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Abstract

This thesis is about the application of Lamb waves for non-destructive eval-
uation of plate-like concrete structures under one-sided access test condition
using a portable equipment consisting of an accelerometer and impact ham-
mer. With this type of equipment and based on array signal processing,
the impact-echo (IE) method can be extended with measurements of sur-
face waves; this extension allows an evaluation with Lamb waves. For both
the conventional impact-echo method as well as evaluations based on Lamb
waves, results in the literature report a systematically underestimated plate
thickness. This error is investigated and reproduced in a numerical study
and further verified in a measurement. A main source of uncertainty is re-
lated to the estimation of a longitudinal wave velocity from first arrivals. To
reduce this uncertainty, a new approach for estimation of Poisson’s ratio is
proposed. The new approach is based on the amplitude polarization of the
S1-ZGV Lamb mode: a through-thickness representative estimate of Pois-
son’s ratio is thereby obtained leading to an overall improved estimation of
the Lamb wave plate parameters.

A new technique based on 2D arrays is also presented. In an example, the
technique is used to map (image) the variation of phase velocity for the A0
Lamb mode in the lateral plane of the plate; that is, the technique is in this
case used to assess the material and plate thickness homogeneity. Compared
to ultrasonic reflection imaging methods, no limitation to a specific set of
operating frequencies (transducers) exists since the 2D array technique is
based on a full wave field dataset with wide frequency bandwidth. Variation
of material properties transversally through the thickness may also exist. For
improved understanding about zero-group velocity (ZGV) modes under this
type of material condition, two cases with continuously varying acoustic bulk
wave velocities are investigated. Results show that a zero-group velocity
mode exists with the similar robustness and detectability for both cases:
non-destructive applications based on zero-group velocity modes are possible
also for these two material variation cases.
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Popularvetenskaplig
sammafattning

Betong ar ett av vérldens vanligaste byggnadsmaterial. Det anvinds ofta i
konstruktioner som broar, hamnar, tunnlar och kraftverk. Att kunna under-
sOka och bedéma tillstandet hos dessa typer av konstruktioner, ungefar som
en hélsokontroll, ar viktigt for sdker drift och anvédndning. Detta géller spe-
ciellt nar konstruktionerna blir dldre. Samtidigt bor inte undersokningarna
orsaka skador pa konstruktionerna. Det &r darfor viktigt med underséknings-
metoder baserade pa oférstérande provning eftersom oférstérande provning
inte orsakar skador vid undersokning av konstruktioner.

Oférstorande provning kan dven anvindas for kvalitetskontroll vid nypro-
duktion, men ocksa for att underldtta och planera underhall. Darmed &r
oforstérande provning viktig for att uppna effektivt resursutnyttjande och
ur ett hallbart-utvecklings perspektiv. Den hér avhandlingen handlar om
férbéttring och vidareutveckling av en metod for oférstérande provning som
anvands for att utvardera mekaniska egenskaper i betongkonstruktioner. De
nya forbéattringarna kan dven anvindas vid oférstérande provning av andra
material dn betong.

Ett materials mekaniska egenskaper beskriver hur materialet beter sig un-
der belastning. Mekaniska egenskaperna kan utviarderas genom att analyse-
ra vibrationer i form av mekaniska vagor, en typ av ljudviagor. Ljudvagorna
kan ha olika ldngd, sa kallad vaglingd. Vaglangden har betydelse da be-
tongkonstruktioner bestar av cement, grus, sten och armeringsjirn. Korta
ljudvagor kan studsa kors och tvéirs pa grund av gruset, stenarna och arme-
ringsjarnen. Det gor analysen svirare. Dessutom tystnar kortare ljudvagor
efter en kortare stricka jamfort med langa ljudvagor vilket minskar réckvid-
den. Dessa svarigheter uppkommer till exempel vid undersdkning av stora
betongkonstruktioner som broar och kraftverk. Arbetet i den har avhand-
lingen fokuserar darfér pa en metod dar vaglingden enkelt kan anpassas
efter behov.

Ljudvagor i en konstruktion kan enkelt skapas genom att sld pa betong-
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en med en hammare. Ljudvagorna kan sedan métas med en accelerometer.
Accelerometern kan ses som en typ av mikrofon. Arbetet i avhandlingen
fokuserar pa hur de inspelade ljudvagorna fran accelerometern kan analyse-
ras pa bésta sitt. Bland annat méts hur snabbt ljudvigorna firdas i kon-
struktionen. Hastigheten ger information om de mekaniska egenskaperna da
hastigheten &r beroende av materialet. Eftersom méanga konstruktioner har
platt-liknande form &r extra fokus riktat mot ljudvagor i betongplattor. I
plattor maste ljudvagorna samsas pa ett begransat utrymme. Detta gor att
ljudvagorna tillsammans far en séarskild struktur och utseende som beror
bade pa de mekaniska egenskaperna och tjockleken hos plattan. Tillsam-
mans med ljudhastighetkan ger det en forbattrad utvirdering av plattans
mekaniska egenskaper och tjocklek.

I boérjan av avhandlingen studeras dven tillforlitligheten i befintliga metoder
som anvinder hammare och accelerometer. I befintliga metoder férekom-
mer ett systematiskt fel som generar osdkerhet i uppmaétta egenskaper och
tjocklek. Detta systematiska fel utreds och en alternativ 16sning och ny ut-
varderingsmetod som minskar det systematiska felet foreslas. I avhandlingen
presenteras dven forslag pa vidareutveckling och férbattringar av hur ljud-
vagor kan spelas in och utvérderas 6ver en storre volym och yta dn vad som
tidigare gjorts. Det samlade resultatet mojliggor en forbattrad utvirdering
av de mekaniska egenskaper och tjocklek i plattliknande betongkonstruktio-
ner. Resultaten bidrar ocksa till en djupare forstaelse for ljudvagors beteende
och upptriddande i plattor. Detta utgoér en grund for fortsatt utveckling av
metoder inom oférstérande provning for konstruktioner i savél betong som
andra material.
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Chapter 1

Introduction

This thesis concerns the application of Lamb waves for non-destructive eval-
uation of plate-like concrete structures. The focus is directed towards evalu-
ation techniques based on full wave field datasets with wide-band frequency
content measured with a light portable equipment consisting of an impact
hammer, an accelerometer and a data acquisition card.

1.1 Background

Concrete is a commonly used construction material and plays an important
role in roads, bridges, houses, power plants, etc. Many of these structures
are getting older and begin to reach the end of their expected lifetime in
operation. For this reason, there is an increasing need for techniques capa-
ble of verifying structural status and integrity to ensure safety in operation;
ideally, if possible, the usage of techniques based on non-destructive eval-
uation (NDE) is favourable. Thus, in this process, techniques based on
non-destructive evaluation represent a key part (Bungey et al., 2006). Also,
in view of higher demands for sustainable use of resources, the value of such
techniques become even more important since obtained data can facilitate
maintenance as well as provide information that can be used in quality as-
surance systems (Maser, 2003; Deacon et al., 1997). A general definition of
non-destructive evaluation is the task of evaluating some sort of property
without introducing any permanent damage on the studied object (Shull,
2002). Although non-destructive evaluation techniques can appear in a num-
ber of different forms, the general principle of all techniques is essentially the
same; indirect measured field quantities such as temperature, acceleration
or pressure are, by means of physical principles, models and assumptions,
translated to a form that provide increased knowledge concerning the ini-
tial question that motivated the evaluation. In other words, non-destructive



evaluation is fundamentally about how observed manifestations of various
physical principles can be utilized for improved knowledge about an object
without altering its function.

For investigations linked to the evaluation of mechanical properties and ge-
ometry, stress waves provide an important framework. From a general view-
point, stress waves in solids may be interpreted as a phenomenon similar to
sound. Thus, by the analysis of the recorded sound from a structure, infor-
mation can be obtained. Based on stress waves and for evaluation of concrete
structures, the impact-echo (IE) method is an established and well-known
technique (Sansalone and Streett, 1997). In the impact-echo method, the
transient vibration from an impact by for instance a hammer or steel ball
is studied. By evaluating the reverberating transient vibration response, in-
formation about the structure is gained. Whereas early studies interpreted
the impact-echo method as a technique similar to ultrasonic pulse echo,
more recent studies link the impact-echo method for evaluation of plate-
like concrete structures to Lamb waves (Gibson and Popovics, 2005). Since
Lamb waves are guided waves in elastic and isotropic plates (Auld, 1990),
this means that the vibration response by a transient impact (such as that
used in the impact-echo method) creates a stress wave field of very general
characteristics; many structures can be approximated as plate-like, and for
this reason, Lamb waves are used in a large number different applications.
The main topic of this thesis concerns the application of Lamb waves for
evaluation of plate-like concrete structures.

1.2 Motivation of work

The impact-echo method is today an established technique for non-destructive
evaluation of plate-like concrete structures. This type of evaluation is usu-
ally limited to 1D point-wise measurements and the study of one single
discrete frequency (mode). However, a transient impact creates a full wave-
field with wide-band frequency containing Lamb waves, and the evaluation
can thereby be extended with array based measurements to include more
features (carriers of information) leading to an improved result. Literature
shows a potential of such extended techniques and further developments
within this subject are therefore of value.

Concrete is a heterogeneous material in which scattering and attenuation
represent major challenges for ultrasonic testing. For this reason, develop-
ment of techniques based on Lamb waves is important since such techniques
are less influenced by scattering and attenuation due to lower operating fre-
quency (longer wavelength). In addition, the wide band frequency content of
a transient impact implies flexibility in terms of operating frequency. These



two aspects are of importance in the evaluation of thick concrete structures.
With the increasing demand for techniques applicable for evaluation of thick
concrete structures in e.g. power plants, this serve as a motivation for this
thesis and its focus on Lamb waves.

1.3 Aim, objective and limitations

The aim of this thesis is to contribute to a further development of techniques
based on Lamb waves for non-destructive evaluation of plate-like concrete
structures under one-sided access condition. The general scope of work is
limited to material characterization of acoustic/seismic wave velocities (elas-
tic constants) and evaluation of plate thickness; i.e. the work does not focus
on the task of finding defects/anomalies such as cracks or delaminations.

Although the field cases in this study consider plates with thickness up to
0.5 m, the work is focused on and dedicated to be applicable also for thick
(>1 m) concrete structures such as those typically used in power plant con-
structions; given the low (compared to ultrasonic approaches) and flexible
operating frequency of Lamb waves in concrete structures, it is expected that
the developments presented in this thesis are valid also for thicker (>0.5 m)
plate-like concrete structures.

By first studying and investigating current existing techniques for Lamb
wave evaluation of plate-like concrete structures, potential areas for further
improvements are identified. With this as starting point and Lamb waves
as the theoretical foundation, developments are proposed through the study
of data obtained from both numerical models and practical measurements.
The presented work is limited to the evaluation of plate-like concrete struc-
tures for which Lamb waves is an applicable assumption; that is, structures
such as piles are not considered. From the practical perspective, the condi-
tion of one-sided access is considered throughout the thesis. The equipment
is limited to an impact hammer, an accelerometer and a data acquisition
card; this limitation is intentionally selected to ensure the development of
techniques that is realizable with a simple and portable measurement equip-
ment. Only a few field cases are considered in the practical measurements;
naturally, for further developments it is important to study the applicability
of the presented techniques and results at more field cases.

1.4 Contributions of thesis

Paper I provides a study of the reliability of estimated plate thickness from
the conventional impact-echo method and a combined impact-echo and sur-



face wave technique (Lamb wave evaluation); this study identifies a sys-
tematic error. Based on these findings, a new approach for estimation of
Poisson’s ratio is proposed in Paper II; this approach also highlights the
potential of using multicomponent measurements. A benefit of this new ap-
proach is that a through-thickness representative estimate of Poisson’s ratio
is obtained. In Paper III, the analysis of Lamb waves is extended to 2D
arrays, thus allowing mapping (imaging) of potential material or thickness
variation in the lateral plane of the plate. In the theoretical study given in
Paper IV, results that contribute to improved understanding of zero-group
velocity modes in plates with material variation transversally through the
thickness is presented.

1.5 Thesis outline

A literature review is given in Chapter 2. Some short notes on elastic wave
theory, modelling and measurements are given in Chapter 3, 4 and 5, respec-
tively. Results are presented in Chapter 6. Summarizing conclusions and
recommendations for further work based on the experiences gained during
the work with this thesis are given in Chapter 7 and 8, respectively. The
bibliography containing the references in the thesis is presented in Chapter 9
and the papers are included in the Appendices



Chapter 2

Related research

2.1 General note

This chapter provides a literature review about non-destructive evaluation
techniques based on elastic waves. Given the limitations of this thesis, the
presentation is focused on evaluation of plate-like concrete structures under
one-sided access condition. That is, although some techniques are appli-
cable for other structural shapes as well (e.g. beams and columns), the
focus is intentionally directed towards the techniques operating in plate-like
applications.

2.2 Ultrasonic techniques

Techniques based on ultrasonic wave propagation can be used for non-
destructive evaluation of concrete structures. The first measurements of
ultrasonic pulse velocity in laboratory specimens were reported around the
1940-1950s (Bungey et al., 2006), and practical measurements from con-
structions sites are starting to be reported from the 1960s (Malhotra and
Carino, 2004). Typically, such measurements are based on two ultrasonic
transducers operating in a pitch-catch configuration to obtain the time-of-
flight for the ultrasonic pulse. After the introduction of dry-point transducer
(Shevaldykin et al., 2002), developments of reflection imaging techniques by
means of ultrasonic echo and synthetic apertures can be noticed (Schickert
et al., 2003). Such techniques are used for the creation of a reflection image
in which internal objects and anomalies, such as defects, appear as points
or regions with deviating colour. Consequently, techniques based on ultra-
sonics, and synthetic apertures in particular, are now popular for testing of
concrete structures with recent developments illustrated by wireless trans-



ducer systems (Wiggenhauser et al., 2016) for large concrete structures and
advanced post-processing algorithms (Miiller et al., 2012) adopted from the
field of geophysics. However, since concrete is a composite material of ce-
ment and aggregates, wave scattering represents a significant challenge that
may restrict the possibilities for evaluation. Furthermore, high attenuation
of the ultrasonic pulse do also represent a major challenge. As a result, scat-
tering and attenuation may ultimately lead to a case in which the creation of
a reflection image with desired resolution and coverage is no longer realizable
(Almansouri et al., 2017). For high frequencies or large concrete structures
that also may include vast amount of reinforcement bars and potentially
coarse aggregates, this may be a particular problem since the amount of
attenuation and scattering is related to the number of wavelengths along
the propagation path of the ultrasonic pulse.

2.3 Impact-echo method

An alternative methodology, less influenced by scattering and attenuation, is
to use elastic waves in a lower frequency regime compared to ultrasonics; i.e.
to use a longer spatial wavelength. Naturally, compared to ultrasonic imag-
ing techniques, this implies a decreased spatial resolution. However, on the
other hand, this decreased resolution also implies a corresponding increase
in the range of coverage. For evaluation of plate-like concrete structures
with elastic waves operating in a lower frequency regime compared to ultra-
sonic approaches, the impact-echo (IE) method is a common and established
technique (Sansalone and Streett, 1997; Sansalone, 1997). The method is
also standardized by according to ASTM C 1383. The impact-echo method
is based on the measurement of the dynamic response of the tested struc-
ture subjected to a transient impact. Ideally, this response contains a dis-
tinct frequency peak corresponding to a dominating reverberating resonant
mode; the frequency of this mode is dependent on the material properties
and geometry. In other words, the procedure of the impact-echo measure-
ment corresponds to a general resonance evaluation. In its most simple
form, the evaluation with the impact-echo method is based on monitoring
the relative variation of the frequency response for the resonant mode at
different locations of the tested structures. A variation in frequency serves
as an indicator of varying material properties; faults and anomalies can
thereby be detected. Examples of improvements supporting such evalua-
tions are automatic data acquisition (Schubert and Kohler, 2008) as well as
air-coupled transient source generation (Dai et al., 2013) and detection (Zhu
and Popovics, 2007). Such developments facilitate the creation of an image
showing the relative variation of the response along a surface (Schubert and
Kohler, 2008; Zhu and Popovics, 2007).



Figure 2.1: Principle of the traditional and empirical conceptual model for
impact-echo testing. Figure created after Schubert and Kohler (2008). (a)
Homogeneous case without anomaly. (b) Non-homogeneous case due to a
flaw: a change in "travel time" and thus frequency is observed.

In the impact-echo literature, the method is traditionally explained with
an empirical conceptual model (Sansalone and Streett, 1997) which is illus-
trated in Figure 2.1. Figure 2.1 shows the travelling path of a mechanical
wave generated by an impact at the top surface. If the plate contains no
flaw (Figure 2.1(a)), the wave will reverberate and create a resonance be-
tween the top and bottom plate surface. If a flaw such as a delamination is
present (Figure 2.1(b)), the travel path changes, which in turn also changes
the frequency of the resonance. The frequency of the resonance is for this
empirical conceptual model suggested to be governed by the expression

_ BVp

F="3F (2.1)

with the longitudinal wave velocity Vp, the effective plate thickness h and
the geometrical correctional factor 5. Eq. 2.1 provides an estimate of the
thickness h for the studied object once F', 8, and Vp are known. Typically,
5 is assumed depending of the object geometry and for concrete plates the
value is usually suggested to be equal to 0.96 (Sansalone, 1997). Early
studies using the impact-echo method and this equation for estimation of
thickness report accuracies within 3 % (Sansalone and Streett, 1997). How-
ever, studies with more significant deviations exist (Popovics et al., 2006,
2008; Maser, 2003). In these studies the plate thickness is underestimated in
18 of 19 locations with a mean error of -8 %. Traditionally, such deviation
in results has been explained to be associated with an improper selection of
value for the § factor.

As may be noticed, the empirical conceptual model of impact-echo is very
similar to the model used to described ultrasonic pulse echo measurements.
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+—— conventional impact-echo analysis region

Figure 2.2: Illustration of the first symmetric (S1) zero-group velocity (ZGV)
mode corresponding to the resonance mode used in impact-echo measure-
ments on plates. Figure created after Gibson and Popovics (2005). Note
the difference in spatial distribution of the mode compared to the empirical
conceptual model defined by "ray paths" in Figure 2.1.

However, since the resonance mode used in impact-echo testing of plates is
linked to the zero-group velocity (ZGV) point of the first symmetric Lamb
mode (S1) (Gibson and Popovics, 2005), this empirical interpretation is
somewhat ambiguous. This is further evident by Figure 2.2, which shows
the mode shape of the S1-ZGV mode, i.e. the mode shape corresponding to
resonance mode employed in impact-echo testing of plates; a major difference
between the spatial distribution of this mode shape and the ray pattern
(Figure 2.1) given by the classical empirical conceptual model is obvious.
As explained and practically demonstrated by Abraham et al. (2011) on a
plate with varying amount of reinforcement as well as tendon ducts with
varying amount and type of filling, this means that the impact-echo method
should be interpreted as a measurement of a resonance frequency which is
dependent on the local stiffness of the plate.

Gibson and Popovics (2005) also demonstrate that the theoretically exact
B factor is a function of Poisson’s ratio. Although not explicitly stated, the
results from Gibson and Popovics (2005) implies that for a proper evaluation
of the plate properties such as the thickness parameter, Lamb wave theory
must be used. In Lamb wave theory, a laterally infinite plate is defined
by three independent parameters: the shear wave speed Vg, Poisson’s ratio
v and thickness h (Auld, 1990). As a result, the exact thickness h of an
unknown plate can only be determined with Eq. 2.1 if the longitudinal wave
velocity Vp and Poisson’s ration v are known. Even though the Lamb wave
interpretation of impact-echo nowadays is widely accepted, it is still not
unusual to encounter the empirical conceptual model (see e.g. (Liu et al.,
2017; Garbacz et al., 2017) in recent (2017) published papers. Thus, the
misconception stating that the impact-echo method represents an evaluation
technique with discrete and pointwise sensitivity (see Figure 2.1) rather than



an evaluation technique influenced by a major volume (see Figure 2.2) may
unfortunately still exist in some cases.

From a general perspective, the link between the impact-echo method and
Lamb waves means that the resonance mode ideally should be interpreted
as a zero-group velocity (ZGV) Lamb mode rather than a particular mode
only limited to concrete plates. In fact, ZGV Lamb modes represent a
general wave phenomena (Kausel, 2012; Prada et al., 2008) with some inter-
esting applications given by: evaluation of acoustic bulk wave velocities and
Poisson’s ratio in metal plates with laser-based measurements (Clorennec
et al., 2007), thin-layer thickness (Ces et al., 2011), hollow cylinders (Ces
et al., 2012), interfacial bond stiffness (Mezil et al., 2015), and potentially
air-coupled measurements (Holland and Chimenti, 2003; Zhu and Popovics,
2007).

2.4 Impact-echo and surface waves

With Lamb wave theory as base combined with the important link pro-
vided by Gibson and Popovics (2005), an extension of the basic impact-echo
measurement is well motivated and sensible. Since an impact-echo mea-
surement, which corresponds to a very general transient excitation, creates
elastic waves with a wide frequency bandwidth, a natural extension is to
combine the impact-echo frequency estimate (i.e. the estimate of the S1-
ZGV Lamb mode frequency) with a measurement of propagating surface
waves. Examples of such combined techniques are given by Kim et al. (2006);
Ryden and Park (2006); Barnes and Trottier (2009); Shokouhi (2009) and
Popovics et al. (2008). Although variations exist between these techniques,
the main idea is still the same: by use of relations that govern wave propa-
gation and Lamb wave theory, the Lamb wave plate parameters shear wave
velocity Vg, Poisson’s ratio v and thickness h are obtained. Compared to
the traditional impact-echo method, these techniques allow the estimation
of the Lamb wave plate parameters (Vg, v and h) under one-sided access
test condition without the requirement of calibration cores or assumed [
values. However, this comes to the price of that they all are dependent on
at least three independent input quantities in order to allow the determina-
tion of the Lamb wave plate parameters; i.e. three pieces of information are
required to solve a system of three variables. Naturally, there exist different
approaches for how these three parameters can be obtained; this represent
the topic of the following section.



2.5 Obtaining the Lamb wave plate parameters

As mentioned previously, three independent parameters define an isotropic
and laterally infinite plate in Lamb wave theory: shear wave speed Vg,
Poisson’s ratio v and thickness h (Auld, 1990). That is, to characterize a
plate in a non-destructive evaluation based on Lamb wave theory, at least
three quantities must be measured. This section will discuss and present
some different ideas and techniques which can be used to solve this non-
destructive evaluation task of obtaining the Lamb wave plate parameters.

Poisson’s ratio

Poisson’s ratio can be determined by measuring the longitudinal wave ve-
locity and the Rayleigh wave velocity (Wu et al., 1995): the ratio between
these two velocities is only dependent on Poisson’s ratio. This technique is
analogue to the technique in which Poisson’s ratio is determined from the
ratio between the longitudinal wave velocity and shear wave velocity (Auld,
1990). It is clear that for a reliable estimation of Poisson’s ratio from such
techniques, accurately estimated wave velocities are necessary. Furthermore,
another aspect to consider is that for a representative estimation of Poisson’s
ratio, the two velocities should ideally be measured over the same material
volume; this may impose a challenge when two wave modes of potentially
different frequency (wavelength) and mode shape (sensed volume) is utilized.

Poisson’s ratio can also be estimated from the ratio between the frequencies
of the S1-ZGV Lamb mode and the A2-ZGV Lamb mode (Clorennec et al.,
2007); the A2-ZGV Lamb mode corresponds to the ZGV point of the second
anti-symmetric (A2) Lamb mode. This approach is demonstrated success-
fully for several thin homogenous metal plates (Clorennec et al., 2007), but
only a few measurements are reported for concrete plates (Gibson, 2004;
Baggens and Ryden, 2015b). The ratio between the S1-ZGV Lamb mode
frequency and the Rayleigh wave velocity can also be used to determine
Poisson’s ratio, but this approach is limited by the requirement of a known
plate thickness (Medina and Bayo6n, 2010).

Alternatively the amplitude ratio between the surface in-plane and surface
normal components of the Rayleigh wave can be used to estimate Poisson’s
ratio (Bayon et al., 2005). This amplitude ratio may be interpreted as
the amplitude polarization of the mode. However, to the author’s best
knowledge, this approach has not been demonstrated on concrete plates.
Inspired by this approach, Baggens and Ryden (2015d) (Paper II) proposed
and demonstrated that the amplitude polarization of the S1-ZGV Lamb
mode can be used for estimation of Poisson’s ratio. Compared to approaches
based on data from multiple modes such as the longitudinal wave and the
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Rayleigh wave, this approach provides a through-thickness representative
value for Poisson’s ratio since the S1-ZGV Lamb mode is present through
the entire thickness of the plate.

Longitudinal wave velocity

The longitudinal wave velocity is usually estimated from the time taken by
the first arriving wave from a transient impact to travel between two or
multiple points separated by a known distance along the surface. A possible
source of uncertainty in this type of analysis is the identification of a correct
first arrival time. Unfortunately, identifying an accurate time point for the
first arriving wave is not a trivial task; typically, the displacement magnitude
of the first arriving wave is very small. Despite this challenge of finding the
first arriving wave, a commonly used procedure is to identify the first value
above a certain threshold, and assume that this observed wave corresponds
to a pure longitudinal wave. An alternative approach, which may facilitate
the identification of the first arriving wave, is to study the trend of the
measured signal instead of using a threshold level (Popovics et al., 1998).

Additional uncertainty in measurements of the longitudinal wave velocity
may occur if the material properties vary through the thickness. In such
cases, the measured longitudinal wave velocity along the surface will be dif-
ferent from the longitudinal wave velocity measured through the plate. That
is, a measurement along the surface will not provide a through-thickness
representative estimation, which in turn may lead to uncertainties in the
evaluation of the Lamb wave plate parameters. Gibson (2004) observed a
systematic variation of this kind in which an increased velocity was observed
in measurements through the thickness of the plate compared with veloc-
ities obtained from measurements along the surface. To account for such
variations in velocity, Popovics et al. (2006) proposed a correction factor to
compensate for the slower longitudinal wave velocity along the surface.

As an indirect alternative to a measurement based on the first arriving
wave, the longitudinal wave velocity may be calculated from the Rayleigh
wave velocity (Kim et al., 2006). However, this approach is dependent on
the assumption of an already known value of Poisson’s ratio.

Rayleigh wave velocity

A simple technique for estimation of the Rayleigh wave velocity is to study
the cross correlation of two signals separated by a known distance (Wu
et al., 1995). However, this technique may suffer from dispersion effects
(Shin et al., 2007), and for this reason, the use of a continuous wavelet

11



transform has been proposed. Another proposed approach for estimation of
a Rayleigh wave velocity is the spectral analysis of surface waves method,
SASW (Heisey et al., 1982). More recent approaches based on multichannel
datsets (Ryden and Park, 2006; Barnes and Trottier, 2009) propose that the
Rayleigh wave velocity can be estimated from the asymptotic trend of the
fundamental Lamb modes in frequency-phase velocity domain (Park et al.,
1999). Such analysis is sometimes referred to as multichannel analysis of
surface waves (MASW) and is usually based on Fourier transforms in both
time and space domain (Alleyne and Cawley, 1991).

S1-ZGV Lamb mode frequency

Robust estimation of the S1-ZGV Lamb mode frequency is important to
ensure reliability in evaluated Lamb wave plate parameters. In Lamb wave
theory, plates are characterized by laterally infinite dimensions (Auld, 1990).
Naturally, this condition is rarely found in practical testing of concrete
plates. Nevertheless, ZGV Lamb modes are still defined also for bounded
plates (Cees et al., 2011), but reflections from surface waves and other struc-
tural modes may impose additional complexity to the interpretation of the
measured frequency spectrum. Thus, to assist the identification of a correct
S1-ZGV Lamb mode frequencey, time frequency analysis has been proposed
(Abraham et al., 2000; Algernon and Wiggenhauser, 2007).

For the cases of combined impact-echo and surface wave measurements (e.g.
MASW), the spatial distribution of the S1-ZGV mode shape may also be
employed for improved detectability of frequency. For instance, by sum-
mation of the signals in vicinity to the impact source, the identification
of the S1-ZGV Lamb mode frequency can be facilitated (Ryden and Park,
2006; Ryden, 2016). Another similar approach is based on a multiplication
of amplitude spectrums from signals measured close to the impact source
(Medina and Garrido, 2007). For both these approaches, the influence from
propagating waves and scattering is reduced since the summation and mul-
tiplication amplifies the frequency of the S1-ZGV Lamb mode due to its
spatially coherent characteristic.

2.6 Uncertainties and challenges

Empirical conceptual model
Although several improvements have been proposed for the impact-echo

method, among them the very important link to Lamb wave theory by Gib-
son and Popovics (2005), it can be observed that the empirical conceptual
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Test location Estimated thickness (mm) and relative error (%)
Impact-echo and
No | Thickness (mm) Tmpact-echo surface wave analysis
(ASTM C1383) .
(Lamb wave analysis)
1 256 - 252 (-2%)
2 263 - 244 (-7%)
3 246 243 (-1%) 242 (-2%)
4 261 195  (-25%) | 237 (-9%)
5 337 293 (-13%) | 309 (-8%)
6 281 268 (-5%) 254 (-10%)
7 239 224 (-6%) 223 (-7%)

Table 2.1: Estimated thickness from impact-echo and combined impact-echo
and surface wave analysis (MASW). Table created from data presented by
Popovics et al. (2008).

model still is used as theoretical framework in some cases; this may be one
reason to that the impact-echo method is sometimes compared and discussed
as a member within the family of ultrasonic pulse echo techniques. To the
author’s opinion, this is somewhat sad since this interpretation may prevent
the evaluation from taking full advantage of the possible information avail-
able in the excited Lamb wave field. Furthermore, and also to the author’s
opinion, this interpretation may also contribute to confusion in discussions
about sensitivity for defects and the capability of detecting reinforcement
bars etc.

Underestimated plate thickness

In the literature, a systematic error in terms of underestimated plate thick-
ness from impact-echo measurements are observed, see Section 2.3 and Ta-
ble 2.1. As example, in the results presented in Table 2.1, a systematic error
is also observed for the combined impact-echo and surface wave analysis
(MASW /Lamb wave analysis/right column). Baggens and Ryden (2015a)
(Paper I) reproduced this systematic error in numerical simulations and also
observed the error in a practical measurement with both a multichannel anal-
ysis of surface waves (MASW) and a conventional impact-echo set-up. A
possible source to this systematic error is near-field effects caused by cylin-
drical spreading of waves from a point source and interference of localized
wave modes created due to the point source excitation. Within the field of
geophysics, near-field effects are observed and studied for half-spaces (Zy-
wicki and Rix, 2005; Roesset et al., 1990; Roesset, 1998; Bodet et al., 2009).
However, for the case of non-destructive testing of plates, only a few studies
have recognized the influence from the near-field of a point source (Ditri
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et al., 1994). In the context of impact-echo thickness testing of plates, near-
field effects have traditionally not been taken into account (Baggens and
Ryden, 2015a) (Paper I). Baggens and Ryden (2015a) (Paper I) demon-
strated that the longitudinal wave velocity estimated from the first arriving
wave represent the main cause of the underestimated thickness. By instead
using alternative approaches for estimation of Poisson’s ratio that are inde-
pendent on the longitudinal wave velocity estimated from first arrivals, this
systematic error may be reduced (Baggens and Ryden, 2015d) (Paper II).

Evaluation domain

In the conventional impact-echo method, the data is interpreted and eval-
uated at a pointwise level. As mentioned in Section 2.3, by repeating this
evaluation at multiple locations, either through an automated or manual
process, variations in the response can be investigated. However, since a
transient impact source is used that creates a full wave field propagating
outwards from the source location, the pointwise evaluation is somewhat
limited. A step in the direction of extending the evaluation domain and
incorporating more information carriers within the full wave field is taken
by the combined techniques described in Section 2.4. Yet, these combined
techniques are typically limited to evaluation domains such as lines. With
inspiration from near-surface geophysical applications (Boiero et al., 2012)
and testing of metal plates (Harley and Moura, 2013), a natural exten-
sion of testing of plate-like concrete structures is to consider data collected
and evaluated from a two-dimensional surface. An example of such evalu-
ation applicable for concrete applications is demonstrated and proposed in
Paper III. Compared to the impact-echo method evaluated at multiple dis-
crete points, this approach enables the possibility to study the variation of
propagating waves over a wide frequency bandwidth for a two-dimensional
surface.

Imaging

For non-destructive imaging analysis of concrete structures with elastic waves,
techniques based on ultrasonic pulse echo and synthetic apertures represent
a predominant group (Pla-Rucki and Eberhard, 1995; Schickert et al., 2003;
Wiggenhauser et al., 2016; Schickert and Krause, 2010). Within this field,
some recent developments include application of data processing algorithms
initially proposed in the field of geophysics (Miiller et al., 2012; Grohmann
et al., 2016, 2017). Although some ultrasonic imaging applications report
the usage of frequencies as low as 25 kHz (Grohmann et al., 2016), the com-
mon range of ultrasonic test frequency is typically 50-200 kHz (Schickert and

14



Krause, 2010). For frequencies below this ultrasonic domain, imaging of re-
sults from impact-echo data is proposed in the literature for both B-scans
(Schubert et al., 2004) as well as C-scans (Zhu and Popovics, 2007; Ohtsu
and Watanabe, 2002). Some references also reports about the possibility of
utilizing synthetic apertures focusing techniques on data from impact-echo
measurements to enable reflection imaging transversally through the plate
(Schubert and Kohler, 2008; Ganguli et al., 2012). However, to the best
of the author’s knowledge, no example of technique for imaging analysis
with propagating Lamb modes and below ultrasonic frequency applied on
plate-like concrete structures exists in the literature. With aim of removing
this gap, a 2D arrays technique for Lamb wave phase velocity imaging of
plate-like concrete structures is proposed in Paper III.

Material gradients

For testing of plate-like concrete structures with elastic waves, a condition of
isotropy based on constant material properties through the plate thickness is
usually assumed (e.g. the assumption of Lamb wave propagation). However,
in a number of practical studies concerning concrete structures, the case of
inhomogeneity due to varying material properties is being reported Abra-
ham et al. (2012); Boyd and Ferraro (2005); Popovics et al. (2006, 1998);
Popovics (2005); Qixian and Bungey (1996); Turgut and Kucuk (2006); Hu
et al. (2006). It is suggested that such material variations may be caused
by uneven settlement of aggregates during casting, uneven moisture dis-
tribution, material degradation or corrosion of internal steel reinforcement
Neville and Brooks (2010). To better understand the influence from poten-
tial material variation through the plate thickness in techniques based on
zero-group velocity modes (such as the impact-echo method), Tofeldt and
Ryden (2017) (Paper IV) investigated the behaviour of the lowest symmetric
zero-group velocity mode for two plates with continuously varying acoustic
bulk wave velocities. They concluded that ZGV modes, similar to the S1-
ZGV mode, exist and are detected with same robustness as for the isotropic
case. However, depending on the magnitude of the material variation, the
evaluation of representative plate properties may in practice be challenging
due to additional complexity of the wave field.
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Chapter 3

Elastic wave theory

3.1 Infinite spaces

Two different type of mechanical waves can exist in a three-dimensional in-
finite space: the longitudinal wave and the transversal wave (Auld, 1990).
These two types of waves are also referred to as P-waves and S-waves, where
the capital P and S represent primary or pressure and secondary or shear,
respectively. The longitudinal wave velocity V7, in a three-dimensional infi-
nite space is calculated according to:

B E(1—v)
Vi = \/p( (3.1)

1+ 0)(1—20)

where E, v, p are the Young’s modulus, Poisson’s ratio and density, respec-
tively. The transversal wave velocity Vr in a three-dimensional infinite space
is calculated according to:

E

V= (|—
T 2p(1+v)

(3.2)

The ratio between the longitudinal wave velocity and the transversal wave
velocity is only dependent of Poisson’s ratio and is sometimes referred to as
k and consequently given by:

VL 2(1 —v)
T V1 o2 (3:3)

The ratio k is an important quantity, which provides a fundamental link be-
tween the acoustic bulk wave velocities V7, and Vp. The particle movements
of plane longitudinal and transversal waves are shown in Figure 3.1.
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Figure 3.1: Illustration of particle motion for: (a) Longitudinal wave, (b)
Transversal wave. Figure from Graff (1975).

3.2 Half-spaces

A body which is infinite below a certain plane and non-existent above this
plane is typically referred to as a half-space. The probably most common
example of such semi-infinite body is the earth, which is almost infinite in
the lateral/horizontal direction and depth, i.e. it is only limited by the
earth surface if we assume a flat earth and ignore the curvature. However,
structures which are similar to half-spaces can be found in many places.
Typically, it is the wavelength in comparison with the dimensions of the
object that determines if an object can be assumed as infinite or not, rather
than the specific dimensions of the object.

The free surface of the half-space makes it possible for surface waves to
exist. Surface waves, which are often called Rayleigh waves, are created from
a combination (superposition) of longitudinal and transversal waves. An
example of a surface wave or Rayleigh wave is shown in Figure 3.2. Figure 3.2
shows that the displacement magnitude of the movement dominates close to
the surface; hence the name surface wave.

The velocity of the Rayleigh wave cannot be determined in the same straight-
forward fashion as for the longitudinal and transversal wave. To determine
the exact velocity, the so-called Rayleigh equation must be solved (Vik-
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Figure 3.2: Rayleigh wave mode shape. Figure from Viktorov (1967).

torov, 1967). However, an approximation of the Rayleigh wave velocity can
for example be determined from the relation given by (Achenbach, 1973):

Vi _ 0.862+ 1.14v

~ 4
\%s 1+v (3-4)

3.3 Lamb waves

We have seen that two type of waves exist in an isotropic infinite body, and
when a free surface exists (i.e. a half-space), Rayleigh waves can also exist.
In the case of a plate, which has two free surfaces, additionally complexity
is added to the wave propagation theory. This theory of wave propagation
in linear elastic and laterally infinite plate is commonly referred to as Lamb
wave theory.

The two free surfaces of the plate is equivalent to a traction free bound-
ary condition, which means that the stress combined from longitudinal and
transversal waves must equal zero at these surfaces. The boundary condition
implicates that only certain combinations of longitudinal and transversal
waves within the plate can exist at a given frequency. This means that only
certain combinations of angular frequencies w and lateral wave numbers k
are possible. The valid combinations of frequencies w and lateral wave num-
bers k, so-called w-k pairs, define the dispersion characteristics of the plate,
and can be obtained by solving the Lamb wave equation (Viktorov, 1967):

Y (3.5)

tan(Bh/2) 4aBk? =
tan(ah/2)

where
o =WV - K
B =w?/Vi —
Vi, and Vr are the longitudinal and transversal wave velocities, respectively,

and h represents the plate thickness. The Lamb modes are divided into two
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Figure 3.3: Example of symmetric Lamb mode.

Figure 3.4: Example of anti-symmetric Lamb mode.

main families: symmetric and anti-symmetric modes. The positive sign of
the exponent on the right side of Eq. (3.5) defines symmetric modes, whereas
the negative sign defines anti-symmetric modes. Examples of a symmetric
and an anti-symmetric Lamb mode are shown in Figure 3.3 and Figure 3.4,
respectively.

The valid w-k pairs define the dispersive characteristics of the plate. The
dispersion of Lamb waves contain important information which can for ex-
ample be used to determine the elastic plate properties and thickness. The
dispersion relations for a plate can be illustrated in many ways. One ex-
ample is to plot the w-k pairs for each Lamb mode directly, see Figure 3.5.
Another possibility is to present the dispersion curves in the frequency-phase
velocity domain, see Figure 3.6. The Rayleigh wave velocity can, for exam-
ple, be determined by studying the convergence of the phase velocities for
the A0 and the SO modes, see Figure 3.6. The S1-ZGV point, which is the
point of the minimum frequency of the S1-mode, is another quantity which
can be determined. The frequency of this point corresponds to the rever-
berating resonance used in traditional impact-echo measurements (Gibson
and Popovics, 2005).
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Figure 3.5: Dispersion curves (wave number-frequency plot) for a plate with
Young’s modulus 40 GPa, Poisson’s ratio 0.2, density 2400 kg/m3, and thick-
ness 1 m.
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Figure 3.6: Dispersion curves (frequency-phase velocity plot) for a plate
with Young’s modulus 40 GPa, Poisson’s ratio 0.2, density 2400 kg/m?, and
thickness 1 m.
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Chapter 4

Numerical modelling

4.1 Calculation of dispersion curves

Although Eq. 3.5 is written in a compact and explicit form, the solution of
this equation is not trivial, and must typically be performed with numerical
approaches. For the cases of plate with continuous material variations, as
in Paper IV, no simple and closed form expression as Eq. 3.5 exists. As
approach for handling these cases, a semi-analytical finite element (SAFE)
technique is adopted in Paper IV. This approach is based on the method-
ology presented by (Predoi et al., 2007; Bartoli et al., 2006; Treyssede and
Laguerre, 2013) and implemented in the commercial FE code COMSOL
(COMSOL Inc., 2016) and MATLAB.

4.2 Response due to point source excitation

The finite element software COMSOL (COMSOL Inc., 2016) and the com-
putational software MATLAB are used to perform simulations of wave prop-
agation in elastic plates. The following presentation will focus on the imple-
mentation of a finite element model which simulates the response of a plate
subjected to transient impacts. This implementation is mainly based on
the modelling techniques presented by Castaings et al. (2004); Hosten and
Castaings (2006); Ryden and Castaings (2009). This approach for mod-
elling is selected since it allows control over the mesh size and the absorbing
region. Since the computation is performed in frequency domain, an uncou-
pled problem is obtained; this problem can efficiently be solved in parallel
thus allowing a potential speed-up.

As an example model in this presentation, an axially symmetric plate model
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Figure 4.1: Sketch of plate model.

is shown in Figure 4.1. This type of model corresponds to the model type
used in Paper I, Paper II and Paper IV. A load is applied at the axial
symmetry axis to simulate the point load. The plate is divided into two main
regions: result region and absorbing region. The response is extracted from
the result region whereas the absorbing region is used to simulate infinite
boundaries of the plate. The absorbing region is created by a gradually
(cubically) increasing damping ratio (Castaings et al., 2004; Ke et al., 2009).

The model is solved in frequency domain using an element mesh and ab-
sorbing region which are adjusted to the frequency. At low frequencies a
coarse mesh is used, as opposed to the case of high frequencies where a fine
mesh is used (Ryden and Castaings, 2009). The absorbing region is adjusted
according to frequency; a longer absorbing region is used for low frequencies
and the opposite. The response of the plate in terms of complex amplitudes,
i.e. the so-called frequency response function, is extracted from the result
region of the plate, see Figure 4.1. The absolute amplitude of an example
frequency response function is plotted in Figure 4.2.

Force excitation pulses, are applied at the axial symmetric axis to simulate a
point load (see Figure 4.1). These pulses are defined using a Gaussian mono-
pulse. An example of a force excitation pulse is shown in Figure 4.3. The
dynamic response to the point load excitation in time domain are obtained
from the inverse discrete Fourier transforms of the frequency response func-
tions multiplied with the frequency spectrum of the pulses (Castaings et al.,
2004). An example of dataset in time domain is shown in Figure 4.4. As a
graphical illustration of the modelling process, an overview of the simulation
technique is shown in Figure 4.5.
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Figure 4.2: Example of the absolute value of frequency response function.
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Figure 4.3: Example of force excitation pulse in (a) Time domain, (b) Fre-
quency domain.
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Chapter 5

Measurement equipment

Practical measurements in this thesis are performed with an equipment con-
sisting of an impact hammer as source and an accelerometer as receiver. The
practical measurements are executed by performing several hammer impacts
at increasing offset distance from the accelerometer which is kept at a fixed
position throughout the measurement. By connecting the impact hammer
and accelerometer to a data acquisition card, the structural response in
terms of acceleration as well as the time history of the impact-force from
the hammer is recorded. The recorded data are stored and saved in a lap-
top computer. Since the impact hammer also works as a triggering device,
the reciprocity theorem for linear elastic system allows the creation of a
time-synchronized multichannel dataset. This type of multichannel/ array
based dataset is typical for a combined impact-echo and surface wave anal-
ysis, but the type of dataset is also observed in many other non-destructive
applications as well as geophysical measurements. A sketch illustrating the
practical measurement techniques and procedure is shown in Figure 5.1.

Array length

Figure 5.1: Sketch of measurement technique.
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Figure 5.2: Measurement equipment: impact-hammer (PCB model 086C03),
accelerometer (PCB model 339A30), signal conditioner (PCB model
480b21), DAQ-unit (NI USB-6251 BNC), and computer (Panasonic Tough-
book).

An overview of the used measurement equipment is shown in Figure 5.2.
Figure 5.3 shows an example of a three component accelerometer. As can be
noticed, the measurement equipment represent a very portable and flexible
system in which every individual part of equipment easily can be changed
or replaced. For example, it is common to select impactor with respect to
the object that is studied. If a thick structure is considered it is suitable to
use a heavier impactor which can generate sufficient low frequencies in the
impact pulse. On the contrary, if a thin structure is considered, it is suitable
to use a lighter impactor which can generate sufficient high frequencies in
the impact. An example of different impactors is shown in Figure 5.4.
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Figure 5.3: Three component accelerometer (PCB model 339A30).

Figure 5.4: Impact hammers, from left: home-made impactor (screw/bolt)
with piezoelectric crystal, hammer PCB model 086C03, hammer PCB model
086D05.
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Chapter 6

Results

6.1 1D array measurements and analysis

Non-destructive techniques based on mechanical waves generated by tran-
sient impacts can be used to evaluate the thickness of plate-like concrete
structures. Paper I provides increased knowledge about the reliability and
uncertainties in such type of evaluations under the condition of one-sided
access, i.e. the case in which only one side of the plate surface is accessible.
More specifically, the investigation is focused on a combined technique based
on multi-channel analysis of surface waves (MASW) and Impact-Echo (IE),
see Paper I; this technique is denoted MASW/IE. In the current case, the
MASW/IE technique uses the first thickness resonance of a plate (S1-ZGV)
as well as the propagating surface wave field to enable a Lamb wave analysis.
In addition, results are also compared with the conventional Impact-Echo
(IE) method based on a simplified and interpretation of the wave behaviour,
see Section 2.3.

The resonant vibration mode linked to the S1-ZGV Lamb mode as well as
surface waves can be utilized to determine an unknown thickness as well
as the elastic properties of a plate-like structure. Thus, Lamb wave theory
plays an important role in impact-based evaluations of plate-like concrete
structures and should therefore be taken into account for best possible re-
sults. In Lamb wave theory, a plate is defined by three independent param-
eters such as acoustic wave velocity, Poisson’s ratio and thickness; in the
following section and in Paper I, this represents an important basis used for
non-destructive evaluation. As presented in Chapter 2, a systematic error
in terms of underestimated plate thickness is reported in the literature. To
study this error in more detail, the basis of the Lamb wave evaluation must
be investigated; fundamentally, estimation of the elastic properties (acoustic
wave velocity and Poisson’s ratio) and thickness using Lamb waves is equiv-
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Figure 6.1: (a) Lamb wave dispersion curves (A0, SO, Al, and S1 mode)
for a plate with v = 0.2. (b) Expanded view around the S1-ZGV point for
different values of Poisson’s ratio v.

alent to determine the right set of Lamb wave dispersion curves associated
with a plate. Here, note that since the Lamb wave plate parameters are
coupled through the Lamb wave equation, the error in estimated thickness
typically implies an error in an estimated elastic properties as well.

For plates in general, the dispersive nature of Lamb waves can be illus-
trated in many ways: one possibility is to present dispersion curves in the
frequency-phase velocity domain. Here, the dispersion curves provide an
important theoretical basis that facilitates the interpretation of how an un-
known thickness for plate-like concrete structures can be estimated with
Lamb waves. Figure 6.1 (a) shows a selection of the dispersion curves (Lamb
modes A0, SO, A1, and S1) for a plate with Poisson’s ratio v = 0.2. The
axes are normalized with the thickness h and the transversal wave speed Vg.
This normalization makes the curves only dependent on the Poisson’s ratio
v, i.e. they are valid for all plates with v = 0.2. The S1-ZGV point, which
represents the first through thickness resonance of a linear elastic isotropic
plate, is also illustrated.

Figure 6.1 (b) shows an expanded view of the S1-ZGV point for different
values of Poisson’s ratio v. Again, the normalized axes makes the location of
the S1-ZGV point to be only dependent on v. This implies that the value of
fh/Vs, i.e. the normalized frequency and location on the x-axis, is constant
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for the S1-ZGV point at a fixed value of v. Thus, the normalized frequency
fh/Vs provides a direct way to determine the plate thickness once Vg, v,
and f are known. However, in practice, the plate parameters Vg, v and h
are in most cases not directly accessible, and as a result, they must be de-
termined indirectly using other parameters. In the investigated MASW /IE
technique in Paper I, this is solved by a measurement of the longitudinal
wave velocity Vp, the Rayleigh wave velocity Vg, and the frequency of the
zero-group velocity (ZGV) point of the first symmetric (S1) Lamb mode
fs1—zav-. These three quantities provide the necessary information to de-
termine Vg, v and h, and naturally, the accuracy of the obtained parameter
estimates is therefore dependent on the accuracy of these input values (Vp,
Vi and fs1-zgv) in the evaluation.

A detailed numerical finite element simulation mimicking the MASW/IE
and IE measurement is performed to enable an investigation of the input
values in the evaluation (i.e. Vp, Vg and fs1-zgv). A description of the
simulation technique is given in Section 4.2. The simulation corresponds to
the calculation of the dynamic response of a plate excited with a transient
point load. Results from such simulation are shown in Figure 6.2(a) which
displays the time history (y-axis) of the vibration response as function of
radial offset position (thickness normalized) from the point source (x-axis).
For both the combined MASW /IE and conventional IE technique, the longi-
tudinal wave velocity Vp is generally estimated from the velocity of the first
arriving wave. This velocity is often referred to as the first arrival velocity.
An expanded view close to the impact source, see Figure 6.2(b), reveals that
there exists a zone where the velocity of the first arriving (white dots marked
First arrivals) wave cannot be directly linked to the theoretical longitudinal
wave velocity (solid white line marked Vp). This zone, in which the high
amplitude of the Rayleigh wave hides the longitudinal wave, results in an
underestimated velocity, which in turn, leads to an uncertain estimation
of Poisson’s ratio and an underestimated thickness. The magnitude of the
underestimated thickness is dependent on Poisson’s ratio, pulse frequency
content, and the distance between the measurement and the impact source.

For the MASW /IE technique, the velocity of the first arrival wave is calcu-
lated by adjusting a slope to the points corresponding to first arrivals seen
in Figure 6.2(b) using linear regression. For the conventional IE technique,
the first arrival velocity is also calculated by adjusting a slope, but with the
difference that only two signals (traces) are used; this corresponds to the
procedure described by the standardization of the IE technique (ASTM C
1383). Figure 6.3(a) and Figure 6.3(b) show the variation of estimated first
arrival velocity for the combined MASW/IE technique and the conventional
IE technique, respectively. Both Figure 6.3(a) and Figure 6.3(b) show that
the estimated first arrival velocity is clearly affected by the near field: this
leads to uncertainty in the estimation of plate thickness.
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Figure 6.2: (a) Detailed finite element simulation of impact-echo and surface
wave test. (b) Expanded view close to impact source showing traces/signals
within a radial distance of 2.5 - r/h. First arrivals are marked with dots.
Straight lines marked Vp and Vp_sp correspond to theoretical velocities
of the longitudinal wave and low frequency component of the fundamental
symmetric (S0) Lamb mode, respectively. The straight lines are aligned
with the time point of the first picked arrival wave at r/h = 0.
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Figure 6.3: Variation of P-wave velocity estimated from first arrival in simu-
lated data for (a) Combined MASW/IE technique (b) conventional IE tech-
nique.

To explore at which extent the observed variations in estimated first ar-
rival velocity presented in Figure 6.3 can be observed in a real field case,
an analysis of data recorded from a real measurement on a concrete cement
plate cast on a granular base is performed. The variation of estimated first
arrival velocity for the combined MASW/IE technique and the conventional
IE technique is shown in Figure 6.4, respectively. From the results of this
measurement, it can be observed that the longitudinal wave velocity esti-
mated from the first arrivals increases with the array length (Figure 6.4(a))
or the location of the sensors (Figure 6.4(b)). This is in line with the general
trend displayed by the results from the simulated case shown in Figure 6.3.
Consequently, results from both simulations and measurements verify the in-
herently difficult and questionable task of estimating the longitudinal wave
velocity Vp from the first arrivals of dispersive Lamb waves. That is, by fol-
lowing the recommendations in the standard ASTM C 1383 or the practice
used in many applications, uncertainties in the estimated longitudinal wave
velocity may arise depending on the plate properties and the impact source
frequency content.

Except for the longitudinal wave velocity Vp, the Rayleigh wave velocity
Vi and the frequency of the zero-group velocity (ZGV) point of the first
symmetric (S1) Lamb mode fg1_zgy are also used in the evaluation of the
Lamb wave plate parameters Vg, v and h. Results from simulations and
measurements show that the Rayleigh wave is also affected by near field
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Figure 6.4: Variation of P-wave velocity estimated from first arrival in mea-
surement data for (a) Combined MASW/IE technique (b) conventional TE
technique.

effects; close to the impact source, a lower value of the estimated Rayleigh
wave velocity is observed. However, the influence from this error is lower
than the influence of the error from the estimation of the longitudinal wave
using first arrivals. Moreover, simulations and measurements show that the
S1-ZGV frequency in general is estimated with good accuracy with a non-
significant dependency on the array length.

In total, the combined errors from the estimated longitudinal wave velocity
and the Rayleigh wave velocity create a systematic error which underesti-
mates the thickness in evaluations based on the MASW/IE and IE tech-
niques with about 5-15 % depending on the Poisson’s ratio, measurement
set-up and source pulse. The major cause of this error is related to the in-
terpretation of the first arrival velocity as a pure longitudinal wave velocity.
Typically, for the MASW/IE technique, the underestimated longitudinal
wave velocity causes an underestimated Poisson’s ratio (estimated from the
longitudinal wave velocity and the Rayleigh wave velocity) which in turn
leads to an underestimated plate thickness. For the IE technique, the un-
derestimated longitudinal wave velocity leads to an underestimated plate
thickness through the evaluation of Eq. 2.1. Here, note that the alternative
interpretation of the first arrival longitudinal wave velocity as the low fre-
quency component of the fundamental symmetric (S0) Lamb mode (Vp_ap
in Figure 6.2(b)) does not reduce this error.

Fortunately, the longitudinal wave velocity is not a requirement to enable
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Figure 6.5: Mode shape, with cylindrical spreading due to a point load, of
first symmetric zero-group velocity Lamb mode (S1-ZGV): (a) v = 0.4, (b)
v = 0.2. The arrows exemplify the relative magnitude of the movement, i.e.
they are not plotted in exact scale. Color scale corresponds to magnitude
of displacement (i.e. both surface normal and surface in-plane component)

an estimation of the Lamb wave plate parameters (e.g. Vg, v and h); the
longitudinal wave velocity is just one alternative selection of an indirect pa-
rameter used as input in the evaluation of Poisson’s ratio v. Naturally, it is
of interest to explore alternative approaches for estimation of Poisson’s ratio
v which are not dependent on an evaluation of a longitudinal wave velocity
from first arrival velocity. This represents the motivation for the work pre-
sented in Paper II, in which an alternative and new approach for estimation
of Poisson’s ratio is proposed. This approach is based on the amplitude po-
larization of the first symmetric zero-group velocity Lamb mode (S1-ZGV).
Here, the amplitude polarization is interpreted as the ratio defined by the
magnitude of the surface normal component divided by the magnitude of the
surface in-plane component. This means that the approach does not require
an estimation of the longitudinal wave velocity, e.g. from first arrivals as in
Paper I; the longitudinal wave velocity is used to estimate Poisson’s ratio
together with the Rayleigh wave velocity.

The main idea of the approach is illustrated in Figure 6.5. Figure 6.5 shows
the mode shape of the first symmetric zero-group velocity Lamb mode (S1-
ZGV) for two values of Poisson’s ratio (v = 0.4 and v = 0.1). The effect
from cylindrical spreading, due to a point source excitation, is also taken
into account in Figure 6.5, i.e. the spatial periodicity is defined by a Hankel
function instead of an exponential function. For high Poisson’s ratio, the
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Figure 6.6: (a) Magnitude values of the surface in-plane component U and
the surface normal component W of the S1-ZGV mode at the plate surface
as function of Poisson’s ratio v. (b) Polarization |U/W| of S1-ZGV mode as
function of Poisson’s ratio v.

movement of the S1-ZGV mode shape at the plate surface is dominated by
the surface in-plane component, see Figure 6.5 (a), whereas for low Poisson’s
ratio, the movement at the plate surface is dominated by the surface normal
component, see Figure 6.5 (b). This phenomena is further illustrated in
Figure 6.6(a) in which the magnitude of the surface in-plane component U
and the surface normal component W is calculated for the S1-ZGV mode
at the plate surface. The ratio defined by |U/W]|, i.e. the amplitude po-
larization of the S1-ZGV mode shape, is only dependent on Poisson’s ratio,
see Figure 6.6(b). Once this ratio, i.e. the amplitude polarization of the
S1-ZGV mode, is determined, the relationship displayed in Figure 6.6(b)
provides an estimate of Poisson’s ratio. In contrast to the approach based
on a longitudinal wave velocity and Rayeleigh wave velocity (see Paper I),
an advantage of using the polarization of the S1-ZGV Lamb mode is that
a through-thickness representative estimation of Poisson’s ratio is obtained,
since the utilized Lamb mode (S1-ZGV) exists through the entire thickness
of the plate.

The polarization based approach is tested in a practical measurement on
a concrete wall in a bridge. A photograph of the bridge is shown in Fig-
ure 6.7(a). Figure 6.7(b) and Figure 6.7(c) show the test location on the
wall and a close-up view of the accelerometer, respectively. Results from the
evaluation of the measurement data collected from the bridge wall are shown
in Figure 6.8. Figure 6.8(a) shows the absolute amplitude of the measured
S1-ZGV Lamb mode (markers). A best match between the extracted mode
shape (markers) and the theoretical mode shape (lines) is determined. In
this case, the polarization |WW/U]| is estimated to 1.09, and thereby, an esti-
mate of Poisson’s ratio v = 0.24 is obtained using the relationship presented
in Figure 6.6(b).

In this field case, no exact value of v is accessible directly for comparison.
Nevertheless, the estimation of v can be verified indirectly to a certain extent
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Figure 6.7: Photographs from a practical test of polarization approach. (a)
Bridge test object. (b) Bridge wall. (c) Expanded view of accelerometer
mounted on the bridge wall.
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Figure 6.8: Evaluation of measurement data from practical test of the po-
larization approach. (a) Circle and asterisks markers: measured absolute
values of the magnitude of the S1-ZGV Lamb mode. Solid lines: best fitted
mode shaped to measurement data points. (b) Measurement data displayed
in frequency-phase velocity domain. Red dashed line at 2340 m/s indicate
estimated Rayleigh wave velocity. (c¢) Frequency spectrum of signal collected
in vicinity of the accelerometer. Frequency peak at 4810 Hz corresponds to
the S1-ZGV frequency.
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from the nominal thickness of the bridge wall A = 0.450m. Estimation
of the Rayleigh wave velocity (2430 m/s) from the raw signals displayed
in frequency-phase velocity domain (Fig. 6.8(b)), the S1-ZGV frequency
(4810 Hz) from the frequency spectrum of the signal nearest the impact
point (Fig. 6.8(c)), and Poisson’s ratio (0.24) theoretically corresponds to
a thickness of 0.447 m, which is within 1% error of the nominal thickness
(0.450 m). For comparison, the approach based on the longitudinal wave
velocity yield an estimated thickness of 0.425 m (i.e. within 6% error of the
nominal thickness). In this comparison, the same Rayleigh wave velocity
(2430 m/s) and S1-ZGV frequency (4810 Hz) are used; the difference in
estimated thickness between the two approaches is related to the value of
Poisson’s ratio v = 0.18 when the longitudinal wave velocity (4295 m/s) is
estimated from first arrivals (not shown). In other words, in this field case
the approach based on the polarization of the S1-ZGV Lamb mode provides
an increased accuracy of the estimated nominal thickness in comparison with
the traditional approach using the longitudinal wave velocity estimated from
first arrivals.

6.2 2D array measurement and analysis

The work in both Paper I and Paper II is based on the study of data recorded
with multiple impacts with equidistant spacing performed along a line; such
data provides estimates that are representative for the region along the line.
However, for improved knowledge and resolution of obtained estimates from
evaluation techniques in the lateral plane of plates, it is of interest to not
restrict the analyses to only a few points or a line in just one direction.
However, there is no explicit requirement that prohibit the use of other lay-
outs for data collections. For instance, layouts in form of grids are observed
within the field of geophysics in studies of surface waves as well as in the
general field of guided wave testing. Naturally, from the assumption of cylin-
drical spreading from a point source excitation, it is evident that the wave
field is possible to study in all directions from the source location. This
represent the motivation for the work in Paper III, in which a Lamb wave
analysis technique for concrete plates with 2D-arrays is proposed. Since this
technique uses data collected over a surface, a study of potential material
variation and thickness along the lateral plane of the plate is possible. Com-
pared to ultrasonic reflection imaging methods, this technique is not limited
to a specific operating frequency (transducer) since it is based on a full wave
field dataset with wide frequency bandwidth. Thus, the technique represent
an important complement to current ultrasonic reflection imaging methods.

The 2D-array technique is demonstrated on a newly cast concrete slab that
represent the ground floor and foundation in a future school. The nominal

40



0.9

0.45
E o
>
-0.45
-0.9 & Y ! Y X
-2 -1 0 1 2
x[m] x  Accelerometer
Impact points

Figure 6.9: (a) Sketch of measurement domain with coordinate system.
Black dots show locations of impacts and red-cross shows the location of
the accelerometer, which is kept fixed throughout the measurement. (b)
Photograph from measurement with illustration of surface domain in which
data is collected.

thickness of the slab is 0.12 m. The measurement is carried out in a location
with low influence from reflections caused by free slab edges. Also, since the
plate is newly cast, a test condition without anomalies such as defects is
anticipated; thus, this ideally implies uniform material properties and plate
thickness. The selection of this location for the measurement is motivated
with the aim of creating a controlled and reliable test environment without
introducing excessive uncertainties from potential anomalies. Measurement
data is collected within a rectangular domain with length 4 m and width
1.8 m, see Figure 6.9(a). Figure 6.9(a) shows the measurement domain with
green colour and the associated coordinate system. Within this rectangular
measurement domain, 1040 impacts are performed with locations according
to the black dots. Throughout the measurement, the accelerometer is kept
fixed at the centre of the rectangular domain (red cross). A photograph
from the measurement is shown in Figure 6.9(b) along with illustration of
the measurement domain and associated coordinate system. A practical as-
pect related to the measurement is also shown in Figure 6.9(b) by means of
the highlighted dashed line and carpenter’s ruler; the measurement is car-
ried out by performing impacts along the dashed line, and then, moving the
carpenter’s ruler to a new location and repeating the process. Thus, the
measurement may be interpreted as a series of measurements similar to that
for instance used in multichannel analysis of surface waves (MASW, see Pa-
per I). In the measurement, the impact hammer also works as a triggering
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device. As a result, reciprocity can be used to create a dataset corresponding
to a full wave field recorded with 1040 time-synchronized synthetic sensors
located at the position of the impact points. Then, by creating subset of
these 1040 sensors through smaller groups, spatial sensor arrays are cre-
ated. Here, focus are directed to group of sensors extracted from limited
two-dimensional surface regions of rectangular and circular shape. In the
following, these group of sensors are referred to 2D-arrays; this naming is
used to emphasize their relation to two-dimensional (2D) surface shapes.

Through the characteristics of cylindrical spreading and the assumption of
relatively constant material and plate thickness within a limited surface
region, data from 2D-arrays (group of sensors) can be studied with almost
the same technique as arrays defined by sensors along a line. Practically,
this is carried out by analysing the data in the radial offset domain. In the
radial offset domain, the x — y coordinate of each sensor is converted to a
spatial radial coordinate r that measures the distance from the sensor to the
source location (acquired from reciprocity) in the centre of the measurement
domain (red cross in Figure 6.9). That is, the radial offset domain represents
a polar domain defined by a radial axis directed outwards from the location
of the source (red cross in Figure 6.9).

An example of a 2D-array defined by a rectangular shape is shown with blue
diamond markers in Figure 6.10(a). This rectangular 2D-array is defined by
the slope of 25° and the width of 0.3 m. In total, this 2D-array contains
85 sensor. The data collected by these 85 sensors are further studied in the
radial offset domain. The surface-in plane acceleration response (parallel to
the radial axis) for the 85 sensors within the rectangular 2D-array are shown
in Figure 6.10(b). This seismic plot shows the time history of each recorded
signal. The displayed signals are sorted according to their location along the
radial axis r. With aim of suppressing high frequency noise, a low-pass filter
is applied in time domain to reduce the frequency content above 30 kHz. In
similarity to the data presented in Figure 6.2(a), it is possible to observe
the first arrival longitudinal wave, surface waves as well as the stationary
S1-ZGV Lamb mode. That is, data from this 2D-array displayed in radial
offset domain exhibit the same general full wave field characteristic as data
obtained from arrays in the form of lines.

The use of a seismic plot is an efficient tool that provides an overview of
measurement data in both time and space. Thus, both velocity (slope in
Figure 6.10(b)) and frequency (periodicity in Figure 6.10(b)) may be esti-
mated. However, since the recorded wave field consists of multi-modal and
dispersive Lamb waves present simultaneously over a wide frequency range,
reliable estimations of velocity and frequency may be challenging to acquire
from the data in this representation. For this reason, it is useful to study
the data in frequency domain. For an estimation of the spectral content
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Figure 6.10: (a) Green rectangle: measurement domain. Black dots: sen-
sors. Red cross: Source location. Rectangular 2D-array shown with blue
diamond markers. (b) Low-pass filtered time domain data of surface in-
plane (parallel to radial axis) acceleration response. (c¢) Frequency-phase
velocity correlation image. Red cross shows the estimated phase velocity for
A0 Lamb mode at 6 kHz.
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of the recorded data from the 2D-array displayed in Figure 6.10(a), a two-
dimensional Fourier transform is used to create an image that shows the
spectral correlation for a range of frequency-phase velocity combinations.
Such correlation image is shown in Figure 6.10(c). In Figure 6.10(c) the
well-known pattern of the fundamental Lamb modes A0 and SO is observed
clearly (for instance, compare with Figure 3.6). This result ensures validity
and strengthens the usefulness of 2D-arrays for Lamb wave evaluations per-
formed in radial offset domain. Here, note that the processing that results in
Figure 6.10(c) is essentially the same as that used in Paper I and Paper II;
the difference is that a transformation of data into the radial offset domain
must be performed at first.

Spectral estimations such as the one shown in Figure 6.10(c) can be used for
analysis of the dispersive properties of the plate; this provides an indirect
estimation of the material properties and thickness of the plate. For the 2D-
array displayed with blue diamond markers in Figure 6.10(a), the estimated
spectral content shown in the correlation image (Figure 6.10(c)) is repre-
sentative for the surface region covered by the 2D-array. More specifically,
the estimation represent a type of spatial average since the 2D-array can be
interpreted as a spatial averaging operator dependent on the 2D-array sur-
face size and shape. Nevertheless, since estimates as function of the region
covered by the 2D-array are obtained, this can be utilized for monitoring of
potential variation of material properties and thickness in the lateral plane
of the plate. Accordingly, by estimating the dispersive properties at different
locations of a plate, the homogeneity of a plate can be assessed.

Since the recorded data contains a full wave field response with a wide
frequency bandwidth, an assessment of homogeneity may be focused on
the full frequency range of the dispersive wave field. However, such analysis
usually requires extensive work and may for this reason not be sensible for an
initial assessment concerning homogeneity of a measurement object. Owing
to this, it is reasonable to select one or a few modes at a narrow band of
frequencies for the initial analysis of homogeneity. As example here, the A0
Lamb mode at the frequency 6 kHz is selected for further investigations. This
mode is selected since its mode shape is present through the entire thickness
of the plate. For this mode, the phase velocity is dependent on the material
properties through the complete cross-sectional thickness. Moreover, the
phase velocity is also dependent on the plate thickness. For the 2D-array
shown in Figure 6.10(a), the estimated phase velocity for the A0 Lamb mode
at 6 kHz is 1.86 km/s; this estimate is highlighted with a marking by the
red cross in Figure 6.10(c). The wavelength of the A0 Lamb mode at 6
kHz is approximately A\ = V/f ~ 0.3 m; by considering the wavelength
A in comparison with the nominal thickness (0.12 m) for the plate, it can
be noticed that the mode is not expected to be sensitive for local material
inhomogeneities such as reinforcement bars.
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Figure 6.11: (a) Estimated phase velocity for the A0 Lamb mode at 6 kHz
as function of polar angle for rectangular array shown in Figure 6.10(a).
(b) Grey shading: envelope of normalized absolute value of the Fourier
transform of the array window functions in frequency (wave number). Blue
line represents the rectangular 2D-array in Figure 6.10(a).

Through a stepwise rotation of the 2D-array in Figure 6.10(a) around the
measurement domain and at each step performing an estimation of the phase
velocity as in Figure 6.10(c), the variation of phase velocity as function of
polar angle can be mapped. For the A0 Lamb mode at 6 kHz, the result from
such evaluation is shown in Figure 6.11(a). Results in Figure 6.11(a) show
that an almost consistent phase velocity with little relative variation for the
A0 Lamb mode at 6 kHz is observed. This verifies a homogeneous plate with
essentially constant material and thickness within the studied measurement
domain; this is expected since a newly cast plate is investigated. A slight
difference in processing between line arrays and 2D-arrays exists. Usually, a
uniform sampling in space domain is used for line arrays. However, for 2D-
arrays this is usually not the case; typically a non-uniform sampling (sensor
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spacing) is used. This aspect slightly changes the numerical implementation
of the discrete Fourier transform that creates the frequency-phase velocity
correlation image (e.g. Figure 6.10(c)). Furthermore, to ensure reliability of
the obtained results, the influence from sampling should also be considered.
This can be realized by studying the Fourier transform of the spatial window
corresponding to the array. Figure 6.11(b) shows the Fourier transforms of
the spatial array windows. The study of these curves is of value since sam-
pling in space domain (here, by means of the spatial 2D-array) corresponds
to a convolution in frequency domain between the array, represented by a
boxcar window function, and the true spectrum.

A rectangular 2D-array is not the only alternative for mapping of variation
in dispersive properties. Another possibility is to use circular 2D-arrays.
Such example is shown in Figure 6.12(a) by means of a circular 2D array
with the radius of 0.45 m. Instead of a rotation, the 2D-array is swept
within a rectangular grid space given by 40 points along the z axis and
20 points along the y axis. At each grid point, an estimation of the phase
velocity for the A0 Lamb mode at 6 kHz is performed following the same
technique as previously. The result from this mapping of phase velocity is
shown in Figure 6.12(c) as a two-dimensional image plot. In Figure 6.12(c),
each pixel corresponds to the location of a grid point in which an estimation
of phase velocity is performed. Although the colour is assigned individually
for each pixel, note that this colour (estimation) should not be interpreted
as a pointwise estimate of the phase velocity; the estimated phase velocity
is representative for the complete surface covered by the 2D-array, i.e. the
estimate may be interpreted as a spatial average within the 2D-array surface.

In similarity with Figure 6.11(a), Figure 6.12(c) shows an almost consis-
tent phase velocity for the A0 Lamb mode at 6 kHz. This result further
verifies that a condition of homogeneous material and plate thickness is
present within the measurement domain. Moreover, Figure 6.12(c) also
demonstrates that mapped variation of phase velocity can be illustrated in
a two-dimensional image plot and thereby serve as one example of a tool for
assessment of homogeneity. From a general perspective, results also demon-
strates the possibility of performing a new (for plate-like concrete structures)
type of imaging analysis based on propagating Lamb waves from a full wave
field dataset with wide frequency bandwidth. Since only a light and portable
equipment is required and that the measurement can be performed in fairly
short amount of time, it is expected that this technique is an interesting and
valuable complement to existing imaging techniques based on e.g. ultrasonic
pulse echo and synthetic apertures.

46



(b)

1
=
[
°
205
c
(@]
s
=
0
-10 0 10
Wave number, k [1/m]
c
. (.) : 1900
0.45 1880
—_ 1860
E 0
> 1840
045 1820
' ' ' 1800
-1 0 1
x [m]

Figure 6.12: (a) Green rectangle: measurement domain. Black dots: sensors.
Red cross: source location. Circular 2D-array shown with blue diamond
markers. (b) Grey shading: envelope of normalized absolute value of the
Fourier transform of the array window functions in frequency (wave number)
domain. Blue line represents the circular 2D-array in top left sub-figure. (c)
Estimated phase velocity for the A0 Lamb mode at 6 kHz as function of
centre coordinate of circular 2D-array. Note that the pixels should not be
interpreted as pointwise estimations due to the averaging effect from the 2D-
array; the estimate is approximately representative to the region covered by
the array.
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6.3 Theoretical study inhomogeneous plates

In Paper I and Paper 11, the presented work is based on the assumption of
a homogeneous material in all directions for the complete domain of inves-
tigation; this assumption is implied from to the use of Lamb wave theory.
The assumed condition of homogeneity is somewhat loosened in Paper III
since a constant material and plate thickness is assumed only within a lim-
ited domain (the 2D-array); that is, homogeneity in the lateral plane of the
plate is not assumed. However, as mentioned in Chapter 2, variations of the
material properties through the thickness are observed for some concrete
structures. Typically, such variations may manifest itself as a continuous
variation of the acoustic bulk wave velocities. Such variations are in general
not considered in testing of plate-like concrete structures with ZGV Lamb
modes. This serves as the motivation for the work presented in Paper IV, in
which the behaviour of the lowest (first) ZGV modes in two synthetic cases
are investigated. In particular, important aspects of the investigation are
whether a ZGV mode will appear, and if so, can it be detected with same
robustness as for a homogeneous case, and also, how can the frequency of
the ZGV mode be interpreted in relation to the material properties of the
plate? To answer these questions, a semi-analytical finite element (SAFE)
simulation as well as a conventional finite element simulation are performed.

The two cases, referred to as case 1 and case 2, are defined by two plates with
inhomogeneous and non-symmetric continuous variation of the acoustic bulk
wave velocities. Both cases are modifications of an isotropic reference case,
which is represented by a linear elastic isotropic plate. Then, by the usage
of two scaling functions, one for each case, the cases 1 and 2 are created by
adjusting the acoustic bulk wave velocities (longitudinal wave velocity Vi,
and transversal wave velocity V) according to a scaling function with spa-
tially varying amplitude along the plate thickness coordinate z. The scaling
functions for cases 1 and 2 are shown in Figure 6.13(a) and Figure 6.13(b),
respectively. The corresponding variations in the longitudinal and transver-
sal wave velocities as function of the thickness coordinate for cases 1 and 2
are shown in Figure 6.13(c) and Figure 6.13(d), respectively.

It should be noted that cases 1 and 2 represent one selection among many
potential candidate material variation cases; in fact, an infinite number of
material variation cases exist, and naturally it is necessary to limit these
cases. Cases 1 and 2 are selected to enable a study of ZGV modes in plates
with a continuous inclusion of material with either high or low acoustic bulk
wave velocities. It is anticipated that many concrete structures with one
simple anomaly fall within the boundary limits formed by the definitions
of cases 1 and 2 since these represent a fairly strong change in the acoustic
velocities. Thus, it is expected that observed qualitative and quantitative re-
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Figure 6.13: Scaling function for (a) case 1 and (b) case 2. The cases
are characterised by a continuous variation of acoustic bulk wave velocities
for. Cases 1 and 2 are show in (c) and (d), respectively. Cases 1 (c¢) and
2 (d) are created from a homogeneous isotropic reference case defined by
a longitudinal wave velocity Vz = 4303m/s, a transversal wave velocity
Vi = 2635m/s (Poisson’s ratio v = 0.2), and density p = 2400kg/m? and
the scaling functions in (a) and (b); by adjusting the acoustic bulk wave
velocities (V7 and V) according to the scaling functions, cases 1 (c¢) and 2
(d) are created.
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sults can be considered as valuable and relevant for other plate-like concrete
structures as well.

The dispersion relations (curves) for cases 1 and 2 are calculated using
a semi-analytical finite element (SAFE) model. Figure 6.14(a) and Fig-
ure 6.14(b) show the dispersion curves for the four lowest modes, denoted
M1-M4, for the cases 1 and 2, respectively. For both cases, Figure 6.14
shows that the overall pattern exhibited by the M1-M4 modes is similar
to the pattern exhibited by the A0, SO, Al, and S1 Lamb modes for the
isotropic reference plate (dotted black lines). In similarity with the S1 dis-
persion curve for the isotropic reference case, Figure 6.14 shows that the M4
mode exhibit minimum points at a nonzero wave number. These minimum
points represent modes at which the group velocity vanishes according to
Vy = df /dk = 0; i.e., ZGV modes are observed also for cases 1 and 2. In
the following, these modes (points) are referred to as M4-ZGV. However,
although similarities exist between the M4-ZGV mode and the S1-ZGV,
the cases 1 and 2 represent a condition with a complex relation between
mode frequency and acoustic material velocity. In contrast to the isotropic
case (Lamb waves), no simple relation between mode frequency and acous-
tic velocity exists. This condition of additional complexity compared to
the isotropic case may lead to uncertainties in practical applications. For
example, if an isotropic Lamb wave model is assumed under the actual con-
dition of case 1 or 2, then the estimated acoustic material velocity or plate
thickness from the M4-ZGV mode will be difficult to interpret since it is
not representative to a mean value or other similar established quantitative
measure.

To further study the M4-ZGV mode, the excitability is calculated. Fig-
ure 6.15(a) and Figure 6.15(b) show the excitability for the M1-M4 mode
for cases 1 and 2, respectively. Figure 6.15(a) and (b) show that the M4
curve for both cases 1 and 2 exhibit high values of excitability around the
M4-ZGV mode frequency. This is similar with the behaviour observed for
S1 Lamb mode of the isotropic reference case. This means that high dis-
placement amplitudes, in the form of a local resonance of the plate, are to
be expected at the top plate surface even in for cases 1 and 2 by means of
the M4-ZGV modes. The robustness and detectability of the M4-ZGV mode
frequency is further studied in a simulation of a combined impact-echo and
surface wave measurement; that is, this simulation corresponds to the ap-
plications in for example Paper I and Paper II. Results from this simulated
application are shown in Figure 6.16(a) and (c), which shows the accelera~
tion response as function of time at different radial offset distances to the
hammer impact for cases 1 and 2, respectively. The time domain datasets
are transformed to wave number frequency domain using a two-dimensional
discrete Fourier transform. Figure 6.16(b) and (d) show the simulated re-
sponse in presented in wave number frequency domain for the cases 1 and
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Figure 6.15: Excitability for (a) case 1 and (b) case 2. Solid lines in colour
(M1-M4) represent the four lowest modes for cases 1 and 2. Dotted black
lines show isotropic reference case. Here, excitability is interpreted as the
displacement magnitude at the top surface of the plate in the surface normal
direction, caused by a unit point load applied at the same point and direc-
tion. The excitability is calculated according to E = iw|U|?/(4P), where w
is the angular frequency, U is the surface normal displacement at the top
surface of the plate, and P is the one-period time and cross-section-averaged
Poynting vector component in the propagation direction of the mode.
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Figure 6.16: Simulated datasets for (a) case 1 and (c) case 2. Estimation
of wave number-frequency content for (b) case 1 and (d) case 2 calculated
using a 2D discrete Fourier transform. Superimposed dispersion curves from
the SAFE analysis are shown as solid white lines.

53



2
';‘ case 2
5,
<5t
()
©
2
a
SR
S 9
©
057
(0]
(&)
(&)
< -
0 1 1 1
1 15 2 25 3

Frequency, f [kHz]

Figure 6.17: Discrete Fourier transform of summed acceleration response
signals within 1m distance from the impact source for case 1, case 2, and
the isotropic reference case. Observed left and right peaks correspond to
the M4-ZGV mode for cases 2 and 1, respectively. Middle peak corresponds
to the S1-ZGV Lamb mode. The vertical lines indicate the predicted ZGV
frequencies from the SAFE analysis; a good agreement is observed.

2, respectively. Figure 6.16(b) and (d) also show superimposed dispersion
curves from the SAFE analysis as solid white lines. A good agreement be-
tween the dispersion curves and the dataset is observed for both cases; this
serves as a verification of the correctness of the dispersion curves from the
SAFE analysis. For cases 1 and 2, a differentiation of surface wave mode at
high frequency is observed: the surface wave at high frequency is related to
the M1 mode for case 1 and to the M3 mode for case 2, see Figure 6.16(b)
and (d). This behaviour appears since the regions near the top and bottom
surfaces are exposed to different mechanical properties (acoustic bulk wave
velocities). If this behaviour is unknown or not considered, uncertainty and
error in data evaluation may arise.

To study the detectability of the M4-ZGV mode for cases 1 and 2 in this
simulated application, a discrete Fourier transform is calculated for the sig-
nals in vicinity of the impact source. Here, to facilitate identification of
the M4-ZGV mode frequency by reducing the influence from propagating
modes, the DFT is calculated on a summation of the signals within a ra-
dial distance of 1m from the source. The absolute value of the spectrum
from this calculation is shown in Figure 6.17. For reference, the frequencies
corresponding to the M4-ZGV mode and the S1-ZGV Lamb mode from the
SAFE analysis are marked with vertical lines: a good agreement can be
observed for all cases. Figure 6.17 shows that the M4-ZGV mode materi-
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alizes as a resonance with high amplitude at a distinct frequency, similar
to the S1-ZGV Lamb mode. This is in line with the expected behaviour
from the high modal excitability displayed in Figure 6.15. A slight variation
in amplitude of the M4-ZGV mode between the cases is observed, which
is expected to be dependent on at least two reasons. First, for a constant
absolute displacement amplitude |C| in frequency domain, the correspond-
ing absolute acceleration amplitude is given by a quadratic parabola |C|f?,
see parabola in Figure 6.17. This makes the acceleration magnitude to in-
crease with frequency for a constant displacement amplitude in frequency
domain. Second, the top surfaces of the M4-ZGV mode for cases 1 and 2
are exposed to different material properties; this creates a slightly distorted
modal shape compared to the S1-ZGV Lamb mode, and for this reason a
variation in acceleration magnitude is generated between the cases. Still,
the frequency of the peaks corresponding to the M4-ZGV mode is detected
with the same robustness and accuracy as for the S1-ZGV Lamb mode.
Nevertheless, results show that in this practical nondestructive application,
ZGV modes can be used even for cases 1 and 2. It is expected that this
result can be extended and generalized to other inhomogeneous plates that
are within the boundary limits or similar to cases 1 and 2. Yet, since mate-
rial variation typically leads to increased complexity in the relation between
mode frequency and material properties, uncertainties in estimations may,
depending on the magnitude of the inhomogeneity, occur.
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Chapter 7

Conclusions

Near field effects lead to a systematically underestimated plate thickness
in both conventional impact-echo testing and combined impact-echo and
surface wave analysis of plate-like concrete structures. A main source of
uncertainty is the interpretation of the first arrival wave velocity as the
true longitudinal wave velocity. Alternative approaches for estimation of
Poisson’s ratio that are independent on the evaluation of first arrivals are
therefore important. The proposed technique for estimation of Poisson’s
ratio based on the amplitude polarization of the S1-ZGV Lamb mode is
one example of such approach. Unlike the cases when modes with different
volume sensitivity are used, an estimate of Poisson’s ratio representative for
the complete plate cross-sectional thickness is obtained since the S1-ZGV
Lamb mode is present through the entire plate thickness. For this approach
applied in a practical measurement, an improved estimate of the nominal
thickness is obtained compared to the case when Poisson’s ratio is estimated
from first arrivals.

A Lamb wave phase velocity imaging technique based on 2D arrays cre-
ated from limited subdomains within the global measurement domain is
presented with a measurement on a newly cast concrete plate as illustrat-
ing example. The novel aspect of this technique is the study of propagating
waves in limited sub domains defined by the 2D arrays. Compared to con-
ventional ultrasonic reflection imaging techniques, the 2D array technique is
not limited to specific operating frequencies (transducers) since it is based
on a full wave field dataset with wide-band frequency content. The tech-
nique operates at a lower frequency compared to ultrasonic approaches and
is therefore expected to give a larger possible investigated volume and depth
of penetration; this can be beneficial in evaluations of thick plate-like con-
crete structures. The 2D arrays are in this case used to map the variation of
the phase velocity for the A0 Lamb mode. Results show a low variation of
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the estimated phase velocity; this verifies the condition of a relatively homo-
geneous material and plate thickness in the measurement domain. Whereas
the proposed 2D array technique is applicable for monitoring of variations
in the lateral plane of a plate, results in the literature report that mate-
rial variation may also exist transversally through the thickness of concrete
structures. For this reason, a theoretical study is conducted to improve the
understanding of non-destructive evaluation techniques based on zero-group
velocity (ZGV) modes. Limited to a study of the lowest zero-group ve-
locity mode, two cases with material variation through the plate thickness
are investigated using a semi-analytical finite element (SAFE) model and
a simulated non-destructive application. It is found that for both material
variation cases a ZGV mode similar to the S1-ZGV for homogeneous plates
exists. The detectability and robustness of this ZGV mode is found to be
comparable and similar to the S1-ZGV for homogeneous plates. That it is,
evaluation techniques utilizing the lowest ZGV mode are applicable also for
these two material variation cases.
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Chapter 8

Suggestions for further work

The measurements in this thesis (Paper I, Paper II and Paper III) are per-
formed on a limited number of test sites and with the maximum plate thick-
ness of 0.5 m. Given the aim and objective of this thesis, see Section 1.3, it is
of importance to investigate the applicability at more test sites which prefer-
ably should be thick (>1 m) plate-like concrete structures. Such studies may
also, for instance, include investigations of sensitivity for boundary effects
for the amplitude polarization technique (Paper IT) and exploration of mode
sensitivity for defects or anomalies for the 2D array technique (Paper III).

Results in Paper I show that near-field effects and the estimation of lon-
gitudinal wave velocity from first arrivals may influence evaluations based
on point-source excitation from e.g. hammer impacts. Although these re-
sults provide a step towards increased understanding of the wave-field be-
haviour, a full interpretation and explanation of these effects still remains
an unsolved matter (according to the author). For further investigations of
near-field effects it is anticipated that simulations using semi-analytical finite
element models (see Paper IV) may be useful in this process. However, to
the author’s experience an implementation outside the FE-code of COMSOL
(COMSOL Inc., 2016) would in such cases be useful for improved flexibility
and control. This is related to that the implementation of a SAFE simula-
tion in COMSOL implies a translation/transformation of the SAFE matrix
expressions to a general eigenvalue equation form (Predoi et al., 2007).

The new approach for estimation of Poisson’s ratio based on the amplitude
polarization of the S1-ZGV Lamb mode proposed in Paper II highlights the
potential of multicomponent measurements. For future work it is suggested
that focus may be directed on extracting more information from such mul-
ticomponent measurements; for instance, in a related publication (Baggens
and Ryden, 2015c), results show that the A2-ZGV Lamb mode can be iden-
tified by analysing the surface-in plane response. Here, it is anticipated that
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an investigation (e.g. using semi-analytical finite element simulations) of
the A2-ZGV Lamb mode in more detail could be useful for improved un-
derstanding. Another prospective alternative for further studies could be to
investigate the phase aspect between the surface in-plane and surface normal
component.

The 2D array technique presented in Paper III is demonstrated on a newly
cast and ideally homogeneous plate. For further investigations it is im-
portant to study the applicability of the technique in cases with potential
anomalies and defects. Moreover, the 2D arrays are based on data recorded
in a rectangular grid. It is emphasized that this rectangular grid is not a
condition required to enable 2D arrays. Sparse impact locations at arbi-
trary positions works equally well in this technique; the important matter
is that the location of an impact (signal) must be known, but the exact
location of the impact itself is not the critical aspect. Consequently, the
2D array technique would benefit greatly by developing a system that can
locate the position of the hammer impact when the impact is performed; i.e.
the opposite from the case in Paper 111 where the impact is performed at the
pre-defined location by a marking. Another idea for further developments
of 2D arrays concerns imaging in the transversal plane of the plate, e.g. see
the SAFT images from synthetic impact-echo data in (Schubert and Kohler,
2008; Ganguli et al., 2012).

It is expected that developments concerning the measurement equipment
used in this thesis may be possible. For instance, implementation of wireless
devices is one such example. Moreover, the concept of air-coupled source
generation and detection is also one alternative. Another interesting al-
ternative is to study the possibility of using augmented reality devices. For
instance, eye-glasses for augmented reality and digital image processing tech-
niques could be one alternative approach for providing an operator with di-
rect instructions and feedback in the practical execution of non-destructive
measurements.
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