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Abstract

Anisotropic cracked media have been widely
investigated in many theoretical and experimental
studies. In this work, we perform ultrasonic surveys
to investigate the influence of source frequency on
elastic parameters (the Thomsen parameter y and
shear-wave attenuation) of fractured anisotropic
media. Under controlled conditions, we prepared
anisotropic models containing penny-shaped rubber
inclusions in a solid epoxy resin matrix with crack
density that ranges from 0 to 6.2 %. Two of the three
models have 10 layers and the last has 17 layers, the
number of uniform rubber inclusions per layer was
from O up to 100. S-wave splitting measurements
have shown that scattering effects are more
prominent in models where the crack aperture to
seismic wavelength ratio ranges from 1.3 to 13.3 than
other models where the ratio was varied from 2.3 to
23. The model with large cracks gave a magnitude of
attenuation 3 times higher compared with another
model that had small inclusions. These results
indicate acoustic scattering, attenuation (intrinsic and
apparent), and velocity dispersion directly interfere in
shear wave splitting, which in turn is a function of
crack aperture and source frequency.

Introdution

Physical modeling is a useful tool to simulate conditions
present in the field and parameters in numerical methods.
Previous experiments conducted by Assa’d et al. (1993)
and Wei (2004) established an experimental relationship
between crack density and shear velocity based on
theoretical predictions by Hudson (1981). Other
theoretical and experimental studies carried out by Marion
et al. (1994) and Melia et al. (1984) showed the influence
of short and long wavelengths in stratified media.

In anisotropic cracked media, the frequency response is
influenced by size of heterogeneities. To better

understand the influence of frequency on cracked
materials, we conducted a series of experiments aimed at
extending previous approaches by using a shear-wave
source with different frequencies. In this work, we carried
out experiments, on a reference model (without
inclusions) and three other models with different sizes of
inclusion and thereby simulated different crack densities.
The shear-wave profiles were measured using three
different S-wave transducers with dominant frequencies
from 0.09 MHz, 0.450 MHz and 0.840 MHz. In this
arrangement, shear-wave splitting was observed with
different magnitudes as a function of frequency. Our
results show that effects associated with scattering and
apparent attenuation (Goérich and Mduller, 1987) interfere
directly with shear wave splitting, which in turn is related
to crack density. Furthermore, we observed that the
anisotropic parameter y (Thomsen, 1981) varies with
frequency and size of crack. The quantification of
attenuation has been determined using the drift-time
correction method (Stewart et al., 1984).

Experimental procedure

The construction of the cracked samples as well as the
ultrasonic measurements were carried out at the Allied
Geophysical Laboratories (AGL) at the University of
Houston.

Model preparation: In controlled conditions, we made
three cracked models (M2, M3 and M4) with different
crack densities and an uncracked model (M1) for
reference. The pictures of all models are shown in Figure
1. The model M4 has five different points that can be
analyzed. The same distance between layers (0.5 cm for
M2 and M4 and 0.25 cm for M3) was ensured by using
the same volume of epoxy resin poured for each layer.
Each layer with inclusions was added to the model and air
was extracted using a vacuum pump so as to avoid
inhomogeneities in the epoxy resin. The crack density € in
the cracked models was determined using the following
equation,

N7zr?h
&= v @)

where N is total number, r is radius, h is thickness of
inclusions (aperture of cracks), and V is volume of model.
Equation (1) is a modification of Hudson’s (1981) relation
for crack density estimation. The ratio of compressional
wave velocity between solid epoxy and neoprene was
~1.5 and for solid epoxy and silicone rubber was ~2.25.
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S-wave velocity in rubber was difficult to determine
because of low shear modulus of this material. The sizes
of the included rubber cracks in each model are displayed
in Table 1.

(b)

Figure 1: Reference model M1 (uncracked) and cracked
models M2, M3 and M4. All wave measurements were
made in Y direction.

Ultrasonic measurements:The ultrasonic measurements
were carried out using the Ultrasonic Research System at
AGL wusing the pulse transmission technique. The
sampling rate per channel for all experiments was 10
MHz. Figure 2 (a) shows a device developed for recording
S-wave seismograms.

[Diameter]
Number (cm) — Number
Crack | Measure of [aperture] of
density| distance (cm) of cracks [Aspect
Model| (%) (cm) Layers cracks per layer|-ratio
M1 [Isotropic| 7.31 + 0.02 0 0 0 0

M2 | 45 |7.29+002| 10 |[0.77-[0.001]] 36 0.13
M3 | 38 |7.32+002f 17 |[0.4]-[0.051]] 90 0.12

Ma-1| 62 |764+002] 10 |[0.7]-[0.091]] 30 0.13
M4-3| 52 |7.74+0.02] 10 |[0.44]40.091]] 80 0.20

M4-5| 38 |7.74+002] 10 [0.32]-[0.091] 100 | 0.28

Table 1: Physical parameters of models M1, M2, M3 and
M4,

Source Receiver
Transducer Transducer

?1
x 1t
S2

Yy
z Rubber penny shape

(b)

Figure 2: (a) Device developed for S-wave polarization
rotation. (b) Sketch of experiment used for seismogram
records.

The source and receiver transducers were arranged on
opposing sides of the model with initial shear-wave
polarization parallel to the cracks. Changes in polarization
were achieved by rotating both transducers 10 degrees
each time until polarization was again parallel (i.e., 0 to
180 degrees) to the XZ plane (see Figure 2b). In total, 19
traces were recorded in each seismic section. The
polarizations 0 and 180 degrees correspond to the fast S-
wave (Si1) and 90 degrees corresponds to the slow S-
wave (Sy). The delay time in all S-wave transducers was
0.27 ps. For velocity computation, the delay time was
subtracted from the observed arrival time. The accuracy
of picking time was + 0.1 ps, which allows to estimate the
error in velocity of + 0.3%.

Models M1, M2 and M3- Results

Shear-wave splitting was observed for all frequencies in
models M2 and M3. The magnitude of this birefringence
also appears to depend on the frequency of the source.
Figure 3 shows seismograms from models M1, M2 and
M3 with three different frequencies. The isotropic model
(M1) shows uniform first arrivals with S; (0 and 180 ) and
S (90) for all kind of sources used. In model M2, for low
and intermediate frequencies (0.09 MHz and 0.450 MHz),
the splitting observed between the fast and slow shear

Twelfth International Congress of the Brazilian Geophysical Society



FIGUEIREDO, STEWART, DYAUR, SCHLEICHER, OMOBOYA, WILEY AND WILLIAM 3

waves was 7.0 ps and 5.6 us respectively. In model M3,
the values of splitting were 4.0 us and 3.6 us for low and
intermediate frequencies respectively. In the case of the
high frequency measurement, model M2 (see Figure 3c)
shows inconsistent fast and slow shear wave arrivals.
This can be attributed to the fact that the pulse
wavelength is of the same order as that of the crack
aperture. Similarly, due to the small ratio between
wavelength and crack aperture, the model M3 for source
frequency 0.840 MHz presents a splitting equal to 2.5 ps.
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Figure 3: S-wave seismograms as function of change in
polarization from 0 to 180 for models M1 (isotropic), M2
(e = 4%) and M3 (&=3.5 %) with three different frequency
transducers: (a) 0.090 (b) 0.450 and (c) 0.840 MHz.

Figures 4 shows the Fourier spectra obtained for model
Figures 4 shows the Fourier spectra obtained for model
M1. As can be observed, the waves are more strongly
attenuated in epoxy resin for high frequencies where the
dominant frequency is shifted from 0.840 MHz (source
frequency) to 0.51 MHz (frequency response). In model
M2, the ratio of wavelength to crack aperture ranges
between 1.3 to 13.3 and hence effects associated with
scattering as well as effective media are expected. Figure
5 shows the Fourier spectra for the model M2. As it is
observed in Figure 3 (a), before the first arrival some
ringing effects can be noted. This feature is followed by a
second peak shown in Figure 5 (a). Important aspects to
note here are a strong shift of the dominant frequency
with respect to the dominant frequency of the source and
a pronounced second peak for S, polarization. This
means that the polarization appears to be more affected
by crack aperture. Figure 5 (b) and (c) do not exhibit the
high second peak. However strong shifts of the dominant
frequencies of the S; and S,-wave polarizations can be
noted. For better comparison, we applied a band-pass
filter of 1-5-35-40 Hz to the scaled seismogram (upscaled
by 10000) shown in Figure 3 (c)-M2. The part of the
seismogram associated with acoustic scattering due to
high frequency is shown in Figure 6. We note a shear-
wave splitting with a magnitude of 1.8 ms in Figure 6 (b),
which was not observed before. On the other hand, the

seismic section associated with the peaks at 0.75 MHz
and 0.82 MHz can be observed in the Figure 6 (c).
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Figure 4: Frequency spectra response for model M1 using
S-wave sources (a) 0.840, (b) 0.450 and (c) 0.090 MHz.
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Figure 5: Frequency spectra response for model M2 using
S-wave sources (a) 0.840, (b) 0.450 and (c) 0.090 MHz.
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S-wave transducer 0.840 MHz after band-pass filter

Figure 6: (a) S-wave seismogram for model M2 (b) The
same data after application of band-pass filter 1-5-35-40
Hz (S-wave splitting is 1.8 ms). (c) High-frequency section
after subtraction of (a) from (b).

Figure 7 shows the frequency spectra of model M3 for the
S; and S;-polarizations. Compared to model M2, M3 does
not produce a second peak in the high frequency range.
However, as can be noted, the shift in frequency
associated with the perpendicular polarization (S>) is
more prominent. The observed delay between shear
waves for model M3 is 3.0 ps (see Figure 3(c)-M3) and
pulse wavelength to crack aperture ratio ranges from 1 to
2.3. This explains why there is less acoustic scattering
and consistent time arrivals as compared to model M2.
The relationships between velocities Vs1 and Vs and
source transducer frequency are shown in Figure 8.
Figure 8(d) shows Thomsen’s anisotropy parameter y as
a function of source frequency. The parameter calculation
was based on the following equation (Thomsen, 1986):
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where Vs1 and Vs; are the velocities of the fast and slow
shear wave in cracked media.
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Figure 7: Frequency spectra response for model M3 using
S-wave sources (a) 0.840, (b) 0.450 and (c) 0.090 MHz.
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Figure 8: Velocity plots for models M1 (a), M2 (b) and M3
(c) as a function of frequency. (d) Anisotropic parameter.

We can conclude from these velocity results that the
magnitudes of shear-wave splitting appear to depend on
frequency and apparent attenuation due to acoustic
scattering. This splitting is more pronounced at the lowest
frequency (0.090 MHz) for all cracked models whereas
the limit is more near the one for effective media for both
models. We can infer from Figure 8(d) the relationship
between seismic frequency (and wavelength) and crack
aperture. At long wavelengths (low frequency), this
anisotropy percentage is higher.

Shear-wave attenuation measurement

There are many difficulties that are encountered in the
laboratory and field to accurately measure an attenuation
value. Effects related to the near-field, spherical
divergence, boundaries, reflectors, and scattering are
factors that change the amplitude of a seismic trace. To
avoid these effects, we used a method that basically
depends on the time shift observed in the first arrival
measurements in two or more different frequency sources

and frequency response of medium for attenuation
calculation. This method, which does not require any
amplitude ratio approach (like, e.g., the spectral ratio),
was established by Stewart et al. (1984). Mathematically,
the delay time equation can be written as

. :Iln(wj/vvi)
e 7QV (w;)

where | is length of wave propagated in cracked media
(our case length in Y direction), « is the dominant
frequency response of medium using low frequency
source, i is the is the dominant frequency response of
medium using high frequency source , V() is a velocity
for frequency @ and Q is quality factor. In our case, the
index j can be 2 or 3. For j=2, the frequency response
acquired using a shear-wave source is 0.450 MHz and
when j=3 it is 0.840 MHz. Here, index i is always 1, which
corresponds to frequency responses using the shear-
wave transducer with a frequency of 0.090 MHz. The
Table 2 shows the values of all frequencies responses for
models M1, M2 and M3 as well as shift-time between the
frequency responses (ws, w;) and (w2, wi). From equation
(3) we calculated Q™ using the values of Table 1 and the
velocities shown in Figure 8. The length of wave
propagation was also shown in Table 1. As mentioned in
the last section, the S, polarization is more influenced
than the S; polarization for large and small crack
aperture. Nonetheless, the attenuation is more
pronounced for M2 for both S1 and S2 polarizations. This
can be seen in Figure 9.

©)

Frequencies(MHz) Shift-time (ms)
[t(w3)- t(wl)| | [t(w2)-t(wl)]
Model| w1(S1,S2) w2(S1,S2) w3(S1,52) (S1,52) (S1,52)
M1 |[(0.082,0.082)| (0.377,0.377) |(0.514,0.514)| (0.4,0.4) (0.2,0.2)
M2 | (0.076,0.07) (0.13,0.18) (0.17,0.24) (1.8,7.2) (0.8,5.0)
M3 |(0.073,0.067) | (0.18,0.08) | (0.24,0.156) (0.8,1.8) (0.4,0.7)

Table 2: Frequencies and drift-time for models M1, M2
and M3 respectively the shear-wave polarizations S; and
Sa.

S,.

0.40 @ (o) 0.40
- 0.35 mz-s, 0.35
g 030 030 »
T 0.25 0.25 &
g 0.20 0.20 g
8 015 M2-5 M3-S, 0.15 g.
£ 010 W//—Ts 010 3
2 . =
goos M-S, ggg G}

0.00 M1-8, .00 <

0.05; © 0.05

(0]
2 Frequency (MHz) * 2 Frequency (MHz) 3

Figure 9: Attenuation Q'l for models M1, M2 and M3
respectively for the shear-wave polarizations S; and S.

Model M4 - Anisotropic parameter y

Figure 10 shows the velocity of shear-waves (S; and S;
obtined) for model M4 using frequencies source 0.090,
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0.450 and 0.840 MHz. The model M4 has three different
aspect-ratios (0.13, 0.20 and 0.28) but has the same
aperture (0.091 cm). As we can see, the S-wave splitting
has strong dependency on the size and density of the
cracks. In Figure 9 (a) and (b), where the long wavelength
is dominant, the anisotropic parameter decreases with
reduced crack density. On the other hand, in the high
frequency limit the lower crack density with small crack
size shows an increase in magnitude of anisotropy
parameter y. Thus, we can state that the size of the
cracks is more influential than the aperture in che case of
a high frequency source.
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Figure 10: Velocities plots for five different points in model
M4 and the respective anisotropic parameter y associated
with these velocities for S-wave source transducers (a)
0.840 MHZ, (b) 0.450 and (c) 0.090 MHz.

Conclusions

This experimental study has investigated the influence of
frequency in anisotropic media containing aligned cracks.
The results show that S-wave splitting directly depends
on the frequency of source and the crack aperture. With
low frequencies, this splitting is more conspicuous. A
decrease in velocity was noted when the frequency of the
source was decreased and the observed dispersive
effects were more pronounced. The scattering effect was
more pronounced when the crack aperture had the same
magnitude as the source wavelength. Furthermore,
apparent attenuation was more pronounced when the
shear-wave polarization was perpendicular to the crack
plane.
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