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Rayleigh Wave Propagation for the Detection of Near
Surface Discontinuities: Finite Element Modeling
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The paper presents a finite element study designed to gain physical insight into the effect of surface discontinuities on Rayleigh wave propagation in structural elements. In particular, a series
of array measurements at various locations within a plate are simulated and compared with experimental measurements. Conversion of array measurements into the frequency-wavenumber
domain reveals propagating Lamb modes, which are used to define Rayleigh wave motion.
Numerical results show that Rayleigh waves measured after passing a fracture are composed of
long wavelength Rayleigh wave energy propagating past the slot and short wavelength Rayleigh
wave energy formed behind the slot.
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propagating wave modes, they experience lower
spatial attenuation, and the depth assessed by surface
waves can be controlled by changing the frequency.
Therefore understanding the physical interaction between the propagating Rayleigh wave and surface
fractures is very important and can lead to better nondestructive techniques for crack detection.
A variety of Rayleigh wave–based testing methods have been proposed for the detection of surface
fractures. The methods can be categorized depending
on the ratio of the incident wavelength () to the crack
depth (d). When the ratio /d ⬍⬍ 1, reflections are used
to locate a crack and reflection amplitudes are used to
determine crack depth. (1–5) As the wavelength approaches the crack depth (/d ⬇ 1) resonance methods
are employed. Oscillations or resonances observed in
measured transmission and reflection coefficients provide estimates of crack depth and width.(6–9) Spectral
methods are typically used when the wavelengths are
significantly larger than the crack depth (/d ⬍⬍ 1).
Power spectral measurements of transmitted Rayleigh

1. INTRODUCTION
Cracks denounce the type and magnitude of loads
(present or past), and define the integrity of structural
members. Therefore proper assessment of cracks is
needed for decisions regarding rehabilitation, strengthening, and rebuilding of existing structures. Transillumination tomographic techniques can reveal internal
defects; however, their reduced information content
near free surfaces restricts their ability to detect surface features such as flaws and cracks. Conversely,
Rayleigh waves are particularly wellsuited for free surface condition assessment: they propagate along free
surfaces, they involve the majority of the energy of the
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waves reveal changes in spectral amplitude for different crack depths.(5,10) Finally, the spectral analysis of
surface waves (SASW) uses a broadband spectrum to
detect changes in phase velocity with depth for a broad
range of /d ratios.(11,12)
The detection and sizing of cracks using Rayleigh
waves remains challenging, in part because of the complex phenomenology related to Rayleigh wave–fracture
interaction. The work presented in this paper was done
as part of a research program on Rayleigh wave propagation for the assessment of structural elements.(13)
The aim of this research program was to develop a
nondestructive testing methodology for the detection
of surface cracks and the definition of their location and
size. The research program consisted of both experimental and numerical components. The experimental
work was documented in Zerwer et al.(14–16), in which
testing methodology and signal processing were
described.
The numerical work is documented herein. The
study is implemented with a commercially available finite element package, ABAQUS. The paper begins with
a brief presentation of Lamb wave propagation in plates
to set the basis for data interpretation. Then the finite
element model is created to correspond to the experimental specimens and setup. Parameters for the finite
element model are gathered from the literature and the
authors’ experimental results. The numerical study
includes three sets of simulations: without a slot and
with slots of two different depths. Nodal acceleration
time histories at the surface of the simulated specimens
provide information equivalent to a receiver array
mounted at similar locations to monitor Rayleigh wave
propagation within the test plate. The numerically calculated surface accelerations are compared with the
previously published experimental results. Emphasis in
signal analysis is placed on the frequency domain to
identify the Lamb modes, which are the fundamental
components of Rayleigh waves in plates. Finally, simulation results are examined to gain further insight into
the Rayleigh wave–fracture interaction.
The experimental configuration modeled with
finite elements consists of a thin Plexiglas plate
(1219 ⫻ 305 ⫻ 6 mm 3 ) in an upright position. The
experimental approach is to model the geometry of a
typical beam or column by using a thin plate to represent a “slice” of a rectangular member (Fig. 1). In this
way, two-dimensional wave propagation (generalized
plane stress condition) prevails in a plate held in an upright position. The source for these measurements is a
4.74-mm (3/16⬙) steel bearing, dropped onto the edge
of a Plexiglas sheet at a distance of 304.8 mm (12⬙) in
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Fig. 1. Experimental conﬁguration modeled using ﬁnite elements.

front of the slot. An accelerometer coupled to the plate
measures the vertical component of acceleration at
different locations on the Plexiglas sheet at 41 discrete
locations. The first measurement is located 25.4 mm
(1⬙) behind the slot. Initial measurements are completed
without a slot, and in subsequent measurements, the
slot depth is increased at 25.4 mm (1⬙) intervals, up to
152.4 mm (6⬙).
It is important to note that although experiments
allow monitoring of wave propagation on surfaces only,
finite element simulation results provide vibration
details at all points within the body. Thus numerical
results provide the analyst unparalleled insight to gain
proper physical understanding of the dynamic response
associated to Rayleigh wave propagation in the
presence of a surface fracture. In turn, this information
can guide further developments in experimental
methodologies and signal analysis.

2. RAYLEIGH AND LAMB WAVES IN PLATES
The theory of wave propagation in plates is
reviewed to illustrate the difference between Rayleigh
and Lamb wave motions. These concepts guide data
interpretation in the following section.

2.1. Dispersion Curves
Wave propagation in thin plates was first studied
by Rayleigh(17) and Lamb.(18) The fundamental premise
underlying the derivation of the Rayleigh-Lamb frequency equations is the interaction of compression and
shear waves with two parallel traction free surfaces.
The frequency equation is a transcendental function that
fully describes wave motion in plates, including classical flexural plate motion, Rayleigh wave motion, and
Lamb wave motion. The Rayleigh-Lamb frequency
equations are
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where b is half the plate thickness,  is the circular frequency, k is the wavenumber, VP is the compression
wave velocity, and Vs is the shear wave velocity. Changing the exponent to either ⫹1 or –1 provides solutions
to symmetric or antisymmetric modes respectively.
The concept of generalized plane stress allows
Eq. (1) to be used for thin plates, where the thickness
is less than 1/10 the shortest propagating wavelength,(19) However, for generalized plane stress, Eq. 1
requires the compression wave velocity to be equal to:
VPplate ⫽

(

E

 1 ⫺ 2
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)

where E is Young’s modulus, p is the mass density, and
v is Poisson’s ratio.

2.2. Mode Shapes
Dispersion curves of each Lamb mode are calculated using the Rayleigh-Lamb frequency equations
(Eq. 1) to compute the mode shapes. For symmetric
modes, the horizontal and the vertical displacements
are given by Graff.(20)
u ⫽ i ( kB cos ␣z ⫹␤C cos ␤z ) e (

i kx ⫺ t )
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where z is depth within the cross-section and B and C
are constants. For antisymmetric modes the horizontal
and vertical displacements are given by the following
relations:
u ⫽ i ( kA sin ␣ z ⫹␤D sin ␤z ) e (

i kx ⫺ t )

(5)
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where A and D are arbitrary constants that satisfy:
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Examples of the first three symmetric and antisymmetric mode shapes are shown in Figure 2. Calculations for this figure use body wave velocities for
a Plexiglas plate (Vp ⫽ 2362 m/s and Vs ⫽ 1372 m/s),
a thickness of b ⫽ 0.1524 m, and a wavenumber of
k ⫽ 20.92 rad/m. Also shown in Figure 2 is the disappearance of the horizontal symmetric displacement at
the plate surfaces, which is unique to this combination
of plate thickness and wavenumber.
Mode shapes provide a basis for defining Rayleigh
wave motion in plates. As shown in Figure 3, the
superposition of a fundamental symmetric mode and a
fundamental antisymmetric mode generates a Rayleigh
wave.(6) Body wave velocities and plate thickness used
to calculate the mode shapes in Figure 2 are used to
determine the fundamental mode shapes in Figure 3,
however, at a higher frequency of 20 kHz. At short
wavelengths the phase velocities of the fundamental
modes asymptotically approach the Rayleigh wave
velocity.
The mode shapes in Figure 2 show that different
Lamb modes have maximum amplitudes (and nodes) at
dissimilar depths. Therefore the detection of a particular Lamb mode depends on the particle motion for that
mode at the observation depth. Note that the horizontal motion of all antisymmetric modes is zero at half
the plate thickness.

3. NUMERICAL MODEL
A finite element model is designed to explore the
interrelationship between the formation of a Rayleigh
wave and the corresponding Lamb modes that can exist
within a plate. This relationship is studied by comparing waves propagating in a plate with and without a
slot. A finite element model provides a unique opportunity to investigate Rayleigh and Lamb wave motion
at various locations within a plate, phenomena that are
not easily studied using experimental methods.
Finite element modeling of wave propagation
problems using finite elements requires proper mesh
size and time increment in view of the frequencies and
wavelengths of interest. Furthermore, boundary conditions and material properties must realistically represent the experimental situation. The design of the
following model pertains to simulating Rayleigh wave
propagation in a thin Plexiglas plate, which was tested
by the authors as part of this research program.
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Fig. 2. Mode shapes of ﬁrst two symmetric and antisymmetric modes.

Fig. 3. The superposition of fundamental symmetric and antisymmetric modes generate a Rayleigh wave calculated at a frequency of 20 kHz
and b ⫽ 0.15 m.
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dimensions of 3 ⫻ 12.7 mm2 are included in the mesh
to represent the slot.

3.1. Finite Element Mesh
In wave propagation simulations, the dimension
of finite elements must be selected taking into consideration the wavelength of the propagating perturbation.
The mesh is a low-pass filter, therefore; large element
dimensions filter short wavelengths. On the other
hand, very small elements cause numerical instability.
Valliappan and Murti(21) provide the following relation
for estimating element size (g):
g ≤   min ⫽ 
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f max

3.2. Time Increment
The time step is chosen with respect to the
characteristic time (), calculated using the following
equation(21):

≤
(7)

The constant  depends on whether the mass matrices are consistent ( ⫽ 0.25) or lumped ( ⫽ 0.2).
The minimum wavelength (min) is calculated using the
maximum frequency of the Rayleigh wave (fmax) and
the shear wave velocity (V s ). The highest Rayleigh
wave frequency component measured in the Plexiglas
experiments is fmax ⫽ 30 kHz. For a shear wave velocity, Vs ⫽ 1370 m/s, the minimum wavelength is min ⫽
46 mm. All simulations use a consistent mass approach
for which Valliappan and Murti(21) suggest a value of
 ⫽ 0.25. The resulting element dimension is 11.5 mm.
To maintain parallelism with the array measurements,
the element dimensions are increased to 12.7 ⫻ 12.7
mm2. Hence, the plate is discretized into 2325 bilinear
quadrilateral plane stress elements with 2425 nodes,
as shown in Figure 4. A narrow set of elements with

g
VP

(8)

where g is the element dimension from Eq. (7), and VP
is the compression wave velocity. The previously selected element size dicates the time increment for the
implicit solution method. For g ⫽ 12.7 mm and a compression wave velocity of VP ⫽ 2360 m/s (Eq. 2), the
characteristic time becomes  ⫽ 5.38 s. To facilitate
comparison with experimental measurements, the time
increment is set to 1 s.

3.3. Boundary Conditions
The bottom left and bottom right corner nodes of
the finite element model are fixed in both the vertical
and horizontal directions to properly represent the
experimental configuration.

3.4. Material Properties

Fig. 4. Finite element model mesh design.

The simulated material is Plexiglas (polymethylmethacrylate [PMMA]). Plexiglas has viscoelastic properties; therefore elastic constants vary with frequency.
For example, the elastic constants of Plexiglas between
2 and 30 kHz show that Poisson’s ratio is about  ⫽ 0.33,
Young’s modulus varies from E ⫽ 4.8 GPa at 2 kHz,
to 5.3 GPa at 10 kHz, and the shear modulus
increases from G ⫽ 1.8 GPa at 2 kHz to 2.2 GPa at 10
kHz.(22) The finite element model in this study considers
a linear isotropic medium with average material
parameters within the suggested frequency range. Material properties are selected during preliminary numerical
simulations to match numerical results with experimental measurements, rendering Young’s modulus E ⫽ 6.0
GPa and Poisson’s ratio  ⫽ 0.33. The elastic properties
of the elements in the slot are set close to zero.
This is an approximate approach to modeling
material behavior, and, as a consequence, the resulting
finite element model can be confidently used only for
the analysis of test specimens on which it is calibrated.
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However, because the goal of this work is to study internal wave propagation in the specimens, the approach
is valid and rational. It should be added that a more
detailed approach (e.g., viscoelastic modeling of material) would enormously add to the complexity of the
numerical analyses (possibly rendering the whole
analysis not feasible), and it would not necessarily add
to the information sought in this work on internal wave
propagation. Therefore, as a compromise between
accuracy and simplicity, it was decided to use a linear
elastic model with calibrated material constants.

low frequencies. The best fit for 2 is 1 ⫻ 10–6, which
converts to a damping ratio of D ⫽ 0.04.

3.6. Impact Simulation
A half-sine function is an accepted approximation
for the impact of a steel ball bearing onto a flat
surface.(24,25) Numerical calculations predict a 59-s
impact duration for a 4.76-mm steel ball bearing
dropped from a height of 50 mm onto a medium with
the stiffness of Plexiglas.(26)

3.5. Attenuation
4. MODEL VERIFICATION
ABAQUS incorporates damping using a Rayleigh
damping model(22):

[C ] ⫽  1 [ M ] ⫹  2 [ K ]

(9)

where [C] is the damping matrix, [M] is the mass matrix, [K] is the stiffness matrix, and 1 and 2 are arbitrary constants. Experimental damping measurements
are related to the Rayleigh damping model through the
following relationship:
D⫽

1  2 
⫹
2
2

(10)

where D is the damping ratio and  is the circular frequency. The damping ratio measured by Koppelmann(23) ranges from D ⫽ 0.025 at 2 kHz to 0.015 at
10 kHz. For simulation purposes the first term on the
right hand side of Eqns. (9) and (10) (mass damping)
is set to zero because high damping is not measured at

The finite element model is verified by comparing time domain traces of nodal accelerations of surface elements obtained from the finite element model
to accelerometer measurements completed on the
Plexiglas plate without a slot.(14,16) Figure 5 compares
finite element time domain traces with experimental
measurements at three different locations along the receiver array. The main pulse of the Rayleigh wave is
modeled relatively accurately, with reduced high-frequency components near the beginning of the Rayleigh
wave pulse. The first arrival is the S o (fundamental
symmetric) mode.

5. ARRAY SIGNAL PROCESSING
An array of receiver measurements records
Rayleigh wave propagation in complementary experi-

Fig. 5. Time domain traces obtained from ﬁnite element simulation compared to experimental measurements.

Rayleigh Wave Propagation for the Detection of Near Surface Discontinuities
mental studies completed on a Plexiglas plate. (14,16)
Time history measurements are stored as rows in a matrix; hence, columns designate spatial fluctuations. The
two-dimensional Fourier transform converts the matrix
of signals from the temporal-spatial space into the frequency-wavenumber representation. A contour plot of
magnitude values calculated for each element in the
transformed matrix shows a series of peaks. Each peak
permits computing the phase velocity of a particular
mode.(27,28)
In the corresponding finite element models, time
accelerations at 41 nodes, equally spaced at 1.27 cm
(1/2⬙), are stored in the matrix of signals. Each column
contains 1000 data points sampled at 1 MHz. Figure 6
is shows a typical frequency-wavenumber plot corresponding to a finite element simulation of wave propagation in the Plexiglas plate without a slot. Main peaks
indicate the presence of a Rayleigh wave. In addition
to displaying dispersion, the frequency-wavenumber
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domain can reveal the direction of energy propagation.
The x-axis in Figure 6 is divided into two halves. Peaks
to the right of zero represent waves propagating from
left to right through the array, and, conversely, peaks
to the left of zero designate waves propagating from
right to left along the array. Peaks represent maxima
when compared to neighboring values in the frequencywavenumber matrix. Also shown in Figure 6 is the
power spectrum measured in the far field.

6. NUMERICAL SIMULATION OF RAYLEIGH
WAVE/FRACTURE INTERACTION
The finite element modeling of Rayleigh wave
propagation permits gaining unique insight into the interaction between the Rayleigh wave and the slot. In
particular, the approach allows gathering data at various depths inside the plate. Conversion of array measurements into the frequency-wavenumber domain
allows the examination of the different propagating
Lamb modes, including modes that generate the
Rayleigh wave. Knowledge of Lamb wave mode shapes
and corresponding amplitudes can be used to determine
which modes are expected to be measured at specific
locations. Differences with anticipated modes provide
insight into the Rayleigh wave/fracture interaction.
Three sets of models are examined: no slot, 76.2mm and 152.4-mm-deep slots. For the three model sets,
acceleration histories at 41 nodes behind the slot are
recorded at different depths: at the surface, 25.4 mm,
76.2 mm, 127 mm, and 152.4 mm (middle of plate).

6.1. Series I: No Slot

Fig. 6. Frequency-wavenumber plot for ﬁnite element nodal
accelerations results along the plate surface without a slot.

Frequency-wavenumber plots for both vertical and
horizontal accelerations at various depths are shown in
Figures 7 to 10. Vertical measurements show the presence of a Rayleigh wave up to a depth of 127 mm. In
the horizontal orientation, the Rayleigh wave is visible
to a maximum depth of 76.2 mm. Short-wavelength
Rayleigh wave energy decreases at greater depths. A
Rayleigh wave is not observed in the middle of the plate.
The fact that these measurements indicate the presence of a Rayleigh wave is consistent with the concept
of a beat wavelength described by Victorov.(6) It occurs because the fundamental modes (A0 and S0) are
slightly out of phase. According to Victorov, at a distance of half the beat wavelength, the Rayleigh wave
has fully migrated to the bottom of the plate. Calculations of half the beat wavelength for the Plexiglas plate
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Fig. 7. Frequency-wavenumber plot for vertical and horizontal
accelerations without a slot, observed at a depth of 25.4 mm.

Fig. 8. Frequency-wavenumber plot for vertical and horizontal
accelerations without a slot, observed at a depth of 76.2 mm.

used in our investigations is found to be 480 mm from
the source for a frequency of about 3.2 kHz and increases to 1.5 m for a frequency of 5 kHz; a distance
greater than the plate length. Most of the energy in the
presented simulations propagates with frequencies
greater than 3.3 kHz, thus we should be able to “see”
the Rayleigh wave within the thickness of a plate.
Measurements also reveal higher mode Lamb
waves. For comparison and guidance, theoretical dispersion curves calculated using Eq. 1 are superposed
onto these plots. The displayed theoretical dispersion
curves are chosen to represent high-amplitude modes
at specific depths. In determining the high-amplitude
modes, mode shapes are calculated using a wavenumber of 3.28 1/m (304.8 mm ⫽ plate depth). A smaller

value assumes a flexural type motion, whereas a larger
value implies pure Rayleigh wave motion. It should be
noted that the theoretical calculation of mode shape amplitudes cannot completely explain the observed numerical results. The derivation of the Rayleigh-Lamb
frequency equations (Eq. 1), Lamb waves are assumed
to be generated by steady-state plane waves while the
finite element waveform is transient, resulting in the
energy distribution shown in Figure 6. Therefore mode
shape calculations using a wavenumber of 3.28 1/m
provides a guideline of expected results.
Mode shape amplitudes are normalized with the
maximum calculated amplitude for each mode calculated using Eqs. (2), (3), (4), and (5). Tables 1 and 2
list the normalized amplitudes with the highest values
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Fig. 9. Frequency-wavenumber plot for vertical and horizontal
accelerations without a slot, observed at a depth of 127 mm.

Fig. 10. Frequency-wavenumber plot for vertical and horizontal
accelerations without a slot, observed at a depth of 152.4 mm.

Table I. Vertical Motions Normalized with Maximum Amplitude
for Each Mode

Table II. Horizontal Motions Normalized with Maximum
Amplitude for Each Mode

Depth (mm)
Mode
S0
S1
S2
S3
S4
A0
A1
A2
A3

Depth (mm)

0

25.4

76.2

127

152.4

304.8

0.969*
1*
0.966*
0.377
0.984*
0.945*
0.265
0.277
0.994*

0.991*
0.506
0.784*
0.064
0.651*
1*
0.14
0.064
0.766*

0.726*
0.618*
0.481
0.575*
0.979*
0.923*
0.464
0.057
0.475

0.265
0.526
0.595*
0.796*
0.257
0.835*
0.922*
0.807*
0.405

0
0
0
0
0
0.822*
1*
1*
0.252*

0.969*
1*
0.966*
0.377
0.984*
0.945*
0.265
0.277
0.994*

* Modes graphed in subsequent frequency-wavenumber plots.

Mode
S0
S1
S2
S3
S4
A0
A1
A2
A3

0

25.4

76.2

127

152.4

304.8

1*
0.806*
0.223
0.995*
0.596
1*
1*
0.993*
0.384

0.287
0.985*
0.286
0.677*
0.046
0.428
0.475*
0.895*
0.053

0.445*
0.718*
0.298
0.703*
0.433*
0.008
0.106
0.1
0.421*

0.714*
0.066
0.766*
0.09
0.356
0.029
0.121
0.197
0.831*

0.744*
0.059
1*
0.213
1*
0
0
0
0

1*
0.806*
0.223
0.995*
0.596
1*
1*
0.993*
0.384

* Modes graphed in subsequent frequency-wavenumber plots.
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Fig. 11. Frequency-wavenumber plot for vertical and horizontal
accelerations with a 76.2-mm slot, observed at a depth of 25.4 mm.

Fig. 12. Frequency-wavenumber plot for vertical and horizontal
accelerations with a 76.2-mm slot, observed at a depth of 127 mm.

shown on the frequency-wavenumber plots. Values
range between 0 and 1, where 1 represents the ability
to easily observe a particular mode at a certain depth.
The theoretical dispersion curves plotted in
Figures 7 to 10 show very good agreement with
numerically predicted vertical and horizontal motions.
In particular, the numerical horizontal motions of all
flexural modes, and vertical motions of all symmetric
modes, are equal to zero in the middle of the plate.

slot. The vertical dotted line represents the slot depth
as a wavenumber. Fewer Rayleigh wave peaks are
observed because a smaller number of receivers record
the reformed Rayleigh wave. Vertically oriented motions indicate the maximum Rayleigh wave depth is
76.2 mm.
Vertical motions of Lamb modes show a
partial agreement with anticipated high-amplitude
dispersion curves up to a depth of 76.2 mm. The
agreement is better for horizontal motions. For the
127-mm (Fig. 12) and 152.4-mm observation (Fig. 13)
depths, measurements are identical to those made
without a slot. Plotted theoretical dispersion curves
correspond to high amplitude modes examined in
Series I.

6.2. Series II: 76.2-mm Slot
Figures 11 and 13 show frequency-wavenumber
plots for simulations of the plate with a 76.2-mm-deep
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Fig. 13. Frequency-wavenumber plot for vertical and horizontal
accelerations with a 76.2-mm slot, observed at a depth of 152.4 mm.

Fig. 14. Frequency-wavenumber plot for vertical and horizontal
accelerations with a 152.4 mm slot, observed at a depth of 25.4 mm.

6.3. Series III: 152.4-mm Slot

of 152.4 mm the results are quite close to the numerical observations made in Series I and II.

Increasing the slot depth to 152.4 mm weakens the
Rayleigh wave. Figures 14 and 16 show frequencywavenumber plots for nodal observations at depths of
25.4, 127, and 152.4 mm. The maximum depth of vertical Rayleigh wave motion is 76.2 mm. However, this
Rayleigh wave differs from the Rayleigh wave observed in Series I or II. The Rayleigh wave in Series
III has only one or two peaks at wavelengths shorter
than the slot depth. Numerically recorded horizontal
motions do not reveal any Rayleigh wave motion.
High-amplitude vertical and horizontal motions of
Lamb modes only partially agree with the theoretical
dispersion curves up to a depth of 127 mm. At a depth

DISCUSSION AND CONCLUSIONS
In summary, Series I results show that high-amplitude Lamb modes are in agreement with simulated
results and ideal plate theory. Series II and III results
show poor agreement with ideal plate theory at depths
(h) less than the slot depth (d) (when h/d ⬍ 1), whereas
very good agreement is obtained at depths greater than
or equal to the slot depth (when h/d ≥ (1).
These results show that the presence of a surface
discontinuity or slot effectively blocks shorter-wave-
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Fig. 15. Frequency-wavenumber plot for vertical and horizontal accelerations with a 152.4-mm slot, observed at a depth of 127 mm.

Fig. 16. Frequency-wavenumber plot for vertical and horizontal accelerations with a 152.4-mm slot, observed at a depth of 152.4-mm.

length Rayleigh waves, allowing longer wavelengths
to pass. Although longer wavelengths pass the slot, energy redistribution will occur at some distance behind
the slot. The slot essentially breaks the transient motion, so that wave propagation behind the slot encompasses long wavelengths passing the slot and mode
converted short-wavelength energy. Both types of motion are combined in the above frequency-wavenumber
plots. The various types of motion are likely affected
by array location, which is not addressed in this study.
Numerical results without a slot indicate the presence of a strong Rayleigh wave. As the slot depth increases compared to the plate depth (t) (d/t ⫽ (0.25),
the Rayleigh wave becomes weaker but remains intact.
The Rayleigh wave observed behind deep slots (d/t ⫽
0.5) is weak and shows only partial resemblance with

the original Rayleigh wave. In Series II the Rayleigh
wave is formed by long-wavelength energy passing the
slot, whereas the Rayleigh wave in Series III is formed
by mode converted Lamb modes. The vector plots
shown in Figures 17 and 18 clearly illustrate these observations. These results are consistent with numerical
measurement predictictions made by Alleyne and
Cawley.29 In their study, individual fundamental Lamb
modes impinging on a fracture generated both types of
fundamental modes behind the fracture.
In summary, numerical simulation results not only
confirm experimental measurements but also provide
unique information at locations that are experimentally
unreachable. This type of detailed information facilitates understanding the effect of surface anomalies and
discontinuities on the propagation of Rayleigh waves.
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Fig. 17. Vector plot of nodal accelerations at 200 s. Plate with a
76.2-mm slot depth.
Fig. 18. Vector plot of nodal accelerations at 420 s. Plate with a
76.2-mm slot depth.

Results show that anomalies act as low-pass filters. The
Rayleigh wave measured behind the slot comprises two
components: one related to the Rayleigh wave generated in front of the slot and another formed because of
the slot. The depth of discontinuities can be inferred
from the frequencies that are filtered.
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