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A B S T R A C T

The sensitivity of Lamb wave modes to a particular defect or instance of damage is dependent on various factors
(e.g., the local strain energy density due to that wave mode). As a result, different modes will be more useful than
others for damage detection and quantification, dependent on damage type and location. For example, prior
work in the field has shown that out-of-plane modes may have a higher sensitivity than in-plane modes to surface
defects in plates. The excitability of a certain data acquisition system and the corresponding resolution for
damage imaging also varies with frequency. The aim of the present work was to develop a multi-mode damage
imaging technique that enables characterization of damage type and size, general sensitivity to unknown da-
mage types, higher resolution imaging, and detectability regardless of the data acquisition system used. A re-
verse-time migration (RTM) imaging algorithm was combined with a numerical simulator—the three-dimen-
sional (3D) elastodynamic finite integration technique (EFIT)—to provide multi-mode damage imaging. The
approach was applied to two simulated case studies featuring damaged isotropic plates. Sensitivities of damage
type to wave mode were investigated by separating the A0 and S0 Lamb wave modes obtained from the resultant
RTM wavefields.

1. Introduction

Ultrasonic guided waves enable long distance nondestructive eva-
luation (NDE) and structural health monitoring (SHM) of plate-like
structures. Depending on excitation frequency and plate thickness,
various wave modes can exist, each with different phase and group
velocities. The number of modes increases with frequency to infinity.
These mode variations complicate the detection and quantification of
damage as they lead to wave dispersion and create complex scattering
patterns. Furthermore, mode conversion complexity, which increases
with the number of modes, must be considered when Lamb waves re-
flect at structural boundaries [1], or interact with plate thickness var-
iation [2], adhesive joints [3], or delaminations [4]. The most common
approach to minimizing the above challenges is to excite only single-
mode Lamb waves through careful transducer design and excitation
signal selection [5–7]. This approach inherently restricts the range of
available excitation frequencies.

Despite the associated difficulties of data processing for multiple
wave modes, higher frequency ranges, and thus multiple wave modes,

can enable the following damage detection advantages. Higher fre-
quencies correspond to smaller wavelengths, which improves resolution
for damage imaging [8]. Excitability varies for certain data acquisition
systems at different frequencies [9–12], which means that the operating
frequency range varies with hardware. Multi-mode imaging alleviates
restrictions on frequency range, thus enabling the use of a system’s
optimal frequency. The sensitivity to anomalies is also different at
various frequencies due to the “steepness” variation in the dispersion
curves [13,10,14] such that multi-mode imaging enables use of the
frequency that is most sensitive to the damage type of interest. By
taking advantage of the sensitivity of various modes to different da-
mage types (e.g., thickness loss or delamination) and accounting for
mode conversion, damage types can possibly be identified in addition to
simultaneous damage localization and sizing.

Foundational research into multi-mode damage detection has been
conducted in an attempt to realize these benefits. Multi-mode total
focusing method (TFM) considers longitudinal and shear waves by
considering multi-paths including transmission, reflection, and mode
conversions [15,16]. Plane waves were also used for multimodal ima-
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ging [17]. Filtering can be done to reduce the artifacts of the images
due to non-physical modes [18,19].

Theoretical formulations were derived by Kamal et al. [20] and
Chen et al. [21] to better understand and enable convenient usage of
multi-mode Lamb waves generated by piezoelectric wafer active
sensors (PWAS). Ren and Lissenden developed Polyvinylidene
fluoride (PVDF) multi-element Lamb wave sensors to improve re-
ception of multi-mode signals [22]. Leckey et al. implemented the
three-dimensional (3D) elastodynamic finite integration technique
(EFIT) for multi-mode Lamb wave scattering simulation in both iso-
tropic structures [23] and composites [24], which has also been used
as a tool to study wavefield analysis and wavefield imaging [25,26].
Huthwaite et al. studied Lamb wave mode selection for tomography
with the influence of coating on a cylindrical tube [27]. Philtron
and Rose [28] developed a mode perturbation method to identify
the optimal Lamb wave modes using quantifiable wave character-
istics. With these advancements, multi-mode Lamb wave-based
damage imaging has become more feasible, but is still largely
unexplored.

Chan, Rose and Wang [29] generalized the theory of single-mode
diffraction tomography (DT), a commonly used imaging technique, to a
multi-mode theory and implemented A0-mode DT to study scattering
effects and the effect of noise. Wave propagation in complex structures
can be modeled using finite element analysis (FEA) ([30,31]) and semi-
analytical finite element (SAFE) ([32,33]). Advancements in computa-
tional technologies (e.g., general-purpose computing on graphical
processing units (GPUs) [34,35]) have enabled the use of these methods
to realize high-resolution imaging methods such as reverse time mi-
gration (RTM) [36,37] and full waveform inversion (FWI) [38,39] for
complex structures. RTM was originally developed for the field of
geophysics [40,41] but has also been successfully used for guided wave-
based damage imaging [42–44]. He and Yuan implemented a 2D lim-
ited-view scan with RTM using a normalized zero-lag cross-correlation
(NZLCC) imaging condition for both isotropic plates [45] and compo-
sites [37] in which the resulting images represented the reflection
coefficient of the damage. However, RTM as a quantitative damage
evaluation method has not yet been studied for multi-mode guided-
wave imaging applications.

The aim of the present work is to develop a multi-mode imaging
technique using RTM that will allow for identification of damage size
and location, and, potentially, damage type. To do this, a simulation
tool must be available for back-propagation that can model the wave
dynamics in the structure of interest. Here, it is proposed to use RTM in
concert with the numerical simulation algorithm, EFIT, for multi-mode
damage imaging. With this combination, EFIT generates wavefields that
allow for wave mode separation. The combination with RTM is ex-
pected to address mode conversion effects for damage reflection, since
all acquired wave modes are used for imaging.

The proposed technique requires data acquisition devices that can
measure the x y, , and z components of the wavefield at an array of
locations. Ideally, a 3D laser Doppler vibrometer (LDV) would be used
for this task. In this work, however, access to a 3D LDV with an ap-
propriate frequency range for multi-mode imaging was not available.
Instead, EFIT was used to simulate experiments, meaning that both the
excitation via piezoelectric wafer and data collection of damage-scat-
tered signals at the array locations via a 3D LDV were simulated with
EFIT.

The remainder of this paper is organized as follows. First, the ne-
cessary background information will be briefly presented; this includes
an introduction to single-mode RTM and wavefield analysis. The next
section presents derivation of the theory of multi-axis, multi-mode
RTM, developed from single mode RTM theory, and introduces the
numerical simulator EFIT. Finally, the method is demonstrated nu-
merically through the simulation of a half-thickness notch and a

middle-plane disbond. For both cases, A0 and S0 Lamb wave modes
were considered. Damage images were obtained using a variety of
different imaging conditions, frequencies, and modes as part of the
study.
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Fig. 1. Illustration of the plate and the sensor array for the half-thickness notch
(HTN) damage.

Fig. 2. Excitation signal in (a) the time domain (b) the frequency domain.

Fig. 3. Dispersion relation between frequency and phase velocity.
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2. Methodology review: reverse-time migration (RTM) and multi-
mode separation techniques

2.1. Notation

t-s domain time - space domain
f-s domain frequency - space domain
f-k domain frequency - wavenumber domain
kx-ky domain 2-D wavenumber domain with respect to a single

frequency or time
u x y t( , , ) Total wavefield in the t-s domain

+u x y t( , , ) Single-mode forward wavefield (FW) in the t-s domain

−u x y t( , , ) Single-mode backward wavefield (BW) in the t-s
domain

U x y ω( , , ) Total wavefield in the f-s domain
U k k ω( , , )x y Total wavefield in the f-k domain
F D3 3-D FFT, e.g. F=U k k ω u x y t( , , ) ( ( , , ))x y D3

F−
D3
1 Inverse 3-D FFT, e.g. F= −u x y t U k k ω( , , ) ( ( , , ))D x y3

1

+U k k ω( , , )x y Single-mode forward wavefield in the f-k domain

−U k k ω( , , )x y Single-mode backward wavefield in the f-k domain
F D1 1-D FFT, e.g. F=U x y ω u x y t( , , ) ( ( , , ))xy D1

+u x y t( , , )α . =α x y z, , . When =α z, it denotes the z-
components of the FW in the t-s domain

−U k k ω( , , )α
x y =α x y z, , . When =α y, it denotes the y-

components of the BW in the f-k domain

+U k k ω( , , )β
α

x y filtered single-mode (β = A0 or S0) from the f-k
domain FW

−U k k ω( , , )γ
α

x y filtered single-mode (γ = A0 or S0) from the f-k
domain BW

+U x y ω( , , )β
α filtered single-mode (β = A0 or S0) from the f-s

domain FW

−
∗U x y ω( , , )γ

α filtered single-mode (γ = A0 or S0) from the f-s
domain BW

(a)                                                                        (b)

(c)                                                                        (d)

(e)                                                                        (f)

Reflected 
Waves

Reconstructed waves in 
the backward wavefield

Waves due to the 
array symmetry  
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array symmetry  

Reflected 
Waves

Fig. 4. Out-of-plane ( =α z) wavefield snapshots at time μs45.1 and μs60.1 for (a–b) the forward wavefield (FW) for the HTN case to generate damage scattered waves
using EFIT, (c–d) the FW for the undamaged plate ( +u x y t( , , )z ) for data processing and imaging, and (e–f) the backward wavefield (BW) −u x y t( , , )z in RTM.
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2.2. Principles of single-mode RTM

Only A0-mode Lamb waves have been used in previous guided
wave-based RTM research ([43,46,42,37]). In RTM, a single actuator
serves as a source to generate a forward wavefield, and sensors at de-
signated locations receive the waves scattered by the damage. Time-
domain RTM has three steps: (i) the forward-time extrapolation from
the actuator, (ii) the extrapolation of the time-reversed scattered wa-
vefield received at the sensor array, and (iii) the application of imaging
conditions. Details of the three steps are included in [45]. The wave-
fields generated in the first and second steps will be referred to as the
forward wavefield (FW) and backward wavefield (BW), respectively,
where both FW and BW are numerically generated wavefields with the
pristine structure as the background media. Not only is the arrival time
for both the time-reversed backward wavefield and the forward wa-
vefield the same at the damage boundaries, but the two wavefields are
also exactly in-phase at these boundaries. As a result, the zero-lag cross-
correlation (ZLCC) between the forward and backward wavefield re-
sults in large values at damaged regions and low values elsewhere.
These values then form an image when displayed as intensities.

The ZLCC imaging condition uses all the frequency content to cal-
culate the value for each location x y( , ) on the image. Mathematically,
the image value for grid point x y( , ) is defined as:

∫= −+ −I x y u x y τ u x y T τ dτ( , ) ( , , ) ( , , ) .
T

ZLCC 0 (1)

where +u x y t( , , ) is the forward wavefield, −u x y t( , , ) is the backward
wavefield, and T is the time duration in a single migration experiment.
The single-mode ZLCC imaging condition can also be implemented in
the frequency-space (f-s) domain for a single frequency [43],

= + −
∗I x y ω U x y ω U x y ω( , , ) ( , , ) ( , , ),ω

ZLCC (2)

where ‘∗’ represents the complex conjugate.
An improved ZLCC imaging condition can include the normalization

terms of +u in the denominator, which takes into account the amplitude
change caused by attenuation due to geometrical spreading or disper-
sion. This is referred to as the normalized ZLCC (NZLCC) imaging
condition ([45,37]), which is expressed as

∫
∫

=
−+ −

+

I x y
u x y τ u x y T τ dτ

u x y τ dτ
( , )

( , , ) ( , , )

( , , )
.

T

TNZLCC
0

0
2

(3)

The resulting image represents the spatial variation of the reflective

coefficient or the “reflectivity” [37]. Due to the frequency-dependence
of reflectivity, it can be used for estimating damage severity using the
dispersion relation [47].

2.3. Wavemode separation in frequency-wavenumber (f-k) domain

The most general approach to identify and separate various wave
modes is wavefield analysis. Ruzzene ([48]) proposed a frequency-
wavenumber (f-k) domain filtering technique to separate back-scattered
waves (i.e., reflections of the incident waves caused by damage) using
wavefield analysis. The total time–space (t-s) domain wavefield
u x y t( , , ) was transformed to the f-k space domain using the 3D fast
Fourier transform (FFT),

F=U k k ω u x y t( , , ) ( ( , , )),x y D3 (4)

where U k k ω( , , )x y represents the total wavefield in the f-k domain.
Since the incident waves and the back-scattered waves propagate in

different directions, their wave vectors dictate different wave propa-
gation directions in the wavenumber (kx-ky) domain. Hence, the in-
cident waves and reflected waves can be separated in this domain. If
material properties are known, it is possible to design filters for dif-
ferent wave modes using the wave dispersion relationship and a raised-
cosine filter [49].

In this research, wave mode separation was performed in the kx-ky
domain within the frequency range of interest. The wavefield filters
used were designed based on the mode distribution in the kx-ky domain
at the each frequency. More details about the filters can be found in
Section 3.3.

3. Multi-mode reverse-time migration

The main contribution of this paper is the development of RTM
theory for multi-mode damage imaging. In this section, the major
challenges faced are addressed first, followed by a discussion of EFIT
and its utility for multi-mode imaging. These subsections are followed
by the presentation of multi-mode RTM imaging conditions for all wave
modes and multiple separated wave modes, respectively.

3.1. Separation of multi-mode waves

The wavefield analysis and filtering techniques summarized in the
Section 2.2 require the collection of full wavefield data. However,
sensor arrays used in practice, such as those described in Section 1,
typically do not acquire data at enough locations to preserve the spatial
information of the full wavefield. As a result, commonly used arrays
cannot differentiate between wave modes of the received signals. Thus,
associating those signals with correct wave physics (e.g., group velo-
city) for imaging is rather challenging. For traditional array-based
imaging, this issue is usually avoided by assuming the existence of a
single dominant mode. As stated previously, this assumption limits the
resolution, undermines damage detectability, and discards useful in-
formation relevant to determining damage types.

On the other hand, in RTM, the back-propagation of the time-re-
versed scattered signals from the sensor locations creates a backward
wavefield that reconstructs the scattered wavefield, especially in the
vicinity of the damage boundaries. Based on this fact, mode separation
using the wavefield filtering techniques is potentially applicable to the
backward wavefield, if the wave propagator has the capability of
modeling multi-mode waves.

3.2. Simulating wave propagation for multi-mode imaging

3.2.1. Imaging using single-mode waves
For past research on single-mode RTM [42–44], the back-propaga-

tion used only the total received signals as the out-of-plane components
of the received A0 waves for reconstruction. This implementation is

Fig. 5. Time-domain NZLCC (I x y( , )z
NZLCC ) for all modes using vz for the HTN

(outlined by the red box). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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based on an approximation that the dominant components of single-
mode A0 waves are in the out-of-plane direction. The implementation
was incomplete due to the missing in-plane components of the waves.
Furthermore, when dealing with both A0 and S0 wave modes for RTM,
the in-plane components for symmetric modes (e.g., S0 mode), cannot
be discarded. Additionally, for 2-D acoustic models [38,39,50], it is

extremely difficult to calculate the propagation of all wave modes
within a single simulation. Therefore, manually identifying target
modes before imaging in order to process multi-mode data is typically
required. As a result, mode conversion can be difficult to address. To
overcome this challenge, a numerical simulator that can handle multi-
mode wave propagation is needed for multi-mode RTM.

(a)                                                                              (b)

(c)                                                                              (d)

(e)                                                                              (f)

(g)                                                                              (h)

A0

A0

A0

S0

S0

S0

Fig. 6. f.-k filtering for the total wavefields, +U k k ω( , , )z
x y and −U k k ω( , , )z

x y at 201 kHz for the HTN case. (a) +U k k ω( , , )z
x y ; (b) −U k k ω k( , , );z

x y x-ky filters for (c) A0 mode
and (d) S0 mode; filtered FW of (e) A0 mode ( +U k k ω( , , )A

z
x y0 ) and (f) S0 mode ( +U k k ω( , , )S

z
x y0 ); and filtered BW of (g) A0 mode ( −U k k ω( , , )A

z
x y0 ) and (h) S0 mode

( −U k k ω( , , )S
z

x y0 ).
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3.2.2. EFIT-based imaging using multi-mode waves
In this study, EFIT was used to calculate the Lamb wave propagation

for RTM. EFIT is a standard staggered-grid, finite difference, explicit
time-domain approach for calculating elastodynamic motion in solid
media ([51]). The mathematical approach leads to straight-forward
algebraic equations that are readily implemented in any programming
language. Additionally, the equations can be parallelized to run on
multi-core, cluster, or many-core computational hardware to achieve
faster computational speeds. The EFIT simulations implemented in this
work are 3D in space, explicit in time, and correspond to a cubic Car-
tesian numerical grid. The x y, , and z axes are defined in Section 4. All
three velocity components, in-plane (v v,x y) and out-of-plane (vz), and
all shear (σ σ σ, ,xy xy yz) and normal (σ σ σ, ,xx yy zz) stress components are
calculated at every spatial grid cell, at each time step.

Using EFIT with RTM, separating different modes at the sensors was
not required. All x y, , and z velocity components of the damage-scat-
tered signals were simultaneously back-extrapolated to obtain the wa-
vefields. Since the wavefields become viable, mode separation techni-
ques based on wavefield analysis become applicable as well.

3.3. RTM imaging conditions for all wave modes

In EFIT, the 3D velocity wavefield is accessible at all nodes in the
model. In this paper, all wavefields and signals are always obtained
from velocities in the x y, , and z directions and are from the front
surface of the plate (the surface shown in the top view of Figs. 1 and 9)
only. For instance, the z-component of the forward velocity wavefield
on the front surface in the t-s domain is denoted as +u x y t( , , )z and the
corresponding f-k domain wavefield is +U k k ω( , , )z

x y . Eq. (3) can then be
rewritten as

∫
∫

=
−+ −

+

I x y
u x y τ u x y T τ dτ

u x y τ dτ
( , )

( , , ) ( , , )

( , , )
,α

T α α

T αNZLCC
0

0
2 (5)

where =α x y z, , . The forward wavefield calculated by EFIT contains
all wave modes at the input frequency ranges.

Due to mode conversion effects at a damage region, A0 waves lead
to A0 and S0 scattered waves. Similarly, S0 mode waves can also gen-
erate A0 and S0 damage-scattered waves. For instance, assuming a
certain damage type, forward A0 waves generate both A0 mode and S0
mode reflections, while S0 mode waves only cause scattered S0 waves.
This particular mode conversion case will be referred to as Case A. The
above imaging conditions account for the contributions from all modes
for all frequencies along each axis.

In RTM, a backward wavefield reconstructs the damage-reflected
wavefield. Imaging conditions use a pair of single-mode wavefields for
imaging, one from the forward wavefield and the other from the
backward wavefield. The images created using Eq. (5) would include all
of the reflections described above. However, inevitably, the images will
contain artifacts from reflected S0 waves with forward A0 waves, if we
take the aforementioned Case A as an example. Since the location of the
damage is not known a priori, eliminating those artifacts is difficult.
These added challenges are offset by the potential benefits of multi-
mode imaging, which include a wider selection of frequencies for im-
proved data acquisition system performance and the ability to si-
multaneously characterize damage size, location, and type. Examples of
the proposed imaging condition can be found in Section 4.

3.4. RTM imaging conditions for multiple separated wave modes

Detailed information on which mode pair contributes the most to

Fig. 7. Multi-mode NZLCC in the f-k domain at 201 kHz using vz for the HTN (outlined by the red box). Images shown are from FW-BW mode pairs (a) A0-A0, (b)
A0-S0, (c) S0-A0, and (d) S0-S0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the final damage image can be obtained through f-k analysis. As stated
in Section 2.3, 3D FFT converts the t-s domain signals into the f-k do-
main. Using Eq. (4), the forward wavefield +u x y t( , , )α and the backward
wavefield −u x y t( , , )α are converted to +U k k ω( , , )α

x y and −U k k ω( , , )α
x y in

the f-k domain for each axis,

F=+ +U k k ω u x y t( , , ) ( ( , , )),α
x y D

α
3 (6a)

F=− −U k k ω u x y t( , , ) ( ( , , )).α
x y D

α
3 (6b)

To seperate different wave modes, multi-mode wavenumber band-
pass filters are needed. One example, borrowed from [52] is

=
⎧

⎨
⎩

<
⩽ ⩽
>

k
k

k
W k k ω

k
k k

k
( , , )

0, | |
1, | |
0, | |

,x y

1

1 2

2 (7)

where low and high wavenumber bandpass cutoffs are denoted as k1
and =k k kk, [ , ]x y

T
2 , and, || denotes the L2 norm. More comprehensive,

smoothed filters, such as those introduced in [49], can also be used.
For compactness, the wave modes in the forward wavefield will be

denoted as β (β = A0 or S0), and the wave modes in the backward
wavefield will be referred to as γ (γ = A0 or S0). The single-mode
wavefield separated from +U α and −U α are defined using Eqs. (6) and Eqs.
(7),

=+ +U k k ω W k k ω U k k ω( , , ) ( , , ) ( , , ),β
α

x y β x y
α

x y (8a)

=− −U k k ω W k k ω U k k ω( , , ) ( , , ) ( , , ).γ
α

x y γ x y
α

x y (8b)

where =α x y z β, , ; = A0 or S0; and γ = A0 or S0.
Applying 2D inverse FFT (IFFT) to +U β

α and −U γ
α at each frequency,

the resulting single-mode wavefields in the f-s domain are obtained as
+U x y ω( , , )β
α and −U x y ω( , , )γ

α .
The above expressions are extended to a multi-axis, multi-mode

ZLCC imaging condition for a single frequency,

=−
+ −

∗I x y ω U x y ω U x y ω( , , ) ( , , ) ( , , ).ωα β γ
β

α
γ

α
ZLCC (9)

Then the multi-axis multi-mode NZLCC for a single frequency is
defined as,

Fig. 8. Stacked multi-mode, f-k domain NZLCC within a frequency range of 183–228 kHz using vz for the HTN (outlined by the red box). Images from mode pairs (a)
A0-A0, (b) A0-S0, (c) S0-A0, and (d) S0-S0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Illustration of the plate and the sensor array for the mid-plane disbond
(MPD) damage.
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=− + −
∗

+
I x y ω

U x y ω U x y ω
U x y ω

( , , )
( , , ) ( , , )

( , , )
.ωα β γ β

α
γ

α

β
αNZLCC 2

(10)

Finally, the total NZLCC image over the frequency band of interest
for each mode pair ( −β γ) in the corresponding axis (α) is obtained via
the summation,

∑=− + −
∗

+
I x y

U x y ω U x y ω
U x y ω

( , )
( , , ) ( , , )

( , , )
.α β γ

ω

β
α

γ
α

β
αNZLCC 2

(11)

4. Numerical simulation

The two primary goals of the numerical simulations were to test the
effectiveness of the proposed multi-mode imaging conditions and to
show the sensitivity of the approach to different damage types. The
latter objective was achieved through imaging two distinct types of
simulated damage (a notch and a mid-plane disbond) which had the
exact same planform location and shape in an aluminum plate.

4.1. Simulation parameters

The isotropic form of the EFIT equations were used for the studies

Reflected waves

(a) (b)

Reconstructed waves in 
the backward wavefield

Waves due to the array 
symmetry  

Fig. 10. Out-of-plane ( =α z) wavefield snapshots at time 82.6 μs of (a) the forward wavefield for damage scattered wave generation with the outlined MPD and (b)
the backward wavefield −u x y t( , , )z in RTM.

Fig. 11. Time-domain NZLCC for all modes using vz for the MPD (outlined by
the red box). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 12. f.-k filtered backward wavefield −U k k ω( , , )z
x y at 201 kHz for the kx-ky distribution in the MPD case for (a) A0 mode ( −U k k ω( , , )A

z
x y0 ) and (b) S0 mode

( −U k k ω( , , )S
z

x y0 ).
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presented here, as the material-of-interest was aluminum alloy 6061-
T6. The overall simulated aluminum plate was 609.6 mm × 609.6 mm ×
6.4 mm; i.e., the plate thickness (z-direction) was 6.4 mm. The plate
density was 2780 kgm−3. The first damage case is a rectangular half-
thickness notch (HTN) with dimensions of 100mm and 60mm, shown
in Fig. 1.

EFIT has specific spatial and time step requirements, as detailed in
[51,23]. The spatial step size must satisfy ⩽dx λ /10min , where λmin is
the minimum wavelength in the simulation. For cases involving Lamb
waves, dispersion curves should be assessed when selecting an appro-
priate value for λmin. The time step must satisfy stability requirements
(Courant-Friedrichs-Lewy (CFL) condition), which for the EFIT cubic
numerical grid ( = =dx dy dz) states that ⩽dt dx c/( 3 )max , where cmax
is a constant dictated by stability constraints.

The excitation was a normal incidence 5-cycle Hann windowed sine
wave with a center frequency of 200 kHz (Fig. 2). The simulations in
this work used a spatial step size of =dx 0.4 mm and a time step size of

=dt 37.56 ns. The spatial step size allowed for 16 grid points through
the plate thickness. These step sizes satisfy the EFIT stability criteria
and are based on a longitudinal speed of sound, cmax , of 6149m/s and a
minimum Lamb wave speed (based on dispersion curves), cmin, of
2400m/s. The dispersion relationship is shown for this plate in Fig. 3.
Only two fundamental modes (A0 and S0) exist at 200 kHz, at which the
amplitude from both modes should be relatively large if a piezoelectric
wafer is used [53].

As mentioned previously, the imaging techniques proposed in this
research require data acquisition devices that can measure the x y, , and
z components of the wavefield at an array of locations. A measurement
device with this capability is the 3D LDV, which can be used to scan
multiple locations, forming an array at which in-plane velocity (vx and
vy) and out-of-plane velocity (vz) are acquired as Lamb wave signals.
Due to the lack of access to a 3D LDV with proper working frequencies,
the measurement device was simulated in this research. The v v,x y and
vz at locations representing a linear array on the front surface of the
plate were recorded in EFIT to simulate signals acquired by a 3D LDV.
The scanning line shown in Fig. 1 was 200mm long with a sensor
spacing of 2mm to avoid aliasing. The actuator was located at the
center point of the linear array. The received signals at the linear array
were recorded using the velocities in the x y, , and z axes to simulate
experimental measurements, but the wavefields with damage were not
used for imaging.

4.2. Imaging results using vz for the half-thickness notch

This section demonstrates the imaging process using the vz mea-
surements on the surface of the plate (analogous to using a 1D LDV).
The center of the HTN for this simulation was 120mm away from the
center of the actuator.

4.2.1. Wave propagation snapshots
Fig. 4(a–b) shows the forward wavefields from the HTN case at

times 45.1 μs and 60.1 μs, respectively. This forward simulation was
performed only for generating damage scattered signals and these wa-
vefields containing damage scattered waves were not used for imaging.
The reflected waves display different wavelengths, representing A0 and
S0 damage-scattered waves. Fig. 4(c–d) illustrates the FW without da-
mage at the same time steps, which were generated for the purposes of

Fig. 13. Stacked multi-mode, f-k domain NZLCC for a frequency range of 183–228 kHz using vz for the MPD (outlined by the red box). Images from mode pairs (a)
A0-A0, (b) A0-S0, (c) S0-A0, and (d) S0-S0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of MPD and HTN images using vz .

Vz −A A0 0 −A S0 0 −S A0 0 −S S0 0

HTN
MPD
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data post-processing and imaging. In Fig. 4(e–f), the reconstructed
waveforms of the reflected waves in (a–b) can be seen in the backward
wavefield. Here the backward wavefield snapshots are illustrated in a
time-reversed manner such that the time steps shown in (e–f) corre-
spond to the exact same time steps in (a–d). From this figure, reflected
A0 waves are accurately reconstructed. In Fig. 4, similar wave packets
also appear below the scanning line, which will generate artifacts
commonly referred to as a “ghost image,” as shown later in Fig. 5. This
ghost image effect can be reduced through the use of 2D arrays [54,45].

Applying the imaging condition from Eq. (5), the total results for the
time-domain NZLCC for all wave modes using vz are shown in Fig. 5.
The damage region is enclosed by the red rectangle. Despite the arti-
facts in front of the damaged area, the main region of the damage was
successfully imaged. The results shown are mixtures of all incident and
reflected mode pairs.

4.2.2. Multi-mode wave separation
To extract more information on the contribution of each mode pair,

the generated FW and BW are processed with the wavefield analysis
techniques of Section 2.3. Using Eq. (6), +u x y t( , , )z and −u x y t( , , )z were
converted to the f-k domain (wavefields +U k k ω( , , )z

x y and −U k k ω( , , )z
x y ,

respectively). The kx-ky distribution at a single frequency (201 kHz)
close to the center frequency is displayed in Fig. 6(a–b). As expected, A0
waves, which have smaller wavelengths and hence larger wave-
numbers, form the outer circles. S0 waves correspond to the inner cir-
cles. Based on Fig. 6(a–b), filters using Eq. (7) were designed as shown
in Fig. 6(c–d). The filtered FW and BW in kx-ky are shown in Fig. 6(e–h).
These wavefields were then used to calculate the corresponding
single-mode, separated wavefields in the f-s domain (i.e.,

+ + − −U x y ω U x y ω U x y ω U x y ω( , , ), ( , , ), ( , , ), ( , , )A
z

S
z

A
z

S
z

0 0 0 0 ) via the 2D
IFFT.

4.2.3. RTM imaging using multiple ultrasonic guided-wave modes
The four single-mode pairs at 201 kHz were then used for damage

imaging using Eq. (10). The resultant images are shown in Fig. 7.
The mode pairs, including the BW A0 mode (Fig. 7(a) and (c)), generate

a large-value saturated area within the bounds of the damaged region and
artifacts outside of the damaged region. However, the A0-S0 and S0-S0 pairs
(Fig. 7(b) and (d), respectively) provide no obviously-useful information. If
the employed actuation and reception arrays are identical, based on the
reciprocity theory, the A0-S0 and S0-A0 results would be the same [15].

The results in Fig. 7 used only a single frequency. Similar images
were generated at other frequencies as well. In Fig. 8, the stacked,
multi-frequency images were generated using Eq. (11) over the fre-
quency range from 183 kHz to 228 kHz, which definite the upper and
lower limits of a discrete frequency band, according to the theoretical
bandwidth derived for tone-burst signals [55]. Compared with Fig. 7,
the stacked images from mode pair A0-A0 (Fig. 8(a)) and S0-A0
(Fig. 8(c)) show reduced artifacts in the regions outside of the damage
region and highlight the damage area more clearly. Nonetheless, the
A0-S0 (Fig. 8(b)) and S0-S0 (Fig. 8(d)) pairs still did not provide bene-
ficial information regarding the half-thickness notch. Dominance of the
reflected A0-related mode pairs (A0-A0 and S0-A0) is seen when com-
paring Fig. 8 with Fig. 5 (although Fig. 5 is not a direct combination of
the four subplots in Fig. 8). More advanced data fusion techniques
might improve image quality as well, e.g., using a weighted sum in Eq.
(11) when stacking the results from these four mode pairs. Such im-
provements were not pursued in this research.

Fig. 14. Stacked multi-mode, f-k domain NZLCC for a frequency range 183–228 kHz using vy for the HTN (outlined by the red box). Images from mode pairs (a)
A0-A0, (b) A0-S0, (c) S0-A0, and (d) S0-S0. [Intensity values in the thin, constant-y, rectangular region that covers the array area were set to zero, to mitigate the
artifacts caused by the small values of the denominator in Eq. (11) of this region.] (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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4.3. Imaging results using vz for the middle-plane disbond

Scattering and mode-conversion behavior is dependent on both
wave mode and damage type. Therefore, it is hypothesized that analysis
of imaging results from different mode pairs will enable identification
of damage type. To study the sensitivity of the proposed techniques to
different damage types, a rectangular middle-plane disbond (MPD) was
chosen as the second damage case and is shown in Fig. 9. In this sub-
section, the surface vz wavefields are employed to generate damage
images for this case.

Snapshots of the FW and the BW wavefield at 82.6 μs are shown in
Fig. 10, where the damage reflected waves are reconstructed in the BW.
Applying the imaging condition from Eq. (3), the total results for the
time-domain NZLCC for all wave modes using vz are obtained and
shown in Fig. 11. Compared with the HTN case in Fig. 5, Fig. 11 shows
smaller values around the front boundary of the damage and less arti-
facts.

However, it is very difficult to distinguish what wave modes caused
the above differences. Multi-mode wavefield analysis and the proposed
imaging algorithms were implemented to provide more information
regarding wave modes. Using Eq. (6–8), f-k analysis was performed and
the resultant kx-ky distributions are shown in Fig. 12 at a frequency of

201 kHz, which is similar to Fig. 6(g–h). The A0 mode back-scattered
waves in Fig. 12(a) and in Fig. 6(g) are similar. S0 back-scattered waves
shown in Fig. 6(h) are wider in kx axis than in Fig. 12(b), which means
more energy has been scattered in the x-axis for vz by the HTN than that
by the MPD.

After 2D IFFT of +U k k ω( , , )z
x y and −U k k ω( , , )z

x y over a frequency
band of 183–228 kHz, the stacked images from the four single-mode
pairs using Eq. (11) are shown in Fig. 13. Only −I x y( , )zA S

NZLCC
0 0 and

−I x y( , )zS A
NZLCC

0 0 (Fig. 13(b) and (d)) appear to provide useful information
regarding damage size and location, although these images also contain
some artifacts. −I x y( , )zS S

NZLCC
0 0 shows some low amplitude illumination at

the front and back boundaries, although they are difficult to see.
Those artifacts cannot be easily distinguished from the true da-

maged regions in the images such that coherent reconstruction
throughout all mode pairs is difficult to form. From this perspective, the
proposed technique is similar to other imaging algorithms, e.g., delay-
and-sum (DAS), which can also assume both modes exist and use the
two wave speeds of both modes for post-focusing. Despite of this
challenge, it is in need to achieve the potential benefits of multi-mode
imaging, which include a wider selection of frequencies for improved
data acquisition system performance and the ability to simultaneously
characterize damage size, location, and type. In addition, the proposed
technique using the wave equation-based RTM to provide better ima-
ging results than DAS [56] while also automatically compensate the
wave dispersion effects.

4.4. A comparison of imaging results for the HTN and MPD cases using vz

The performance of stacked multi-frequency, multi-mode NZLCC for
both the HTN and MPD cases using vz are summarized in Table 1 (see

Fig. 15. Stacked multi-mode, f-k domain NZLCC for a frequency range of 183–228 kHz using vy for the MPD (outlined by the red box). Images from mode pairs (a)
A0-A0, (b) A0-S0, (c) S0-A0, and (d) S0-S0. [Intensity values in the thin, constant-y, rectangular region that covers the array area were set to zero, to mitigate the
artifacts caused by the small values of the denominator in Eq. (11) of this region.] (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Comparison of MPD and HTN images using vy.

Vy −A A0 0 −A S0 0 −S A0 0 −S S0 0

HTN
MPD
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Figs. 8 and 13, respectively, for visual comparison). The “ ” mark in-
dicates that the corresponding image using a mode pair quantifies da-
mage area and provides correct location information, and the “ ” mark
means that the image does not provide obviously-useful information
regarding damage size or location. The combination of “ ” and “ ”
denotes inconclusive results. Although both of the damage types are
with the exact same area, the results from each case are drastically
different. The reflected S0 related mode pairs (A0-S0 and S0-S0) using the
wavefields in vz did not generate quantitative results, likely because the
vz components are not dominant. The next subsection shows the results
using wavefields in vy.

4.5. A comparison of imaging results for the HTN and MPD cases using vy

By nature, S0 mode velocities are dominant in the y-direction (i.e.,
one of the in-plane axes). Procedures similar to those outlined in pre-
vious sections were performed using the surface wavefields of vy for
both the HTN and the MPD cases. The multi-mode, stacked images
using various mode pairs are shown in Figs. 14 and 15 using Eq. (11).
Note that, in these figures, intensity values in a thin, constant-y, rec-
tangular region that covers the array area were set to zero for every
subplot. This was done to suppress some large-magnitude artifacts that
prohibited viewing of the area of interest. These artifacts may be due to
the normalization terms in the denominator of Eq. (11). Relatively
small vy values along the array acted to significantly amplify the noise
in that region.

Again, for the HTN case, the A0-related reflected waves (Fig. 14(a)
and (c)) contributed large values in front of and within the damaged
region. Compared with the vz results for HTN (Fig. 8), the vy-based
A0-S0 and S0-S0 pairs yielded better illumination within the damaged
region. For the MPD case, the A0-A0 and S0-A0 mode pairs still did not
provide useful information with wavefields of vy. However, the S0-re-
lated reflected waves (A0-S0 and S0-S0) presented quantitative in-
formation about the damage location and sizing. A performance eva-
luation based on the vy results is summarized in Table 2. The results
illustrate sensitivity of damage types to different mode pairs. This
suggests that pattern recognition may be useful for identification of
damage types in future studies.

5. Conclusions

Using ultrasonic guided waves, a multi-mode damage imaging
technique which combines a reverse-time migration algorithm with
EFIT, a 3D wave propagation simulator, was proposed in this paper. The
time-domain NZLCC imaging condition was used to create compound
results from all wave modes. The results represent the damage location
and size but do not provide detailed information of different modes. To
obtain more information about the contributions from different mode
pairs, the proposed method was utilized to separate wave modes. The
various wave mode pairs in both the y and z axes behaved differently
for the HTN and MPD cases, verifying a damage type sensitivity to
different wave modes. Thus, it was concluded that multi-mode imaging
has the potential to be used for simultaneous determination of damage
type, size and location. Achieving this goal will require further in-
vestigation into the interaction of specific mode pairs with various
damage types. Additional future work could involve expanding this
method to composite applications, for which identifying damage type
could be extremely valuable from a SHM or rapid NDE perspective.

The combination of RTM with EFIT is well-suited for modeling
complex structures and is easily transferable to other wave propagation
simulators as well. Without the limitation of generating single domi-
nant mode waves, wide frequency ranges are accessible, enabling op-
timal frequencies for a variety of ultrasonic data acquisition systems.
High resolution imaging and the flexibility to choose a frequency that is
more sensitive to damage types of interest can be achieved.
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