0.6
—_— 0.4r
0.2

ErrM3R
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Minimize the Error

E2AR := E2R = 5.498 ErrM2R(E2R) = 0.092

10.966
E3AR:= E3R = 0 ErrM SR(ESRl, E3R2) =0.063

1 T T
+-¢ Measured Atten.
0g-|— Modla=0b=-0.5 0' |
a Mod2 b=-0.5 !
E 06— - M0d3 'l ]
8 7
N
'S A
g 0.4 ¢ 4
g 74
0.2 V 1
o ,.O”) e
po==== X0 I = I
5 10
Normalized Distance
1 T T =
o’*.’..‘
D
0.1~ /’"’ _
po--nn R
0.01 &-¢ Measured Atten. |
—— Mod1 a=0 b=-0.5
Mod2 b=-0.5
—— Mod3
l><10_3 | |
5 10

Coef of Determination R2 = (SST-SSE)/SST

| Fitting - LOG scale
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20 N
IogErrM 2R 8)
= ( 10

logErrM3R
Minimize the Error

|ogE2AR := |0gE2R = 6.42 logErrM2R(logE2R) = 0.103

6.199
logE3AR := |0gE3R = logErrM3R(logE3R ., I0gE3R,) = 0.102
o o (—o.ssz) o ( 9= 108 2)

1 T T P
*-¢ Measured Atten. ,x'
o 08— Modla=0b=-0.5 Iy
R 0d- Mod2 b=-0.5 - 1
E ' - M0d3 'l'
T o4 P .
Z 02 -
hd - |
5 10
Normalized Distance
1
0.1
-¢ Measured Atten.
—— Mod1 a=0 b=-0.5
Mod2 b=-0.5
—— Mod3
0.01 L :
5 10
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Coef of Determination R2 = (SST-SSE)/SST
logRsgya R = 10gRsOHR = 0.92

logRsO3A R = 10gRs03R = 0.917

[«[ATTENUATION: TOTAL AREA ACCELERATION

[*]ATTENUATION: TOTAL AREA DISPLACEMENT

| Measured Attenuation

N
2
Total area  AresDR, = Z MagDR,; |
i3=1

Maximum Area MaxAreaDR := max(AreaDR) = 3.086 x 10 10
AreaDRk
Normalized Area AreaDRN, = ——8
K" MaxAreaDR

Areain Freqg Domain vs. Distance from the Source

—10

4x10 T T T T

=3 +-¢ Right
% 310”19 ®-@ Left :
S
8 10 "
g 2x10 b,
I
£ -0t -
3 1x10 L P e
o) ®-..__ Y PRI 2
< -------------------- 2P, ..~--~ —_——. e

b *-----9 4 ) | ®----@ S,

10 20 30 40
Distance (cm)
XR = AreaDRN

Call refecrence file: "Attenuation”

| Fitting - LINEAR scale

Error between Theoretical model and Measured attenuation
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0. T T T
0.4 —
ErrM2R(a)
- 0.2 -
| |
0 5 10 15 20
a
ErrM3R
Minimize the Error
E2DR := E2R = 4.005 ErrM2R(E2R) = 0.031
5.22
E3DR:= E3R = ErrM 3R(E3R JE3R ) =0.03
-0.378 1 2
1 T T
-& Measured Atten. y
% 08" Mod1 a=0 b=-0.5 /
§ od|  Mod2b=05 g
N — Mod3 ;
= i /
E 0.4 ’."
S o
Z 02 o pnseneee
Pece-e. Y P SRS
| |
5 10
Normalized Distance
1 T T
o’.’*.’..‘
PO oadh
I ==
s WPURIPUE= o -& Measured Atten.
—— Mod1 a=0 b=-0.5
Mod2 b=-0.5
—— Mod3
0.01 L '
5 10

Coef of Determination R2 = (SST-SSE)/SST
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Minimize the error: right and left simultaneously

E2D := E2 = 3.452 ErrfM2(E2) = 0.025
3.32
E3D := E3= ErrM3(E3 JE3 ) =0.025
-0.514 12

Coef of Determination R2 = (SST-SSE)/SST

| Fitting - LOG scale

20 n

logerrM2R
g (3a 10- N

Minimize the Error logErrM3R

|ogE2DR := logE2R = 3.743 logErrM2R(logE2R) = 0.047

2.344
|0gE3DR := 10gE3R = logErrM3R(10gE3R,10gE3R,)) = 0.033
o o (—0.705j o ( 9= 19 2)

1 T T
- Measured Atten.
0.8-— Modl a=0 b=-0.5
o
b Mod2 b=-0.5 y
g 06— Mod3
N ys
.E | e,
£ 0.4 4
@) -
Z cd
0.2 e
s ana il Addal
| |
5 10

Normalized Distance
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T
:”"52‘ ¢
O.l_ ....*” —
poscon="® +-¢ Measured Atten.
— Modl1 a=0 b=-0.5
Mod2 b=-0.5
— Mod3
0.01 ' :
5 10
Coef of Determination R2 = (SST-SSE)/SST
logRsgypR = 10gRsoR = 0.967
logRsO3pR = 10gRst3R = 0.959
|=[ATTENUATION: TOTAL AREA DISPLACEMENT
|| FTC
AreaDL +1M\reaDR
n:=1.11 FTC = n n
n AreaDL _[AreaDR
n n+1
I I I I I
© L i
L ! +*
(D) ,// RN _—+
o] 0.8~ o Tkl AT - 4o A
g T v e N
> N ,
< AN
0.9 + T
1 1 1 1 1
0 2 4 6 8 10 12
Accelerometer
. . 41
i3min = floor(linterp(f , ¢, 45kHz)) = 738 f.3 =4499x 10 —
Smin S
. . . _ 3 _ 51
i3max = floor(linterp(f , ¢, 150kH2)) = 2.458 x 10 f.3 =15%x 10 —
1Smax s

FTC with theoretical attenaution curves FTCth := Mod?2L (logE2DL ,n + 1) Mod2R(logE2DR, n)
n Mod2L (loge2DL , n)[Mod2R(loge2DR, n + 1)

224



FTC without material attenaution FTCthO = j MOZZLEO’n; 1)?/'O?ZR(O’”;
n Mod2L(0,n)Mod2R(0,n + 1

I I I I I
0.9~ A =
(@) A ’ \\\ 4
1) 0.8 // *\\\ /,/+ D /I
8’ + + \\\ 7%
o 07 W -
> [
Y = ¥ -
05 1 1 1 1 1
0 2 4 6 8 10 12
Accelerometer
Symmetric configuration: qgq:=1..6
AreaDL [AreaDR
FTCsym = 13—q q FTCsymth_:= Mod2L (loge2DL , 13 - q) Mod2R(logE2DR, q)
q AreaDLqm\reaDR13_q q Mod2L (logE2DL , q) Mod2R(logE2DR, 13 — q)
FTCymthy = Mod2L (0,13 - gq)Mod2R(0, q)
q Mod2L (0, q)Mod2R(0,13 - q)
I I I
0.8~ 7]
O
L_L 0.6~ T
)
:
= 0.4 T
<
0.2~ T
1 1 1
0 2 4 6
Accelerometer
[«]FTC

[ Total Area Displacement: o and Rsq vs. Distance
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Error Mod 2 LIN

= 10 Given

12
aM2R(,K = | S (ModZR(a,u)—XRu)z

u=k

0<a<100 agr(k) = Minimize(errM2R, o)

12
Error Mod 2 LOG  |ogerrM2R(a, k) := Z (Iog(ModZR(a,u)) - Iog(XRu))2
u=k
o= 10 . . T
AW Given 0<a<100 logag(K) := Minimize(logerrM2R, )
6 T T T T
+++ Linear
o000 Lo
5 9 o 4
) o
o B Rl
1 | ed--cizzbe=ss==@sszzzghze=---@TTTTT 0 TR
= 49 """" s E%I?R
d b
- _
2 | | | |
2 4 6 8 10
Accelerometer
Coef of Determination R2 = (SST-SSE)/SST
12 XR,
Mean Meani (k) := T —
RIO= D 12-k+1
u=k
12 9
Total SofS sstp(K) = Z (XRU - MeanR(k))
u=k
12 5
LIN - Residual SofS  sse(K) := Z (ModZR(aR(k),u) - XRU)
u=k

R-square value

sstr(k) - sser(K)

Rsorr(k) = po—
R
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LOG - Residual SofS

12
LESCEDY (l\/lodzR(logaR(k),u)—XRU)2

u=k
sstr(K) — logsser(k)
R-square values |ogqurR(k) =
sir(K)
| | | | |
PO e g e RstoR|
o 095 I ST .. -
N N N 6
s SN
7 Y
ne ®\ N //,I
0.9_ \\\\\ ///II
+++ Linear +
000 Log \b,’
0.85 | | | | |
2 4 6 8 10
Accelerometer

|=| Total Area Displacement: o and Rsq vs. Distance

[*]DAMPING RATIO

Acceleration

LINEAR fitting

Model 2

Model 3
LOG fitting

Model 2

Model 3

f.

_ 41
g = 1111x 10" =

S
AR 2AR
=|— =0.138
e o) e
E3AR
AR 1
AR\ _|logE2AR
lo = — lo =0.161
stone= (G JEEEE v,

IogE3AR1

lo =|— |B—— lo =0.155
9€3AR (ﬁ) - 91’53ARiRl

f.

_ 41
iy = 1837x 10" =

S

=0.083

€2AR g,

= 0.166
§3ARi Ro

Displacement
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LINEAR fitting

ose2 e (22 B2

_ 41
fig = 1111x 10 =

S

ox ) m §2DR 5, =01
E3DR
AR 1
Model o ol C o
odel 3 €3DR* (mj m €3pR.. =0.131
iR1
LOG fitting
[ AR} logE2DR
Model 2 |Og§2DR-— - lo =0.094
om m 9$2DR
Model 3 | =(2R B—logBDRl
0983DR = | 5 m 109 3pR | = 0059
1

_ 41
firp = 1837 10—

¢ = 0.061
2DRir2

¢ = 0.079
3DRiR2

[« DAMPING RATIO

[*]AREA OF WINDOWED SPECTRA: ACCELERATION

Start frequency fi := OHz
End frequency ff := 90000Hz

2000
4000
Window widths WW :=| 7000 |Mz w = 1..length(WW)
10000
Cig=13 15000
WWW
fminW:: fi + imin := floor(linterp(f , c,fmin))
WWW
fmaxW:: ff - T imax := floor(linterp(f , c,fmax))
Resolution res:= 10 Jmin = (floor(%) + 1)@%

Indices for the different window widths  ¢l1:= imin,.imin, + res..i

1’ 1
c2:

2’ 2

c3:= imin,,imin, + res..i

3’ 3

c4:= imin,,imin, + res..i

4’ 4

¢5:= imin_,imin_ + res..i

5’ 5
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imin,,imin, + res..i

iw = floor(
2

Www
CAf

imax := floor(m) (Hes
MWW\

res

|m|nl:20

|m|n2:40
|m|n3:60
|m|n4:90

|m|n5 =130



Area of windowed spectrum

c+wid MagR + MagR
WAreaR(c,wid, K) := Z ( n,k n+1,k) }

2
n =c-wid
WARL, | := WAreaR(cl, iw, k) WAR2, | = WAreaR(cz, iw,, k)
WAR3, | := WAreaR(c3,|W3,k) WARA_, | = WAreaR(c4,|w4,k)
WARS ;| = WAreaR(cS, iwg, k)
hi=1
M
| | | [
— WA1
4+ — WA2 ||
WA3
— WA4
3 WAS5
o+ |
I |
1 | - |
0 20 40 60 80
WARL, |
Measured attenuation AttR1 R XR1:= AttR1
cl,k” wAR1
cl,12
WAR2_,
AtR2,, | = —— XR2:= AttR2
K wARz, o,
WAR3,
AUR3 5 | = —— XR3:= AttR3
KOWARS, |,
WAR4_,
AtRA , | = —— XR4:= AttR4
K WARA, 1,
WARS ¢
AR5 ¢ | = —— XR5:= AttR5
K WARS 1,
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| LINEAR Fitting

Call refecrence file: "Attenuation - Area of Window - Linear"

Attenuation Coefficients and Minimized Error

Model 2 Model 3

aAR2; = aR2; aAR3; = aR3; BARy = BR;
aAR2, = aR2,y aAR3, = aR3, BAR, = AR,
aAR23 = aR23 aAR3; = aR33 BAR3 = BR3
aAR2, = aR2, aAR3, = aR3y BAR, = BRy
aAR2; = aR2g aAR35 = oR3g BARg = BRg

Fitting model 2 - o values - Right

5 T T T
P
a2

330 a3
20— a4
10-—— @

> — |

0 20

Frequency (kHz)

Fitting model 3 - o values - Right

Frequency (kHz)
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Fitting model 3 - 3 values - Right

T ‘ T T r 107
-02- — bl
\ b2
-04 () — b3
-06 /\ — b4 |
_0_8— - b5 —
_1q I I I I l I .
0 20 40 60 80

Frequency (kHz)

Damping Ratio (Assuming Vph = Vr)

Model 2 Model 3

ERA2 1= £R2¢ ERA3, 1= £R3q
ERA2, 1= £R2, ERA3, := £R3,
ERA23 1= £R24 ERA33 = £R35
ERA2, 1= £R2, ERA3, 1= £R3,
ERAZ5 1= £R2g ERA35 1= £R3g

Fitting model 2 - ¢ values - Right

0.15

0.

0.05

Frequency (kHz)
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Fitting model 3 - ¢ values - Right

0. , T T T T
0.15— \' \ T
1 \
0.1 217711~ - VA S TN AT N 0
. 3 V4
0.05-|— 4 & ‘ \[-
—5
\ ! ! ! !
0 20 40 60 80

Frequency (kHz)

Maximum Error
MaxErr2 ;= max(errRZl,errRZZ,errR23,errR24,errR25,errL21,errL22,errL23,errL24,errL25) = 27.455
MaxErr3 := max(errR31,errR32,errR33,errR34,errR35,errL31,errL32,errL33,errL34,errL35) = 25.258

Frror Normalized to MaxFrrR

Norm. Error for Model 2 - Right

| |
— Errorl
008 Error2 | |
' — Error3
—— Errord
0.04 — Error5 |7
0.02] —
0 L E e L= =001
60 80

Frequency (kHz)
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Norm. Error for Model 3 - Right

| I

— Errorl
0.06~ Error2 |7
004 — Error3 | |

' — Error4
0.02 — Errorb |4
X\ S D ***L*ﬂﬁ

0 60 80

Frequency (kHz)

Coef of Determination R2 = (SST-SSE)/SST

Model 2 RsgAR24 = RsgR24 RsgAR2, 1= RsgR2,
RsgAR23 1= RsgR25 RsgAR2, 1= RsqR24
RsgAR2g 1= RsqR2g

Model 3 RsgAR3, = RsgR34 RsgAR3, 1= RsgR35
RsgAR33 1= RsgR35 RsgAR3, 1= RsqR3,

RsgAR3g 1= RsgR3g

R-square for Model 2 - Right

0.98- \J ‘C

0.96~

Frequency (kHz)
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R-square for Model 3 - Right

T T -
S 17
— Rsg 1
0.98~ ‘ qu 2 |
—— Rsg 3
— Rsg 4
0.96r qu 5|7
\ | | A\, | |
0 20 40 60 80
Frequency (kHz)
| LOG Fitting
Call refecrence file: "Attenuation - Area of Window - Log" --> similar to previous section

[«] AREA OF WINDOWED SPECTRA: ACCELERATION

[x[—-AREA OF WINDOWED SPECTRA: DISPLACEMENT

--> similar to acceleration

234



Reference File: "Attenuation"

Theoretical Attenuation

1/a=0,p=-0.5

20a=?63=-0.5

a=?p="

Mod1R(K) := (

Mod2R(a, K) := (

-05
D- ka

AX

k

DX J_O.S _—r:[QD—Xk—AX)
AX

k

AX

Mod3R(«, 3,K) := (

D - X jB _—r:EQD—xk—Ax)

| Fitting - LINEAR scale

Error between Theoretical model and Measured attenuation

12
EMMIR:= | 3 (Mole(k)—XRk)2 =
k=1

12
EMM2R(@) = | 37 (Mod2R(a k) - XRk)2
k=1

12

EMMAR(@,B) = [ S (Mod3R(a,B,k)—XRk)2

k=1

Minimize the Error

a:=10 B:=-05

Given 0<a<100 -1<8<0

E2R := Minimize(ErrM2R, o) E2R =1
Given 0<a<100 -1<8<0

E3R := Minimize(ErrM3R, o, 3) E3R =1

Coef of Determination R2 = (SST-SSE)/SST
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ErfM2R(E2R) = s

ErrtM 3R(E3R1, E3R2) =



12

Total SofS SSTR = Z (XRk _ mean(XR))2 -
k=1
12
Regression SofS Model 2 SSR,k = Z (Mod2R(E2R, k) - mean(XR))2 =
k=1

1
Model 3 SSRgp:= Z (Mod3R(E3R1, E3R,, k) - mean(XR))2 =
k=1

Residual SofS Model 2 SSEZR:

k

Model 3 SSEgg:= Z (Mod3R(E3R1,E3R2,k)—XRk)2:|

12

3 (Mod2R(E2R K) - XRk)2 =
=1

12

k=1

SSTR - SSEpR

R-square values Model 2 RSqZR = '

Model 3 RSqSR :

| Fitting - LOG scale

Error between Theoretical model and Measured attenuation

12
logEMM1R := Z (Iog(Mole(k)) - Iog(XRk))2 =
k=1
12
2
logErM2R(a) := Z (Iog(ModZR(a,k)) - Iog(XRk))
k=1
12
I0gEMM3R(@, B):= | 3" (1og(ModBR(cx,B.K)) - Iog(XRk))z
k=1

Minimize the Error
Given 0<a<100

[0gE2R := Minimize(logErrM2R,a)  10gE2R =1 logErrM2R(10gE2R) =
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Given 0<a<100 -1<83<0

[0gE3R := Minimize(logerrM3R, ., 3) 10gE3R =1 IogErrMSR(IogESRl,IogESRZ) =
Coef of Determination R2 = (SST-SSE)/SST

Residual SofS Model 2 logSSE,R: (ModzR(logEZR. k) - XRk)2 =1

Model 3 logSSEqR (ModsR(10gE3R  , IogE3R . K) ~ XRk)2 =

12
)
k=1
12
>
k=1

SSTR - |OgSSE2R _

R-square values Model 2 logRsupR : !

logRs3R =
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Reference File: "Attenuation - Area of Window - Linear"

Error between Theoretical model and Measured attenuation

- b _
- _ 2
Model2  ErmR2j(acl):=| " (Mod2R(a,k) - XR1, ]
- b 2_
ErR25(ax, €2) = (ModZR(a, k) - XR2,, k)
- b 2_
ErrR25(a, c3) = (ModZR(a, k) = XR3 4 k)
- b 2_
ErR2,(ct, c4) = (ModZR(a,k) - XR4, k)
- b 2_
ErrR25(, c5) = (ModZR(a, k) = XRS5 ¢ k)
1 2_
Model 3 ErR34(, B,cl) := Z (ModsR(a, B,k) - XRlclyk)
L 2_
ErR3,(a, B,€2) := (ModsR(a, B.K) - XR2, k)
1 2_
ErR35(a, 8,¢3) = (ModsR(a, B,k - XR3 C3’k)
1 2_
ErR34(at, B, ¢4) = (ModsR(a,@,k) - XR4 04’k)
1 2_
ErR3s(, B,5) = (ModsR(a, B,K) - XR5 C5’k)
Minimizing the Error
a:=10 B:=-05
Model 2 Given 0<as<100 -1<B<0 meR2q(cl):= Minimize(ErrRZl,a)

238



Model 3

Given

Given

Given

Given

Given

Given

Given

Given

Given

0<a<100

0<a<100

0<a<100

0<a<100

0<a<100

0<a<100

0<a<100

0<a<100

0<a<100

Attenuation Coefficients and Minimized Error

meR25(c2) := Minimize ErrR22,a)
meR25(c3) := Minimize ErrR23,a)
meR2,(c4) := Minimize ErrR24,a)
meR25(c5) := Minimize ErrR25,a)

meR35(c2) := Minimize(ErrR3,, ., 3

(

(

(

(

meR3,(cl) := Minimize(ErrRSl,a, ¢]

(

(

meR34(c4) = Minimize(ErrR34,a, ¢]
(

)
)
meR33(c3) := Minimize{ErrR33, a, 6)
)
)

meR3g(c5) := Minimize{ ErrR3g, o, 3

Model 2 aRZlcl:: meR24 (c1) errRzlcl:: ErrR21<aR2101,cl>

aR2, = MeR2y(c2) emR2; = ErrR22<0LR2202,02>

aR23 1= meR2g(c3) emR2z = ErrR23<0LR2303,03>

aR2y = MeR2y(ch) emR2, = ErrR24<0LR24C4,c4>

oRZ5 1= meR25(cH)  enR2g = ErrR25<0LR2505,05>
Model 3
aR3; = meR3y(cl) BRy = meR3y(cl) ~emR3y := ErrR31<aR3101,BRlcl,cl>
aR3y = MeR3y(c2)  BRy = meR3y(c2)  erR3, = ErrR32<aR3202,BR202,c2>
aR33 = meR33(c3) PRy = meR33(c3) ~emR3g = ErrR33(aR3303,BR303,c3>
aR3y = meR3y(cd) BRy = meR3y(cd) =~ emR3, = ErrR34(0LR34C4,BR4C4,c4>
oR3g = meR35(c5) ~ BRg 1= meR35(cH)  enmR3g = ErrR35(0LR3505,BR505,c5>
Damping Ratio
Model 2 Model 3
ER2; = (&j& (R3; = (& &

cl 27 m cl 27 m
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aR2 aR3
i >\RCZ 2(:2 i >‘R(:Z 2(:2
§R22 = — §R32 = —
c2 2T m c2 2T m
AR ) R, R ) OR%3,
£R23 = | — |[F— §R33 = — |—
c3 2T m c3 2T m
AR R, AR, OR%
§R24 = — |—— §R34 = — |B——
c4 2T m c4 2T m
aR2 aR3
_ AR5 5cs _ AR5 Scs
§R25 = — §R35 = —
c5 2T m c5 2T m
Coefficient of Determination at each frequency
12 1 12
Means aXR1_, := Z (E XR1 kj aXR4_, = Z
k=1 k=1
12 1 12
aXR2 = Z (EXRZCM) avXR5 1=
k=1 k=1
12 1
aXR3 5= Z (EXR%,IJ
k=1
12 )
Total SofS  SSTR; = 3" (XR1y \ —aXRL)
k=1
12 )
SSTRy = > (Xchz,k - avXchz)
k=1
12 )
SSTR = XR3 - avXR3
3(:3 Z ( 3,k C3)
k=1
12 )
SSTRy_, = > (XR4O4'k—avXR4O4)
k=1
12 )
SSTR = XR5 - avXR5
S5 ZZ ( c5, k cﬁ
k=1

Regression SofS
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12
Model 2 SSRR2;  := Z (ModZR(aRZl 1,k) avalcl)Z
[ [
2 2
SSRR2, = Z (ModZR(aRZZCZ,k) avXRZCZ)
2 2
SSRR23 1= Z (ModZR(aR2303,k) avXR3 03)
12 )
SSRR2y = Z (ModZR(aR24c4,k) avXR4 04)
12 )
SSRR25 1= Z (ModZR(aR25C5,k) avXR5 05)
= 2
Model 3 SSRR3; Z (Mod3R<aR31 ,BRq 1,k) avXRlcl)
[
2 2
SSRR3, Z (Mod3R<a Bchz,k) avXchz)
2 2
SSRR33 Z (Mod3R<a BRscs,k) avXR3 03)
2 2
SSRR3y = Z (Mod3R<aR34 BR4C4,k) avXR4 04)
2 2
SSRR3; 1= Z (Mod3R<aR35 BR5C5,k) avXR5 05)

Residual SofS

Model 2 SSER2; = Mod2R(aR2; ,K) - XR1 )?
cl cl €1,k
k=1
12 )
SSER2, := Mod2R(aR2, k) - XR2
2(;2 ( ( 202 ) CZ,k)
k=1
12 )
SSER23 1= (ModZR(ocR2303,k) - XR3 cS,k)
k=1
12 )
SSERZ  := (ModZR(ch24C4 k) XR4 M’k)

241



Model 3

12

SSER2g = (ModZR(ocRZS
k=1
12
SSER3; = Mod3R(aR3
1= D (ModR(eR3y
k=1
12
SSER3, = Mod3R(aR3
25 D, ( ( 2.
k=1
12
SSER3; = Z (ModBR(ocR
k=1
12
SSER3y (ModsR(aR34
12
SSER3; = Mod3R(aR3
557 2, (MOUR(0R3s
k=1

Coef of Determination R2 = (SST-SSE)/SST

Model 2

Model 3

SSTR; - SSER
cl cl
RsqR2; =
c1 SSTRy
c1
SSTRy - SSER2g
c3 c3
RsqR2; =
c3 SSTR3
SSTR5 _ - SSER25
¢ e
RsqR25 =
c5 SSTR; _
SSTR; - SSER3;
cl cl
RsqR3; =
c1 SSTRy
c1
SSTR; - SSER3,
c3 c3
RsqR3; =
c3 SSTR3
SSTR5 _ - SSER3
°cs S
RsqR35 _:=
¢ SSTR; _
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2
) XR5 CS'k)

2
BRlcl,k> XR1, k)

stcz, k) XR2,,

Nl
N

Ry k) = XR3
B 3c3 ) c3,

Nl
N

BR4C4,k> XR4_,

Nl
N

2
BR5C5,k> XR5 5. k)

SST R2 - SSER22
c2 c2
quR22 =
c2 SST R2
c2
SSTR - SSER2
404 404
quR24 =
c4 SST R4
c4
SST R2 - SSER32
c2 c2
quR32 =
c2 SST R2
c2
SSTR - SSER3
404 404
quR34 =
c4 SST R4
c4
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