CWP-443P

Analysis of strong scattering at the micro-scale
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ABSTRACT

Exploiting the fine structure of strongly scattered surface waves could provide
a wealth of new information in seismology, ultrasonics, acoustics and other
fields that study wave propagation in highly heterogeneous media. Toward this
end, we have made laboratory measurements of ultrasonic waves propagating
in disordered media. Spectral-element simulations of these models provide us
with a powerful tool for understanding the complex dynamics of diffraction
and scattering; issues that need to be addressed in seismic hazard studies in
global seismology and static corrections for exploration geophysics. This paper
focuses on small-scale scattering, such as diffracted body waves, which are weak
precursors to the dominant surface waves; these events may be analogous to

diffractions from the Earth’s rough core-mantle boundary.

INTRODUCTION

Indications of multiple scattering in seismic waves have
been observed (Aki & Chouet, 1975; Campillo & Paul,
2003; Hennino et al., 2001), but questions remain as
to how to characterize media in which energy is multi-
ply scattered. In the Physical Acoustics Laboratory, we
study wave propagation in strongly heterogeneous me-
dia such as rocks and engineered materials. In previous
work we have described what we call a “tunable” multi-
ple scattering system, consisting of a block of aluminum
with a disordered pattern of grooves cut in it (Scales &
van Wijk, 1999; Scales & van Wijk, 2001). Surface waves
propagating parallel to the grooves are not scattered,
while waves propagating normal to the grooves are so
strongly scattered that the behavior rapidly becomes
diffusive. Bulk properties of the propagation, including
attenuation and dispersion, were studied to describe the
scattering model on the macroscopic scale, while in (van
Wijk et al., 2003) we used a radiative transfer model to
study the mesoscopic scale of the medium in terms of
scattering and absorption mean free paths.

Quantifying the results of surface-wave scattering
from lateral variations is of direct interest in geophysics.
Scattering caused by topographic variations introduces
dispersion of the early arriving energy, which competes
with dispersion related to horizontally layered struc-
tures. In addition, in global seismology, surface topog-
raphy or sedimentary basins can trap seismic energy,
posing seismic hazard, while in exploration geophysics
topography needs to be accounted for in terms of static
corrections (Campman et al., 2003).

Here, we introduce two-dimensional (2D) numerical
simulations of the physical system, using the spectral-
element method (SEM) (Komatitsch & Tromp, 1999) to
model the ultrasonic experiment with sharp topographic
features, and investigate subtle details in the laboratory
data, on the scale of the individual scatterer, i.e. the
microscopic scale. Henceforth, we refer to the vertical
component of the particle velocity measured in labora-
tory experiments as “data” and to the numerical results
as “simulations.”

1 PHYSICAL EXPERIMENT

The setup of the experiment is shown in Figure 1. A
200 V repetitive pulse is used to excite an angle-beam
transducer mounted on the surface of an aluminum
block of dimensions 280 mm x 230 mm X 215 mm.
The transducer wedge has a footprint of 70 mm by 42
mm. The angle of the transducer is such that its output
in the aluminum block is mainly a surface (Rayleigh)
wave with a dominant wavelength around 10 mm. The
source wavelet is planar over the width of the trans-
ducer, making our model 2D. The wave field is detected
by a scanning laser vibrometer that measures absolute
particle velocity on the surface of the sample via the
Doppler shift. The signal is digitized at 14-bit resolu-
tion using a Gage digital oscilloscope card. The entire
setup is positioned on a vibration isolation table to re-
duce background noise.

The aluminum block has a Fibonacci pattern of
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Figure 1. Schematic setup of the experiment. The angle-
beam transducer generates a Rayleigh wave that is multi-
ply scattered by the grooves cut into the aluminum model.
Vertical particle velocity is recorded by the laser Doppler
vibrometer.

aligned linear grooves machined into one face. This se-
quence is quasi-periodic, but increases in complexity as
it gets longer (Carpena et al., 1995). The grooves are
nominally 1 mm wide, 2.75 mm deep and 1 or 2 mm
apart, but to represent the actual groove pattern as ac-
curately as possible in the numerical model, we scanned
the surface at 2400 dots per inch, allowing us to include
variations in the widths of the grooves and the surface
between grooves, which we call a non-groove.

2 NUMERICAL MODELING

A 2D version of the spectral-element method (SEM),
mostly used and validated in seismology (Priolo et al.,
1994; Faccioli et al., 1997; Komatitsch & Vilotte, 1998;
Komatitsch & Tromp, 1999; Komatitsch & Tromp,
2002; Komatitsch et al., 2002), is used to simulate wave
propagation at ultrasonic frequencies in a model that
contains a large number of sharp grooves. The SEM is
ideal for this purpose because we can use its flexibil-
ity to mesh the grooved structure based on a geometri-
cally non-conforming mesh and also because it has been
shown to be accurate in modeling surface waves (Ko-
matitsch & Tromp, 1999). The simulations can be com-
pared to measurements at every surface location, be-
cause the optical detector can record at any location on
the surface of the block (Figure 1). The source in the
simulations is the analytic solution to a Rayleigh wave
(Komatitsch et al., 1999) and detectors are located in
a line directly in front of the source. Attenuation is so
weak in aluminum that elastic simulations are meaning-
ful.

Near the surface, the block is modeled by a mesh

with cells whose size is on the order of a scatterer, but
the mesh size is doubled twice with depth to reduce the
total number of cells (i.e., spectral elements) to 11426.
We use a polynomial of degree N=4 to interpolate the
wave field in each quadrangular cell; the total number of
grid points is 184141. The time step used in the explicit
integration scheme is At = 107> ms and we propagate
the signal for 0.2 ms.

3 COMPARING DATA AND
SIMULATIONS

We compare data and simulations at 20 detector loca-
tions at 5 mm increments on the smooth face of the
model, and on the first 42 non-grooves along a line per-
pendicular to the grooves (strong scattering). In both
experiments, the source-detector offset for the first trace
is 2 mm.

The data and simulations on the smooth aluminum
surface are shown in Figure 2. Both panels show a large
direct surface-wave arrival, followed by a reflection from
the far end of the aluminum block. The wavelet in the
data has some energy after the main pulse caused by
ringing in the transducer. This energy is not included
in the source term of the simulations. The data show
little attenuation and no evidence of reflections from the
sides of the block, which means that the source energy
emitted has little geometrical spreading, justifying 2D
elastic simulations.

Figure 3 shows the data (left) and simulations
(right) for waveforms in the strong scattering case. At
each groove, energy is partially reflected, causing the di-
rect arrival to be attenuated and the group velocity to
be lowered, compared to the un-scattered wave propa-
gation. This strong scattering has been shown to lead to
diffusive behavior of energy propagation (Scales & van
Wijk, 2001). The strongest events are interfering surface
waves, which look qualitatively similar in the two pan-
els. These strong events show coherence in the sense that
a single phase can be tracked from one detector location
to the next, whereas for late times, scattering causes ar-
rivals to be incoherent from trace to trace. In general,
detailed differences between the numerical mesh and the
grooved block are amplified at later times as a result of
multiple scattering, much as in coda wave interferom-
etry (Snieder et al., 2002): waves bouncing back-and-
forth numerous times between scatterers highlight er-
rors in the numerical representation. The later events
especially show greater discrepancy in amplitude, be-
cause the path-lengths for the multiply scattered events
are longer than the early arrivals, so that neglecting at-
tenuation in aluminum becomes a significant source for
the difference between data and simulations.

The amplitude of the maximum correlation be-
tween data and simulations directly reflects the accu-
racy of the simulations: correlation of unity means that
data and simulations are identical. It is our experience
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Figure 2. Data (left) and simulations (right) for wave paths on the smooth side of the model.
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Figure 3. Data (left) and simulations (right) for wave paths on the grooved side of the model. The main energy consists of

surface waves bouncing between grooves, but the small-amplitude, faster events are body-waves diffracted at the grooves.

sentation get amplified. However, the simulations are of

that discrepancies between the physical and numerical

such precision that both data and simulations on a non-

models on the order of a fraction of the size of a single
scatterer have a noticeable influence on the accuracy of

the simulations.

groove with the size on the order of 1 mm show consid-

erably more energy at later times than do traces on the

thicker non-grooves. An example of this is detector 12,
compared to detector 4 (Figure 5): the relatively thin

ridge of aluminum under detector 12 is excited in a 300-

The maximum cross-correlation for the case of
strong scattering is overall lower than for the experiment

on the smooth side (Figure 4). Especially for source-

kHz resonance. While this mode is too low in frequency
to represent a trapping of energy in the non-groove, it

detector distances greater than 90 mm, small discrep-

ancies between the physical model and numerical repre-
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Figure 5. Comparison between data and simulations for detector 4 (left) and 12 (right)
the relatively stronger amplitudes at later times for detector 12.
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Figure 4. Maximum correlation between data and simula-
tions, both on the smooth side and the grooved side of the
model. Identical traces have correlation 1.

is possible that this resonance is a flexural mode of the
thin non-groove (Rossing & Fletcher, 1995).

Also, we noted that the source wedge acts as an ad-
ditional scatterer in the model, causing the maximum
correlation on the smooth side of the aluminum to be
smallest for detector 1 (Figure 4). Note the differences
in amplitude and phase in the direct arrival and more
clearly in the reflected event (Figure 6), when compared
to the other traces in Figure 2. This is due to the influ-
ence of the source wedge, which is located only 2 mm
from detector 1. The second reflection from the edge of
the block near the source is almost undetected in the
data, because it requires the Rayleigh wave to travel
along the surface between the bottom of the source
wedge and the aluminum block. This is not an obsta-

on the grooved side of the model. Note
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Figure 6. Comparison between data and simulations for de-
tector 1 on the smooth side of the model.

cle in the simulations, because the source is modeled by
an analytically incident Rayleigh wave. A completely
non-contacting experimental setup with a laser source
in addition to the optical detector (Scales & Malcolm,
2003) would be ideal, but for this application the laser
source is too high in frequency for energy to penetrate
the groove sequence significantly.

4 PRECURSORS

In the strong-scattering case, relatively lower-amplitude
and faster events arrive before the main surface-wave
energy (Figure 3). The data panel shows two coherent
events with the P-wave velocity of aluminum. The first,
starting at t=0, is caused by the angle-beam transducer
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Figure 7. Experimental configuration, where the source is
perpendicular to a single groove on the top of the block, while
the detector scans the side.

depth (mm)

50

[e2]
o

~
o

10 20 30 40 50 60 70 80 90
width (mm)
Figure 8. Snap-shot of particle motion in the scanned region
after the incident field scattered off a single groove.

producing some P-waves in addition to surface-wave en-
ergy. This event is not present in the simulations, be-
cause the source is a pure Rayleigh wave. The second
event with a P-wave velocity cannot be seen until the
6th or Tth trace at t = 0.01 ms, but is confirmed by
the simulations. These events are spherical body-wave
fronts diffracted at the individual grooves, which arrive
before the Rayleigh waves, and may be analogous to pre-
cursors to the seismic phase PKKP in global seismology,
believed to be caused by scattering at the rough bound-
ary between the Earth’s outer-core and mantle (Earle
& Shearer, 1997).

To support the existence of body-wave precursors
to the surface-wave energy, we conducted a second ex-
periment, where the source is mounted on the face of the
aluminum model with a single groove, while the detector
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scans the side of the model (Figure 7). Figure 8 shows
a snap-shot of particle motion, measured shortly after
the incident wave interacted with the single groove. The
side of the aluminum block breaks the symmetry of the
Rayleigh-wave motion purely in the - and z-direction,
creating particle motion in the y—direction. Higher fre-
quencies in the upper left part are due to ringing of
the source, and the incident field is the strong event
extending from top to bottom. The circular events are
body-waves scattered off the single groove. Scattering to
body waves is stronger in the backward direction, but
significant P-wave energy travels ahead of the surface
wave, causing the precursors observed in Figure 3.

5 CONCLUSIONS

In the Physical Acoustics Laboratory, we study phenom-
ena that arise from multiply scattered surface waves on
a physical system in which we can measure the wave-
forms between scatterers. In general, surface topography
causes scattering of seismic energy, leading to attenua-
tion and dispersion. Here, we analyzed relatively small-
amplitude features from individual scatterers, confirmed
by spectral-element simulations. For example, body-
wave precursors to the main surface-wave energy are
caused by diffraction from the scatterers, which may be
analogous to PKKP precursors, believed to be caused
by scattering at the rough core-mantle boundary.
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