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Abstract: Structural health monitoring has focused on the use of computational models
to capture the effect of crack-like discontinuities on the behaviour of acoustic-ultrasonic
signals. However, few models have taken into account the effect of geometric complexity
in combination with residual stresses generated during the fatigue crack growth process.
In this study, a finite element analysis model of a C-channel type aeronautical structure
is evaluated under a pitch-catch scenario. Three different finite element model
configurations were considered in order to understand the effects that residual stresses of
a fatigue crack emanating from a through-hole have on the guided Lamb wave
propagation behaviour. The results demonstrate that numerical modelling is able to
capture the change in amplitude and the effect of a phase shift on the guided Lamb wave
behaviour due to the presence of the discontinuity and the stress field generated during
the fatigue crack growth process.

Keywords: Guided Lamb Wave, Fatigue Crack Growth, Residual Stress Field, Wave
Propagation, Aerospace Structures, Structural Health Monitoring, Acoustic-ultrasonic.

1.0 Introduction

Advancements of the Digital Twin framework for the aeronautical industry will require the
development of modelling techniques that mimic the presence and state of aircraft structural
damage as it develops in service. The use of Structural Health Monitoring (SHM) to detect, locate
and monitor the growth of these damage sites in an operational environment is a current challenge
for the scientific community. The SHM community has developed a variety of passive and active
damage detection techniques that make use of acoustic-ultrasonic signals to infer damage size and
detect its location. However, some of these acoustic-ultrasonic techniques, such as Acoustic
Emission, are unable to produce a direct measurement of damage size. This deficiency impedes
the development of Probability of Detection (PoD) curves which are an essential requirement for
the acceptance of SHM as an alternative to scheduled Non-Destructive Evaluation (NDE) by the
certification authorities. In addition, producing these PoD curves currently requires large
experimental programs with multiple reference samples with and without representative damages,
using several inspectors in a representative environment, such as in a poorly lit hangar, at height,
on a less than stable platform, translating into very costly efforts. Furthermore, the SHM
community faces an intrinsic challenge, as many of these techniques are dependent on sensor
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placement, environmental effects and geometric complexity in comparison to their NDE
counterparts. In this paper, Lamb guided wave propagation behaviour in a C-channel type metallic
aerospace structure with the presence of a growing fatigue crack is simulated using a Finite
Element Method (FEM) and compared with experimental results. The primary objective of this
study is to determine if the results of modelling methodologies used for simulating the interaction
of a fatigue crack with guided Lamb waves, match those of experimental findings. In addition,
this study explores if changes in the Lamb wave propagation are a result of the presence of a small
discontinuity (fatigue crack), residual stresses or a synergistic effect of both parameters and can
these effects be quantified.

The SHM academic community has made large strides in simulating Lamb guided wave
propagation behaviour in metallic structures. C. Ramadas et al. [1] studied the variation in
reflection and transmission of both the S, and A, waves in a semi-infinite metallic beam with a
crack located at the centre of the beam using the FEM. In their study, the crack was modelled as
a separation of nodes interacting with a five cycle Hanning windowed sine wave with a central
frequency ranging from 150 kHz to 200 kHz. Their study showed that the reflection and
transmission modes are dependent on the position of the crack with respect to the overall thickness
of the semi-infinite plate. Similarly, Y. Lu et al. [2] investigated the Lamb wave propagation
behaviour and their interaction with through-thickness cracks of lengths from 5 mm to 100 mm
in a metallic plate using the FEM with a varying frequency ranging from 200 kHz to 600 kHz. In
the Y. Lu et al. paper, the crack was simulated by eliminating elements in the region of the crack
path. The simulations were conducted for a time window of 75 microseconds, which for their
crack / plate configuration and sensor placement provided a very good correlation between the
FEM and experimental Lamb wave results. In addition, they were able to correlate crack length
with transmission and reflective coefficients based on a Hilbert transform algorithm.

B.C. Lee and W.J. Staszewski [3] studied Lamb wave propagation modelling and damage
detection strategy in an aluminium plate with a through-thickness slot. In their study, the authors
showed the influence that the through-thickness slot size has on the Lamb wave propagation
behaviour. The results showed a drop in the signal amplitude of the incident wave (S, and Ao)
with increasing slot size. In addition, they showed that the presence of the slot resulted in a
reflection of these waves. Their damage detection was based on peak-to-peak amplitude and time
of arrival of the wave. Furthermore, they were able to demonstrate how simulating Lamb wave
propagation can aid in the physical understanding of the problem and calibration of the damage
detection algorithms.

In recent years, the use of Wavelet finite element method has been presented as an alternative to
the traditional iterative approach to modelling Lamb wave propagation in metallic structures. Z.
Yang et al. [4] showed the use of B-spline Wavelet FEM approach for simulating pressure, shear
and Rayleigh waves in an undamaged and slotted aluminium plate. Their findings showed a very
good comparison between their B-Spline Wavelet approach and the traditional FEM approach in
a time window of 300 microseconds. However, the author observed that their mathematical
formulation was limited to simple rectangular shapes. Another computational technique, that has
gained attention in recent years for modelling of Lamb wave is the Local Interaction Simulation
Approach (LISA) based on the finite difference method [5,6,7]. Y. Shen and C.E.S. Cesnik [8]
demonstrated the use of a Hybrid local FEM / LISA approach for simulating Lamb wave
propagation in a composite structure. The results of their simulation showed that this technique
was able to capture the anisotropic behaviour of the waves in a composite panel adhered to two
stiffeners. Furthermore, their experimental and simulated results agreed with a great degree of
accuracy. Their findings also demonstrated that Graphical Processing Units (GPU)-Parallelized
LISA simulations allows for extremely fast computing of these problems. They reported being
able to run simulations in less than 10 minutes (6000 computational steps, each step taking
approximately 0.12 seconds).



Other authors have considered the use of spectral element for modelling Lamb waves. R.L.
Lucena and J.M.C. Dos Santos [9] combined the time reversal approach and the use of spectral
element simulations for damage detection of a cracked rod. Haikuo Peng et al. [10] demonstrated
how 2D and 3D Spectral FEM can be effectively used for verifying damage detection algorithms
in an aluminium plate. In addition, the authors highlighted a reduction in computational time of
approximately 65%. More recently, W. Ostachowics et al. [11] published a book in 2012, titled:
“Guided Waves in Structure for SHM, The Time-Domain Spectral Element Method”, which
discusses the detail methodology and implementation on the use of the spectral finite element
method for SHM application.

Despite the many advancements made in the simulation of Lamb wave propagation in the
literature, there is still the need to understand the interaction of geometric complexity with
corresponding boundary conditions, material non-linearity, and how these affect Lamb wave
propagation. Without this understanding SHM will not be widely accepted by the aeronautical
industry. Many of the above simulation studies consist of the use of flat metallic plates with a
crack being simulated artificially by the separation of nodes in a mesh. However, the academic
community has made large strides in understanding and simulating fatigue cracks in metallic
structures [12,13]. The authors have shown in [14] that metallic fatigue cracks differ from
Electrical Discharge Machining (EDM) notches commonly used to simulate crack-like
discontinuities in SHM studies. Furthermore, it is well documented in the literature that fatigue
cracks develop a residual plastic wake region during the fatigue crack growth process [13]. It is
the primary objective of this paper, to consider the effects of this residual stress field left in the
wake of the formation and growth of a fatigue crack emanating from a through-hole in a C-channel
type metallic structure and the corresponding effects on the guided Lamb wave propagations.

2.0 Experimental Setup

A 7075-T651 aluminium alloy C-channel, as shown in Figure 1, was subjected to a constant
amplitude fatigue loading, with a maximum load of 11,120 N (2,500 Ibf) with R-ratio equal to
0.1. The load was applied by a servo-hydraulic MTS load frame (load capacity of 25 kN), as
shown in Figure 2-a. The C-channel was held on to the MTS load frame via a swivel connector
fastened to the top and bottom of the C-channel in order to allow rotation in this asymmetrical
structure, as shown in Figure 2-b. Due to the nature of the loading, this developed a geometric
non-linear loading condition. In order to measure the strain during the load application and to
serve as verifications of the FEM; the C-channel was instrumented with three CAE-13-125UN-
350 strain gauges from Micro-Measurement, as shown in Figure 3. The three strain gauges were
connected to an HBM Quantam X MX840 data acquisition system and monitored using
CATMAN AP software. In addition, the C-channel was instrumented with a cracK Indication
Sensor (KIS) [15,16] to control the final crack length.

The KIS system consisted of an electrically insulated basecoat separating the aluminium substrate
from a conductive paint layer connected to a 5V DC electrical circuit. The KIS system was
connected to the servo- hydraulic control system of the MTS frame. When the 5V DC dropped to
zero, it was indicative that the fatigue crack had passed through the sensor, triggering the MTS
hydraulic frame to stop. The crack indication sensor was placed 2.54 mm away from the through-
hole with a 0.4 mm saw-cut slot.
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Figure 1: Schematic of the C-channel.
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Figure 2: a) Experimental setup; and b) Swivel loading condition.
2.1 Specimen Specifications and Material Properties

The material properties of the 7075-T651 C-channel were considered to have a Young’s modulus
of 72.9 GPa, a density of 2800 kg/m?® and a Poisson’s Ratio of 0.33 [17]. It is important to note
that the Young’s modulus was slightly increased from the traditional value found in the literature
(71.2 GPa), in order to match the finite element strains with the experimental strain results. To
model the fatigue crack process related plastic deformation, as such the plasticity model in FEM
assumed a combined hardening plastic condition. In addition, a damage evolution was set to one
while the maximum principal stress was set to 571 MPa. The full 7075-T651 elastic and plastic
stress versus strain curve was obtained from [17].

As seen in Figure 1, the C-channel contains one single through-hole, in which a 0.4 mm through
thickness saw-cut was introduced to grow a crack emanating from the hole under fatigue loading
conditions. The C-channel also contained machined radii in its inner pocket. Figure 3 shows the
positions of the three strain gauges, four Lead Zirconate Titanate (PZT) sensors with PZT 1
labelled as Actuator, along with their relative distances from the through-hole.
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Figure 3: Finite Element Model of the C-channel.

Strain Gauge 1 (SG1) was set at 10.7 mm from the centre of the through hole toward the outer
flange of the C-channel. Strain Gauge 2 (SG2) was placed in the central axis inside the inner
pocket of the C-channel, while Strain Gauge 3 (SG3) was placed at the centre of the outside
bottom surface of the C-channel. All strain gauges in the FEM were positioned to match the
location in the experimental setup, as shown in Figure 3.

The PZT actuator and sensors used in this study were single sensors form Acellent Inc., which
were simulated as cylindrical disks of 6.5 mm in diameter with a thickness of 0.25 mm. The
piezoelectric actuator/sensors were assigned orthotropic Piezoelectric Navy | material with the
following properties: E11 = E2 = 80 GPa; Es;s = 68 GPa; Gi3 = G23 = 30.5 GPa; G12 = 29.0 GPa;
and Poisson’s Ratio V12 = V31 = V3 = 0.31. The piezoelectric charge constants were set to: da
= -125x10%2 C/N; ds3 = 290x10*2 C/N; while dis = 480x102 C/N. Finally, the relative dielectric
constants were assigned values of ki1 = k2 = 1275, and kss = 1320 (g, = 8.8541012F/m), while the
density was set to 7600 kg/m? [18].

3.0 Finite Element Model (FEM)

A Finite Element Model (FEM) of the C-channel was developed in ABAQUS CAE™ version
6.16. The model consisted of three distinct components: (i) the aluminium C-channel section; (ii)
four piezoelectric actuator / sensor discs connected to the C-channel with a tie constraint; and (iii)
two rigid swivel connectors tied onto the C-channel with a prescribed boundary conditions that
allowed for the C-channel to rotate during the load application, as shown in Figure 3. ABAQUS
implicit method was employed in this study. Figure 4 depicts many of the important
considerations required in order to provide a good correlation between experimental results and
those of the FEM in a guided Lamb wave study. The final section of the schematic identifies the
different damage / crack models considered in this study. Detail explanation on the advantages
and disadvantages for each one of these approaches depicted here will be discussed further in
section 4 of this manuscript.
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Figure 4: Finite Element Modelling approach.

The experimental load of 11,120 N (2,500 Ibf) at 2,224 N (500 Ibf) intervals during the test was
set to the reference point on the upper swivel connected member and applied in the Y-direction.
The lower swivel connector was fixed as to not allow for translation, but was allowed to rotate
along the Z-direction; thus, mimicking the experimental setup shown in Figure 2-b. In addition,
a tie constraint was set between the deformable C-channel section and the rigid swivel connectors.

The FEM consisted of a total of 762,062 hexahedral linear elements (C3D8R - 2,589,015 degrees
of freedom), 81,985 tetrahedral linear elements (C3D4 - 76,710 degrees of freedom) and 3,200
hexahedral piezoelectric elements (C3D8E - 17,920 degrees of freedom) for a total of 847,247
elements (totalling 2,683,645 degrees of freedom). Due to the nature of the simulations, a time
step was set to 10 nanoseconds and a mesh element size of less than 1 mm was used. The
minimum element size was obtained from the smallest wavelength analysed in this study. The
element size selected was also sufficiently small as to ensure convergence of the strain results
with respect to the FEM results obtained during the strain survey. Moser et al., suggests the use
of 20 nodes per wavelength [19], while Chen et al., suggests that 10 nodes per wavelength is
sufficient [20]. The time step used in this study follows the guidelines proposed by Chen et al. for
a total of 20 points at the maximum frequency of the signal [20]. It is important to note that while
ABAQUS CAE™ computes every time step at the assigned step size, the solution data file only
saves at a time step of 1x107 seconds, which is still below the recommended value proposed by
Chen et al. This is primarily due to the output data file size generated throughout the analysis
being over 100 Gigabytes per simulation run.

A Windows 7 computer server with two Intel Xeon CPU 2650V3 (a total of 20 physical CPUs)
running at 2.30 GHz with 128 Gigabytes of RAM was used in this study. In addition, portions of
the simulation took advantage of an NVIDIA Tesla K40c GPU. Despite the high-end
computational resource, many of the simulations took over 14 days to converge for a total time
window of 350 microseconds.



3.1 Verification of the C-channel Finite Element Model

A primary concern when conducting any finite element study is the level of confidence on the
geometry, boundary conditions, and material properties assigned to the model. Therefore, the
developed ABAQUS FEM was verified with respect to the experimental test setup. The initial
model of the C-channel was very rudimentary and did not include many of the features shown in
this paper. For example, the initial model assumed a linear load application (no geometric non-
linear behaviour), and as such it was over constrained. Furthermore, the radii in the inner pocket
of the C-channel were not initially included in order to minimize the mesh complexity. The
material properties were taken directly from the literature. However, it was necessary to minimize
the assumptions made during the model development as these would have an impact on the
accuracy of the guided Lamb wave study with respect to the experimental results. The resulting
strain values at the different strain gauge locations were used as a means of comparison, as shown
in Figure 5. This systematic overview allowed the authors to have a good understanding of the
experimental setup and the specimen being evaluated for the guided Lamb wave propagation
study.

All strain values measured and obtained from the FEM agreed within a 4% difference and
followed the same trends as the experimental results during the static pull test. As shown in Figure
5, these trends are indicative of a non-linear strain profile due to the large rotational nature of the
load application. It is important to note that the loads are well below the yield strength of the
material.
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Figure 5: Comparison of strain between FEM and experimental test setup.

4.0 Finite Element Crack Growth Model for Guided Lamb Wave
Study
In order to simulate the guided Lamb wave propagation behaviour in a pitch-catch configuration,

it was necessary to consider how the crack would be modelled. The crack represents a
discontinuity in the material, which may be fully closed at zero load or open when a load is



applied. It is also well understood by the fatigue community that these cracks leave a residual
stress field in its path during the Fatigue Crack Growth (FCG) process. As such, Figure 6 contains
the four basic simulation configurations considered in this study which have been subdivided into
three models. These models were constructed in order to study the effect of the different
parameters (crack size, closed versus opened crack like discontinuity and stress field effects) and
their effects on the guided Lamb wave propagation behaviour.

Y ] ]
\_/ Model 1 > g
(a) W (b)
Baseline 0.4 mm EDM Model 2.5 mm EDM Model
Model 2
Model 3

(c)

(d)

Equivalent Stress Field with a discontinuity

Equivalent Stress Field for a closed crack

Figure 6: FE Crack Growth Models: (a) Baseline FE Crack Growth Model with an initial
0.4 mm EDM notch and no residual stress field; (b) 2.5 mm EDM Model with no
residual stress field; (c) 0.4 mm EDM under an applied internal load over a 2.1 mm
region; and (d) 0.4 mm EDM + 2.1 mm 50 um width notch under an applied internal
load.

4.1 Model 1: EDM Notch Model

In Model 1, the crack is modelled as an EDM notch with a width of 0.25 mm and length of 0.4
mm representing the saw-cut, as depicted in Figure 6-a. A natural progression to this model was
to increase the length of the initial EDM notch to 2.5 mm to mimic a 2.1 mm grown crack, as
shown in Figure 6-b. However, it is important to note that Model 1 does not consider any residual
stresses left in the wake of the notch due to the fatigue crack growth process. The primary
advantage of this model is that the entire analysis falls within the linear elastic regime, and as
such, any guided Lamb wave propagation study under this modelling approach converges and
executes much faster.

4.2 Model 2: Equivalent Stress Field for a Closed Crack

Model 2 consisted of simulating the fatigue crack emanating from a 0.4 mm EDM notch, where
the crack is fully closed (no discontinuity is present in the model), as shown in Figure 6-c. This
model simulated the presence of a residual stress field along a 2.1 mm length of the crack growth
region. The residual stress field was simulated by applying an internal load in the crack region to
simulate an equivalent stress field. However, in order to determine the magnitude of this internal
loading, it was necessary to create a surface discontinuity in an X-FEM model in ABAQUS
CAE™, as shown in Figure 7.

Figure 7: X-FEM Model



The authors originally envisioned the X-FEM model as the desired approach for simulating the
guided Lamb wave propagation behaviour and its interaction with a fatigue crack. In order to
consider the formation of a plastic wake effect due to the FCG process, material plasticity was
assigned to the 7075-T651 C-channel FEM, as described previously in Section 2.1. The maximum
applied load was the same as that used during the experimental setup of this study.

To create a residual stress condition due to the FCG process in the FEM, the C-channel was
subjected to a geometric non-linear analysis as demonstrated by the static pull test performed
during the experimental setup. It is important to note, that once geometric non-linear behaviour
is turned on in an ABAQUS CAE™ step, this cannot be turned off for any future steps [21]. The
residual stress field due to the FCG process was computed by manually increasing the size of the
X-FEM crack by 50 pum increments until a full crack length of 2.1 mm was achieved. The X-FEM
model of a crack introduces contact non-linear conditions, which increase the computational
costs. Furthermore, a mesh refinement in the area of the crack region was set to 50 micrometres
to have a smooth stress field in the region of the FCG. As such, the X-FEM would include:
geometric non-linearity, material non-linearity, and contact non-linearity. The results of the X-
FEM FCG model were used to determine the magnitude of the stress field during the FCG process.
This result was then applied as an internal loading condition in the crack growth region of Model
2. It is important to note that the application of an internal loading condition in the crack region
is entirely a linear elastic model thus generating a stress field of the same order of magnitude as
previously obtained during the X-FEM FCG model. In addition, the internal applied load in Model
2 is not the same at every element in the crack growth path. Thus, the first seven elements in the
proximity to the 0.4 mm EDM notch have a different load magnitude to the elements that follow
(Elements 8 through 35). Finally, the applied load is counter-balanced on either side of the crack
growth line. It is important to note that although the authors attempted to run the linear guided
Lamb wave propagation study using the X-FEM FCG maodel, the computation for each case was
extremely time consuming.

4.3 Model 3: Equivalent Stress Field with a Discontinuity

The final model considered in this study consisted of a 50 um crack under an internal applied load
connected to the original 0.4 mm EDM notch, as shown in Figure 6-d. Similar to Model 2, the
internal applied load was scaled to create a stress field in the 2.1 mm cracked region as that
obtained in the X-FEM FCG model. In addition, this model assumed that the crack was partially
opened with a 50 um gap in addition to the application of a residual stress field.

5.0Guided Lamb Wave Propagation Model

The authors developed an in-house code in Matlab™ to control and gather transmitted and
received data from the Acellent ScanGenie SHM system, where data was acquired at 12 MS/s
[22]. The Matlab in-house scripts were used to perform filtering and cleaning of the raw captured
data. These same scripts were used on both the experimental and FEM data. In order to mimic
the experimental results and reduce the number of assumptions, the actuation signal captured by
the digital oscilloscope (experimental Hanning window shown in Figure 8) was used as the input
signal in the FEM. The guided Lamb wave propagation model presented in this study was based
on a pitch-catch configuration where the PZT actuator, as depicted in Figure 3 transmitted a
Hanning window at a central frequency of 50 and 200 kHz. The generated guided Lamb wave
signal was then captured at PZT Sensors 2, 3 and 4, also depicted in Figure 3. Figure 8 below
highlights the differences in the actuation signal for both the 50 and 200 kHz Hanning window
with respect to the theoretical Hanning window. It is important to note that the FEM did not
account for any attenuation of the signals. A Fast Fourier Transform (FFT) analysis corroborated



the central frequency of the actuation Hanning window being transmitted in the pitch-catch
configuration.
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Figure 8: a) Theoretical versus experimental Hanning window at 50 kHz; and
(b) at 200 kHz.

The acquired signals from PZT 2, 3, and 4 were filtered using a zero-phase shift (filtfilt)
Butterworth band-pass filter with a pass band between 1 kHz and the excitation frequency + 200
kHz in Matlab™,

6.0 Results

In order to understand if the experimental and numerical results were in agreement with the theory
of guided Lamb waves travelling in an aluminium structure, the speed for both the S, and A,
waves were computed based on the Time of Arrival (ToA) and the separation distance between
the sensors and actuator. The results indicated that the group velocity of the A, wave matched
very closely (less than 5% difference) to both the experimental and numerical response. In the
case of the S, wave, both the experimental and numerical velocities were approximately between
5.5 to 11% off from the theoretical dispersion curve respectively. This offset in the S, wave is
primarily due to the difficulty in determining the exact ToA of the incoming wave. The speed of
the S, wave is much faster than the A, wave and for this frequency range its amplitude is smaller
[23]. As such, a small change in the ToA translates into several hundreds of meters per second in
the overall wave speed. The ToA were computed through a Morlet Wavelet fit at the actuator’s
central frequency for the actuation Hanning window. The ToA of the incoming waves were also
verified through the FEM as shown in Figure 9. The FEM allows for visualization of the complex
wave propagation behaviour (S, and A,) at different time steps, in addition to the corresponding
interaction of the waves with the different boundary conditions in the model. It is important to
note that the results presented in this study are only for the Actuator 1 - Sensors 2 path, which is
the path along the damage site. The proximity of the Actuator 1 to Sensor 3 did not allow for the
separation of Lamb wave modes. The Actuator to Sensor 4 path, did not provide additional insight
into the Lamb wave propagation behaviour.

10
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Figure 9: Finite Element verification of the Time of Arrival for the S, and A, waves at 50
kHz excitation frequency.

The authors analysed the experimental wave signals for different wave path combinations, such
as: Actuator 1-Sensor 2, 3 and 4; Actuator 2 — Sensor 1, 3, and 4 and so on. The analysis consisted
in understanding the change in cross-correlation, energy ratio and amplitude ratio of the signals
as a function of crack size at different actuation frequencies. The results matched those found in
the literature, that is to say, the path with the damage present (Actuator - Sensor 2) showed a drop
in energy ratio and amplitude ratio, while the sensor path with no damage showed no drop in these
ratios. In addition, it was also demonstrated that changes in the cross correlation coefficient are
only noticeable when the crack size is larger than 2 mm, along the Actuator - Sensor 2 path. The
effect on changes in amplitude ratio, energy ratio and cross-correlation coefficient as a function
of damage are not shown in this study as these can be found in [24,25]. For brevity, in this study
the analysis is focused only on the modelling and simulation of damage along the Actuator —
Sensor 2 path.

Figure 10 shows a comparison of the guided Lamb wave signals captured by Sensor 2 in response
to the 50 kHz and 200 kHz actuation Hanning window. Once the numerical and experimental
results were superimposed on the same graph by matching the actuation signal and not the actual
sensor signal response, it was interesting to observe that the S, and A, response matched in phase
for both frequencies. However, it is important to also note that not all the numerical model
amplitudes follow the exact same trends as in the experimental results, especially after the passing
of the first S, and A, wave packets.

11
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Figure 10: (a) Numerical and experimental comparison of the signal response for Actuator
to Sensor 2 at 50 kHz; and (b) at 200 kHz.

6.1 Model 1: Results on the Effect of a 2.5 mm EDM-Notch on a 50 and 200 kHz
Guided Wave

This section presents the results of a guided Lamb wave study for a 2.5mm EDM notch,
representing the entire length of a 2.1 mm fatigue crack emanating from a 0.4 mm initial saw-cut.
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Comparison between the experimental and the numerical waveform excited at 50 kHz and
200 kHz for the presence of a 2.5 mm EDM notch are provided in Figure 11. The discrepancy in
the A, time of arrival was found to be 10 microseconds between the experimental and numerical
data for the 50 kHz signal, while the ToA comparison between the experimental and numerical
data for the 200 kHz case showed a discrepancy of 1 microseconds and 6 microseconds for the S,
and A, wave packet respectively.
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Figure 11: (a) Model 1: Comparison between experimental and numerical waveform for
50 kHz with a 2.5 mm EDM notch; and (b) with a 200 kHz waveform.
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6.1.1 Model 1: Waveform comparison between 0.4 mm saw-cut EDM notch
(Baseline) and 2.5 mm EDM notch

The ToA for the experimental and the numerical data was found to be consistent for both the 0.4
mm saw-cut and the 2.5 mm fatigue crack (2.1 mm plus the 0.4 EDM notch). As such the data
gathered from the presence of the 2.5 mm EDM-crack modelled in ABAQUS CAE™ was
compared to the initial 0.4 mm EDM saw-cut model. This was done in order to determine if the
numerical results changed significantly due to the presence of the additional damage. Results of
the comparison for 50 kHz wave are provided in Figure 12. Similarly the experimental data was
also compared to the original baseline signal obtained at zero cycles, when only the 0.4 mm saw-
cut was present on the structure and no fatigue loading of the specimen had taken place.

From Figure 12-a (shown in the rectangle), the experimental results show a decrease in the
amplitude of the A, wave of approximately 8.6%. However, the equivalent comparison in the
numerical model shows an increase (shown as a negative percentage) in the wave amplitude of
the A, wave of approximately 10.5%. For the first wave of arrival, i.e. the S, wave, there is a
reduction in wave amplitude for both experimental and numerical signals with respect to their
baseline, which is highlighted in Figure 12 as an ellipse. It is important to note that the computed
percent reduction shown was only obtained for the A, wave window of the signal at the absolute
maximum location. The percent reduction for the S, wave packet was not calculated as the arrival
of the S, wave packet is not as evident as for the A, wave packet.
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Figure 12: Model 1: Comparison of 50 kHz waveform between the 0.4 mm saw-cut versus
the 0.4 mm saw-cut with 2.1 mm crack for Sensor 2.
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The same model analysed with a 200 kHz guided wave is provided in Figure 13. It is interesting
to note that the effect of crack growth was captured by both the experimental setup and the
numerical technique for waves propagating between the Actuator and Sensor 2, where a reduction
in wave amplitude can be observed for both the S, (highlighted in ellipse) and the A, (highlighted
in rectangle) waves. For the A, wave packets this percent reduction is quantifiable with a
reduction of 29.2% and 18% for both the experimental and numerical results respectively.
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Figure 13: Model 1: Comparison of 200 kHz waveform between the 0.4 mm saw-cut versus
the 0.4 mm saw-cut with 2.1 mm fatigue crack for Sensor 2.

6.2 Model 2: Equivalent Stress Field Model on a Closed Crack

The primary objective for development of Model 2 was to determine how a residual stress field
due to the Fatigue Crack Growth (FCG) process would affect the guided Lamb wave propagation
behaviour at zero loads. As such, the primary assumption in this model configuration is that the
crack is fully closed (i.e. no discontinuity), while the stress field in the region of the crack is
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present as a result of the fatigue crack growth process. The local mesh around the crack was
reduced to have elements along the length of the X-FEM crack of approximately 50 micrometres.
As such a total of 42 load and unload cycles were performed to grow the crack from an initial 0.4
mm EDM notch by a 2.1 mm extension. In reality, the 2.1 mm crack took approximately 55,306
cycles to grow from the 0.4 EDM starter notch. Figure 14-a shows the results of the X-FEM stress
(Von Mises) in the crack region. As seen in Figure 14 the equivalent stress field along the length
of the crack is approximately 300 MPa.

X-FEM Model Model 2: Equivalent Stress Model

Figure 14: (a) X-FEM residual stress field due to the FCG process; and (b) equivalent
stress field model.

The authors decided to create a simplified version, which applied a nodal loading condition to
mimic the stress field around the crack, as observed in Figure 14-b, however the equivalent stress
field extends beyond the region simulated by the X-FEM model; despite this extension, the
magnitude of the stress field remains the same.

6.2.1 Model 2: Results at 50 kHz and 200 kHz

Figure 15-a shows the effect of the residual stress field with no discontinuity on the guided Lamb
wave propagation behaviour. As seen in Figure 15-a, the presence of the stress field on the S,
mode is minimal when compared to the experimental results. However, the A, mode experiences
a phase shift / time delay in addition to an amplitude reduction with respect to the experimental
signal.
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Figure 15: (a) Model 2: Actuator to Sensor 2 response at 50 kHz; and (b) 200 kHz

waveform.
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Figure 16-a, shows a comparison for the 50 kHz response on Sensor 2 for Model 2 with respect
to Model 1. As seen in this figure, the presence of the stress field causes a phase shift on the
guided Lamb wave propagation, especially for the A, wave. In addition, the results indicate a drop
in amplitude (19% for the A, wave), which is usually attributed to the presence of a discontinuity.
However, Model 2, does not have a discontinuity present in the Actuator to Sensor 2 path. As
such, the 2.1 mm fatigue crack was modelled as a local stress field equivalent to that obtained
from the X-FEM model. Similar findings were observed for the 200 kHz response, shown in
Figure 16-b. In this case, the percent reduction in the A, wave amplitude is of approximately 10%.
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Figure 16: (a) Model 2: Comparison of 50 kHz waveform between the 0.4 mm saw-cut versus
a 2.1 mm fatigue crack stress field region; and (b) at 200 kHz waveform.

6.3 Model 3: Equivalent Stress Field with a Discontinuity
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Figure 17-a, shows a phase shift in the A, wave while the S, wave remains un-affected by the
presence of the stress field in response to a 50 kHz actuation signal. Figure 17-b shows similar
results for 200 kHz.
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Figure 17: (a) Model 3: Actuator — Sensor 2 response at 50 kHz; and (b) at 200 kHz.
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Figure 18-a, shows the comparison of Model 3 with respect to the baseline 0.4 mm EDM notch
model. This figure clearly depicts a phase shift due to the presence of the stress field and the open
crack. However, the reduction in amplitude for the 50 kHz signal (10.7%) is not as large as that
observed in the 200 kHz response (27.9%) shown in Figure 18-b.
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Figure 18: (a) Model 3: Comparison of the 50 kHz waveform between the 0.4 mm saw-cut
versus the 0.4 mm saw-cut with 2.1 mm fatigue crack for Sensor 2 with a residual stress
field and an open crack; and (b) 200 kHz waveform.

7.0 Discussion
In this paper, the guided Lamb wave behaviour on an aluminium C-channel type structure was
studied both experimentally and numerically. The numerical model was refined based on the
experimental strain data generated by the application of an applied load. It was found that in order
to mimic the guided Lamb wave propagation, the model had to replicate the structure to a high
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level of accuracy to include features like radii, holes, corners, boundary conditions, fillets, etc., in
addition to the material and loading parameters typically associated with these studies.

Model 1 consisted of an EDM notch, thus assuming that a fatigue crack was present in the direct
path between the Actuator and Sensor 2, and that this crack had no residual stress field associated
with it. The experimental and numerical results demonstrate that the presence of a crack modelled
as an EDM notch causes a drop in the amplitude of the guided wave for the S, waves at both 50
kHz and 200 kHz as it is commonly documented and modeled in the literature. It isalso interesting
to observe that the A, wave also showed a drop in amplitude of approximately 8.6% and 29% for
the 50 kHz and 200 kHz signal respectively. However, the numerical model only captured this
drop for the 200 kHz A, wave and not for the 50 kHz A, wave, as depicted in Figure 12, which
actually shows an increase (10.5%) in the amplitude with respect to the baseline signal (0.4 mm
EDM starter notch).

According to the literature, the detectable damage size would have to be at least the same size or
smaller than half of the wavelength of the guided Lamb wave in order to interact with the damage
[26]. As such, at 50 kHz the minimum detectable size using the S, wave would be 53.4 mm and
approximately 16.6 mm for the A, wave. Similarly, a 200 kHz actuation signal would have a
minimum detectable size of 13.3 mm and 6.7 mm for the S, and A, waves respectively. The
damage size considered in this study (2.1 to 2.5 mm) is much smaller than those suggested by the
literature. However, the experimental results clearly indicate an interaction between the 2.1 mm
crack and the wave signals at those frequencies, as shown in Figure 12-a and Figure 13-a. Such
effect was also witnessed by Fromme and Sayir, where they studied the scattering effect of the
A, wave mode around undamaged and damaged holes in an aluminium plate with a laser
interferometer and found that the scattered field changed significantly due to the presence of a
notch or a crack that is much smaller than the wavelength of the A, wave [27]. In addition, at the
200 kHz frequency, the numerical model suffered a drop in the amplitude as shown for all models
in Figure 13-b, Figure 16-b and Figure 18-b. This suggests that this interaction with the guided
Lamb wave is not only due to the presence of a discontinuity (damage), but potentially a
combination of stress fields and discontinuities that cause this drop in amplitude in the
experimental results.

Modeling the residual stress field generated during FCG as a linear load on the crack region also
creates a challenge during the modelling process. The local deformation due to the application of
nodal body forces in the crack regions generated displacement fields which are much greater than
the displacement field produced during the pitch-catch actuation signal of the guided Lamb wave
passing through the region. The standard displacement magnitude of the guided Lamb wave is in
the order of 10° m for an approximate 12 Volt actuation signal. However, the applied load used
in the proximity of the crack generated a local displacement field that was in the order of 10°m.
As such, the first set of simulations would not see any effect on the guided Lamb wave
propagation behavior during the passing of the wave through the stress field region. The
difference between the local displacement field due to the local applied load and that of the guided
Lamb wave is approximately off by a factor of 1000. As such, subsequent simulations augmented
the actuation voltage by a factor of 1000 in order to match the order of the displacement field due
to the presence of the superimposed stress and that generated by the guided Lamb wave, while
maintaining a linear-elastic simulation. Normalizing the output voltage at the sensors with respect
to the actuation signal, leads to the same findings on the guided Lamb wave results due to the
presence of the equivalent stress field. However, it is important to note that a small augmentation
factor of the input signal could lead to issues of significant digits due to the difference in
magnitude between the different displacement fields (piezoelectric excited field vs. nodal body
forces). As such, it was deemed appropriate to maintain the same order of magnitude to that
produced by the nodal body forces.

The numerical results produced in Model 2 (equivalent stress field with no crack), clearly
demonstrate that despite not having a discontinuity in the model, a drop in the amplitude for both

21



the So and A, guided Lamb waves was produced. In the case of the A, wave this drop is
quantifiable (19% and 10% for the 50 kHz and 200 kHz signal respectively). In addition to a
percentage drop in amplitude, a phase shift is clearly identified for both actuation frequencies.
Quantifiable experimental results are not shown, as this would require quantifiable measurements
of the stress field during the FCG process through experimental mechanics technigques such X-
ray or neutron diffraction. However, the numerical approach was able to capture the effect of a
drop in amplitude in addition to a phase shift in the guided Lamb wave signal despite not having
an actual open crack / discontinuity, mimicking the experimental results in Figure 12-a and Figure
13-a. This suggest the possibility of modeling fatigue crack in Lamb wave propagation studies as
a stress field change, simplifying the mesh and overall complexity of the FEM, thus, moving
closer to the development of numerically assisted Probability of Detection (POD) curves
mandated by the airworthiness authorities.

Finally, Model 3 combines the effect of a residual field and a discontinuity in the Actuator —
Sensor path. The results indicate a phase shift in the signal at both frequencies. However, as it
relates to a drop in amplitude, this seems to be more significant at the 200 kHz frequency in
accordance to the actuation frequency (1/2 of the wavelength) and minimum detectable size. As
such, it is possible to suggest from these numerical models and experimental results that a drop
in the amplitude of the Lamb wave signals may be a combined effect between the generated stress
field and the formation of a new crack surface, and that this effect is quantifiable. Thus, suggesting
the possibility of developing linear elastic models that capture the interaction of phase shift and
amplitude drop in Lamb waves and their corresponding interaction with closed fatigue cracks.

8.0 Conclusions

It can be concluded that the numerical models developed in this study were able to reproduce the
reduction in the wave amplitude due to the presence of a small fatigue crack. This drop in
amplitude was more significant in the A, waves than the S, waves at a higher frequency. The
results also seem to show that the S, wave amplitude seems to change very little in contrast to the
A, wave due to the presence of a discontinuity or a stress field in the region of a small crack for
Lamb wave signals of 50 kHz and 200 kHz. The experimental findings and numerical results
seem to indicate that small damages can be captured at frequencies much smaller than previously
established [26]. However, at higher frequencies, there is a greater interaction between the wave
and the damage / affected stress region, thus a larger detectable shift / drop in the acoustic-
ultrasonic signal. The results presented here opens the possibility of modeling fatigue cracks as a
change in the stress field in the proximity of the damage versus the traditional EDM notch
commonly used by the SHM community.
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