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Abstract

Nondestructive evaluation is an important tool for assurance of proper construction
practices and selection of rehabilitation procedures for civil infrastructure. Improvements
in technology for testing of concrete structures, such as the introduction of dry point
contact ultrasonic arrays, allow for collection of repeatable and spatially diverse shear
wave impulse time-histories. This dissertation deals with development of methods that
can be used for quantitative evaluation of concrete pavement structures using ultrasound
linear array systems. The synthetic aperture focusing technique was adapted to handle
spatially diverse measurement pairs. Kirchoff migration and the Hilbert transform were
utilized to correlate high intensity portions of the instantaneous amplitude time history
envelopes to the physical location of changes in acoustic impedance of the tested
medium. To mitigate the effect of limited aperture, the interpretation methods were
generalized to accommodate virtual array systems and implemented to create two- and
three-dimensional reconstructions of the subsurface concrete structure. This
reconstruction analysis was applied for practical pavement problems such as
reinforcement and layer boundary location, as well as stochastic flaw detection.
Comprehensive ground truth validation on several full-scale concrete pavements

confirmed the high resolution of the analytical tools developed in this dissertation.
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1 Introduction

1.1 Problem Statement and Research Objectives

The pavement infrastructure faces deterioration problems due to the increasing traffic
volumes and challenging environmental conditions (Scott et. al 2003). Visual inspection
is the most widely used technique for determining pavement condition. However, visual
inspection does not allow for determination of the distress until it manifests at the
surface. Ideally, subsurface defects should be identified in a timely manner to allow for
quality control prior to completion of the construction process. For in-situ concrete
pavements detection of distress prior to extreme subsurface damage accumulation or
surface exposure can be beneficial in maintaining pavement to avoid costly rehabilitation
or in determining optimal rehabilitation type and timing. Development of effective
nondestructive methods and improvement of data interpretation techniques are important

for increasing service life of pavements.

Various methods based on different physical principles such electromagnetic wave
propagation (ground penetrating radar), eddy current (magnetic pulse induction), and
infrared emission (infrared thermography) have been successfully applied for concrete
pavements and several major improvements have been made in the last several decades
(Malhotra et al. 2004; Manning et al., 1980; Chong et al., 2003; Davis, 2003; Davis et al.,
1998; Rao et al., 2009; Washer et al., 2009; Gibson et al., 2005; Gucunski et al., 2010).

Elastic-wave based methods have also been successfully applied for many years in
concrete pavement and related fields for detecting planar layer interfaces. However,
complex geometries requiring evaluation or imaging of non-planar or irregular flaws is
difficult using conventional methods (Carino, 2001; Scott et al., 2003; Biiytikoztiirk,
1998). Many improvements have been made in elastic wave-based technology to allow
for the use of transducer arrays with multiple angles of transmission and reception. This

improvement in repeatability and productivity of data collection opens the opportunity



for development of quantitative signal interpretation techniques that have not been

feasible in the past.

The objective of the research presented in this thesis involves improvement of concrete
pavement subsurface characteristic quantification capabilities. This included
development of methods that can be applied to signal interpretation of ultrasonic linear
array impulse time-history data or combinations, thereof. These methods were validated

and used to investigate several important concrete pavement-related practical problems.

1.2 Research Approach

The methods in this thesis are developed for signal interpretation of shear wave impulse
response time histories from multiple fixed distance transducer pairs in a self-contained
ultrasonic linear array. This included generalizing Kirchoff migration-based synthetic
aperture focusing technique (SAFT) reconstruction methods to handle the spatially
diverse transducer pair locations, creating expanded virtual arrays with associated two-
dimensional and three-dimensional reconstruction methods, and creating concrete
pavement specific automated reconstruction interpretation methods (reinforcement
detection, layer boundary detection, and stochastic flaw detection). Interpretation of the
reconstruction techniques developed in this study was validated using the results of
laboratory and field forensic studies. Applicability of the developed methods for solving
practical engineering problems was demonstrated through several large scale case studies

involving evaluation of in-service concrete pavements.

1.3 Thesis Organization

Chapter 1 formulates the problem and introduces the research objectives and approach.

Chapter 2 presents the literature review including the common needs for nondestructive
subsurface diagnostics, conventional nondestructive evaluation methods, basics of elastic

wave propagation in concrete, and the modern signal interpretation techniques.



Chapter 3 presents the reconstruction and automated analysis techniques developed in
this thesis for interpretation of the ultrasonic linear array. This includes adaptation of the
Kirchoff-based SAFT reconstruction for spatially diverse transducer pairs in a linear
array, reconstruction techniques associated with virtual expansion of the array, as well as
methods for automated interpretation of the reconstructions for several pavement

problems.

Chapter 4 presents validation of the various signal interpretation techniques. This
includes pavement specific applications such as quantification of PCC slab thickness,
reinforcement location, delamination and defect inclusion detection, as well as

deterioration diagnostics.

Chapter 5 presents use of the techniques presented in this thesis for various practical
concrete pavement nondestructive evaluation problems. This includes evaluation of a
recently constructed continuously reinforced concrete highway pavement, recently
rehabilitated jointed plain highway concrete pavement, and in-service transverse joints at

the Minnesota Road Research Facility.

Chapter 6 summarizes the work completed as a part of this thesis and provides

recommendations for future work in related areas.



2 Literature Review

This chapter introduces typical concrete pavement applications for nondestructive
evaluation (NDE). This includes diagnostic needs, such as detection of subsurface
inclusions or defects, cracking or other flaws, as well as layer boundary assessment.
Methods using different physical principles, that are conventionally used to
nondestructively evaluate these concrete pavement problems, are discussed. Elastic
wave-based methods and the various wave propagation types and relationships in
concrete material are discussed. Finally, the ultrasonic linear array technology and signal
interpretation methods, that are the basis for the methods developed of this thesis, are

introduced.

2.1 Concrete Pavement Subsurface Diagnostic Types

There is a wide range of subsurface information that can be useful in assuring quality of
pavement construction or making decisions for rehabilitation or maintenance of existing
concrete pavements. This can include identification of various subsurface inclusions,

flaws, or layer boundary conditions.

2.1.1 Subsurface Inclusions and Flaws

Nondestructive identification of subsurface concrete pavement inclusions is an important
pavement problem. This includes location of metal reinforcements such as dowels, tie
bars, or continuous reinforcement, as well as unplanned inclusions/defects such as clay

balls, cracks, delamination, or voids.

Reinforcement in concrete pavement is placed at specific locations to properly function.
For instance, dowels are generally placed at the mid-depth, parallel to the surface with
equal embedment on both sides of jointed plain concrete pavement (JPCP) transverse
joints to provide load transfer (Hoegh et al., 2008). Translation from these designed
locations can lead to distress (Saxena et al., 2012; Yu et al., 2007). The importance of

correct bar placement is also prevalent in continuously reinforced concrete pavement



(CRCP) and tie bars at longitudinal joints. If the location of the reinforcements can be
identified, potential constructability issues can be resolved or proper rehabilitation

strategies can be formulated.

Introduction of foreign materials or improper construction procedures can cause
inclusions in concrete pavement if not mixed and consolidated properly (Kosmatka et al.,
2011). These inclusions are not generally confined to the surface. It can be useful to
evaluate the extent of these defects when determining the effect on pavement

performance.

Cracking is a common phenomenon in concrete pavements. While certain pavement,
such as continuously reinforced concrete pavements are designed to have a nominal level
of cracking, the severity and extent often exceeds the designed amount. In addition,
environmental actions such as thermal expansion and contraction, shrinkage, freeze-thaw
cycling as well as heavy wheel axle loading can cause undesirable cracking in pavements
leading to pavement failure. Many times the cracking in the pavement can initiate in the
subsurface. Knowledge of the extent of such subsurface cracking and type can lead to

mitigation actions prior to failure of the concrete pavement (Darter et al., 1993).

While delamination from corrosion in concrete bridge decks is a common distress,
similar mechanisms can occur in continuously reinforced concrete pavement, or uncut tie
wires in dowel baskets (Clear, 1989). The horizontal plane cracks reduce the structural
capacity of the structure which leads to spalling at the surface as the crack propagates

(Zollinger, 1994).

Problems with the pavement construction process can lead to improperly consolidated
concrete. When present near the surface or in loadbearing areas this can lead to
premature failure. For instance, poor consolidation/spalling issues around dowels in

jointed plain concrete pavement can lead to lower load transfer efficiency (Rao et al.,

2009)



2.1.2 Layer Boundaries

Layer boundary information is also a typical diagnostic need for NDE methods in
concrete pavements. Concrete layer thickness is one of the most important parameters
affecting long term concrete pavement performance. Several pavement design
procedures, including the Guides for the American Association of State Highway and
Transportation Officials (AASHTO), Portland Cement Association (PCA), and Illinois
DOT Mechanistic Design, emphasize the importance of this parameter showing that
thickness deficiency can lead to premature pavement failure (AASHTO, 1993; Packard,
1984; Salsilli, 1995). Naturally, an evaluation of as constructed pavements for
acceptance and assessment of construction quality involves thickness measurements. The
Federal Highway Administration developed a performance-related specification
evaluation tool (Pavespec 2.0). One of the key input parameters to this tool includes
thickness variation along the project. Currently many agencies use destructive methods
such as coring that only allow for only a limited sampling of the in-situ pavement
thickness (Grove, 2012). Nondestructive testing methods can be used to get more
detailed information about the pavement thickness (Schubert et al., 2004; Edwards et al.,
2012; Grove et al., 2012).

In concrete pavement rehabilitated using partial depth repair, or newly constructed two-
lift concrete pavement, the bond condition at the layer boundary is critical to proper
performance (Tompkins et al., 2009). If a repair material is not fully bonded with the
underlying pavement, the repair material can spall at the surface. Similarly, the bond
condition of two lift concrete construction can lead to a loss in structural capacity if the

layers are not fully bonded.

2.2 Concrete Pavement NDE Methods

Nondestructive evaluation has been used in concrete pavements for several decades. For
example, identification of subsurface concrete flaws such as cracks, delamination,
spalling, and poor consolidation are common nondestructive testing diagnostic needs for

concrete pavements (Abdallah et al., 2009; Ansari et al., 1992; Cheng et al., 1993; Clark



et al., 2003; Escalante, 1989; Gibson et al., 2005; Gucunski et al., 2009; Gucunski et al.,
2010; Sack et al., 2009). Nondestructive methods are also used for thickness detection
and layer boundary condition assessment Basu et al., 2004; Edwards et al., 2011;

Schubert et al., 2004).

Common Non-destructive testing (NDT) techniques include ground penetrating radar
(GPR), magnetic field tomography, and infrared thermography (Malhotra et al. 2004;
Manning et al., 1980; Chong et al., 2003; Davis, 2003; Davis et al., 1998; Rao et al.,
2009; Washer et al., 2009). All of these methods are based on different physical
principles and have unique strengths and limitations. These methods have advanced in
terms of the hardware components, signal interpretation resolution, speed of data
collection, and analysis due to increases in computational capability (Belytschko et al.,
1983; Bungey, 2006; Buyukozturk, 1998). A brief summary of the state of the art as well
as strengths and weaknesses of these methods is given below. Elastic wave-based
methods such as the dry point contact ultrasound linear array technology used in this

thesis are treated separately in section 2.3.

2.2.1 Ground Penetrating Radar

Ground penetrating radar (GPR) transmits electromagnetic waves into the test medium
and the reflection of those waves at interfaces of different dielectric properties gives
information about changes in the test medium. The wave speed is dependent on the
dielectric properties of the material, and can be used with various signal interpretation
methods to determine the target depth (Cao et al. 2008; Cao et al.; 2011; Cao 2011;
Abdallah, 2009; Clemena 1991; Economou et al. 2012; Louliza et al., 2001; Maierhofer,
2003; Plati et al., 2012; Scott et al., 2000).

GPR has been applied in the past for detection of reinforcement corrosion (Arndt, 2011;
Clemena et al., 1992) inspection bridge deck pavement (Belli et al 2008), structural
assessment (Benedetto et al., 2012; Catapano et al., 2012), highway pavement structure

characterization (Maser, 1996; Maser, 2000; 1996; Maser, 2008; Maser et al. 1990;



Morey, 1998; Scullion et al., 1995), airport pavement assessment, (Moropoulou et al.,
2002), concrete thickness (Davis et al., 2005, Cao et al., 2011; Saarenketo et al., 2000),

and identification of delamination in concrete pavements (Li et al., 2008).

Figure 2.1 shows a MnDOT owned and operated 2.6 GHz ground-coupled antenna as
well as an example output of GPR where parabolic reflections can be observed due to the
presence of dowels (Cao et al., 2011). The surface of the concrete in the GPR outputs
appears flat because the antenna is in continuous contact with the surface while being

dragged.
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Figure 2-1. Ground coupled GPR and example output at a transverse joint.

GPR can also be operated using air coupled antennas such as the one shown in figure 2.2.

Past studies show that GPR is capable of achieving high speed measurements of



pavements although the accuracy reduces with higher speeds and detecting non-uniform
cracks is difficult (Griffiths et al., 1999). GPR signals are highly affected by
environmental conditions including sensitivity to moisture conditions (Scott et al 2003;

Griffiths et al., 1999).

Figure 2-2. Air coupled GPR mounted on a van for highway speed measurements
(Maser, 2000).

2.2.2 Infrared Thermography

Infrared thermography can detect thermal anomalies by measuring infrared emission at
the surface of a pavement. A difference in surface temperature can indicate a subsurface
anomaly such as the presence of delamination in concrete, although this method is limited
by environmental conditions and depth of the defect (Carino, 1993; Halabe, 2007,
Marchetti et al., 2008). Figure 2.3 shows thermography equipment and laboratory

measurements.



Figure 2-3. Example infrared thermography and laboratory measurements (Halabe,
2007).

2.2.3 Magnetic Pulse-Induction

Magnetic pulse-induction and the distribution of the eddy current induced by an applied
magnetic field can be used to determine the position, size, shape, and orientation of metal
inclusions in a pavement. Figure 2.4 shows an example measurement with a pachometer
which is a conventional eddy current based method. Numerous evaluations of the
accuracy of one magnetic pulse-induction device, the MIT Scan-2, have shown it to be a
reliable tool for locating metal inclusions with high accuracy (Hoegh et al., 2008;
Hossain et al., 2006). However, if either the dimensions or metal properties are not
known it is difficult to determine the location of the subsurface inclusion. It should be
noted that this method does not detect any type of non-metallic inclusions or defects (Rao

et al., 2009).
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Figure 2-4. Example eddy current magnetic based device (pachometer).

2.3 Elastic Waves in Concrete

The rapid oscillatory motion of molecules produced by vibration of a body is referred to
as sound (Junger et al., 1972). Unlike waves that can travel in a vacuum, such as an
electromagnetic wave (Griffiths, 1999); sound waves require a physical medium where
the wave travels through vibration of particles progressively through individual
equilibriums (Junger, 1972). In general, the mechanism of sounding methods in
mediums such as concrete pavements involves application of a force causing a distortion

in the concrete which results in elastic waves propagating in the medium (Soize, 2001).

2.3.1 Elastic Wave Relationships

When exposed to a short duration external impact, concrete reacts approximately like an
elastic solid medium. The distortion and subsequent movements in the concrete can be
described using three general modes of wave propagation categorized by the coverage
and direction of particle motion with respect to propagation direction: P-waves, S-waves,
and R-waves (Graff, 1991). The compression (also known as longitudinal or primary)
waves (P-wave) has particle motion parallel with the direction of wave propagation. The
transverse (also known as shear) wave (S-wave) has particle motion perpendicular to the

wave propagation direction. The Rayleigh wave (R-wave) is a combination of P- and S-

11



waves where particles move in a retrograde elliptical direction (Krstulovic-Opara et al.,
1996; Zhu et al., 2004). Figure 2.5 shows a point source impact in an elastic solid with
these three wave modes. It can be observed that the R-wave propagates along the
surface, and the P-wave and S-waves propagate throughout the solid in a hyperbolic

nature (Bolotin, 1961; Bolotiin et al., 1960; Colton et al., 1998).

Receiver
R-wave [] r-wave

S-wave

Amplitude i

Figure 2-5. Elastic wave propagation (Carino, 2001).

If concrete is approximated as an isotropic and elastic medium, the relationship between
elastic parameters (Modulus, Poisson’s ratio), density, and wave velocity in concrete has

the form shown in equations 2.1 (Schubert et al., 2008; Carino 2001):

_ E(1—u)
Cp = Nawa-zwp [2.16)]
Coz |_E 2.1(b
s~ 2(1+u)p [ . ( )]

. 0.87+1.12u
Cr=Ci——

s 21(0)]
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Where E is Young’s modulus of elasticity, u is Poisson’s ratio, p is density, Cp is the
compression or pressure wave (P-wave) velocity, Cs is the transverse or shear wave (S-
wave) velocity, and Cy is the Rayleigh wave (R-wave) velocity. The ultrasonic linear
array method used in this study is based on shear waves. Assuming a typical value for
Poisson’s ratio in concrete, u = 0.2, the velocity of the wave types has the following

relationship with respect to shear waves:

Cs = 0.61Cp = 1.09C, [2.2]

Table 2.1 gives some additional information including the particle motion, relative wave

speeds, and energy content of the various wave types (Graff, 1991).

Table 2-1. Wave type information (adapted from Graff 1991; Carino, 2001)

Wave Type | Particle Motion | Propagation Relative Energy
Medium Wave Speed, | Content %
nu=0.2 (Graff 1991)
P-wave Parallel to Solid, liquid, 0.61 7
propagation or gas body
direction wave
S-wave Perpendicular to Solid body 1 26
propagation wave
direction
R-wave Retrograde Surface wave 1.09 67
elliptical

It can be observed from the table that the P-wave has the lowest amount of energy from a
point source impact, and can propagate in mediums such as solid, liquid, or gas. Methods
based on P-waves can have issues achieving the necessary penetration depth due to the
low energy content, but the ability to propagate in all medium types allows for air

coupled possibilities in concrete pavement diagnostics (Bhardwaj et al., 2000; Green,

13



2004; Luukkala, 1973). Shear waves have significantly higher energy content from a
point source impact and require a solid material for propagation (Achenbach, 1973;
Graff, 1991). The higher energy content for a similar point source impact allows for
greater penetration depth in heterogeneous mediums such as concrete pavement.
Rayleigh waves have the highest energy content but are confined to the surface at a depth

approximately equal to its wavelength (Achenbach, 1973; Graff, 1991).

Elastic waves can be useful in evaluating concrete pavements because changes in
subsurface properties such as flaws, inclusions, or layer boundaries cause reflections back
to the surface (Barbone et al., 2004). The amount of reflection is governed by the
changes in the acoustic properties as well as the incident angle according to the Zoeppritz
equations (Shuey, 1985; Avseth, 2005; Achenbach, 1973; Jain, 1987). For a transverse
wave with normal incidents at the boundary of interest, the reflectivity at the boundary is

shown in equation 2.3 (Achenbach, 1973; Avseth, 2005).

_ Cs1P1=CsoP2yy _ ZaZs W, = Ry ,¥, [2.3]

- 1
Cs1P11Cs,p2 Z1+Z;

R

Where ¥, is the amplitude of the incident elastic wave, Wy is the amplitude of the
reflected elastic wave, Cg, is the shear wave velocity in the incident medium, p, is the
density of the incident medium, Cg, is the shear wave velocity of the boundary material,
p2 1s the density of the boundary material, Z; = (g, p, and Z, = Cj, p, is the acoustic
impedance of each material, respectively, and Ry , is the reflection coefficient between

the two materials. Figure 2.6 gives an illustration of these variables for a transverse wave

with normal incidence at a layer boundary.

14



Y is the amplitude of the pulse

Figure 2-6. Normal incidence pulse reflected and transmitted at a boundary.

A few observations can be made from this relationship with regard to use of elastic waves
for concrete pavement diagnostics. As shown in equations la through 1c the velocity of
the wave is positively correlated to the stiffness of the material. Thus, reflections of
elastic waves are extremely sensitive to interfaces such as cracks, voids, or delamination
where the change in velocity and density from concrete to air is extremely high (Kellezi,
2000; Sadri et al., 2009; Sansalone et al., 1987). Additionally, it can be observed that the
phase of the reflected transverse wave depends on the type of material interface causing
the reflection. Thus for materials such as concrete, reflection from an interface with
steel, where the acoustic impedance is higher, causes a negative reflection coefficient and
corresponding 7 phase shift in the reflected shear wave (Achenbach, 1973; Keefe, 1992;
Colton, 1998). These relationships can be used in elastic wave-based methods to obtain
information about the concrete pavement related subsurface problems discussed in

section 2.1.

2.3.2 Elastic Wave-Based Methods

Evaluation of pavements and bridge decks for delamination or other internal conditions is
commonly conducted through rudimentary sounding methods such as chain dragging or
rod sounding. These methods have been used with a certain level of success in the past
due to the low cost and availability, but are purely subjective, highly affected by user

error, and do not provide the necessary precision and extent of damage that more
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sophisticated sounding methods can achieve (Cheng et al., 1993; Liu, 2010; Pratt et al.,

1992). Various elastic wave-based methods are presented in this section.

2.3.2.1 Conventional Impact Echo

Conventional impact echo (IE) is a commonly used elastic wave based method (see
figure 2.7). The IE testing technique involves generation of compression, shear, and
Rayleigh waves using a mechanical impact at the surface (Schubert et al., 2001). The
waves reflected from internal changes in acoustic impedance or external boundaries and
recorded on the surface, where the impact was generated, give information about the
structure using signal interpretation techniques normally based on spectral analysis (Scott
et al., 2003).
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Figure 2-7. Schematic illustration of the IE test procedure (Scott et al 2003).
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If the propagation velocity is known, the frequency spectrum can be used to determine
the depth of the discontinuity or thickness of the material using the relationship given

below (Scott et al 2003, Schubert et al., 2008):

pD=2Se [2.4]

nxf

Where D is the depth of the discontinuity, f is the resonant frequency between the impact
and the discontinuity, Cp, is the pressure wave (p-wave) velocity, and n is assumed to be 2
according to the full travel path to the reflecting interface and back. However the factor n
= 2 has to be changed to n=4 for changes from low to high acoustic impedance (Schubert,
2008). The n=2 factor is generally valid for most impact echo problems, where interfaces
causing the reflection are generally lower than the surrounding concrete material such as

a concrete/air interface in delamination (Schubert et al., 2008; Schubert, 2001).

Figure 2.8 shows a conventional impact echo setup where a round metal ball is used to
create the impact (Carino, 2001; Sansalone, 2007). IE is capable of detecting planar layer
interfaces, which can be used for thickness determination or the detection of other plate-
like inclusions. Testing with this method can be time consuming and only allows for one
signal pair to be sent and received per scan. With only one mechanical impact signal and
spectral analysis methods that require multiple reflections at the same boundary, there are
difficulties in evaluating the complex geometries required for irregular flaw detection
(Carino, 2001; Schubert, 2008; Schubert, 2003). Novel evaluation techniques and
hardware such as air coupled impact echo have been developed to allow for more
productive measurements and multiple measurement pairs (Borwick, 1990; Buckley,

1999; Popovics, 2012; Zhu et al., 2002; Zhu et al., 2007).
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Figure 2-8. Impact echo setup with a steel ball mounted on a steel spring rod
(Carino, 2001).

2.3.2.2 Spectral Analysis of Surface Waves

Spectral analysis of surface waves (SASW) is another elastic wave-based method. The
dispersion of Rayleigh waves gives information about the material in which it propagates.
This method has been used for applications such as estimating concrete pavement
stiffness and other properties (Krstoluvic-Opara et al. 1996; Cho, 2003; Gucunski et al.,
1992). The surface displacements recorded by transducers from various wave
frequencies from mechanical impacts are analyzed using the setup shown in figure 2.9.
This method is primarily used to determine velocities at different Rayleigh wave
frequencies to indirectly obtain information about the structure from changes in modulus

(Park et al., 1999; Stokoe et al., 1994).
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Figure 2-9. Schematic of the SASW (Gucunski, Soil Dynamics, 1992).

2.3.2.3 Ultrasonic Pulse Velocity

Ultrasonic pulse velocity (UPV) is an elastic wave based method where the impulse is

emitted and received directly by an ultrasonic transducer (Popovics et al., 1992). Figure

2.10 shows various transducer pair setups used for UPV testing, where the direct arrival

is received (a) on the opposite side, (b) at an angle, or (c) along the surface. For concrete

pavement applications with only one-sided access, the setup shown in figure 2.10(c) is

often the only applicable measurement type.
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Figure 2-10. Various sending and receiving positions for UPV testing (Adapted
from International Atomic Energy Agency, 2002).

The direct arrival of the elastic wave of interest (P-wave in this example) is used to

determine the wave velocity by simply taking the distance traveled divided by time of

propagation:
L
Cp = - [2.5]

where L is the path length and T is the time taken by the pulse to traverse that length.

Conventionally, the pulse is transmitted into and received from the concrete using a
liquid coupling material such as grease or cellulose paste to transfer the vibration to the
concrete and back. This process can be time consuming and often confines UPV testing
to laboratory and/or testing of samples rather than on-site concrete pavement testing. The
relatively recent technological advances in dry point contact (DPC) transducers provide a
lower frequency, higher power impact without the need for liquid coupling. DPC
transducers, manufactured by Acoustic Control Systems, are capable of transmitting low

frequency elastic waves (30 kHz to 150 kHz) allowing for ultrasonic methods that can
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penetrate greater distances in pavement applications (Nesvijski, 1997; Liang et al., 2009;
Moheimani, 2003; Nesvijski, 1997; Vladisauskas et al., 2011; Vladisauskas et al., 2010;
Dutoit, 2005). The “touch and go” measurements with fixed transducer locations speed
up the data collection process and eliminate many of the issues with conventional
ultrasonic testing as applied to concrete structures. Figure 2.11 shows an ultrasonic pulse
velocity (UPV) device that was one of the first applications of these types of transducers

for pavement applications (Khazanovich et al., 2005).

Figure 2-11. UK1401 ultrasonic pulse velocity device (Khazanovich et al., 2005).

2.3.3 Ultrasonic Linear Array

The conventional elastic wave based methods can produce significant deviations when
detecting back walls and flaws in materials such as concrete with elastic heterogeneity
caused by aggregates, pores, and cracks. The results of this limited information can lead
to reliability problems due to the sensitivity to small shifts of source and sensor positions

(Schubert et al., 2008).

Ultrasonic array technology provides an opportunity to mitigate the issues with limited

transducer pairs, signal variability, and sensor positional shift instability, using a self-
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contained arrangement of sending and receiving transducer pairs at set spacing.
Ultrasonic testing is typically conducted between 750 kHz to 100 MHz, with a wide
range of applications in both biomedical and industrial fields(VonRamm, O. T., 1976;
Blouin et al., 1998; Minalga et al. 2012; Guzina et al., 2004; Liu, 2008; Lue, 2008;
Rupitsh, 2006; Song, 2002; Spies et al., 2002). These types of systems use an array of
elements within a single relatively large transducer to provide spatial diversity. Figure
2.12 shows an example ultrasonic phased array setup from (a) 1976 and (b) 2012, with
elements phased within a linear array to focus the emitted wave (VonRamm, O. T., 1976;

Minalga, 2012).
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(a) VonRamm et al., 1976 (b) Minalga et al., 2013

Figure 2-12. Transducer array technology for biomedical use adapted from (a)
VonRamm et al., 1976, and (b) Minalga et al., 2012.

This type of system with relatively small wavelengths does not allow for the necessary
penetration depth in materials with the elastic heterogeneity of concrete. Additionally,
while this setup is practical for a laboratory environment, the productivity needed for
application to concrete pavement does not allow for a liquid coupled or non-mobile

device where the wave is guided.
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These issues can be resolved with the use of DPC transducers, similar to the UPV device
shown in Figure 2.11, which eliminate the need for a manual mechanical impact. This
allows for transducer arrays with multiple angles of transmission and reception that can
be used to also address some of the reliability issues dealing with conventional impact
echo discussed previously (Shubert et al., 2008). This arrangement allows the transducer
spacing to be reduced for higher precision measurements. Two versions of DPC
ultrasonic array technology are shown in figures 2.13 and 2.14. The A1220, shown in
figure 2.13, consists of sets of 12 emitting transducers and 12 receiving transducers.
MIRA, shown in figure 2.14, consists of a linear array of 40 sending and receiving

transducers arranged in 10 channels of 4 transducers.

ft

-

Figure 2-13. A1220 ultrasonic pulse-echo device.
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45 pairs per
measurement

Figure 2-14. MIRA ultrasonic linear array device with a handle designed at the

University of Minnesota for more productive measurements on pavement systems.

This thesis deals with the use of the ultrasonic linear array device, MIRA, for concrete
pavement evaluation. As observed in figure 2.14, shear waves are emitted and received
by multiple transducer pairs allowing for multiple incident angles and consistent analysis
of elastically heterogeneous material such as concrete. MIRA incorporates 10 channels,
each composed of four transmitting and receiving DPC transducers in a linear array. This
linear array operates in a multi-static nature, allowing for 45 transmitting and receiving

impulse time-history measurements.

The spacing between adjacent transducer channels is 40 mm (1.6 in.). Thus, horizontally
spaced measurement pairs in each MIRA scan include nine pairs at 40 mm (1.6 in.)
spacing, eight pairs at 80 mm (3.1 in.) spacing, seven pairs at 120 mm (4.7 in.) spacing,
six pairs at 160 mm (6.3 in.) spacing, five pairs at 200 mm (7.9 in.) spacing, four pairs at
240 mm (9.4 in.) spacing, three pairs at 280 mm (11.0 in.) spacing, two pairs at 320 mm
(12.6 in.) spacing and one pair at 360 mm (14.2 in.) spacing. Each of the probes can act

as either receiver or transmitter with a typical operation ultrasonic frequency of the 50
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kHz. The device records shear-wave impulse time-histories from 45 transmitting and
receiving transducer pairs in each measurement. Figure 2.15 shows one of the 45
impulse time-history pairs from an example measurement. Figure 2.16 shows a
schematic that would cause this type of impulse response. Various versions of this
ultrasonic linear array technology have a default calibration mode and reconstruction
tools (Botolina et al., 2012; Shi et al., 2009; Bishko, 2008; Mayer et al., 2008; Nesvijski,
2000; Nesvijski, 2003; Sokolov, 2003). However, analysis methods presented in this

study use the raw 45 sending and receiving impulse time histories, W, ,-(t).
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Figure 2-15. Example impulse time history from a transducer pair, ¥_4,9 (t) from

emitting channel 4 to receiving channel 9 (200 mm spacing).
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Direct Surface Arrival

Boundary Reflection

Figure 2-16. Schematic of direct and reflection arrivals.

2.4 Signal Interpretation Techniques

This section summarizes various approaches for interpretation of elastic waves in
concrete pavements. While elastic wave propagation is based on different physical
principles than the other nondestructive testing techniques described in section 2.2, often
the mathematical approach to various signal interpretation methods are analogous
between different physical techniques especially as it relates to various wave impulse

time-histories (Langenberg et al., 2004, Marklein et al., 2002, Marklein et al., 2006).

2.4.1 Conventional Data Representation

Evaluation of impulse data has been conducted for many years in concrete pavement and
related fields. However, the introduction of linear array systems allows for more precise
focusing of the location of changes in reflectivity within concrete. Various approaches to

elastic wave impulse data interpretation are given below.

The signal interpretation techniques used in this study are based on impulse time histories

(A-scan). The A-scan can also be represented in terms of amplitude versus depth (z*)
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below emitting and receiving transducers. The time history values can be converted to

depth using the following relationship, where c is the sound wave velocity:

t =2 [2.6]

C

An example of an A-scan from a conventional elastic wave based method is shown in

Figure 2.17 (Schickert et al., 2003).
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Figure 2-17. Example time domain impulse A-scan (Schickert, 2003).

The representation of the depth, t*, is given with an asterisk because it only represents a
physical depth for a reflection caused by a layer boundary. If an inclusion or other defect
is present misrepresentations of the depth of the reflection is likely because an A-scan
does not account for the divergent nature of the wave propagation. An example of this

type of misrepresentation is given later in this section.

If A-scans are obtained along a linear aperture at regular spacing at k horizontal
transducer locations, x;, a two-dimensional cross section through the specimen depth (B-

scan) can be obtained. Traditionally, the amplitude of the A-scans is converted to
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grayscale to allow for a two-dimensional representation. Figure 2.18 shows a diagram of
the ultrasound testing procedure of a concrete block with drilled inclusions. Figure 2.19
shows the resulting B-scan obtained from multiple A-scans taken in adjacent locations
(Schickert, 2003). Two parabolas can be observed with the apex at approximately 200
mm on the left and 100 mm on the right (both identified with white borders).
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Figure 2-18. Diagram showing testing medium characteristics (adapted from
Shickert, 2004).
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Figure 2-19. Example B-scan (adapted from Schickert, 2003).
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While the conventional B-scan representation does not match the location of the
inclusions, the hyperbolas caused by the inclusions can be used qualitatively by
experienced engineers to intuitively get useful information about the medium. This
makes B-scan analysis a popular reconstruction tool for both elastic wave and other
methods (see figure 2.1 from GPR section 2.2.1). However, B-scan representations are
not focused to the actual location of the inclusions where the change in acoustic
impedance occurs. For more complex mediums this type lack of focus can lead to

misinterpretations or lack of ability to resolve the object of interest.

2.4.2 Synthetic Aperture Focusing Technique

To determine precise locations of stiffness or density changes within of the region of
interest (ROI) under multiple emitting and receiving transducer pairs, the nature of the
wave front including the divergence must be accounted for (Junger et al., 1972, Rose,
2004; Marklein et al., 2002; Marklein et al., 2006). Sounding elastic wave methods often
operate where the transducer diameter or contact area of the impact is small compared to
the wavelength of the emitted pulse. In this case, each transducer can be treated as a
point source. Figure 2.20 shows a simulation of a point source wave field from a

mechanical impact normal to the surface (Schubert, 2004).

Figure 2-20. Elastic waves created by a point source (Schubert 2004).
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The region of interest (ROI) below the point source can be treated as a collection of point
targets. The fundamental synthetic aperture reconstruction (SAR) expression for each
transducer pair for a continuous time and space model is given in equation 2.7 (Bamler

1992; Stepinski, 2007):
s(xg, t) = fx fz'f(x, Z)S(t*(t, Xp, X, Z))dzdx [2.7]

Where s(xy, t) is the received impulse at transducer position, x, due to emitted impulse
o) (t*(t, X, X, Z)); f(x, z) is the reflectivity function of the ROI; x and z are the
horizontal and vertical positions in the ROI, respectively; and t* is defined by the

following relationship:

t'=t— f\/z2 ¥ (x — x)2 [2.8]

where c is the sound velocity, and ¢ is time. Figure 2.21 shows a representation of
potential contributing reflectivity point sources according to the fundamental equation if

we look only at a single intensity value from the emitted impulse & (t*(t, Xir X, z)).

2
TN R PR

Region of Interest (ROI)
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Figure 2-21. Representation of potential contributing point sources at a constant
time (Roundtrip) from the emitting/receiving transducer according to the

fundamental SAR expression.

The amplitude received at the surface is a combination of reflections from each position
below the measurement as defined by the reflectivity function, f(x,z). This function
depends on the reflection coefficient of each of the potential point targets in the ROL.
Since the reflection coefficients are determined by changes in acoustic impedance
characteristics as discussed in section 2.3 and thus contain the information about material

changes in stiffness or density, this is the information of interest in this thesis.

Since the material reflectivity f (x, z) is the parameter in question, a process of estimating
the relative contribution of all possible reflection points, fx fZ ...dzdx, 1s made using the
various impulses received at the surface, s(x’, t), at different transducer locations

f;c, ...dx’. This results in an image reconstruction with relative reflectivity at each

possible reflection point, 0(x, z).

The synthetic aperture focusing technique (SAFT) can be used to determine this inverse
application of relative reflectivity from the set of transducers to their respective 0(x, z)
locations within the ROI to create a reconstruction image, [0] (SAFT B-scan). To allow
for integration over the various transducer locations, fx, ..dx’ , the impulses received at
the surface versus time can be expressed in terms of distances. This can be accomplished
by assuming the velocity in the medium, c, and the time shift factor, t5H/FT  are
constants that can be determined from the system and test medium. Discussion of the
factors involved in determining the velocity and time shift factor is given in the section
2.4.3. In this case, t can be corrected so that the impulse time history is only associated
with the time of flight and high reflectivity locations are associated with peaks in the

impulse time history using equation 2.9:
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tp =t —tSHIFT =2 [72 4 (x —x')2, [2.9]

If the signals are measured on the interval from x,,;, t0 Xmqx, the reconstructed image at
each point 0(x, z) can be obtained by integrating over all possible transducer impulse
locations (Lingvall et al., 2003; Qi et al., 2012; Gray et al., 2002; Schmitz et al., 2000;
Claerbout, 2004; Stepinski, 2007):

0(x,2) = f;;:z" a(x',x,z)s (x’,%\/z2 + (x — x’)z) dx’ [2.10]

Where a(x’, x, z) is the apodization factor that is typically a function of the distance
traveled, divergence of the wave propagation, and incident angle of reflecting interface at
each reflection point location with respect to the emitted/received signal. Often this
factor can be omitted so that a(x’, x,z) & 1 assumes a sinc-shaped beam pattern
representation (Duarte et al., 2003; Stepinski, 2007; Claerbout, 2004;). A weighting
function (rather than the simple 1 application from above) can also be applied when
deemed appropriate. Since, in practice, the signal and reconstruction matrix are
discretized in time, the time of flight must often be rounded to the nearest integer. If the
sampling rate is such that this causes significant error, interpolation between points can

be performed.

The SAFT B-scan reconstruction image from the same data used to create the B-scan
from figure 2.17 is shown in figure 2.22 (Schickert, 2003). It can be observed that the
resulting representation of the inclusions is more focused than the parabola representation
from the conventional B-scan. Since this divergent nature of the point source is
accounted for, the reconstruction is a better representation of the reflectivity function of

the material in the ROI.
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Figure 2-22. SAFT representation of the inclusions from figure 2.17 (Schickert,
2003).

The measured signals are often only available at N locations at a certain spacing Ax.
Figure 2.23 shows this type of setup with x; being the leftmost transducer and xy being
the rightmost transducer.

Emitter/Receiver

X1 Xn XN

- Ax

Ta rge{x, z)

Figure 2-23. Schematic of discrete step size transducer position representation.
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For this type of setup, the reconstructed image at each point 6(x,z) can be obtained by

summing over all possible transducer impulse locations:

0(x,z) = YN_, a(x,,%,2)s (Xn,%\/zz + (x - Xn)z) [2.11]

If the reflection due to each transducer pair is conducted at each point 6(x, z), the
reconstructed image, which is an approximation of the reflectivity function of the
material from the fundamental SAR equation, can be obtained. If the ROI is defined to
be W units wide and have D units in depth, the following matrix formalization can be

used to represent the SAFT reconstructed image:

-~ ~ -~

0-1’1 02'1 OW,I

Q)

[0)= | —— =

[2.12]

2.4.3 Time to Space Domain Conversion

Whether the data representation is done using the conventional or novel methods, the
accuracy can only be as precise as the velocity used to convert the impulse time-history
to distance. For concrete pavements with only one-sided access, P-wave velocities are
normally assumed or estimated from coring. This can lead to significant errors due to
variation in the concrete properties throughout the tested pavement. For the linear array
system used in this study it is necessary to determine the shear wave velocity for accurate
reconstruction. By determining velocity using the arrival times of the measurement
system at the surface, which is possible with the ultrasonic linear array setup, the velocity

at each measurement location can be determined.
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This involves taking advantage of the multiple sending and receiving pairs at spatially
diverse locations. Figure 2.24 shows the linear array setup where x’ denotes the
horizontal position of each transducer. For the purposes of this study, transducer
channels will be numbered from leftmost to rightmost. For example, the leftmost
transducer horizontal coordinate is referred to as x; and the rightmost transducer
coordinate is referred to xy, where n is the denoted transducer and N is the number of

transducer channels being analyzed.

transducers
Measured Material

Figure 2-24. Horizontal position of each transducer.

For the impulse time-history, ¥, 9(t), shown in Figure 2.15 the presence of the shear
wave pulse arrival can be observed. The fixed spacing of the transducers allows for
identification of the distance traveled along the surface (X = X; — X¢), Where Xe .. is the
horizontal distance between the emitting (e) transducer and receiving (r) transducer.
Information associated with the time required for the wave to travel along this path (tg,r)
can be obtained from the impulse time-histories, W, ,-(t), such as the one shown in figure

2.15.

Therefore, with known transducer spacing (X ) and time of flight (tglr), the material
shear wave velocity near the surface estimated from the direct arrival can be obtained

using equation 2.12:

cair = fT [2.12]

er
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where C&'" is the shear wave velocity from the direct arrival.
The shear wave velocity determined from equation 2.12 depends on the precision of the
time-of-flight obtained from the impulse time history, W, ,-(t). However, this
measurement is not a trivial task as the impulse time history depends on many factors
depending on the type of piezoelectric transducer pair and boundary conditions. Some of
the factors affecting extraction of the time-of-flight travel through the material from the
total impulse time histories for the ultrasonic linear array used in this study, ¥, ,-(t) and
other systems,W(t), include (Rachlin, 1990; Blum, 1997):
o Internal transducer electric to mechanical (and vice versa) conversions: delay
related to transducer faces and electronic circuitry.
e  Wave arrival identification: Delay related to the peak detection procedure.
o For example, assuming two relatively non-dispersive materials, the initial
peak of the direct arrival will be closer to the actual initial arrival for a
higher velocity material than would be the case for a lower velocity
material due to the difference in pulse wavelength.
e Other factors: There may be system uncertainty caused by factors in the sending
and receiving process not considered or unknown (for example compliance of the

spring loaded transducers, focusing technique of each channel, etc.).

To resolve the issues listed above, it is especially important to have detailed information
on the process of signal generation and rigorous methods of determining the un-
differentiable delay related to the transducer faces and electronic circuitry. Alternatively,
the total system delay can be accounted for without identifying each separate factor by
introducing multiple measurements. For instance, the delay from peak detection can be
assumed to be constant and subtracted from the total time measurement. In the case of
deep sea cores, measurements of physical standard distances with least squares regression

can be used to estimate the hardware delay as shown in figure 2.25 (Blum,1997).
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Figure 2-25. Deep sea core measurement procedure of estimating the delay related

to electronic circuitry (Blum, 1997).

As shown in figure 2.25D, the difference in travel times can then be used to determine the
velocity, rather than relying on calculation of the un-differentiable delay related to the

transducers and electronic circuitry (Blum, 1997).
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The self-contained static linear array used in this study with multiple transducer pairs
permits a similar approach which eliminates the need to account for these un-

differentiable factors individually.

This method is based on the following assumptions:

e Atleast 3 transducer pairs along the same travel path are available, where more
pairs allows for more redundancy and thus increased reliability of the
measurements.

e The system uncertainty issues described above can be assumed to be constant for
the various pairs within a set of measurements

e The shear wave pulse is repeatable so that the same method used to identify the
pulse can be used for each transducer pair

e The sampling rate frequency used to create the time-history plot is sufficient to
determine the time associated with each pulse arrival for the travel path distance
used to calculate the velocity (i.e. the delay between subsequent intensity
measurements divided by the travel path distance should be less than required

velocity precision).

Figure 2.26 shows the results of 5 sending and receiving transducer pairs from an
example measurement with MIRA on a typical concrete pavement. Although the position
of each of the transducer pairs is slightly different, they are all spaced at 200 mm apart. It
can be observed that although the amplitude of each signal can be variable, each pulse
arrival shape and arrival time is repeatable. This illustrates the capability of using this
system arrangement and direct arrivals of each transmitted shear wave near the surface to

calculate the shear wave velocity.
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Figure 2-26. Example direct arrival pulses for five 200 mm spaced transducer

channel pairs.

To illustrate the method used in this study to account for the system uncertainty, consider
a case of 3 transducer pairs using the notation from the diagram shown in figure 2.24. In
this method, the distance between the adjacent receiving transducer and the next

receiving transducer of interest, dx; y = Xy — Xy, is considered for the velocity
calculation. The effective time of flight, tgf’rff , between transducers located at xy and xp,

is the difference in arrival times dt,, y = ty — t, . Figure 2.27 shows the corresponding

raw data time history received by both locations from the emitted transducer location.
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Figure 2-27. Plots showing effective time of flight calculation.

The velocity for the setup in this study can be calculated using equation 2.12 for a set of 3
transducers. Using multiple sets of 3 transducers and averaging the results increases the
stability of the velocity calculations. Assuming there are a total of T transducer

combinations, the calculated velocity is defined by equation 2.13:

Avg r c8y
Cs " = 2Xj=1—7 [2.13]

where j is the current combination of transducers.
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As shown in equation 2.9, the impulse time history should be corrected so that high
intensity impulse locations correspond to the arrival of the impulse in the time of flight
analysis. Due to the same un-differentiable factors listed above dealing with velocity
calculation (Graff, 1997), determination of the shift factor, t3#/FT should be
accomplished by taking advantage of the redundancy of the ultrasonic linear array
measurements. To allow for reconstruction analysis that focuses high reflectivity
(changes in acoustic impedance) within the ROI to impulse peaks, the shift factor is
determined using known spacing and associated impulse direct arrivals using the

relationship given in 2.14:

. !
SHIFT _ 1 T-SP™n T Max _ Xer
t - EZe:l r=spmin ler  — cAvg [2-14]
N
where tg’,[rax is the time associated with the maximum amplitude of the direct arrival and

SP™ is the minimum spacing between transducers that allows for accurate detection of

the peak, dependent on the sampling rate of the receiving transducer. Figure 2.28 show

an example transducer pair impulse response from the ultrasonic linear array system

showing how to obtain tyeX.

Impulse Response

1
0 30 100 150 200 250 300 350 400 430 300

Time, us

Figure 2-28. Determination of the time associated with the direct arrival.

S

41



For the ultrasonic linear array formulation, the impulse response time-histories are
corrected by setting t = t — tSHFT for each sending and receiving pair before it is applied

to the reconstruction image.

2.4.4 Quantitative Analysis Methods

Quantitative signal interpretations can allow for more productive, and often more
accurate diagnoses of the concrete pavement problems listed in section 2.1. For planar or
systematic inclusions this type of analysis can be conducted using pattern recognition or
layer boundary based techniques (Kausel, 1988; Kimoto et al., 2006; Kontoe et al., 2009).
Identification of concrete flaws, which are stochastic in nature can be a more challenging
problem. Schubert and Koehler applied a scheme for single pair impact-echo and pulse-
echo data referred to as impact echo signature analysis (IESA). IESA proved to be useful
for identification of these types of distresses (Schubert et al., 2001).

IESA utilizes Pearson’s correlation for comparison of one-dimensional (1D) impact-echo
signals with a reference signal in either the time or frequency domain. For time domain
analysis, Pearson’s correlation equation which was used for comparison of 1D impact-

echo signals is shown below (Schubert et al., 2001):

N

_ iyl
COV[X ,Y j ] B ; (Xi Xmean)(yl ymean)

- \/V3r[X]Var[Y j] B i(xi — Xmean)zi(yij - yr:-wan)2

j
CXY

[2.15]
Where j is the j-th signal, i is the i-th intensity value within a signal, X and Y’ are the
intensity amplitude vectors of the reference and j-th IE scans, respectively; Cov and Var
stand for the covariance and variance; x; is the i-th intensity value within the reference
signal and vyj; is the i-th intensity value within the current signal, respectively; Xmean and
yjmean are the mean intensity of the reference signal and current signal, respectively; N is
the number of intensity values in each signal being compared; and Clxy is Pearson’s

correlation coefficient, which measures the strength of the linear dependence between IE
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intensity measurements X and Y. Thus, a ijy value of 0 would indicate no correlation,
higher CjXY values indicate similar signals, and a CjXY value of one indicates that the two

signals are related linearly.

In this method, a correlogram can be constructed of the correlation coefficients associated
with each measurement location. By quantifying the similarity of the signal at each
location with a reference acoustic signature representing a “damage-free” position, areas
with low correlation coefficients would indicate the presence of scatterers. Through
analysis of numerically simulated and laboratory test data, Schubert and Koehler
concluded that the IESA method is an ideal extension to traditional evaluation procedures
based on stationary reflections or resonances by large planar flaws. Figure 2.29 shows an
example correlogram, where a dip in Pearson’s correlation can be observed at the three
simulated inclusions of a concrete plate.

Cross-section of concrete model

o

Depth(z), cm

Correlogram

0.998 1
0.996
0.994

0.992

Pearson’s correlation

0 Horizontal Position(x), cm 200
Figure 2-29. Example of an impact-echo correlogram based on Pearson’s
Correlation Coefficient (Schubert et al., 2001).

Schubert and Koehler also stated that a priori knowledge of a reference signal where no
scatterers are present is not generally available. Further, they concluded that a 1D
waveform is susceptible to misinterpretations (Schubert and Kohler, 2001). One

potential misinterpretation when using this method is improper selection of the reference
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signal. When evaluating 1D impulses, it can be difficult to differentiate the reflection
amplitude levels caused by actual defects in the concrete from structural noise which can
be caused by different aggregate types and air void distributions. In this thesis the IESA
method was generalized for use with the linear array system and the reference signal

issue is also considered with a proposed solution.
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3 Interpretation and Analysis of Ultrasonic Linear Array

Signals

This chapter describes the development of various reconstruction procedures for
interpretation of the ultrasonic linear array signals. In addition, several pavement specific
automation procedures were developed to increase productivity and accuracy in

interpretation of a large number of reconstructions.

3.1 Reconstruction

The fundamental SAR and SAFT formulations given in section 2.4.2 were developed for
interpretation of multiple signals with sending and receiving transducers at the same
location. In this section, these formulations will be generalized for interpretation of
signals with sending and receiving transducers located at different locations. Moreover, a
signal sent from one location but received at various locations along the surface can be

accounted for in this formulation.

Similar to the formulation for point source emission and reception at a single location
described in section 2.4.5, the region of interest (ROI) below the testing aperture can be
treated as a collection of point targets. The fundamental expression for SAR given in
equation 2.7 is generalized for each emitting and receiving transducer pair positioned at

x.and x,., respectively, and can be represented as shown in equation 3.1:
s(x, xp,t) = [ [ f(x,2) * 6 (¢ (t, x;, %7, X, 2) ) dzdx [3.1]
Where s(x7, x5, t) is the received impulse due to emitted impulse §(¢* (¢, x5, x;., %, 2));

f (x, z) is the reflectivity function of the ROI; x and z are the horizontal and vertical

positions in the ROI, respectively; and t* is defined by the following relationship:

t* = t—%(\/zz+(x—xe)2+\/zz+(x—xr)2) [3.2]
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The impulse response received at the surface as a function of time, s(xg, x;, t), is a
combination of reflections from each position below the measurement as defined by the
reflectivity function, f(x, z). This function depends on the reflection coefficient of each
of the potential point targets in the ROI as can be observed from equation 2.3. Since the
reflection coefficients are determined by changes in acoustic impedance characteristics
and thus contain the information about material changes in stiffness or density, this is the
information of interest when creating the reconstruction images. Figure 3.1 shows a
representation of potential contributing point sources for a single intensity value within

s(xe, x,, t) according to the fundamental SAR equation.

t = t—%(\/zz + (2 — x)2 + V72 + (x — x,)%)

Region of Interest (ROI)

Figure 3-1. Representation of potential contributing point sources at a constant time
(Roundtrip) from the emitting/receiving transducer according to the fundamental

expression.
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3.1.1 SAFT B-scan

The synthetic aperture focusing technique can be used for the ultrasonic linear array used
in this study in a similar manner to that described for single sending and receiving pairs.
To allow for integration over the various transducer locations, f,;; dx, f)’c; ..dx, , the
impulses received at the surface versus time can be expressed in terms of distances. This
can be accomplished by assuming a constant shear wave velocity, Cs = C ; e,
determined from equation 2.14. If the signals are emitted within interval [x,,,in, Xemax)
and received within interval [x,.,,;,, Xrmax], the reconstructed image at each point 6(x, z)
can be obtained by integrating over all possible transducer pair (impulse emit and

receive) locations:

~ ‘ ; 1
0(x,z) = f;;m"iix dx) f;ﬂ:x A(x], x5, x,2) * s (x;,xé,;(\/zz + (x —xL)% +

JZ2+ (x - x;)Z)) dx! [3.3]
Where A(x,, x;, X, z) is the apodization factor that is typically a function of the distance

traveled, incident angle, and/or divergence of the reflection point location with respect to

the emitted/received signal.

The measured signals for the setup in this study have T = 10 transducer locations at
spacing Ax" = 40mm. Figure 3.2 shows an example linear array setup with x; being the
leftmost transducer. For the ultrasonic linear array used in this study, the leftmost
emitting transducer is located at the leftmost transducer location, x/; = x;, leftmost
receiving transducer is located adjacent to the leftmost emitting transducer x,, =

Xg1 + Ax = x4, rightmost receiving transducer is located at the rightmost transducer
location x; = x7, and rightmost emitting transducer is located adjacent to the rightmost

receiving transducer location xp = xp — Ax = x7_;.
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Figure 3-2. Linear array representation.

After applying the shift factor from equation 2.14 the reconstructed image is obtained at
discrete points by summing over all possible transducer pair locations using the following
relationship for the ultrasonic linear array in this study:

01 = Yoot Drmer1 AL, Xe, X4, 2i) W 1 (X5, 210) [3.4]
where,

1
Yo Gt 210 = 5 (2 00,2 (22 F Gt = %02 427 + (5 = %)7)) [35)

where 0; j, is the image reflectivity assigned to each position within the ROI,
T is the number of transducer locations, e and r are the indexes for the emitting and

receiving transducers, and i and k are the indexes for the horizontal and vertical positions

of the ROI.
If the ROI has W indexes in the horizontal direction and D indexes in the vertical

direction, the following matrix formalization can be used to represent SAFT

reconstructed image, [O]:
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[3.6]

The apodization factor accounts for incident angle and other traits of the signal and tested
medium as explained in Chapter 2. For the ultrasonic linear array used in this study for
testing of concrete pavement, the apodization factor given in equation 3.7 was used:

A(x;‘rxérxiizk) = ae(xé,zﬂxiﬂzk) * ar(x;"xilzk) [37]
Where:

Zk
Vi =37 + 2,2

e (Xe, Xy Z)c) =

Zk
VG =37 + 2,2

ar(xé, Xiy Zk) =

An example of typical data from the ultrasonic linear array on a continuously reinforced
concrete pavement (CRCP) is given herein. Figure 3.3 shows a schematic of the CRCP
structure at the example scan location. It can be observed that there is a set of three
longitudinal reinforcements represented by black circles in the schematic within the ROI

where the measurement was taken.
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Figure 3-3. Schematic of the CRCP subsurface at the example scan location.

Figure 3.4 shows 3 example impulse responses, W, ¢(t), ¥, 5(t), ¥ 4(t) of the total 45
emitting and receiving pairs comprising the example scan. It can be observed that there
are peaks in amplitude at certain locations within the time histories in addition to the
direct arrival positions. While these spikes in amplitude are associated with reflectivity
within the ROI, such as reinforcements and layer boundaries, the location of the cause of

these reflections are difficult to interpret.
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Figure 3-4. Example emitting-receiving pairs from a ultrasonic linear array scan.
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Figure 3.5 shows the resulting SAFT reconstructions after using equation 3.4 to
reconstruct all 45 impulse pairs, W, ,-(t). Figure 3.5(a) was reconstructed using an
apodization factor of 1, and the apodization factor defined in equation 3.7 is used in
figure 3.5(b). Both reconstructions give more information about the subsurface of the
structure than the individual impulses. The high reflectivity locations in the SAFT
reconstructions indicate the location of changes in acoustic impedance such as the
reinforcements and the layer boundary. It can also be observed that the structural noise
observed in figure 3.5(a) in the sound concrete portions is not present in figure 3.5(b).
This illustrates that the use of the apodization factor defined in equation 3.7 improves the
focusing capabilities of the SAFT reconstruction and eliminates some of the structural

noise such as direct arrival intensities that do not represent the reflectivity of the ROI.
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Figure 3-5. Example SAFT reconstruction with the apodization factor equal to (a) 1

and (b) defined by equation 3.7.
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3.1.2 Instantaneous Amplitude SAFT B-scan (SAFT-1A)

In most cases, the reconstruction analysis for concrete pavement applications is
concentrated on identifying the source of the changes in acoustic impedance in the
subsurface. Further focusing of the reconstruction can be achieved by analyzing changes
in instantaneous amplitude within the ROI. The Hilbert transform is useful in calculating
instantaneous attributes of a time series, especially the amplitude and frequency (Hahn,
1996; Huang, 2005; Kschischang, 2006; Todoran et al., 2008; Marple, 1999; Gold, 1969;
Oppenheim et al., 1989). The Hilbert transform, Y(z), of a given function, y(z), is
defined by the following equation:

_1p (e 1®
Y(2) = - P f_m o ds [3.8]
Where P is the principal value of the singular integral in equation 3.8.

And the complex analytic signal, Z(z), is given by:

Z(z) = x(2) +jY(2) [3.9]

Since the reconstruction analysis in this study is based on focusing high reflectivity
(changes in acoustic impedance) within the ROI with high magnitude pulse amplitudes,
calculation of instantaneous amplitudes during the SAFT analysis can give higher
resolution reconstructions. Since the Hilbert Transform envelope will be used during the
reconstruction process, a slight change in the determination of the shift factor calculation
from equation 2.15 must be applied. Equation 3.10 is used to calculate the instantaneous

amplitude of each individual transducer pair impulse time history.

W0 = (90,0 + (P, T as) [3.10]

t—s
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Where Wi4.(t) defines the instantaneous amplitude envelope of time history pair, ¥, ,.(t),

and P is the principal value of the singular integral in equation 3.10.

Use of the instantaneous amplitude, W4.(t), permits a modification of equation 2.15,
which was based on the raw impulse time-history signal. The instantaneous amplitude-

based shift factor, tSHIFT-HIP  for each signal is given in equation 3.11:

¢SHIFTHilb _ izT—SPmi” T _ ¢MaxH _ Xer [3.11]
= gr4e=1 r=spmin leyr C;vg .

Where tY%*H is the time of flight to the maximum instantaneous amplitude of each W}4.

Figure 3.6 shows the same example transducer pair impulse response, ¥, ,., given in

figure 2.28 (top) and corresponding instantaneous amplitude envelope, Wi4., illustrating

the process of obtaining ¢t/ (bottom).
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Figure 3-6. Determination of the direct arrival peak using the instantaneous

amplitude envelope.

The full-waveform impulse responses are corrected by setting t = t — ¢SHIFT.HUD for
each sending and receiving pair before it is applied to the SAFT-1A B-scan

reconstruction.

Similarly, for the ultrasonic linear array SAFT reconstructions based on the Hilbert
transform, we are interested focusing the instantaneous amplitude within the ROI to
changes in acoustic impedance. Therefore, the Hilbert transform is performed for each
horizontal coordinate SAFT reconstruction in a similar manner to equation 3.10 as

follows:
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04(x,2) = \/(6(x, Z))2 + (Efoo 00xs) ds)2 [3.12]

TY—® z-5§

Where 0/ (x, z) defines the instantaneous amplitude-based SAFT reconstruction and P is

the principal value of the singular integral in equation 3.12. If the ROI is represented by

a W x D set of points located in W columns, equally spaced in the horizontal direction,

and D rows equally spaced in the vertical direction, the following matrix formalization

can be used to represent SAFT-IA reconstructed image,[ﬁ]m:

o]

~JA ~JA ~]A
011 021 Ow,
~IA
012

~IA

Oik
~JA ~IA
01D Ow.p

[3.13]

Figure 3.7 shows the SAFT reconstruction from section 3.1.2 from a scan on reinforced

concrete along with a column of the matrix data along the edge of a reinforcement.
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Figure 3-7. SAFT reconstruction and example column data.
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Figure 3.8 shows the SAFT-IA reconstruction after taking the Hilbert transform given in
equation 3.12 as well as the column representation of reflectivity along the same edge of
the reinforcement, 8{%. It can be observed that the high reflectivity in the SAFT-IA

reconstruction better indicates the location of the reinforcement and layer boundary than

the original SAFT reconstruction.
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Figure 3-8 SAFT-IA reconstruction and example column data.

Furthermore, the use of the Matlab™ two dimensional smoothing function (‘disk’
filtering) allows for additional elimination of structural noise in the reconstruction
(Matlab, 1998). Figure 3.9 illustrates the resulting filtered SAFT-IA B-scan of the
forensic verification of the reinforcement location. It can be observed that the depth of
the reinforcement corresponds to the higher instantaneous amplitude region within the

SAFT-IA B-scan reconstruction.
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Figure 3-9. Forensic verification of the focused reinforcement location within the
SAFT-1A B-scan.

3.1.3 SAFT-3D

Three-dimensional reconstruction of subsurface characteristics can simplify interpretation
of multiple ultrasonic array scans. SAFT 3-dimensional reconstructions (SAFT-3D) can
be achieved using various interpolation and filtering techniques. Figure 3.10 shows the
SAFT-IA B-scan from figure 3.9 as well as ten additional measurements at 50 mm step

sizes in the longitudinal direction.
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Figure 3-10. SAFT-I1A B-scans from the cored location as well as 10 subsequent

scans in the longitudinal direction.

These scans were used to create the remaining length of the cored reinforcement as well

as the reinforcement to the right of the cored reinforcement in a three-dimensional

reconstruction (SAFT-3D). Figure 3.11 shows a schematic of the SAFT-3D

reconstruction process where scans are taken in step sizes in the longitudinal direction

and interpolation techniques are used to create the continuous 3D image of the ROI. The

process of creating the SAFT-3D reconstruction included selecting an optimal threshold,
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using the same “disk’ filtering function for each SAFT-IA B-scan, a MATLAB™ 3D

matrix smoothing function (‘smooth3’), and a MATLAB™ interpolation function

(‘isosurface’) within the volume of the reconstruction (Matlab Guide, 1998).
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Figure 3-11. Schematic representation of the process of creating SAFT-3D

reconstructions.

The SAFT-3D reconstruction of 300 mm of depth within the concrete layer of a 500 mm
longitudinal (850 mm to 1350 mm) by 400 mm transverse location is given in figure
3.12. The reinforcement on the left side at 850 mm in the longitudinal direction
corresponds to the cored location. This type of SAFT 3D reconstruction can be useful for
getting relational information about the high intensity reflections to determine if the

reflection is caused by an as designed inclusion or damaged concrete.
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Figure 3-12. SAFT 3D reconstruction using the SAFT-1A B-scan reconstructions

shown in Figure 3.10.

3.1.4 SAFT Panoramic

While the SAFT and SAFT-IA B-scans are useful for diagnostics of various problems,
there are limitations to the use of SAFT B-scans in analysis of some important practical
problems. Often the desired ROI is larger than the resulting SAFT B-scan reconstruction
from a single set of measurements within the self-contained array allows. As explained
by Shouki et al. (2011, 2012), the limited aperture can create situations where
“measurements may be inconclusive if the array is located directly above an edge of a
defect.” To increase the effective aperture and add more redundancy in the
measurements, the following procedure was developed to create large panoramic cross

sections with increased resolution.
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Each SAFT-IA B-scan, 5;21- is converted to the dimensions of the larger region of
interest, ROIp 4y, Wwhere m is an index of the current SAFT-IA B-scan. The vertical
dimensions of the new ROIp,y and ROI of each SAFT-IA B-scan 5721- are the same while
the horizontal dimensions are increased. Let the leftmost (lowest) horizontal coordinates
of the m-th SAFT-IA B-scan, x;, correspond to the x;+ coordinate within the panoramic
reconstruction. In this case all intensity values of the original SAFT-IA B-scan within

the new ROIp 4y are placed according to their physical location with zeros padding any
location where no intensity value applies. Each padded SAFT B-scan, (’)i"?N’m, is created
according to the following relationship for all 57{’_11- horizontal positions within the
ROIpy:

0,\"™ =00 oy fori’<i<i"+W-1

0,\"™=0 fori<itori=i"+W [3.14]

. . ) ) ~1PAN,
Equation 3.15 shows the matrix representation of an example panoramic form, [0] m,

of the m-th applied SAFT-IA B-scan.

_PAN.M LPAN.M
0 0 |oP e pEANM [0 0
0 0 P N 0
~1PAN,M b
[0] ="
_PAN.M _~PAN.M
L)) = |Owp
[3.15]

After this procedure the individual scans can be combined into a single panoramic

representation, SAFT-Pan, using the following rule:

oY = mrzx(aigAN'm) for all k and i in the ROIp y

Where [5]PAN is the matrix form of the SAFT-Pan.
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To illustrate the use of the SAFT-IA Panoramic method (SAFT-Pan), a series of scans at
a PCC joint with embedded dowels is presented. The SAFT-Pan reconstructions show
high levels of reflection intensity at lateral and depth locations where there is a change in
acoustic impedance such as a dowel inclusion or at the interface between the concrete and
base material. Figure 3.13 shows nine SAFT-IA B-scans each centred approximately 5
in. from a transverse joint with 12 in. thickness and 1.5 in. diameter dowels inserted at the
mid-depth of the pavement. It can be observed that round high intensity reflections (red)
are located at about half the depth of the more oblong high intensity reflection (red) at a
greater depth. The round reflections indicate the lateral location and depth of the dowels
while the oblong reflection indicates the depth of the PCC pavement layer. It can be
observed that locations other than the doweled locations or PCC depth have a low

intensity of reflection indicating low reflectivity (sound) surrounding concrete.

Scan 1 Scan 4 Scan 7
Scan 2 Scan 5 Scan 8

!can ! !can E !can !

Figure 3-13. Example set of 9 overlapping SAFT-1A B-scans used to create a SAFT

Panoramic.
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Figure 3.14 shows the SAFT-Pan reconstruction resulting from the 9 overlapping SAFT-
IA B-scans taken in 2 inch step sizes after they have been fused together. The resulting
panoramic tomography indicates the subsurface condition of a 3 ft wide section of the
pavement. Analysis of figure 3.14 indicates an low reflectivity (relatively sound)
condition where the only high intensity of reflection occurs due to features that were as
designed including the slightly less than 1 ft concrete depth reflection and circular
reflections at the depth and lateral location of the dowels. The lack of reflection (blue) at
the remaining locations indicates undamaged concrete. This illustrates that SAFT-Pan
reconstructions can create a clearer picture of inclusions and their relative positions than

individual SAFT-IA reconstructions. SAFT-Pan reconstructions can be used to create

SAFT-3D Reconstructions using the same process described in section 3.1.3.

Q Q %
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AN O OO AN

3 6 9 12 15 18 21 24 27 30 33
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Figure 3-14. Five SAFT-Pan examples at a PCC joint.

3.2 Automated Data Interpretation for Concrete Pavements

While the Kirchoff-migration based SAFT reflectivity reconstructions discussed in
section 3.1 create an intuitive focused image of subsurface reflectivity in pavements,

qualitative analysis methods require expertise and can be time consuming. Quantitative
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methods can be useful to create automated analysis of specific pavement-related
problems to increase productivity while often improving the accuracy and reliability of

the interpretation.

3.2.1 Direct Reflection Automation

The method used for direct reflection quantification should be capable of identifying the
characteristics of the object of interest (e.g. reinforcement location, pavement thickness
interface, delamination, etc.). This can be done with the following general algorithm:
e Run the applicable SAFT analysis described in section 3.1 to estimate the
reflectivity function of the region
o Identify threshold value that will separate high intensity of reflection areas from
low intensity of reflection areas
o Identify characteristics of the type of reflection caused by the specific object of
interest
e Use shape recognition schemes to decide if the identified areas are in fact the
object of interest based on the identified characteristics
e Determine the location (depth and lateral position) of the center of the object of
interest
e FEliminate false positives through a check with one or multiple adjacent scans
e Output the results to a spreadsheet along with information about the scan

locations

The general outline given above was used to develop an algorithm capable of finding
depth of reinforcements or any round inclusion in concrete pavements. Figure 3.15
shows the steps (left top to bottom, then right top to bottom) in identifying 2 longitudinal
rebars in an example SAFT B-scan similar to the example described in section 3.1. The
figure illustrates the use of circularity criteria to identify longitudinal rebar reflections.
After a threshold value of 0.80 of the maximum intensity is applied, the two central
reflections are identified as reinforcement, while the left and right reflections are rejected
because their characteristics could not be determined reliably. Thus, in this case, the
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concrete cover for the identified center two reflections would be output to the

spreadsheet.

Figure 3-15. Progression in identifying the centroid of reflections caused by round

inclusions.

The same general procedure was used to develop an algorithm for automated layer
boundary depth detection. In this case the depth of the reflecting interface was
determined by choosing the highest average reflectivity of the rows in the reconstruction.
The horizontal portion to be included within each row can be predefined based on the

characteristics of the layer boundary.

3.2.2 Flaw Detection

As discussed in section 3.2.1, identification of inclusions and layer boundaries in
concrete from SAFT reconstructions can be automated using shape recognition and
absolute maxima techniques. These methods were feasible because the geometry of the
area of interest was known within each scan and in relation to adjacent scans. However,

flaws in concrete such as improper concrete consolidation are generally non-uniform and
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a priori knowledge of the reflector type and dimension is not available. Automated
detection of these types of defects, which are stochastic in nature, requires a method that

does not rely on shape recognition.

To accomplish this task, the impact-echo signature analysis (IESA) method (Shubert et
al., 2001) described in section 2.4.4, was modified for the reconstruction methods used in
this study. While Schubert and Koehler stated that a priori knowledge of a reference
signal where no scatterers are present is not generally available, the Kirchoff migration
methods described in section 3.1 in this thesis provide intuitive reference scans. It is
proposed to generalize the IESA method for use with SAFT reconstructions that are
obtained from the ultrasonic linear array or other tomography reconstructions. This can
be accomplished by generalizing the IESA into a two dimensional ultrasonic tomography
signature analysis method (2D-UTSA or UTSA). Pearson’s correlation coefficient is
adapted for comparison of reconstructed intensity matrices as follows using the SAFT-IA

B-scan variables introduced in section 3.1.2:

cofloJo1*"] st o (el - ol ot

CIA,m —
\/ Var[[ﬁ]m'ref]Var[[ﬁ]m'm] WoyP. (AIA ref_ A:ﬁer;{ ) TW.oyP_ (el4- 6%‘%,1

_[3.16]

~11A ~11A, . . . .
where [0] ref and [O] ™ are the matrices of reflection intensity for the reference

SAFT-IA B-scan and m-th SAFT-IA B-scan, respectively; 0 IA ref

and 0% are the single
intensity values of the reference signal and m-th reconstruction, respectively, with depth
below the measurement location increasing with k and the location along the horizontal

~IAref

direction of the scan increasing with i; 0,4, and 0%, are the mean intensities of the

reference scan and m-th scan, respectively; Wand D are the number of width and depth

CIA,m :

intensity values in the depth and device aperture direction, respectively; and is

Pearson’s correlation coefficient, which measures the strength of the linear dependence

between [5]1Are [O]IA o
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Thus, if a SAFT-IA B-scan taken on relatively sound concrete with similar structural
geometry is used as the reference scan, flawed concrete locations can be identified. On
the extremes, a C'4™ value of 0 would indicate no correlation and a C'4™value of 1
would indicate that the two SAFT-IA B-scans are related linearly. Therefore, a higher
C'4™ would indicate that the m-th SAFF-IA B-scan was taken on sound concrete, and a
significant decrease in the correlation coefficient would indicate non-uniform SAFT-IA
B-scans, or flawed concrete, especially if observed in a group of adjacent scans. This

type of analysis will be referred to as the 2D-UTSA method.

In addition to making the method applicable for the type of data gathered by the study,
the use of the expanded Pearson’s correlation for 2D comparison improves the method by
correcting the issues of the IESA technique in selecting the reference signal. As
explained in section 3.1.2 the SAFT-IA reconstruction creates a relatively intuitive
reconstructed image of the ROI reflectivity function. Therefore, selection of a damage
free reference scans is possible based on past experience with signal interpretation of
SAFT reconstructions (Hoegh and Khazanovich, 2011; Hoegh et al., 2012a; Hoegh et al.,
2012b) and the misinterpretations associated with the IESA method can be mitigated.
When necessary, coring should be conducted to verify that the reference scan is indeed

damage free.

Furthermore, subsurface damage in concrete is generally entropic in that there is little
variation between SAFT-IA B-scans of concrete in relatively good condition at different
locations if the same instrument settings are used, while there is a significant variation
between scans where flaws are present at different locations (Lin et al., 2011). Therefore,
sound concrete will have similar levels of correlation with the reference SAFT-IA B-
scan, whereas the correlation of scans with flaws at different locations will fluctuate.
Therefore, a procedure where the reference scan is taken as the average of all of the
SAFT-IA B-scans in the set is introduced. It is expected that sound concrete may not
necessarily have as high of a correlation with the generated reference scan as is the case
for a manually selected reference scan. However, if a significant portion of
measurements are made on sound concrete, the sound concrete locations should result in
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similar correlation values, while unsound concrete will result in lower values due to the
randomness of flaws. Thus, decreases are still present in the correlogram even when the
reference scan includes contributions from the flawed concrete locations. As will be
discussed in Chapter 4, this method is not overly sensitive to selection of the reference

scan, and can be generally applied to locate areas of flawed concrete.

3.2.3 SAFT Panoramic-Enhanced

While SAFT-Panoramic analysis is useful for many applications, there are some
situations where the physical location of each SAFT-IA B-scan is not known to the
desired accuracy of the reconstruction. In this case, the SAFT-Pan procedure described
in section 3.1.4 can introduce significant error. Figure 3.16 shows an example of a
SAFT-Pan reconstruction which combines nine individual SAFT-IA reconstructions.

The target step size of 2 in. is used in SAFT-Pan development which resulted in a blurred

reflectivity in the region of the center dowel due to imprecise step size inputs.
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Figure 3-16. SAFT-Pan reconstruction with imprecise step size input.

To address this problem, an iterative procedure for enhanced panoramic reconstruction
was developed. First, each SAFT-IA B-scan is numbered according to increasing
coordinate in the horizontal direction. Then, the individual SAFT-IA B-scans are added

sequentially. The procedure is based on the concept that the same position within the
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region of interest should result in similar relative reflectivity, regardless of the location of

the scan, assuming the effect of limited aperture is taken into account.

~1EPAN, . .
Denote [0] ™ as the panoramic reconstruction after the m-th SAFT-IA B-scan,

[6]1A'm ,is added and WEPAN™ ig the number of columns. Naturally, [5]EPAN'1 =

~11A,1 . . .
[0] " and WEPAN.1 = W where, as defined earlier, W is the number of columns in the
individual SAFT-IA B-scan reconstructions. Unlike section 3.1.4, the exact difference in
positions of adjacent positions, AS, is not known, but is assumed to be within a certain

range defined by equation 3.17:
LAx < AS < 1, Ax [3.17]

where (; and t, are integers and Ax is the difference in horizontal position between two
adjacent columns in the reconstruction. This means that the difference in adjacent
positions can be expressed in terms of number of additional columns, ¢. For each ¢ within

the range [, t,] a similarity between portions of the overlapping regions within

~1EPAN, ~IAM+1 | . e
[0] ™ and [0] """ is determined. To account for the effect of limited aperture, the

first W, columns of [5]1A'm+1 and last W, columns of [a]EPAN'm are not considered in
determining similarity. In many cases, the stability of the process is improved if only a
portion of the reconstruction in the vertical direction[ D,, D, ] is included in the
comparison. Figure 3.17 illustrates the process of determining overlapping regions used

in the similarity analysis.
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Figure 3-17. Determination of overlapping regions between the reconstructions and
determination of the next panoramic reconstruction

The degree of similarity of the overlapping regions, H (1), is determined based on

Pearson’s Correlation as follows:

ZW—W1—12D2 ~EPAN,m _sEPAN M\ om+1_om+1
i=Wy+1 2k=D1\CWEPANmM _yyyp i f Omean Oix —Omean

H() =
() ZW—Wl—LZDZ (ﬁEPAN,m _6EPAN.m)2 ZW—W1—tZDz pmtl_gm+1 )2
i=W1+1 “k=D\"WwEPANmM_y 4 i —mean i=Wq+1 “k=Dq\" ik mean

[3.18]

Where
ZWEP ANm_yy, y0z | GEPANM
EPANM _ i=WEPANmM _w 4 4w, +14k=D; “ i,k
mean -
(W - 2W1 - l.)(DZ - D1 + 1)
W-Wi-t5D;  =m+1
o Zi=W1+1 Zk=01 Ok

Omean = oW, — (D, — D, + 1)
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The ¢ that results in the maximum value of function H (t) on the interval [t4, t,] is denoted

. . ) ~1EPAN,m+1
as the optimal shift factor, t*. Then the next SAFT-EPAN reconstruction, [0] " ,
is defined as follows:
0; ;N = 05, "N™ for i < WEPANM — W 4 " 4 W, [3.19]
aiEII:AN,m+1 -m ax(af}l:AN,m, a:ri-ll;l}EPAN'm+W—L*,k)
for WEPAN™ W/ 4 * + W, < i < WEPANM
and
SEPAN,m+1 _ mm+1
0;) - Oi—WEPAN'm+W—L*,k
for WEPANM ~ i < EPAN,m+1
where, WEPANM+1 i5 the width of the new SAFT-EPAN as defined:
WEPAN,m+1 — WEPAN,m +

. ) ~1EPAN,m+1 . :
Each subsequent SAFT panoramic reconstruction, [O] " , 1s obtained from
. _~1EPAN, ~1IAm+1 ..
addition of [0] ™ and the next SAFT-IA B-scan, [0] "™ The additional number
of columns in the new reconstruction, ¢*, is determined by comparing the similarity
) ) ) 1. [A1EPAN, ~qIAm+1

between portions of the overlapping regions within [0] ™ and [0] " The

additional columns, ¢*, are chosen from within the range of potential shift factors [i4,t,].

Figure 3.18 illustrates the similarity of overlapping scans as a function of possible shift
factors, H(t), used for fusing of the nine scans from this example. The plot is given on an
x-axis scale where columns are converted to inches and the target shift factor of 2 in. is
marked by the black vertical line. The column range, [t4, (] used for determination of the
optimal shift factor, ¢*, is equivalent to a range of 1.4 inches to 2.6 inches. It can be
observed that the optimal step sizes, as determined by the ¢ resulting in the peak of the
H (1) curves, are significantly different than the target shift factor at various locations.
Smaller than target shift factors, t*, were used for placement of m = 2,4,6,8 SAFT-IA
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scans, [5] o

m = 3,5,7,9 SAFT-IA scans, [0
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Figure 3-18. Similarity of overlapping region curves used for placement of SAFT-

IA reconstructions into the SAFT-EPan reconstruction.
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Figure 3.19 shows the (a) original SAFT-Pan reconstruction and (b) SAFT-EPan
reconstruction both obtained from the same nine individual SAFT-IA scans in this
example. It can be observed that the blurry oblong reflection at the center dowel in the
SAFT-Pan is a more focused circular reflection when using the SAFT-EPan
reconstruction. Correcting for some of the uncertainty in the measurement process by
placing the scans based on similarity of overlapping regions allows for a more focused

reconstruction that is consistent with the reflectivity in the region.
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Figure 3-19. Reconstruction of 9 overlapping scans over 3 dowels to create (a)

SAFT-Pan and (b) SAFT-EPan reconstructions.
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4 Validation of Signal Processing Techniques

The reconstruction and automated analysis techniques developed as a part of this thesis
were validated with a variety of laboratory and in-situ testing measurements. In these

cases, ground truth comparison was available for validation of the various techniques.

4.1 SAFT - Instantaneous Amplitude

As explained in detail in section 3.1 of Chapter 3, Kirchoff migration was generalized for
focusing of sending and receiving pairs at spatially diverse locations. This allowed for
reconstruction of the relative reflectivity amplitude within the region of interest (ROI)
using the 45 impulse time-histories from each ultrasonic linear array scan at various
incident angles using the instantaneous amplitude-based synthetic aperture focusing
technique (SAFT-IA). The accuracy of the assumptions and reconstruction concepts

were validated for various concrete pavement nondestructive evaluation needs.

4.1.1 PCC Slab Thickness

Concrete pavement slabs are often placed on an un-bonded granular base that has
significantly lower acoustic impedance than the concrete layer. Identification of the PCC
slab thickness using ultrasonic linear array scans involves determination of the highest
reflectivity row, and corresponding physical depth, within the reconstructed image. The
simple geometry of this structure does not require precise focusing capability of the
reconstruction algorithm. However, the accuracy highly depends on the accuracy of the

tShft which were

parameter determination such as pulse velocity, Cs, and shift factor,
introduced in section 2.4.3. The top layer thickness for various laboratory and field

testing locations were used for validation of these parameters.

As explained in Chapters 2 and 3, the shift factor and velocity calculations for each of the
reconstruction procedures were based on the objective of matching the highest amplitude
of the pulse to the highest reflectivity locations in the ROI. Thus, verification of the
automated layer boundary depth detection consisted of comparing the depth of the
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highest reflectivity within the SAFT-IA reconstruction with the interface between the
PCC layer and the underlying base (highest change in acoustic impedance in the
subsurface structure). These locations correspond to the SAFT-IA measured PCC
thickness and forensic measured PCC thickness, respectively. Figure 4.1 shows a
comparison of thickness measurements from various locations such as the Minnesota
Road Research Facility (MnROAD), the National Airport Testing Facility (NAPTF),
Engineering Research and Development Center (ERDC) facility in Vicksburg, MS, as
well as various in service pavements using the automated layer boundary depth as
compared to the core measurements in the same location. It can be observed that there is
a very good agreement between the ultrasonic linear array (MIRA) SAFT-IA
reconstruction measured thickness and forensic (core) measured thickness (R? =

997, slope = 0.988). These comparisons of the PCC layer thickness detection with
ground truth data validate the calculation procedures for reconstruction parameters such

as velocity and shift factor.
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Figure 4-1. Comparison of the core measured thickness versus the automated layer

boundary depth measurements.
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Figure 4.2 shows undulations of pavement thickness of a newly constructed highway
pavement as detected using the automated layer boundary algorithm (blue) along with the
core measured thickness at the typical MnDOT specified thickness quality assurance
distances. It can be observed that many of the locations where the pavement thickness
was significantly above or below the nominal 9 in. thickness were not captured using the
limited amount of data that coring provides. Therefore the simple automated thickness
procedure can provide valuable additional information for quality assurance and design

of concrete pavements.
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Figure 4-2. Automated thickness measurements showing undulations of the
pavement thickness (blue) along with core thickness measurements of a newly

constructed pavement.

4.1.2 Reinforcement Location

The depth and lateral location of strong reflections within the PCC layer can be evaluated
using the various SAFT analysis methods described in Chapter 3 to determine the
location of reinforcements. Figure 4.3 shows ultrasonic linear array measurements that
were analyzed using the automated reinforcement location software versus core measured
concrete cover. It can be observed that using an automated procedure to identify the
centroid of high reflectivity regions in the reinforcement vicinity of the ROI not only
allows for productive analysis, but the calculated concrete cover corresponds well with
core measurements (R? = 0.997, slope = 0.985). As will be discussed in more detail in
Chapter 5, this accuracy significantly exceeded the accuracy of the conventionally used

methods for this application.
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Figure 4-3. MIRA measured and software analyzed concrete cover versus core

measured.

4.1.3 Delamination Detection

A comparison of high reflectivity regions with the expected inclusion or layer boundary
locations gives information about the condition of the surrounding concrete in a
pavement structure. If no high reflectivity locations are observed within the concrete
layer other than at as designed inclusions or layer boundary positions, this indicates a
sound concrete condition. Figure 4.4 shows an example SAFT-IA reconstruction from a
scan location on a CRCP pavement in Antwerpen, Belgium where direct circular
reflection locations indicate the position of the as designed longitudinal reinforcement
locations. The lack of direct reflections at the locations between the reinforcement

indicates a sound concrete condition.
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Figure 4-4. SAFT-IA reconstruction indicating the location of reinforcement and

sound concrete condition.

Figure 4.5 shows the forensic verification of the sound concrete condition at the
ultrasonic scan location. It can be observed that the direct reflection results were used to
mark the location of the reinforcements prior to coring. The red circle mark was made
between the reinforcement locations and a core was taken to verify the sound concrete

condition. It can be observed from the core that the concrete is in relatively sound

condition.
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Figure 4-5. Forensic verification of the sound concrete condition.

Locations within the reconstructions where high intensity reflections are observed other
than locations were designed inclusions or layer boundaries are present are indicative of a
certain extent of damage. Figure 4.6 shows a SAFT-IA reconstruction with a strong
oblong reflection at a location indicating damage at the level of the reinforcements at
different location in the same CRCP pavement. It can be observed that there is an oblong

high intensity reflection connecting the locations were the reinforcement is located where
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no designed layer boundary should be expected. This indicates the presence of

delamination of the concrete at the level of the reinforcement.
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Figure 4-6. Direct reflection indicating a damaged concrete condition at the depth
of the CRCP reinforcement.

Figure 4.7 shows the forensic validation of the damaged concrete condition. It can be
observed that the high reflectivity results were used to mark the location of the damage
prior to coring. The red circle mark was made adjacent to the reinforcement location so a
core could be taken to verify the delamination initiating at the reinforcement. It can be
observed from the core that the concrete is delaminated at the depth of the reinforcement

as SAFT-IA analysis suggested. The bottom of figure 4.7 shows the delamination at the

reinforcement.
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Figure 4-7. Forensic verification of the delaminated concrete condition.

4.1.4 Defect Inclusions

Changes in acoustic impedance in the form of inclusions result in strong reflections
within the PCC layer at the depth and lateral location of the inclusion when evaluating
the relative reflectivity within the SAFT-IA reconstructions. Figure 4.8 shows the SAFT-
IA reconstruction as well as embedded plastic wrapped porous concrete inclusion. This
object, along with other fabricated inclusions, was embedded in a test pavement at
MnROAD to simulate poor consolidation/foreign particle inclusions in the PCC layer.
High reflectivity within the ROI at the location of the inclusion can be observed
indicating its presence. Inclusion identification validation is discussed in more detail in

section 4.4.
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Figure 4-8. SAFT-IA reconstruction with indicating the location of an embedded

porous concrete inclusion.

415 Deterioration

In addition to circular and horizontally oriented cracking and inclusions within the
concrete layer, vertical or angled cracking and deterioration of the subsurface of the
concrete can also be evaluated using SAFT-IA reconstructions. In this case, while large
changes in acoustic impedance are present in the ROI, the incidence angle does not
always result in high amplitude reflections back to the surface. Thus, high reflectivity
within the reconstruction is not always observed in the region of these changes in
acoustic impedance within the ROI. However, these types of distresses can often be

identified by shadowing, where the pulse does not transmit through the boundary created

84



by the distress. While this type of indirect analysis is best identified using the UTSA
analysis discussed in section 3.2.2, an example of shadowig analysis for flaw detection
using SAFT-IA analysis can be observed below. Ultrasonic scans and resulting SAFT-IA
reconstructions from a different location in the CRCP section in Antwerpen, Belgium

used in section 4.1.2 are shown in figures 4.9 and 4.10.

Figure 4.9 shows a progression of SAFT B-scans taken at a transverse crack. Scans were
taken with MIRA centered 4 in. to the left of the crack, 2 in. to the left of the crack, and
centered on the crack shown from left to right, respectively. It can be observed from the
direct reflections that there is delamination at the depth of the reinforcement. However,
the gap in the reflectivity at the delamination level corresponds to the location of the
measurement in relation to the vertical transverse crack. This indicated that the vertical
crack propagated at least to the depth of the horizontal delamination. However, high
reflectivity at the vertical crack location was not observed, rather by the gap in the
reflectivity at the delaminated level caused by the lack of a transmitted pulse trough the
vertical crack boundary. The core shown in Figure 4.10 shows the validation of the

horizontal delamination as well as the full depth propagation of the vertical crack.

Depth, in.

2 Transverse Location, in. 14 2 Transverse Location, in. 2 Transverse Location, in. 14

Figure 4-9. SAFT-IA reconstructions indicating the presence of a vertical and

horizontal crack.
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Figure 4-10. Forensic verification of the delaminated concrete condition with

vertical crack.

4.2 SAFT Panoramic and Enhanced Panoramic Reconstruction

As explained in Chapter 3, the assumptions and parameters for the SAFT-Pan and SAFT-
EPan methods are similar to SAFT-IA analysis in that they are determined based on
creating a relative reflectivity reconstruction that matches changes in acoustic impedance
within the ROI. An example of each of these reconstructions versus forensic results is

given herein.

4.2.1 SAFT Panoramic

Figure 4.11 shows the starting and stopping point of overlapping ultrasonic linear array
scans taken at a MnROAD concrete pavement transverse joint(top), the resulting SAFT-
Pan reconstruction (middle), as well as the forensic verification (bottom). The orange

box around the SAFT-panoramic reconstruction corresponds to the orange box around
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the cross section of the pavement at that scanned location as revealed by trenching the

joint.

It can be observed that the mid-depth of the high intensity reflection on the left of the
SAFT-Pan is approximately 9 inches in depth, which corresponds to the PCC slab
thickness and indicates sound concrete. Forensics confirms this assessment as shown on
the left side of the interface in figure 4.12. A shallower high intensity reflection can be
observed on the right side of the SAFT-panoramic reconstruction. The mid-depth of this
reflection is approximately at 4.5 in. This corresponds with the depth of the delamination
that can be observed at about 4.5 in. depth on the right side of the forensic interface
validating the SAFT-Pan reconstruction of the relative subsurface reflectivity in the
example cross-section of the pavement. Although this is a fairly straight forward
diagnosis using ultrasonic linear array scans with SAFT-Pan analysis, this subsurface
distress was not identified by other state of the art and conventional nondestructive

evaluation methods, as will be explained in more detail in the case study given in Chapter

5.
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Figure 4-11. SAFT-Pan reconstruction and comparison with the actual
delamination crack path at a MnROAD concrete pavement transverse joint.

4.2.2 Enhanced Panoramic Reconstruction

As discussed in section 3.2.3, there are situations where the physical location of each
SAFT-IA B-scan used to create a panoramic reconstruction is not known to the desired
accuracy. This can potentially introduce significant error in the SAFT-Pan reconstruction
described in section 3.1.4 which is based on using pre-defined locations when applying
SAFT-IA scans. Figure 4.12 shows an example of a SAFT-Pan reconstruction which
combines three individual SAFT-IA reconstructions using a target 2.5 inch shift factor.

This type of blurred reflection is inconsistent with the reflectivity of a round metal dowel
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surrounded by sound concrete. This type of reflection may indicate presence of damage

of the concrete around the dowel.
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Figure 4-12. SAFT-Pan reconstruction with imprecise step size input.

To investigate the cause of the blurred reflectivity in the area of the dowel, the SAFT-
EPan reconstruction procedure was employed. Figure 4.13(a) shows the SAFT-EPan
reconstruction obtained from the same three individual SAFT-IA scans. The shift factors
were determined by using the highest similarity of overlapping regions using the
procedure described in section 3.2.3 resulting in shift factors significantly less than the
2.5 inch target shift factors, equal to 1.8 in. and 1.7 in. when placing the m = 2 and

m = 3 SAFT-IA reconstructions, respectively.

It can be observed that the new shift factors, determined using the enhanced panoramic
reconstruction procedure, resulted in focusing of the reflectivity reconstruction in the area
of the dowel. This type of focused reflectivity in the reconstruction should be expected

at a round steel reinforcement embedded in sound surrounding concrete.

A core at the doweled transverse location is also shown in figure 4.13(b) indicating a
single dowel with relatively sound surrounding concrete. This validates that the blurred
reflectivity in the region of the dowel was caused by the difference between the actual
scan locations and the pre-defined 2.5 in. shift factors used in the SAFT-Pan

reconstruction. This also validates that the SAFT-EPan reconstruction correctly focused
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the reflectivity to the actual change in acoustic impedance to the region of the embedded

dowel.
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Figure 4-13. SAFT-EPan reconstruction and subsequent forensics at the example

overlapping scans location.

4.3 SAFT Phase Analysis

As discussed in section 3.1.2, the SAFT reconstructions can be used to represent the
reflectivity of the ROI more effectively when using the instantaneous amplitude to
represent the signals. While this allows for focused reconstruction, the phase information
of the impulse is lost when converting from the raw impulse data to the instantaneous
amplitude. While this is rarely a concern in concrete pavement evaluations, there are
certain cases where the phase information of the raw impulse data should be preserved
during the reconstruction process. One example where phase information can be useful
in pavement nondestructive evaluation includes analysis of the concrete bond condition
around two major types of reinforcement in concrete pavements (rebar and dowels,

respectively).

Rebar is typically designed to resist horizontal movements. Tie bars are a type of rebar
used in jointed plain concrete pavement (JPCP) that is designed to restrict horizontal

movements of longitudinal joints. Mesh grid rebar are used in CRCP to restrict crack
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opening. This type of reinforcement is designed to have a full bond with the surrounding

concrete.

Dowels are designed restrict differential vertical movements in JPCP transverse joints to
provide vertical load transfer across the joint without restricting horizontal movements.
These reinforcement types typically are fabricated with an epoxy coating and/or greasing
agent applied during placement to break the bond between the dowel and the surrounding
concrete. A properly functioning dowel should not be bonded to the concrete allowing

for concrete shrinkage and thermal expansion and contraction of the concrete pavement.

Figure 4.14 illustrates an example SAFT reconstruction from a scan taken on a newly
constructed concrete pavement on top of (a) a dowel in a transverse joint and (b) a tie bar
in a longitudinal joint. It can be observed that in both cases, there are high amplitude
reflections in the vicinity of the ROI where the reinforcement is embedded. However, the
polarity of the pulse reflected from the different reinforcement locations has a different
pattern. The pulse from the location of the dowel (circled in black in figure 4.14(b)) is
similar to the direct arrival polarity pattern shown in figure 2.7, or reflection at the
concrete layer depth as shown in figure 3.5 below 13 inches, where a highly positive
magnitude is followed by highly negative amplitude. The pulse from the location of the
tie bar (circled in black in figure 4.14(a)) is similar to the polarity pattern shown in figure
3.5 at the CRCP rebar locations just below 8 inches in depth, where a highly negative
magnitude is followed by highly positive amplitude.

Based on the functionality of the reinforcement types described above, and by
referencing equation 2.3, it follows that a properly functioning rebar should have the
opposite polarity pattern of a properly functioning dowel. The reflections associated with
the tie bar in figure 4.14(a) and CRCP rebar locations in 3.5 should experience a  phase
shift when reflecting from a bonded higher acoustic impedance interface such as bonded
steel in concrete. In the other cases, including the greased and un-bonded condition
around the dowel, the reflecting interface (air in the case of the un-bonded dowel) does
not cause a phase change in the pulse.
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Figure 4.14 shows the bond condition of the concrete around the (a) tie bar and (b) dowel.

While it is difficult to observe the different concrete bond conditions visually, it is clear

from the designed functionality and differences in phase in the SAFT reconstructions that

there is a difference in bond condition. While the bond condition, and thus phase of the
SAFT reconstructions, is variable, these are the general phase differences observed
consistently between these two types of reinforcement when applying the SAFT
reconstruction to linear ultrasonic array signal pairs. This validates the ability of SAFT

reconstruction in differentiating bond condition based on phase of the reflected pulse.
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Figure 4-14. SAFT reconstruction and reinforcement/concrete bond condition for

an (a) tie bar, and (b) dowel.

4.4 Signature analysis

As discussed in section 3.2, the manual data interpretation of the Kirchoff migration
based reconstructions for various pavement nondestructive evaluations can be time

consuming and labor intensive. The automated 2D-UTSA procedure and process of

selecting a reference signal is discussed in this section.
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4.4.1 Defect Detection

To evaluate the robustness of the UTSA method in identifying subsurface distresses, a
series of tests were conducted. This included testing at the Minnesota Road Research
Facility (MnROAD) and the Federal Aviation Administration’s National Airport
Pavement Test Facility (NAPTF) (Hoegh and Khazanovich, 2012).

The ultrasonic linear array testing at MnROAD was conducted to verify the robustness of
the UTSA method for locating defects with known dimensions and locations. To
accomplish this, various defects were fabricated and embedded in the concrete at a fully
bonded two-lift concrete pavement construction test site. The defects were fabricated to
represent random “honeycombing” flaws in the concrete. The three defects embedded in
the concrete included plastic wrapped aggregate in the center of the slab, a plastic
wrapped porous concrete semi-cylinder on the left side of the slab, and a porous concrete

semi-cylinder on the right side of the slab. Figure 4.15 shows the fabricated inclusions.
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Figure 4-15. Fabricated inclusions: (a) a plastic-wrapped porous concrete semi-

cylinder, (b) plastic-wrapped aggregate, and (c) a porous concrete semi-cylinder.

The testing involved 41 adjacent ultrasonic linear array scans taken in 3 in. (76 mm)
increments moving toward the right above the fabricated inclusions. Using this type of
testing procedure, it would be expected that the relative reflectivity in the SAFT-IA

reconstructions from each of the embedded inclusions should move toward the left side
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of the reconstruction as the device is moved to the right as the relative position of the

change in acoustic impedance is moving to the left.

Testing at the NAPTF was conducted to verify the 2D-UTSA technique in a situation
where the presence or type of damage was unknown. Testing was conducted on a slab
exposed to a potassium acetate deicer. As indicated in Figure 4.16, cores taken at a
location in this slab prior to ultrasonic linear array testing showed little to no damage.
Analysis of SAFT-IA B-scans was conducted to verify that the “damage free” core was
representative of the rest of the pavement. The testing procedure was similar to that
conducted at MnROAD with 3 in. (76 mm) increments between adjacent scans.
However, the scanning step size direction was perpendicular to the length of the device

rather than along the length.

Top Surtace

Full Core 4in. Cross Section

Figure 4-16. Core indicating “damage free” concrete at the NAPTF slab location.
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The UTSA correlogram for ultrasonic linear array scans taken at MnROAD locations
without fabricated distresses are shown in Figure 4.17. It can be observed from this
figure that there is a small amount of variation in Pearson’s coefficient at these locations,
ranging from 0.90 to 0.93. Scatter of this magnitude is on the order of that which could
be caused by structural noise from the variable aggregate and air void distribution. When
analyzing the presence of flaws or inclusions in concrete, this type of scatter in Pearson’s

coefficient should be ignored.
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Figure 4-17. Correllelogram of concrete without an embedded inclusion, indicating

the absence of a subsurface defect.

Figure 4.18 shows the 2D-UTSA correlogram of the scans obtained above of the artificial
defects using a manually selected reference scan representing “damage free” concrete.
Decreases in Pearson’s correlation can be observed in three locations that are much larger
than that which would be expected from structural noise. These decreases in Pearson’s
correlation coefficient correctly indicated the presence of the fabricated defects, and are

similar to decreases in the IESA analysis of the simulated defects shown in Figure 2.29.
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Figure 4-18. Correlogram from 41 adjacent measurements above the fabricated

distresses.

A zoomed-in view of the leftmost artificial defect and corresponding correlogram dip, as
well as sample SAFT-IA scans resulting in the drop in Pearson’s correlation, are shown
in Figure 4.19. In this case, observations of the various SAFT-IA scans indicate the
presence of the distress by the high reflectivity in the inclusion vicinity of the ROI.
Shadowing of the backwall reflection at the concrete depth interface below the artificial
defect can also be observed. While, in this case, the defect could be identified by visual
inspection of the SAFT-IA scan, use of the UTSA method mitigates this need for
engineering judgment, and can be used as a more efficient and objective analysis method
for larger scale cases where it is not feasible to manually evaluate each scan in detail.
This MnROAD example provided validation of the UTSA procedure with regard to
identifying typical subsurface defects in preparation for applications where the presence,

type, and location of any possible defects are unknown.
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Figure 4-19. Zoomed-in view of the leftmost fabricated defect, corresponding dip in

the correlogram, and sample SAFT-1A scans indicating the presence of the defect.

The verified UTSA method was then applied to the NAPTF concrete pavement section.

A trend similar to that shown in Figure 4.17 was observed at most locations, confirming
that the “damage free” cores were representative of most of the pavement area. However,
in one location, a decrease in the Pearson’s correlation similar to that seen in Figure 4.18
was observed in the correlogram. The SAFT-IA scans adjacent to, as well as directly at
the locations of decreased correlation, are shown in Figure 4.21. A shallow,
approximately 4 in. (~100 mm) deep reflection can be observed in addition to shadowing
of the backwall reflection at locations A through D corresponding to the dip in the
correlogram. A core was taken at the location of the observed dip in the correlogram.
Figure 4.20 shows the presence of a horizontal delamination, as well as some poor
consolidation in the core. Forensic analysis of the cross-section of the core and pavement
interface where the core was taken also identified that the delamination covered a smaller

portion of the MIRA aperture at locations A and D from Figure 4.20, while locations B
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and C correspond to scans taken directly above the delamination. This validated that the

UTSA identification of a subsurface defect was indeed correct.
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Figure 4-20. Correlogram indicating a subsurface defect at the NAPTF site using a

manually selected reference scan.
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Figure 4-21. SAFT-IA reconstructions at locations A,B,C,D as shown in Figure 4.20.
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4.4.2 Reference Signal Determination

The robustness of the UTSA method is evaluated below by replacement of the manually
selected reference SAFT-IA B-scan with an averaged reference SAFT-IA B-scan. Figure
4.22 shows a correlogram created using the average of all scans as the reference scan
representing the same MnROAD area shown in Figure 4.18. It can be observed that the
use of the averaged reference scan results in lower correlations than those obtained from
the manually selected reference scan. However, correlogram dips are observed at the
same locations as in the correlogram generated using the manually selected reference
scan. Thus, the 2D-UTSA analysis using the averaged reference scan method also

resulted in detection of the fabricated defects.
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Figure 4-22. Correlograms from 41 adjacent measurements above the fabricated

distresses using the averaged reference scan.

The averaged reference scan approach was also applied for 2D-UTSA analysis on the
NAPTF slab. Figure 4.23 shows the correlogram generated using the averaged reference
scan for the same location where a subsurface defect was identified. This analysis was
conducted in an area where 40 percent (4 of 10 scans) of the scans were taken in the

vicinity of the subsurface defect. It can be observed that even in this challenging case,
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the decrease in the Pearson’s correlation is observed when using the averaged reference
scan. However, locations A and D were not identified as having any distresses below the
scanning location. This validates that, even for a reference scan which is not completely
representative of sound concrete, the 2D-UTSA analysis is capable of damage detection
if a significant portion of the scans are taken on sound concrete. However, proper

selection of the reference scan increases the resolution of UTSA analysis.
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Figure 4-23. Correlogram indicating subsurface defect at the NAPTF test slab, as

compared to the averaged reference scan.
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5 Case Studies

The ultrasonic linear array signal processing techniques were used to investigate several
practical engineering problems at in-service concrete pavements. This included
reinforcement and thickness detection as well as bond evaluation and subsurface

deterioration.

5.1 Georgia CRCP

Ultrasonic linear array (MIRA) testing was conducted to determine concrete cover and
pavement thickness. MIRA testing of continuously reinforced concrete pavement
(CRCP) was conducted on I-85 near Atlanta, GA for project NHS-M002-00(434)01,
Coweta county. Ultrasonic linear array diagnosed longitudinal bar depths and concrete
thicknesses results are presented along with a comparison with convention nondestructive
testing (pachometer) results and subsequent core measurements. In addition, the

measurement process and data interpretation method are detailed.

5.1.1 Testing Procedure

Testing was conducted after the construction process, but prior to opening to traffic, at
several sections of CRCP pavement on [-85 in Atlanta. The testing was initiated due to
suspected variability in concrete thickness as well as cover between the reinforcement
bars and surface and/or base. Ultrasonic linear array testing was conducted on these
sections to estimate the variability in construction, as other conventional nondestructive
techniques such as the pachometer proved to be inconsistent for this application.
Measurements were taken in 50 ft intervals of northbound I-85 from stations 145+00 to
324+00 (excluding the bridge section) as well as southbound shoulder I-85 from stations
360+00 to 430+00. Figure 5.1 illustrates the general layout of the tested sections with
northbound I-85 lanes on top in Figure 5.1a and the southbound lane on the bottom in

Figure 5.1b (not to scale/proportional).

101



2 NORTHBOUND 1-85
Station# Station# MB Station# SHOULDER Station#

324400 279400 ‘I\R 272450 145+00

ok ok k| N | [ R ook ke ok ke ok okok Rk ok ok ok
Jodk K Ak k| LD e ok ok ook e ek ok ok ok ok ok ok Kk

| G .. )
J Np| NORTHBOUNDI-85 Y
longitudinal joint E LANE 3 50 ft interval

Measurement points

5.1a. Northbound Lane 3 and shoulder general layout.
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5.1b. Southbound shoulder general layout.

Figure 5-1. lllustration of the general layout of testing (not to scale/proportional).

Seven cores were taken at the center of the lanes for calibration/verification purposes (2
in the northbound lane, 2 in the shoulder of the northbound lane, and 3 in the southbound
shoulder). Measurements were centered approximately 18 in. from the longitudinal joint
with the long portion of the device aperture perpendicular to the direction of traffic and
the right side of the device and corresponding right side of the resulting SAFT-IA

reconstructions closest to the longitudinal joint.

Figure 5.2 shows an example of the orientation of the device aperture with respect to the
lane. The southbound lane measurements were made in closer proximity to the edge as
shown in figure 5.3. This was done for comparison with the visible interface at the
longitudinal joint as no pachometer markings were present for comparison. The concrete
cover of the rebars closer to the center of the lane was not measured in this study except
for the core location measurements for calibration purposes. At the calibration locations
in lane 3 of northbound I-85, 28 scans were taken leading up to and beyond the 50 ft

interval marking with the measurement directly over the marking between the 15th and
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17th scans. Five scans were taken on all locations between calibration points with the 3rd

scan directly over the marking.

Figure 5-2. Orientation of the ultrasonic linear array device in lane 3 of northbound
1-85.
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Figure 5-3. Orientation of the device for measurements of the southbound 1-85 lane.
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Figure 5.4 shows an example calibration point where 28 measurements were taken at 20
mm intervals (measurement 16 is directly over the top of the 50 ft interval marking in this
case). In the shoulder of northbound I-85, 3 scans were taken at each location with the
2nd scan directly over the marking. In some locations (<5%) the surface was too rough
or uneven for proper coupling of all 40 transducers of the device aperture. In these
locations, the aperture was moved to a location in close proximity where proper coupling
could be achieved, or no measurement was given in that location. Figure 5.5 shows an
example location where the surface was rough/uneven so the measurement was moved
closer to the center of the lane. In the southbound lane, 6 scans were taken at each
measurement location with the 4th scan corresponding to the center of the measurement

point.

Figure 5-4. Calibration location in lane 3 where 28 scans were made with the 16th

scan located directly over the measurement location.
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Figure 5-5. Example of a rough surface that required the device to be move to the

left for proper coupling of the transducers.

5.1.2 Analysis and Results

In each ultrasonic linear array SAFT-IA reconstruction, the presence of two or three
longitudinal bars could be identified, and their depths measured. Figures 5.6(a) and
5.6(b) show typical output displays showing 2 and 3 longitudinal bars within the aperture,
respectively. Figure 5.6c shows a SAFT-IA reconstruction with high reflectivity in the
region of the reinforcements as well as the PCC thickness interface. SAFT-IA
reconstructions were used along with the automated analysis methods described in

section 3.2.1 to determine the depth of the reinforcement and pavement thickness.
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Figure 5-6. Examples of SAFT-IA reconstructions with reinforcement and PCC

bottom surface reflections.

In one output method the concrete cover of each longitudinal bar in the device aperture,
called “all bars”, is presented where the concrete cover of the left and right bars, or left,
middle, and right bars were all estimated depending on if there were 2 or 3 bars in the
aperture, respectively. Another output called “shallowest bar” was used to estimate the
concrete cover of only the shallowest bar within the device aperture. For example, in the
“shallowest bar” method, only the middle bar would be estimated in figure 5.6b as the
center of the middle high reflectivity region (longitudinal bar reflection) is shallower than
the center of the high reflectivity regions (longitudinal bar reflections) on the left and

right within the device aperture.

Figure 5.7 shows the ultrasonic linear array estimated concrete cover for “all bars” within

the device aperture for stations 145+00 through 238+50, and for the “shallowest bar” for
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all stations greater than 238+50 of northbound lane 3. Even for the “shallowest bar”

method, the position of the shallowest bar is still labeled in the plot. These measurements

were taken at 50 foot intervals centered 18 in. from the longitudinal joint in northbound

lane 3. In northbound lane 3 the right part of the aperture is closest to the lane edge and

the left part is toward the center of the lane, as is the case for all measurements.

The ultrasonic linear array measured concrete covers ranged from 2.63 in. to 5.64 in. The

FHWA, GA Division provided the concrete cover specifications. It can be observed that

a significant amount of concrete cover measurements were above (28%) or below (25%)

the specified upper limit and lower limits of concrete cover of 4.25 in. and 3.5 in.

respectively.
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Figure 5-7. Concrete cover measurements for northbound lane 3 including all bars

within the ultrasonic linear array device aperture.

Figure 5.8 shows the ultrasonic linear array measured concrete cover for “all bars” within

the device aperture for stations 223+00 through 228+00 of northbound lane 3. This

zoomed in view of some of the data presented in figure 5.7 shows the slight variation (in
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some cases up to ~0.4 in.) in concrete cover of adjacent longitudinal bar depths even
within the same longitudinal line. It can also be observed that most of the concrete cover

measurements were below the specifications.
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Figure 5-8. Ultrasonic linear array concrete cover “all bars” measurements for

northbound lane 3 zoomed in to station numbers 223+00 through 228+00.

Figure 5.9 shows the ultrasonic linear array measured concrete cover for the “shallowest
bar” from 145+00 to 250+00 and ““all bars” measured in stations 250+50 through 321+50
of the northbound shoulder. It can be observed that a most of the concrete cover
measurements were above (75%) the specified upper limit. Only 4% of the concrete
cover measurements were below the specified concrete cover lower limit, and only 21%
of the concrete cover measurements were within the specified limits. The ultrasonic

linear array measured concrete covers ranged from 3.20 in. to 6.87 in.
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Figure 5-9. Concrete cover measurements for northbound shoulder between 145+00

and 321+50.

Figure 5.10 shows the ultrasonic linear array estimated concrete cover for the “shallowest

bar” in stations 360+82 through 430+19 of the southbound lane. It can be observed that

most of the concrete cover measurements were below (51%) the specified lower limit.

There was also a significant amount of concrete cover measurements (18%) with below

2.5 in. of concrete cover. A small amount (16%) of the concrete cover measurements

were above the specified concrete cover upper limit, and only 33% of the concrete cover

measurements were within the specified limits. The ultrasonic linear array measured

concrete covers ranged from 1.53 in. to 5.37 in.
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Figure 5-10. Critical bar concrete cover (southbound).

Figure 5.11 shows the ultrasonic linear array estimated thicknesses at locations along the

southbound lane from stations 360+82 through 430+19. It can be observed that the

ultrasonic linear array measured concrete thickness ranged from 9.20 in. to 12.60 in.
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Figure 5-11. Southbound I-85 ultrasonic linear array results for concrete thickness.

Figure 5.12 shows the ultrasonic linear array versus core measured concrete cover for

north and southbound core locations. It also shows a linear regression assuming a y-

intercept of 0. An R-squared of 0.991 suggests that the regression explains more than

99% of the variation. It also shows that ultrasonic linear array measurements

underestimate the concrete cover by a slight amount (3%) compared to core

measurements. It should be noted that this is comparable with the accuracy of the core

measurements themselves.
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Figure 5-12. Northbound and Southbound ultrasonic linear array versus core

concrete cover measurements.

A comparison of the ultrasonic linear array results with pachometer measurements
conducted at the same locations of northbound lane 3 was also conducted. Figure 5.13
shows the core measured versus pachometer measured concrete cover for north and
southbound I-85 data. There is a low correlation (R* = 0.186) between the core

measured concrete cover and pachometer measurements.
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Figure 5-13. Core versus pachometer concrete cover for north and southbound I-

85.

Figure 5.14 shows the ultrasonic linear array measured concrete cover versus pachometer

measured concrete cover for northbound lane 3, including a linear fit assuming a y-

intercept of 0. There is a very low correlation (less than 2%) between the ultrasonic

linear array and pachometer measurements.
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Figure 5-14. Ultrasonic linear array versus pachometer measured concrete cover

for lane 3 of northbound 1-85.

Testing on I-85 in Atlanta, GA was the first extensive application of the ultrasonic linear
array and automated procedures for a large scale pavement evaluation. The results of
over 3 miles of testing showed that the device and associated reconstruction and
interpretation methods can reliably determine the depth of rebars with an accuracy
significantly exceeding pachometer results. Concrete pavement thickness was also
determined for the southbound 1-85 sections comparing favorably to the accuracy of

depth measurements determined by coring.

A summary of the results of the measured locations is given below:
e Northbound lane 3 from 145+00 to 324+00: 53 percent of the measured concrete
covers were out of the range between 3.5 and 4.25 in (tolerance levels).
e The northbound shoulder/lane 4 from 145+00 to 321+50: 79 percent of the
measured concrete covers where out of the range between 3.5 and 4.25 in

(tolerance levels).
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e The southbound shoulder/lane 4 from 360+82 to 430+19: 67 percent of the
measured concrete covers were out of the range between 3.5 and 4.25 in
(tolerance levels), where 18 percent were below 2.5 inches of concrete cover.
Overall, concrete slab thickness showed a similar out-of-tolerance pattern with 40

percent of the measurements outside the 11 to 13 inch thickness range.

5.2 Partial Depth Bond Condition on 1-94

5.2.1 Testing Procedure and Interpretation Methods

MnDOT personnel allowed for access to in-service highway that was recently
rehabilitated at the transverse joints using partial depth repairs. Chaining (the state of
practice NDT method for this type of diagnostics) was carried out by experienced
MnDOT personnel to identify general areas where there was potential debonding.

Ultrasonic linear array scans were also taken with corresponding core verification.

Figure 5.15 shows an example SAFT-IA reconstruction taken at a properly bonded partial
depth repair location showing a typical backwall reflection at the interface between the
concrete and base as well as some additional lower intensity reflection at shallower
depths where the new and old concrete interface is located. These lower intensity
reflections are caused by the presence of two different concrete layers with slightly
different acoustic impedance as well as coarse aggregate. This was determined through
the consistent appearance of moderate intensity reflections in SAFT-IA reconstructions at

the depth of the repair material layer, even in cases where cores verified a proper bond.
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Figure 5-15. Example SAFT-IA reconstruction taken at a partial depth repair

location where no metal reinforcements are present.

Metal inclusions can also cause reflections of the shear waves. Figure 5.16 shows an
example SAFT-IA reconstruction taken at transverse joint indicating the presence of
dowels. The high intensity reflections near 4 in. (~100 mm) indicate the presence of
dowels. However since the SAFT-IA reconstruction uses multiple measurement pairs,

the presence of the backwall reflection between the concrete and base is still visible.
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Figure 5-16. SAFT-IA reconstruction taken at a partial depth repair near a

transverse joint where dowels are present.

The SAFT-IA reconstruction shown in figures 5.15 and 5.16 are the type of
reconstructions that indicate a sound concrete condition with high reflectivity areas only
associated with locations of metal dowels (if present) and the depth of the concrete/base
interface. Variation from these types of SAFT-IA reconstructions can indicate the

presence of subsurface damage.

One type of variation from a typical SAFT-IA reconstruction that indicates subsurface
damage is called shadowing. Shadowing refers to the absence of a high intensity of
reflection at a location where there is a change in acoustic impedance as explained in
more detail in section 4.1.5. The depth of the interface between the top concrete layer
and base is primarily used for the shadowing analysis and this interface will be referred to
as the “backwall” in this study. Since there is a large difference in acoustic impedance

between the concrete layer and the base layer a high intensity of reflection at this planar
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depth should be expected. However, if there is an obstruction at a shallower depth, shear
waves will either be reflected back to the surface or attenuate before they penetrate to the
depth of the backwall. Therefore, since there are 45 transmitting and receiving pairs in
each measurement, it can be assumed that there is a planar obstruction such as debonded
partial depth repair or deteriorated concrete if a low intensity of reflection is observed at
the backwall depth within a SAFT-IA reconstruction. This type of analysis is useful for
diagnosing the presence or extent of subsurface damage at concrete pavement joints

and/or evaluating the quality of rehabilitation construction.

5.2.2 Results and Forensic Validation

An example partial depth repair section where verification cores were taken illustrates the
capabilities of SAFT-IA analysis for quality assurance of partial depth repair bond with
existing concrete. Figure 5.17 shows a series of MIRA scans (positions 1 through 12)
taken at an approximately 2 ft. by 2 ft. partial depth repair located at a transverse joint.
The left side of the partial depth repair (shown in) figure 5 is approximately 3 ft from the

truck lane fog line.
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Figure 5-17. Twelve MIRA scan locations taken at the example partial depth repair.

Each of these scans resulted in SAFT-IA reconstruction results associated with the
condition of the concrete below (shown in Figure 5.18). It can be observed from Figure
5.18 that a large majority of these SAFT-IA reconstructions experience shadowing of the
backwall reflection at about 9 in. (~225 mm). The SAFT-IA reconstructions indicating
debonding were located on the lower right corner near the joint, while the sound concrete
conditions were located away from the joint on the upper left area away from the joint.
Chain drag results indicated general debonding of the repair but could not differentiate

between bond or no bond within the repair area.
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Figure 5-18. SAFT-IA reconstructions associated with the 12 MIRA scan positions

shown above (depth of each scan: 300 mm).

A core was taken at a location within the partial depth repair (towards the fog line and
away from the transverse joint) as shown in Figure 5.19. The core at this location
showed a proper bond between the partial depth repair and the existing concrete upon
inspection of the cross-section as shown in Figure 5.19 on the right. This core result
confirmed the SAFT-IA reconstructions in this vicinity where a strong backwall
reflection indicated a proper bond. This core did not agree with the chain drag results

which showed general debonding of the partial depth repair.
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Figure 5-19. Core location (left) and result showing properly bonded partial depth

repair.

Figure 5.20 shows the positions in the vicinity of the core with position 1 (left) and
position 6 (right) SAFT-IA reconstructions indicating a strong bond. It can be observed
that these SAFT-IA reconstructions are similar to the example SAFT-IA reconstruction
shown in Figure 5.15 which indicates a proper partial depth repair bond. The clear

backwall reflection at the concrete and base interface gives the indication of a proper

partial depth repair bond above.
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Backwall Reflection at PCC/Base Interface

Figure 5-20. SAFT-IA reconstructions in the location where the first core was taken
with a strong backwall reflection indicating a proper bond between of the partial

depth repair.
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Locations where the backwall reflection experienced clear shadowing (positions 8, 9, 10,
and 11) were inspected further with MIRA measurements to pinpoint a location where

the core would verify the debonding within this general vicinity (positions 9 and 10).

Figure 5.21 shows the position 9 (left) and position 10 (right) scan locations and
associated SAFT-IA reconstructions. It can be observed that these SAFT-IA
reconstructions are dissimilar to the type of SAFT-IA reconstruction that should be
expected for a properly bonded partial depth repair. In these SAFT-IA reconstructions
the backwall reflection at the depth of the interface between the existing concrete and
base layer is not present. This is an indication that the un-bonded condition at the partial
depth repair interface obstructed the shear waves from through transmission to the depth

of the concrete.
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Figure 5-21. SAFT-IA reconstruction locations indicating a poor bond between the

partial depth repair and existing concrete.

The core taken using this pinpointed location is shown in figure 5.22 (b). It can be
observed that the partial depth repair is de-bonded, especially when compared to the
properly bonded location core shown in figure 5.22(a). This validated the ultrasonic

tomography diagnosis of an improperly bonded partial depth repair.
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(b)

Figure 5-22. Cores taken at the area (B) towards the centerline near the transverse

joint indicating an improperly bonded partial depth repair in comparison to (A) the

properly bonded repair.

A similar process was used to pinpoint a debonded location in other joint locations where
SAFT-IA analysis indicated debonding. Another core verifying debonding of the partial
depth repair as indicated by SAFT-IA diagnosis is shown in Figure 5.23.

l 4 . g A, ‘ »;__" 3
Figure 5-23. Core showing debonding of the partial depth repair.
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5.3 MnROAD Joint Evaluation

5.3.1 Initial Ultrasound Analysis and Forensics

A field trial at the Minnesota Road Research Facility (MnROAD) was conducted to
determine the subsurface condition near transverse joints including the presence and/or
extent of potential flaws. Multiple scans were taken at various transverse joints in an
initial screening. Analysis of the SAFT-IA reconstructions at one joint location indicated
potential flaws. An example SAFT-IA reconstruction at a right wheel path is shown on
the left in figure 5.24. In this, and other locations around the right wheel path, the high
intensity of reflection areas corresponded to dowel locations and the depth of the
concrete-base interface as should be expected for undamaged concrete. Analysis of the
remaining portion of the joint indicated a much different subsurface condition. SAFT-IA
reconstructions at the center of the joint, as well as toward the centerline of the joint,
indicated damage. Instead of strictly reflections at the dowels and concrete thickness,
there was an uneven reflectivity region at a shallower depth that should not be expected.
This shallow and uneven reflection indicated deterioration of the concrete at the interface

with the base.

-8 Local Transverse Position, in. g8 _-g Local Transverse Position, in. §

Figure 5-24. MIRA SAFT-IA reconstruction locations in suspected sound (left

SAFT-IA reconstruction) and deteriorating (right SAFT-1A reconstruction)
conditions.
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MnDOT personnel subsequently took a 12 ft by 3 ft full-depth concrete sample from
along the transverse joint to validate the MIRA SAFT-IA reconstruction diagnosis. As
shown in Figure 5.25, the sample was flipped so that the interface between the concrete
and base is shown at the top. It can be observed that the underside of the concrete near
the right wheel path is in relatively good condition as was diagnosed by SAFT-IA
reconstructions. The underside of the concrete near the base in the samples at the middle
of the joint and at the centerline show significant deterioration. This verified the
nondestructive diagnosis of deterioration using SAFT-IA reconstruction prior to forensic

verification.

Middie of the Joint

Figure 5-25. Forensic sample sections used to verify the concrete condition on the

underside at various locations near the transverse joint.

5.3.2 Blind Test Comparison with other Nondestructive Testing Methods

After the initial screening described above, a blind test evaluation of the capabilities of
various nondestructive testing techniques in determining the extent of the concrete joint
deterioration was scheduled. In this study, four different nondestructive testing
techniques were used to diagnose deterioration. The evaluated methods included well
established techniques such as ground penetrating radar (GPR), rod sounding, and

chaining as well as the ultrasonic linear array methods described in this thesis (MIRA). It
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should be noted that all indications of subsurface distress were not marked on the
pavement to ensure blind test results for all methods. The results for all four techniques
were submitted to MnROAD independently. Subsequent forensic activities were

conducted to evaluate the accuracy of each of the methods.

The testing was conducted at the bypass along westbound 1-94 adjacent to the MnROAD
Mainline Test Section in MnDOT District 3. 1-94 in this area is a four lane divided
concrete roadway with a nominal thickness of 9 inches consisting of 27 foot skewed
joints. The pavement, built in 1974, had exhibited very few cracked panels but high
severity faulting causing poor ride. Falling weight deflectometer (FWD) measurements
showed the joints to have low joint efficiency. Two transverse joints of the MnROAD
bypass were evaluated in this study using nondestructive testing. The east most joint
located toward the beginning of the bypass is referred to as Joint 1 in this study while the
west most joint is referred to as Joint 2. The area was evaluated along the entire

transverse joint extending to 18 inches on both sides of the joints.

MnDOT personnel used an “S” type motion to drag the chain along the joint and
determine where a hollow sounding response was observed. A heavy steel bar was also
used to sound the pavement with the same MnDOT personnel listening for a hollow
response. Since the MnDOT operator in this study observed a better sound penetration
with the rod sounding technique as compared to the chaining, this method was used to
map areas of delamination. The “X” marks from the chain drag and map of the
deteriorated areas from the rod sounding were marked into notes on-site, and then

submitted using an electronic diagram before forensic evaluation.

In this study a MnDOT owned and operated 2.6 GHz ground-coupled antenna was used.
A grid was painted above the concrete joints, with 2 foot intervals marked transversely.
The 2 ft points are marked with dashed lines at the top of the image shown in figure 5.26.
The first mark was 4 inches from the right edge of concrete while the last mark was 4

inches from the left edge of concrete.
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The data obtained from the ultrasonic linear array measurements were processed using
the Synthetic Aperture Focusing Technique (SAFT) reconstruction methods described in
this thesis inclusing SAFT-Pan and SAFT 3D reconstructions allowing for detailed
reconstruction of subsurface features. An example measurement from this study can be

observed in figure 5.26.

Figure 5-26. Example ultrasonic scan.

Figure 5.27 shows four approximately 6 ft. SAFT panoramic reconstructions each
resulting from overlapping SAFT-IA reconstructions taken in 4 inch step sizes on joint 2
after they have been fused together. The four SAFT panoramic reconstructions were
centered (from top to bottom in Figure 5.28) at 16 in., 10 in., 8 in, and 3 in. away from

the joint at the same location along the leave slab of passing lane joint 2.

On the left side of each of the scans the high intensity reflections can be observed at the
approximate depth of the pavement (~9 in.) indicating relatively sound concrete
condition. Conversely, shallower high intensity reflections can be observed at the right
side of the SAFT panoramic. These shallow reflections were used to diagnose
delamination. It can be observed that the shallow high intensity reflections extend further

left as they approach the joint. The filled orange squares at the top of each reconstruction
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indicate the delamination crack initiation. This trend of extended delamination closer to
the joints was observed at multiple locations. This type of analysis was useful when
mapping the extent and severity of the deterioration prior to the forensic evaluation. By
creating a continuous reflection at the depth of the PCC allowing for deterioration
analysis with an effectively wider aperture, distress trends along the joints tested in this

study could be evaluated.
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Figure 5-27. SAFT panoramic reconstructions from top to bottom at 16 in., 10 in., 8

in., and 3 in. from the joint.

Figure 5.28 shows the delamination in this area as viewed from the SAFT 3D
reconstruction. Similar to the SAFT panoramic reconstruction shown in figure 5.27, a

majority of the high intensity shallow reflections indicating delamination can be observed
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on the right side. On the right side of figure 5.28, the high intensity reflections can be
observed along the depth of the dowels including locations between the dowels. This
type of reflection indicates a horizontal plane of delamination. Using the SAFT 3D
reconstructions the extent of delamination can be observed in both lateral and depth
directions by looking at different angles of the SAFT 3D reconstruction. This type of
SAFT 3D reconstruction can be useful for getting relational information about the high
intensity reflections to determine if the reflection is caused by an as designed inclusion or

damaged concrete in the vicinity.

Dowels Delamination between Dowels

29

57

86

Longitudinal Length, In.

127 254 381 508 634

Figure 5-28. SAFT 3D reconstruction indicating a delaminated condition in the

joint #2 passing lane leave slab.

5.3.2.1 Results Summary

A summary of testing results for the conventional sounding methods (chain drag and rod
sounding) as well as the ultrasonic array technology is presented in figure 5.29. The
chain drag-detected deterioration is denoted with an “X.” The brown markings shown in
the center of figure 5.29 show the boarder of rod sounding-detected deterioration. The
ultrasound array deterioration is marked using darker shades of gray to indicate
deteriorated conditions. The legend in figure 5.29 shows the associated markings. GPR
testing did not result in a mapped evaluation of the condition, so the results are given in
Table 5.1. Also, since the analysis was based on intensity of the dowel reflection, any

information past the end of the dowels or below the dowels was not available.
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Figure 5-29. Conventional sounding and ultrasonic array technology (MIRA)
summary of test results (Joint 1 is shown on the top and Joint 2 is shown on the
bottom).
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Table 5-1. GPR general test results.

Location

GPR Evaluation

Joint 1: 4 in. east of joint

All dowels visible in both lanes, bars near
the center of roadway in both lanes visible

indicating possible corrosion or socketing

Joint 1: Directly over joint

Only one dowel clearly visible in right
lane, indicating probable corrosion and/or
socketing. Dowels in passing lane barely
visible indicating probable corrosion and/or
socketing, but not quite as severe as in

driving lane.

Joint 1: 4 in. west of joint

All dowels visible in both lanes, bars near
center of roadway somewhat less visible
indicating possible corrosion and/or

socketing.

Joint 2: 4 in. east of joint

Dowel bars in truck lane are present and
look ok. Dowels in passing lane are
significantly less visible, indicating

probable corrosion and/or socketing.

Joint 2: Directly over joint

Only one dowel is slightly visible in truck
lane. Dowels in passing lane not visible;
mid—depth deterioration and/or voids are
apparent — particularly in the left-most 8
feet of the joint.

Joint 2: 4 in. west of joint

All dowels visible, but dowels in passing
lane are less clear indicating possible

corrosion or socketing.
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Comparison of the outputs from each technique shows that chain dragging and GPR
resulted in a limited amount of data as compared to the coverage of rod sounding and
ultrasonic array technology. Moreover, there were inconsistencies in the joint assessment
among the techniques. There were some locations where all four methods indicated the
presence of deterioration. For example, the presence of subsurface distress was detected
by each method in the passing lane of joint 2, although to various extents. At the same
time, there are various locations, especially at joint 1, where there was disagreement in
joint deterioration assessments. To resolve these discrepancies, forensic activities were

conducted.

5.3.2.2 Forensic Evaluation

Forensic analysis was conducted after nondestructive testing results were submitted at
two transverse joint locations. The saw cuts were made 18 in. away from the transverse
joint on both the approach and leave slab creating a 3 ft. wide (longitudinally) trench.
Additional saw cuts were made in the longitudinal direction resulting in 1 approximately
1 ft by 3 ft slab, and 8 approximately 3 ft by 3 ft concrete slabs at each joint. The slabs of
joint 1 were labeled A through I in the transverse direction from driving lane to passing
lane with an underline denoted on the approach slab side. The slabs were similarly

labeled 1 through 9 in joint 2.

To evaluate the presence and extent of deterioration of the underside of the concrete
initiated at the joints the slabs were flipped upside-down. This type of deterioration
initiated at the joint is referred to as “tenting” herein, where the amount of deteriorated
concrete increases with depth at the transverse joint. Figure 5.30 gives an example

upside-down slab location where significant tenting can be observed at joint 2, slab #2.
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Figure 5-30. Example “tenting” distress observed at joint 2, in both approach and

leave slab #2 as viewed from the south side of the slab.

Spalling and PCC cracking information could be gathered at each of the saw cut interface
locations of each of the slabs provided. This observed distress was generally horizontal
and initiated at uncut tie wires of the dowel baskets and is referred to as “delamination”
herein. Additional cores were taken to determine the amount of delamination within
locations where no side surface was visible and differing nondestructive testing results
were submitted. Figure 5.31 shows example locations where delamination can be
observed. An interface where the crack has not propagated a significant distance can be
observed at joint 2, slab #8, on the right side of figure 5.31. A location where the crack
has initiated at the tie wire and propagated to the joint can be observed on the bottom left
of figure 6.7 showing joint 2, slab #6, on the south side. The top, left corner of figure 6.7
shows delamination initiated at the tie wire that has propagated to the joint as well as to
18 inches away from the joint. It can also be observed that the crack at this pictured

location (joint 2, slab #8) is deteriorating and widening.
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Figure 5-31. Example delamination observations at various locations showing the

different extents of observed delamination.

5.3.2.3 Comparison of Results

Comparison of ultrasonic array technology with traditional methods, and subsequent
forensics showed the ultrasonic method with associated signal interpretation tools to be
the most proficient at identifying the extent and depth of subsurface deterioration. Rod
sounding was found to be the best alternative to ultrasound as it correlated fairly well
with the “tenting” results near the joint, although it did not detect a significant portion of

the delamination, especially at greater depths and further away from the joint.

While ground coupled GPR and chaining were able to detect several significantly
deteriorated areas, a detailed map of the tested area could not be provided and a
significant amount of the distresses confirmed by forensics was not identified by these

methods. Due to the dependence of electromagnetic waves on changes in dielectric
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properties to gather information, GPR is more sensitive to metal or water inclusions as
compared to layer boundaries such as delamination or the interface between the concrete
and the base. It was also indicated by the GPR operator that the dry conditions might
have contributed to the lack of detailed information at deteriorated areas. In the case of
chaining, the operator indicated that the impact was not as great as the rod sounding

making it more difficult to determine flaws at greater depths.

Ultrasonic array technology and rod sounding were the only methods able to map the
general location of deterioration, while the ultrasonic array method showed the most
extensive and accurate results including the depth of the deterioration. Forensic activities
identified that the deterioration covered the extent of the tested area at both approach and
leave slabs of the passing lane of Joint #2. Comparing this result to those submitted prior
to forensic activities showed that ultrasonic array technology blind testing was the only
method that indicated deterioration to the extent of the tested area at these locations.
There were also other cases where forensics was used to resolve discrepancies between
methods as detailed in the section below. The following section also uses forensic results
to verify that the depth of the distresses identified by ultrasonic array analysis in the blind

test.

There were some situations where there was disagreement between the various NDT
methods. The forensic results at some of these locations are presented to enable objective
evaluation of the tested techniques. Ultrasonic array technology was the only technique
that showed significant deterioration away from the joint. The results of forensics
confirm this assessment. Figure 5.32 presents the ultrasound array technology analysis
results along with associated forensics at a portion of the leave slab of joint #2. The
figure shows the starting and stopping point of the ultrasonic array technology
measurements for the given section (top), the SAFT panoramic reconstruction (middle),
as well as the forensic verification (bottom). The orange box around the SAFT
panoramic reconstruction corresponds to the orange box around the cross section of the

pavement at that scanned location as revealed by trenching the joint.
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It can be observed that the mid-depth of the high intensity reflection on the left of the
SAFT panoramic is approximately 9 inches, which corresponds to the PCC slab thickness
and indicates sound concrete. Forensics confirms this assessment as shown on the left
side of the interface in figure 5.32. A shallower high intensity reflection can be observed
on the right side of the SAFT panoramic reconstruction. The mid-depth of this reflection
is approximately at 4.5 in. This corresponds with the depth of the delamination that can
be observed at about 4.5 in. depth on the right side of the forensic interface. Although, as
can be observed by figure 5.32, this is a fairly straight forward diagnosis using ultrasonic
array technology, the other techniques were not able to identify this delamination (see
figure 5.29). Similarly, only ultrasonic array analysis diagnosed delamination away from
the joint in the approach slab of joint #2. Figure 5.33 shows similar results where the
depth of the delamination diagnosis corresponds to the depth of the delamination verified

by forensics.
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Figure 5-32. SAFT Panoramic reconstruction and comparison with the actual
delamination crack path at 18 in. from Joint #2 in the leave slab.
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Figure 5-33. SAFT Panoramic reconstruction and comparison with the actual

delamination crack path at 18 in. from Joint #2 in the approach slab.
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At some of the locations, the SAFT-based analysis tools and interpretation methods
showed subsurface deterioration where the conventional methods did not, and were
located where forensic information was not initially available. In a couple of these
locations cores were taken to resolve the discrepancies. The cores taken in these
examples confirmed the ultrasonic SAFT-based diagnosis of delamination. Figures 5.34
through 5.36 illustrate an example where core verification was used. In the example case
shown here, a core was taken in panel G of the leave slab at 10 in. away from the joint.

Figure 5.34 gives a zoomed in view of this location with a red circle denoting the core

location.
Joint #1: CHAIN DRAG RESULTS Joint #1: ROD SOUNDING Joint #1: MIRA RESULTS
RESULTS
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Figure 5-34. Zoomed in view of figure 5.29 showing a core location where

ultrasound tomography was the only method to show deterioration.

Figure 5.35 shows the SAFT panoramic reconstructions of the Joint 1 leave slab panel G
location. Shallow high intensity reflections can be observed on the right side of the
SAFT panoramic at this location. Figure 5.36 shows the associated core where
delamination is clearly visible at the depth of the indications from ultrasonic array

analysis.
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Figure 5-35. SAFT panoramic reconstructions of the Joint 1 leave slab (panels G
and F) at 10 and 8 in. from the joint.
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Figure 5-36. Core centered at approximately 10 in. from joint one in the leave slab

direction.
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6 Conclusions and Future Work Recommendations

6.1 Conclusions

Quantitative subsurface nondestructive diagnostics of concrete pavements is an important
and challenging problem. This thesis documented development of methods that can be
applied to signal interpretation of ultrasonic linear array transducer pair data or
combinations, thereof for concrete structures. These developments were made with the
aim of improving the quantitative analysis capabilities through the use of various

reconstructions and automated detection methods.

The fundamental synthetic aperture reconstruction (SAR) expression and synthetic
aperture focusing technique (SAFT) formulation were generalized for signals sent from
one location but received at various locations along the surface. This method was used to
determine locations of changes in acoustic impedance by integrating the impulse time
histories from each transducer pair over each point within the region of interest (ROI).
Various methods were also introduced in the reconstruction process to improve the
focusing capabilities of the SAFT reconstructions. Methods for reliable determination of
parameters such as shear wave velocity and impulse time-history shift factors were
applied to associate the impulse time-histories with the correct conversion from time to
space domain. Additionally, the Hilbert transform was applied for further focusing of the
instantaneous amplitudes within the reconstruction to the physical location of changes in
acoustic impedance. An apodization factor was developed to eliminate structural noise
by accounting for the divergent nature of elastic wave propagation as wells as the effect

of incident angle on reflectivity when reconstructing the image.

Virtual arrays and associated data fusion and reconstruction techniques were also
developed for important practical concrete pavement problems. It was illustrated that
situations where measurements may be inconclusive when the linear array is located

above the edge of a defect can be corrected by creating a virtual array that expands the
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reconstructed image. The SAFT-Pan method was developed to utilize an additional
redundancy in the measurements and create large panoramic cross sections with
increased resolution. To address issues with possible imprecise relative scan locations
this method was further improved by analysis of the similarity of potential overlapping
regions of adjacent scans. The resulting procedure, SAFT-EPan, was shown to provide
accurate focusing of the reflectivity even in cases where the target scan locations differ
from the actual scan locations. In addition, three-dimensional reconstructions (SAFT-
3D) of subsurface characteristics were developed to simplify interpretation of multiple

ultrasonic array scans using various techniques for interpolation and filtering.

While the Kirchoff-migration based SAFT reflectivity reconstructions discussed above
created an intuitive focused image of subsurface reflectivity in pavements, qualitative
analysis of these reconstructions require expertise and can be time consuming. Several
pavement specific quantitative procedures were developed allowing for automated
interpretation of the reconstructions to increase productivity while often improving the

accuracy and reliability of the interpretation.

Each of the analytical tools described above was subjected to extensive validation
through comparison with ground truth forensics and field case studies. It was
demonstrated that the concrete pavement-related subsurface characterization can be
reliably quantified using the signal interpretation techniques developed in this thesis.
This included important concrete pavement problems such as reinforcement location
(sections 3.1.2, 4.1.2, and 5.1.2), PCC thickness (sections 4.1.1 and 5.1.1), bond
condition assessment (sections 4.3 and 5.2), poor consolidation (section 4.1.4 and 4.4.1),
delamination (sections 4.1.3,4.2.1,4.4.1,4.4.2, and 5.3.2) and deterioration (section
4.1.5 and 5.3.1). The favorable comparison with other nondestructive testing methods
makes this emerging technology and associated methods developed in this thesis and

attractive alternative for improvement of concrete pavement subsurface evaluation.

Automated inclusion, thickness, and flaw detection interpretation techniques were also
validation through comparison with ground truth forensic of full-scale concrete
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pavements. Blind testing showed these automated procedures to be capable of
identifying designed features such as reinforcement location and thickness detection, as
well as naturally occurring subsurface defects. It was also observed that the generalized
reference scan selection procedure for UTSA analysis allowed for damage detection even
for cases where a priori knowledge of the presence, type, and location of any possible
defects are unknown. The automated methods developed in this study proved useful for
rapid large-scale concrete pavement subsurface quantitative interpretation by allowing for
more productive and objective analysis. In some cases this eliminated the need for
subjective engineering judgment where it is not feasible to evaluate each reconstruction

in detail.

6.2 Future Work Recommendations

While the signal interpretation concepts, developments, and adaptations discussed in this
thesis were presented with the objective of advancing the state of the art in nondestructive
evaluation of concrete pavements, most of the work presented in this thesis is also
applicable for other structural applications. For example, delamination is a very common
distress in concrete bridge decks. The methods for delamination detection in concrete

pavements should be applicable for this important structural problem.

The work presented in this thesis was applied to elastic wave propagation using a
ultrasonic linear array system, but the mathematical approach to many of the signal
interpretation methods presented in this thesis are analogous to techniques for
interpretation of impulse responses based on different physical principles such as
electromagnetic wave propagation (Langenberg et al., 2004, Marklein et al., 2002,
Marklein et al., 2006). It would be useful to use and adapt some of the same signal
interpretation methods presented in this thesis to different applicable structures and

nondestructive testing methods using similar laboratory and field trials for validation.
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Additionally, while the analysis methods presented in this thesis where demonstrated to
provide subsurface assessments that are practical for pavement condition evaluation,
steps need be taken to make the measurement process and evaluation more routine.
While the automated tools were designed to mitigate the need for engineering judgment,
the algorithms developed to process the data should be made more user-friendly to allow
for more routine application. Also, similar tools should be developed for other types of
distresses. Additionally, it would be useful to have an archived comprehensive set of
examples of ground truth comparisons for various applications that are available for

potential users to determine applicability for their specific problem.

Although the ultrasonic linear array methods presented in this study can be used as a
stand-alone tool for concrete pavement diagnostics, it can also be effectively used in
combination with other NDT methods. More work in determining situations where
complementary aspects of different techniques for data fusion would also significantly

improve the quality of concrete pavement nondestructive evaluation.

Often the testing procedure and analysis methods are a tradeoff between accuracy, time,
and cost to acquire and process the data. While efforts were made in this thesis to
improve the productivity of signal interpretation to allow for full-scale testing of concrete
pavements, the focus was based on validation and establishing baseline capabilities of the
signal interpretation techniques for various concrete pavement problems. More work
should be conducted to further improve the data analysis and scanning process

productivity. This could be accomplished using automated data collection processes.
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