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RESUMO

A propagacdo da onda S em um meio anisotrépico fraturado pode fornecer
informacdes valiosas sobre a orientacdo de fraturas em um meio. O principal objetivo deste
trabalho € recuperar informag&o sobre a orientacdo de fraturas baseado na andlise de onda S.
Para isso, medidas ultrassonicas de onda S foram conduzidas em um modelo fisico sintético
feito de resina epoxi (matriz isotropica) contendo pequenas tiras de borracha (fraturas
artificiais) inseridas no interior da resina com o objetivo de simular um meio anisotropico
homogéneo. Nesta abordagem, foi usado fontes de baixa frequéncia, frequéncia intermediaria
e alta frequéncia, com 90, 431 e 840 kHz, respectivamente. Integrando a analise de
sismogramas de onda S, painéis de correlacdo cruzada e curvas do parametro de Thomsen, foi
possivel estimar a orientacdo das fraturas em um meio com diferentes zonas fraturadas.
Informacéo adicional sobre a direcdo das fraturas foi obtida a partir de picos associados a
onda S espalhada. Isso foi possivel usando resultados de curvas de frequéncia em funcéo do
angulo de polarizacao da onda S. Além disso, um processo de filtragem utilizando filtro passa
banda foi realizado nos sismogramas de frequéncias intermediaria e alta com o objetivo de
obter sismogramas de baixa frequéncia. Analise de espectros de frequéncia-nimero de onda
(FK) foi feita para auxiliar esse processo de filtragem. Os resultados obtidos usando
correlagdo cruzada e parametro y a partir de dados filtrados foram similares aos resultados
obtidos usando fonte de baixa frequéncia. Isso destacou a possibilidade de usar fontes de
baixo custo (alta frequéncia) para recuperar sinais com baixa frequéncia sem uma grande

perda de informacdo sobre tempo de transito.

Palavras-chaves: Anisotropia. Ondas Cisalhantes. Modelagem Fisica Sismica. Orientacdo de

Fraturas.



ABSTRACT

Shear-wave propagation in anisotropic fractured/cracked media can provide valuable
information about fracture swarm orientations. The main goal of this work is to recover
information about fracture orientation based on the S-waveforms. For this study, ultrasonic
measurements of S-waves in a synthetic physical model made of resin epoxy (isotropic
matrix) with small rubber strips (artificial cracks) inserted in it to simulate a homogeneous
anisotropic media. In this approach, it is used low, intermediate and high frequency shear-
wave sources, with 90, 431 and 840 kHz, respectively. Integrating the S-wave seismograms,
cross-correlation panels and the anisotropic parameter curves analysis, it was possible to
estimate crack orientation in single fracture zones. Additional information was obtained from
the high frequency peaks associated to scattered S-waves. This was possible using results
from frequency versus angle of polarization curves. Moreover, a bandpass filtering process
was performed in the intermediate and high frequencies seismograms in order to obtain low
frequency seismograms. Spectral analysis from frequency-wavenumber (F-K) spectra was
performed to support this filtering process. The results obtained using cross-correlation and
parameter » from filtered data were quite similar to those obtained using low frequency
source. This highlighted the possibility of using cheap high frequency sources to recover

signals at low frequency range without losing traveltime information.

Keywords: Anisotropy. Shear-waves. Seismic Physical Modeling. Fracture Orientation.
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1 INTRODUCTION

Knowledge about the features of fractures in a reservoir is very important to optimize
the production of fluids. In certain reservoirs, the oil and gas production is controlled by
fractures of the subsurface. Location, orientation and fracture density are important
parameters to be characterized. Some fractured reservoirs (i.e. shale and carbonates) use to
have high secondary porosity, however their permeability is usually low (LONERGAN, 2007,
NELSON, 2001). This permeability can be increased by the hydraulic fracturing process and
knowing the preferential orientation of the fractures before this process is important to
enhance the fluid flow (HOLDITCH et al., 1978). Figure 1.1 illustrates a real anisotropic
media with variable fracture orientations within a given fracture swarm.

Due to the importance of fracture characterization, several methods have been
developed in order to obtain information about fracture parameters. Using a parameter called
“scattering index" in high frequency domain, Willis et al. (2005) were able to estimate the
preferential orientation of a set of fractures from the analysis of backscattered energy. A
satisfactory result was obtained on a real field dataset. Zhang et al. (2006) also estimated the
fracture spacing using backscattered energy, but their analysis was based on the Local Wave
field Decomposition (LWD) method proposed by Sacchi et al. (2004). Using a seismic section
in the time-domain, generated from a shot gather normal to the fracture strike, LWD was used
to characterize the coherent energy reflected from fractures. Once characterized, a new
seismic section was generated showing only the contribution of fracture reflections. From this
new seismic section, an F-K panel was created, from which they extracted the highest
wavenumber value. This value was then used to estimate the fracture spacing. The method
had a suitable result and was also used on a real situation.

It is well known that the lack of real anisotropic dataset is a common issue on testing
methods. One of the alternatives to overcome this issue is to use physical modeling
experiments. Based on Hudson (1981) theory's, Tillotson et al. (2012) used a synthetic silica
cemented sandstone to define the relationship between the shear-wave splitting (which is a
function of S1 and S2 velocities) and the fracture density of this synthetic rock. Their results
showed that the shear-wave splitting has the same order of the fracture density,
unconstraining the saturating fluid. This relationship was also confirmed by previous
experiments performed by Assad et al. (1992) using a synthetic anisotropic medium made of
resin epoxy with penny-shaped rubber inclusions.
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From analysis of the seismograms (created by low frequency sources), cross-
correlation panels ¥ and anisotropy parameter curves, Figueiredo, Schleicher e Stewart (2012)

estimated the preferential fracture set orientation of each region in a synthetic model. This
work complements Figueiredo, Schleicher e Stewart. (op.cit.)'s research on estimating fracture
orientation. While the previous work of Figueiredo, Schleicher e Stewart (op.cit.) used only
low frequency sources to obtain information about preferential fracture orientation in the
model, this approach uses three different frequency sources to achieve this. The sources are in
low (LF), intermediate (IF) and high frequency (HF) with 90, 431 and 840 kHz, respectively.
In order to recover reliable information from these higher frequencies, it is realized a
bandpass filtering process to obtain low frequency seismograms. Before the filtering process,
the seismograms are converted into F-K spectra in order to visualize the frequency
distribution of signals.

The analysis performed by Figueiredo, Schleicher e Stewart (op.cit.) was efficient on
extracting fracture orientation information when the S-wave propagation was normal to the
bedding planes. Here their analyses are extended to obtain information about fracture
orientation when S-wave propagation is parallel to the bedding planes. The first step in this
work is the interpretation based on seismograms, high coherence value of correlograms and
anisotropy parameter curves for both original and filtered datasets. Then, it is estimated the
orientation of fractures from frequency versus angle of polarization curves, generated after the
Fourier transform of high frequency seismograms. Similar to Figueiredo, Schleicher e Stewart
(op.cit.), the interpretation also considers the fracture orientation as an unknown parameter.
However, as a main assumption to the interpretation, the parameters, such as the size of the

inclusions and the crack density, are considered as known.



Figure 1.1 — Fractured sandstone from Arches National Monument showing
orthorhombic (top) and monoclinic (bottom) symmetries

Source: Far, Sayers e Thomsen (2013)

14
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2 EXPERIMENTAL PROCEDURE

The construction of the anisotropic cracked sample as well as the ultrasonic
measurements was carried out at the Allied Geophysical Laboratories (AGL) at the University
of Houston, Texas. The experimental setup used to make samples and S-waveform
measurements was the same used at previous works published by Omoboya et al. (2011);
Figueiredo, Schleicher e Stewart (2012); Stewart et al. (2013); Figueiredo, Schleicher e
Stewart (2013).

2.1 Sample preparation

Under controlled conditions, a cracked sample (M) with three different crack set
orientations and approximated crack densities was constructed. A sample (R) without
inclusions was also made in order to set reference results. Pictures of all samples are shown in
Figure 2.1. Sample M has three different regions, but five different positions used for
measurements, labeled 1 to 5 in Figure 2.1 a. Positions 2 and 4 are at the boundaries between
the three different crack orientations. The isotropic sample R consisted of a single cast of
epoxy resin. The cracked samples were constituted one layer at a time, with short intervals to
allow for the introduction of the rubber cracks. To reduce possible boundary effects to a
minimum, the interval between separated layers was kept as short as possible. A constant
layer thickness of 0.5 cm for M was ensured by using the same volume of epoxy resin poured
for each layer. After each layer with inclusions was added to the sample, air was extracted
using a vacuum pump to avoid air bubbles in the epoxy resin. The solid rubber material used
to simulate the cracks in the sample M was neoprene rubber. The ratio of compressional wave
velocity between solid epoxy and neoprene was ~ 1.5. The S-wave velocity in rubber was
difficult to determine because of the low shear modulus of this material. The wavelengths for
body waves propagating in the model were in the range of 1.9-2.5 cm for P waves and 1.0-1.4
cm for S waves. The geometrical parameters of the included rubber-strip cracks in the cracked

model are displayed in Table 2.1.
The crack density €. shown in Table 2.1 for cracked sample was estimated according

to the Hudson (1981) formula,

NV NIh? (2.2)




16

where N is the number of cracks, V¢ is the volume of a single crack, and V is the volume of
the model. For the strip-shaped cracks, Ve = Ih? where | is the crack length and h is the crack

aperture.

Table 2.1 — Geometrical parameters of the reference model (R) and the three
regions (M-1, M-3, M5) of the cracked model

Model Crack Measuring Number  Cracks Crack Crack
density (%) length model (cm) of layers per layer length(cm) aper.(cm)
Ly Ly
R Isotropic 7.51  T7.62 0 0 - -
M-1 4.5 7.56  7.89 10 36 0.8 0.2
M-3 4.5 7.56 7.89 10 36 0.8 0.2
M-5 4.5 7.59 7281 10 36 0.8 0.2

Source: Figueiredo, Schleicher e Stewart (2012)

2.2 Ultrasonic measurement setup

Over these models, ultrasonic measurements using the Ultrasonic Research System at
AGL with a pulse transmission technique were performed. The ultrasonic measurement
system includes a pulser/receiver 5077PR, a digital oscilloscope, low-noise preamplifiers and
P- and S-wave transducers with central frequencies at 90 kHz, 431 kHz and 840 kHz
respectively. Fourier spectra for S-wave source signatures are shown at Figure 2.2. The
sampling rate per channel for all experiments was 0.1 ps. There is a delay of 2.7 s for all S-
wave transducers. For the velocity computations, the scaled delay time was subtracted from
the observed arrival time. The time-picking accuracy was +0.2 ps, which yields an error in the
estimated velocities of about £4 m/s.

The device used to record the polarized S-wave seismograms is the same as the one
depicted in Figueiredo, Schleicher e Stewart (2013). It was devised to allow a rotation of the
source and receiver transducers, which were arranged on opposing sides of the model,
separated by the measuring length (see Table 2.1). The initial shear-wave polarization was
parallel to the X direction (Figure 2.1c) for both recordings in the Z and Y directions. To

achieve changes in polarization, the transducers (source and receiver) were rotated 18 times,
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by 10° at a time (i.e., 0° to 180°), until polarization was again parallel to the X direction, for
both cases of S-wave propagation in the XY or XZ planes (see Figure 2.1b). Each of the 19

output traces was acquired with a 20-fold stack to eliminate ambient nois

e.

Table 2.2 — Physical parameters of transducers used to record S-wave

seismograms in the samples depicted in Figure 2.1

Transducer Catalogue Transducer Ricker Near Field

Frequency  Number Diameter Wavelet Distance
90 kHz V1548 25 mm (=12 + 31‘)6% ~ 1.0 cm
431 kHz V151-RB 25 mm (2 —1— 1)€§ ~ 5.7 cm
840 kHz V153-RB 13mm (2—t— 1).?% ~ 3.2 cm

Source: Figueiredo, Schleicher e Stewart (2013)
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Figure 2.1 — (a) Photograph of the fractured model showing three regions
with the same crack density but with three different set orientations. (b)
Schematic diagram of crack placement of Y X (bedding plane) and ZX planes
of the fracture model. (c) Schematic representation of the S-wave transducer
placing at the centers of opposite sides of the model

(@)
(b) =

Z 2
(©

Source: Figueiredo, Schleicher e Stewart (2012)



Figure 2.2 — (a) The time domain, S-wave source signatures of the three
transducers: LF = 90 kHz, IF = 431 kHz and HF = 840 kHz. (b) Fourier
transform of each signature trace. (c) Fourier transform after Gaussian
nonlinear fit. Here the dominant frequencies have become 89 kHz, 386 kHz
and 805 kHz
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3 RESULTS

In this section, it is presented the experimental results. The analyses are based on the

two S-wave phases, fast S-wave (S1) and slow S-wave (S2). These phases are generated when

the S-wave enters in an anisotropic medium, in this case a synthetic cracked sample, and
separates itself in these two phases. This process is called S-wave splitting. The models used
are one cracked sample with three different set of crack orientation and one uncracked sample
that was used for reference. In a fractured medium, the S1 is always parallel to the fractures,
while the S2 is always perpendicular to them. Besides the seismograms, it is also shown the
analysis related to three seismic attributes: correlograms, parameter curves and frequency
versus angle of polarization curves. Other results depicted here are related to frequency/FK
spectral content in three different frequency ranges (LF, IF and HF).

3.1 S-wave seismograms

The Figure 3.1 shows the seismograms for LF, IF and HF for S-wave propagation in Z
direction. Figure 3.2 shows the seismograms for LF, IF and HF for S-wave propagation in Y
direction. The Figure 3.3 shows the seismograms for LF, IF (filtered) and HF (filtered) for S-
wave propagation in Z direction. Figure 3.4 shows the seismograms for LF, IF (filtered) and
HF (filtered) for S-wave propagation in Y direction. For LF seismograms of region M-1 as
well as for S-wave propagation in both Z and Y directions, the minimum lag (At =t (S2) -
t(S1)) occurs at 90" This indicates the lowest S-wave velocity at 90, making it possible to infer
that the fractures are oriented parallel to the X direction. For region M-3, related to S-wave
propagation in Z direction, the highest time lag is perpendicular to the time lag of region M-1.
In other words, regions M-1 and M-3 are perpendicular to each other. More details about

seismograms interpretation is depicted at Discussion section.

3.2 Spectrograms

The spectrograms were generated from F-K transform, which is the Fourier transform
of a space-time domain signal. They show the frequency distribution of a signal and have an
important role in noise reduction, avoiding spatial aliasing and estimating fracture spacing
(ZHANG et al., 2006). The spectrograms depicted in Figures 3.5 and 3.6 are related to the
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seismograms of Figures 3.1, 3.2, 3.3 and 3.4. First row of each Figure represents the
spectrograms of the isotropic model. They approximately represent the original spectra of the

transducers, since there is no significant frequency attenuation in the reference model.

Figure 3.1 — S-wave seismograms for LF, IF and HF sources, as a function of
change in polarization from (f to 180, related to propagation in Z direction.
The first row corresponds to the reference (R) sample and the other rows in

descending order are the seismograms for positions M-1, M-2, M-3, M-4, and
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Figure 3.2 — S-wave seismograms for LF, IF and HF sources, as a function of
change in polarization from 0 to 180, related to propagation in Y direction.
The first row corresponds to the reference (R) sample and the other rows in

descending order are the seismograms for positions M-1, M-2, M-3, M-4, and
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Figure 3.3 — S-wave seismograms for LF, IF (filtered) and HF (filtered)
sources, as a function of change in polarization from ¢ to 180, related to
propagation in Z direction. The first row corresponds to the reference (R)
sample and the other rows in descending order are the seismograms for

positions M-1, M-2, M-3, M-4, and M-5
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Figure 3.4 — S-wave seismograms for LF, IF (filtered) and HF (filtered)
source, as a function of change in polarization from (' to 180, related to
propagation in Y direction. The first row corresponds to the reference (R)
sample and the other rows in descending order are the seismograms for

positions M-1, M-2, M-3, M-4, and M-5
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The remaining rows depict the spectrograms for wave propagation in the regions of
the fractured model. It is worth mentioning that in high frequency spectrograms there are two
modes of frequency distributions. One related to low frequency range and another related to
high frequency range. It indicates that the attenuation of high frequency waves is more
prominent than the attenuation of intermediate and low frequency waves, mainly due to

scattering.
3.3 Correlogram datasets

According to Yilmaz (2001) the cross-correlation analysis measures the similarity
between two different traces in time and Kennett (2002) states that cross-correlation of S-
wave phases S1(t) and S2(t) is used to estimate S-wave polarization, 6, and time delay, ét,
between these two phases. Shear-wave polarization is related to crack orientation
(CRAMPIN, 1985) while the time delay is related to crack distribution (HUDSON, 1981). In
this approach, the waveforms of S-wave seismograms are cross-correlated (Figures 3.1, 3.2,
3.3 and 3.4). The basic idea of the cross-correlation operation relies on two recordings, S(¢, ?)
and H(p, t), with polarizations orthogonal to each other. These recordings are assumed to
contain two orthogonal shear waves (S1(t) and S2(t)) with the same time function, but
separated in time by a delay Jz. Angle ¢ denotes the (unknown) deviation between the trial
polarizations of S(p, t) and H(p, t) from the true polarizations of S1(t) and S2(t). The two
fundamental shear waves S1(t) and S2(t), the traces S(p, t) and H(p, t) can be represented by
Kennett (2002)

(3.1)
S(g,t) = S1(t) cos(¢) + S2(t + &t) sin(¢)

S(¢,t) = S1(t) sin(¢p) — S2(t + 6t) cos(¢)

According to its definition [see, e.g., Yilmaz (2001)], the cross-correlation function

between the two traces represented by the Equation (3.1) can be written as

UL (3.2)
R(¢,6t) = Z Z S(¢j, t:))H($js1, t; + 6t)
=1i=1
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where n is the window length (time window) of the operation (the size of trace) and m is the
number of traces. All the correlograms described are generated correlating the first trace (0)
with each of the other traces.

First, it is analyzed the unfiltered correlograms for propagation in Z and Y direction,
depicted in central and right columns of both Figures 3.7 and 3.8. They represent a mix of
curves, without any clear information about fracture orientation. On the other hand, the
unfiltered intermediate frequency correlograms provided more reliable information than the

unfiltered high frequency correlograms.
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Figure 3.5 — F-K spectra (in Z direction) related to seismograms of
Figure 3.1. The Figures depicted in the first row correspond to the reference
(R) sample and other rows in descending order are the spectra for regions

M-1, M-2, M-3, M-4, and M-5
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Figure 3.6 — F-K spectra (in Y direction) related to seismograms of
Figure 3.2. The Figures depicted in the first row correspond to the reference
(R) sample and other rows in descending order are the spectra for regions

M-1, M-2, M-3, M-4, and M-5
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Figure 3.7 — S-wave correlograms related to seismograms of Figure 3.1. The
Figures depicted in the first row corresponds to the reference (R) sample
and the other rows in descending order are the correlograms for positions
M-1, M-2, M-3, M-4, and M-5
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Figure 3.8 — S-wave correlograms related to seismograms of Figure 3.2. The
Figures depicted in the first row corresponds to the reference (R) sample
and the other rows in descending order are the correlograms for positions

M-1, M-2, M-3, M-4, and M-5
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Figure 3.9 — S-wave correlograms related to seismograms of Figure 3.3. The
Figures depicted in the first row corresponds to the reference (R) sample
and the other rows in descending order are the correlograms for positions

M-1, M-2, M-3, M-4, and M-5
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Figure 3.10 — S-wave correlograms related to seismograms of Figure 3.4. The
Figures depicted in the first row corresponds to the reference (R) sample
and the other rows in descending order are the correlograms for positions

M-1, M-2, M-3, M-4, and M-5
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The figure 3.9 depicts the cross-correlation panels associated to S-wave seismograms
of Figure 3.3. The correlograms in the first column are LF, while the other two columns
represent the filtered data. All of them are related to S-wave propagation in Z direction. For
the correlograms corresponding to the reference model in the first row, the time lag does not
exist, indicating that there is no shear-wave anisotropy in the reference model.

For LF, the correlogram corresponding to region M-1 shows the highest correlation
and the largest time lag of -3.2 us at 90" These values indicate that the fracture set is oriented
at an angle of O parallel to X axis. In region M-3, it is identified a local correlation maximum
at 90, with a time lag of 4.4 us. It indicates that the fracture set orientation in region M-3 is in
an angle of 90° with the X axis. For region M-5, it is observed a maximum correlation value at
45, with low negative time lag. Also, it can be observed a maximum local correlation at
around 135, which is the 90 rotated from 45. Although the time lag amplitude is small for
these directions, from the polarization it can be inferred that the fracture orientation in region
M-5 is at around 45 related to the X axis. Correlation panel for region M-4 shows two local
maxima, one at 20’ and the other one at 100. They do not have coherence in their polarization.
Analyzing the existing small time lag, it is not possible to infer anything about the orientation
in this region. In correlograms corresponding to region M-2, it is stated that the time lag is
almost absent. These small time lags do not provide any information about the fracture set
orientation in this region.

For filtered high and intermediate frequencies, the correlograms corresponding to the
region M-1 show maximum correlation at 90. The largest time lag is -3.6us for filtered
intermediate and -3.2us for filtered high frequency correlogram. Taking a looking at these
values, it can be concluded that the fracture set orientation in region M-1 is parallel to the X
axis. Filtered correlograms in region M-3 show well-defined local maximum correlation
values. For filtered intermediate frequency, the local correlation maximum occurs at 80, with
a maximum time lag of 4.4us. For filtered high frequency, the maximum time lag of 4.4us
occurs at 90, where the local correlation maximum is located. Thus, it is inferred that the
fracture set orientation in region M-3 is around 90. For region M-5, both filtered correlograms
showed one of the maximum correlation values at around 35, while the other maximum is
around 145 This is incoherent information about the orientation of the region and a different
result in comparison to the low frequency correlogram result. As well as for low frequency
correlograms, the filtered correlograms for regions M-2 and M-4 do not show any reliable
information about fracture set orientation. The Figure 3.10 shows six cross-correlation panels

for each frequency range, which are associated to S-wave seismograms of Figure 3.4. Again,
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the first column represents the correlograms for low frequency, while the other two columns
represent the filtered data, for propagation in Y direction, and the first row depicts the
reference correlograms.

In region M-1, the low frequency correlogram shows a maximum correlation value at
90 associated with a time lag of -3.6us. This high time lag value indicates that the fracture set
orientation in region M-1 is parallel to the X axis, which is the same result found for
propagation in Z direction. The correlograms representing regions M-2, M-3, M-4 and M-5
show a similar pattern, with almost no time lag existing, such as the correlograms of the
reference model. From these correlograms, it is not possible to conclude anything about the
fracture set orientation on these regions.

For filtered correlograms, in region M-1, the two filtered panels give different results.
The filtered intermediate frequency panel indicates a maximum correlation at 90, with a
maximum time lag of -3.8us, while the filtered high frequency panel indicates the maximum
correlation value at 100, with time lag of -4.2us. From the filtered data, it can be inferred that
the fracture orientation in this region is between 90" and 100. For regions M-2, M-3, M-4 and
M-5, both filtered intermediate and high frequency panels show that all waveforms are almost
well-correlated, with small time lags. The small time lags do not permit the conclusion of
something about the preferential fracture orientation in these regions. From these filtered

correlograms, it is not possible to conclude anything about regions M-2 and M-4.
3.4 Anisotropy parameter y

It is well established that the Thomsen parameter y represents how much a medium is
anisotropic (THOMSEN, 1986). This parameter is related to the velocities of the orthogonal
shear-waves polarizations, S1 and S2. In this work, it is used the same notation for y as

described in Thomsen (op.cit.)

_ Coe — Caa _ 1 Vi21_ 1 (3.3)
v 2Coa 2 \v3

where Ces = pVs1 and Cas = pVs2 are elastic stiffness coefficients and p is the model density.
The density here is absent in Equation (3.3) because the density model is always constant.

Rewriting the Equation (3.3) as function of S1 and S2 traveltimes
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(&)2 (3.4)

tSl _ 1 t.gz
z-1)=35{z -1
(AL) ts;

where AL is the distance traveled by S-wave from the source to the receiver positions. This
distance is the same for S1 and S2 polarizations.

Equation 3.4 shows that y is given by the ratio between ts2 and tsi, which are the
highest and lowest traveltimes possible observed in a fractured medium, respectively. In this
work, it is used traveltimes for different polarization angles in order to determine the
preferential fracture orientation in a region. The traveltimes used were automatically extracted
and associated to the highest amplitude of the signal (the first lobules of the wavelet). The

equation used is given by,

r6) = t(6 + 90°) (3.5)
t(6)

where 0 is the polarization angle which varies from 0" to 180. The highest value found should

occur when the polarization angle used is parallel to the fractures.

The Figure 3.11 represents the y curves for low and unfiltered frequencies, for both
propagations in Z and Y direction. It is stated that the unfiltered high frequency curves, for all
regions, have a behavior similar to the reference curve. This situation occurs because the
wavelength of these high frequency waves is very small, even smaller than the fractures,
making these waves insensitive to the anisotropy caused by the fractures. It is not possible to
conclude anything about fracture orientation using these high frequencies curves. On the other
hand, the intermediate frequency curves show suitable results, even without the filter, but in
some situations it is difficult to extract reliable information from them.

The left column of Figure 3.12 represents the y curves for low and filtered frequencies,
for wave propagation in Z direction. At regions M-1 and M-3, the low frequency curves have
a symmetric behavior, with large positive and negative amplitudes. This is an indicator that
the fracture set orientations at the regions are perpendicular to each other. In addition, the zero
crossing of the curves is approximately at 45. Knowing that the largest value of y in region M-

1 occurs when the angle of rotation is (f and the largest value of y in region M-3 occurs when
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the polarization is at an angle of 90, it is concluded that the fracture set orientation in regions
M-1 and M-3 are parallel to the X and Y directions, respectively. At regions M-2, M-4 and
M-5, it is noticed that the graphics have considerable low amplitude. It is not possible to infer
anything from these curves.

For filtered intermediate and high frequencies, in region M-1, both curves are similar
to each other. The filtered curves have a more symmetric pattern in comparison to the curve
of low frequency source, being possible to extract a more confident result from them. They
have largest y values at (f and, at approximately 45, the y values are zero. It is noticed that the
fracture set orientation in region M-1 is parallel to the X axis. In region M-3, the filtered
curves show suitable results. The filtered high frequency curve has more prominent amplitude
than the low frequency curve, while the filtered intermediate frequency curve has similar
amplitude and shape than the low frequency one. Both curves have highest values at the angle
of 90" and zero value at 45. That being said, the fracture set orientation at M-3 is 90° with the X
direction. For regions M-2, M-4 and M-5, the low amplitude of both filtered high and
intermediate frequencies made it impossible to draw a conclusion about the fracture
orientation in these regions.

The right column of Figure 3.12 represents the y curves for low and filtered
frequencies, from S-wave propagation in Y direction. On region M-1, the curve shows a
symmetric behavior, with large amplitude, indicating that there is a preferential orientation of
the fracture set in the region. The largest value of y occurs at (f and the zero crossing is at 45,
indicating an orientation of the fracture set along the X axis. The analysis of the curve on
region M-3 indicates that the region is isotropic, since the y values are very close to zero. This
result is very different in comparison to the one extracted from the curves associated with S-
wave propagation in Z direction. This might be explained by the alignment of the fractures in
the region. At regions M-2, M-4 and M-5, the curves have considerable low amplitude,
making it impossible to extract clear and reliable information from them.

The filtered curves corresponding to region M-1 show considerable high amplitudes.
The filtered high frequency curve shows a rectilinear behavior, while the filtered intermediate
curve shows a sinusoidal behavior. Although they have different shape, both have a
symmetric behavior and high amplitude, which indicates a preferential orientation in the
region. The maximum vy value at O indicates a fracture orientation along the X axis in the
region. From the remainder curves, it is not possible to infer anything about the fracture
orientation since they all have considerable low amplitude and most of them are completely

non-symmetric.
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Figure 3.11 — Anisotropy parameter curves for low frequency and
intermediate and high frequencies unfiltered. Figures depicted in the first
row corresponds to the reference (R) sample and other lines in descending

order correspond to curves for positions M-1, M-2, M-3, M-4, and M-5.
First column corresponds to the curves associated to S-wave propagation in
Z direction while the second column corresponds to S-wave propagation in Y

direction
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Figure 3.12 — Anisotropy parameter curves for original low frequency and
intermediate and high frequencies filtered. Figures depicted in the first row
corresponds to the reference (R) sample and other lines in descending order

correspond to curves for positions M-1, M-2, M-3, M-4, and M-5. First
column corresponds to the curves associated to S-wave propagation in Z
direction while the second column corresponds to S-wave propagation in Y

direction
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Figure 3.13 — Source frequency versus anisotropy parameter low and
filtered frequencies. The Figures are depicted from position M-1 to position
M-5, in descending order. The first column corresponds to S-wave
propagation in Z direction while the second corresponds to S-wave

propagation in Y direction
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3.5 Frequency attenuation

In most natural materials, seismic attenuation increases with frequency (QUAN AND
HARRIS, 1997). If the fractures and fracture spacing are close in size to the seismic
wavelength, the fractures will scatter the seismic energy causing a complex seismic signature
or coda (WILLIS et al., 2005). According to Figueiredo, Schleicher e Stewart (2013), the S-
wave phase propagating with polarization perpendicular to a fracture suffers a bigger
attenuation in comparison to the S-wave phase propagating with polarization parallel to the
same fracture, i.e., the faster S-wave (S1) is less attenuated than slower S-wave (S2). In this
approach, it is used high frequency waves, with 840 kHz, to estimate the fracture orientation
in a medium from the analysis of scattering waves. First, the Fourier transform is calculated in
each signal of the high frequency seismograms, corresponding to each angle of rotation. This
process is repeated for each region of the model, from M-1 to M-5, for both Z and Y
direction. Analyzing the amplitude spectrum of each trace, the maximum amplitude value of
the higher frequencies is picked, which represent the scattered energy. To each amplitude
picked, it is defined the corresponding frequency. This process is repeated for each angle of
rotation. Knowing these values of frequency, a graphic showing the variation of dominant
frequency with the angle of rotation is generated, for S-wave propagation in Z and Y
directions (Figure 3.14). In these graphics, the higher dominant frequency values represent
high wave scatter, i.e., represents regions where the polarization is normal to the fractures; the
lower values represent the opposite thing.



Figure 3.14 — Frequency as function of angle of transducer rotation
(polarization) curves. The figures depicted in the first line correspond to the
reference (R) sample and other lines in descending order are the curves for

positions M-1, M-2, M-3, M-4, and M-5. The first column corresponds
curves related to S-wave propagation in Z direction while the second
corresponds to curves related to S-wave propagation in Y direction
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For S-wave propagation in Z direction, in the left column of Figure 3.14, it is noticed a
pattern with well-defined high and low values of dominant frequency on the graphic that
corresponds to region M-1. The analysis of both highest values and lowest values allows the
determination of the fracture set orientation in region M-1 is either in the range of 0"to 30 or
150 to 170 with the X axis. For S-wave propagation in region M-3, the curve related to Z
direction showed an opposite behavior in comparison to the curve for region. From this
conclusion it is inferred that region M-3 should have fracture orientation perpendicular to M-
1. The graphic corresponding to region M-5 has a sinusoidal pattern, with very high
amplitudes, different from the previous results, making it possible to conclude that the
fracture set orientation is not parallel or perpendicular with the X axis. The highest values of
the graphic, which run from (' to 70, suggest a preferential fracture orientation between 90°and
160" with the X axis. From the lowest values of dominant frequency, which have close values,
a preferential fracture orientation between 80 and 140 is inferred, which is inside the range
found from the highest values. The interpretation of both highest and lowest values in the
graphic determines that the preferential orientation of the fractures in region M-5 is within the
range between 90 and 160. The curves for regions M-2 and M-4 show small amplitudes in
comparison to the other curves, which is an indicative that there is no preferential orientation
in these regions.

The right column of Figure 3.14 shows the graphics of attenuation associated to
seismograms obtained from the Y direction. The curve representing region M-1 shows the
same shape of the one in region M-1 for propagation in Z direction (see the second row), but
with a smaller amplitude. Even with this smaller amplitude it is possible to state, from this
curve, that the fracture orientation in this region is inside the range between ¢’ and 30’ or 150°
and 170 with the X axis. Related to Y direction, M-3 showed a linear behavior. It can be
concluded that the inclusions have an isotropic homogenous distribution in this region. In
other words, the orientation of fractures is parallel to the Y axis. For region M-5, despite the
smaller amplitude compared with the curve from the same region but in the Z direction, the
curve showed the same shape. This indicates that orientation of cracks in this region is inside
the range between 80 and 90 or between 130" and 160° with the X axis .For regions M-2 and
M-4, an almost linear behavior of frequency versus angle of rotation curves is perceived. So,

it can be inferred that this regions are transitions zones.
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4 DISCUSSION

From the low frequency seismograms, it was able to infer the fracture orientation only
for regions M-1 and M-3, because of the visible time lag between the waves of ¢ and 90" in
both seismograms (for S-wave propagation in Z direction). In regions M-2, M-4 and M-5, the
time lag is less prominent than the time lag in regions M-1 and M-3, providing a less accurate
interpretation for these regions. For S-wave propagation in Y direction, with the exception of
seismogram associated to region M-1, the seismograms present almost no visible time lag, not
allowing the extraction of information from them.

The results obtained with cross-correlation and Thomsen parameter, for low frequency
provided the best results when the data was obtained for S-wave propagating perpendicular to
the bedding planes. For this direction of propagation, these two techniques showed suitable
agreement with each other. They correctly identified the preferential fracture orientation in
regions M-1 and M-3.

For region M-5, it was only possible to extract information about fracture orientation
from the correlogram, while the curves presented uncertain information. The clear results in
regions M-1, M-3 and M-5 extracted from the correlograms and the unclear information in
regions M-2 and M-4 indicate that M-2 and M-4 are transition zones. These techniques
described showed uncertain results for most of the regions when the S-wave propagation was
in'Y direction.

The use of transducers with different sizes gives different results in the estimative of
anisotropic parameters (LI; OKOYE; UREN, 2000). In this work, this concept was not used,
but it is showed that different frequencies give different information about the anisotropic
parameters. Also, it is verified, from the spectrograms, that high frequency waves suffer more
attenuation due to the fractures in the model than the lower frequencies. Based on this high
degree of attenuation suffered by high frequency waves, it was possible to estimate the
fracture orientation in the regions of the model from the analysis of the graphics in Figure
3.14. The results extracted from these curves were purely qualitative.

The biggest contribution of the attenuation graphics are the definition of the regions. It
is explicit with the analysis of the graphics for propagation in Z direction that there are five
different well-defined regions. The prominent amplitudes in regions M-1, M-3 and M-5 for
propagation in Z direction allows only the definition of qualitative values of fracture

orientation, but it is an indicative that the fractures in these regions have different disposal,
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while the fractures in regions M-2 and M-4 are transition zones. Moreover, the graphic for
propagation in Y direction was the unique capable of extract information when the S-wave
propagation was parallel to the bedding plane.

The recovering of low frequency signal, by filtering higher frequency signals,
provided satisfactory results. The error graphic (Figure 3.13) depicted that the error between
low frequency and filtered data was small, within a margin of error. All the filtered
seismograms, curves and the filtered correlograms showed suitable results in comparison to
the low frequency data. From this agreement, is possible to obtain well-fitted results from
filtered signals, without a significant loss of information. In some situations, as in some with
curves, the result obtained with filtered data was even more satisfactory than the result

obtained with low frequency data.
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5 CONCLUSIONS

The analysis performed by Figueiredo, Schleicher e Stewart (2012) has been extended
in order to find fracture orientation in an anisotropic medium with different fracture
orientations. The analysis of S-waves velocity and frequency was used in order to recover
information about the fracture set orientation in a cracked physical model. From the
seismograms, it was generated cross-correlation panels, anisotropy parameter curves and
frequency response curves that helped in this goal. Integrating the results of these techniques,
the estimative of some characteristics of the model was possible.

Among these techniques, it was observed that the correlograms and frequency versus
angle of rotation curves were the more confident on identifying transition zones. Moreover,
the high frequency attenuation based curves were the only technique able to provide
information about fracture orientation in region M-5 for S-wave propagation parallel to the
bedding plane. This technique can be a possible tool in order to solve this problem. Although
the results for the analysis of these curves were purely qualitative in fracture orientation
estimative, the use of higher frequencies in future studies will probably recover more
quantitative information.

This work showed the importance of the use of high frequency sources, which can
give information about fracture orientation from both filtered and unfiltered signals.
Moreover, the disposal of cracks in region M-3 causes an isotropic behavior in the curves and
panels when the S-wave propagation is parallel to the bedding planes, causing inexact results
for all the techniques implemented. When talking about the importance of developing new
technologies for the characterization of fractures in subsurface, the experiment with all the
techniques involved, can be used in Inter-well tomography. Also, the main contribution of this
work is to show that reliable information about fracture in subsurface can be obtained from
waves generated from high frequency sources.

Besides the developed analysis performed here in order to estimate fracture
orientation, this work explored the use of cheap high frequency sources in order to obtain
responses in lower frequency domains. From the results showed here, reliable responses were

estimated for unfiltered and filtered signals.
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APPENDICES A- PHYSICAL MODELING SIMILARITIES

Generally speaking, the scale effect of a specific phenomenon (in this case a geologic
phenomenon) increases according to the following scale ratio or scale factor (HUGHES,
1993; HELLER, 2011)

L _
P (A-1)
Ly

where Lc is the characteristic length in the field while Lwm is the corresponding length in the
model. The inverse of the equation A - 1 is defined by 1: A. The size of the model, the time
and the construction cost increases with the enhancement of A™?, A? and A7
(BUCKINGHAM, 1914; KLINE, 2011; HELLER, 2011). In other words, the parameter A is
related to the mechanic similarity criteria also called geometric similarity. Besides this type of
similarity, other two are outstanding in the physical modeling area. The second type of
similarity, called kinematic similarity, implies that there is similarity in the particles motion
(velocity and acceleration) between the model and the geological structure. The third type of
similarity includes the two previous types and is called dynamic similarity. This one implies
that the forces acting on the model are the same acting on the geological structure.

Emphasizing what was described previously, Figure A - 1 shows illustratively how the
scale change is realized through the seismic physical modeling. An anticline is used as
example. In the field, this kind of structure can present sizes in the order of kilometers or
hundreds of meters. Due to the limitations of physical space and budget, the reduced size of
this structure is on centimeters or a few meters. In this scenario, which parameters are
necessary to adjust when the interest is to investigate this type of model through physical
modeling? The answer is the frequency and, consequently, the dominant wavelength in the
model.

It is well-defined that the dominant frequency of a medium is directly related to the
velocity of the same medium. Therefore, for the acoustic case, the velocities (Vp) in the model

and in the field are given by

Vm = Amfm (A-2)
Ve = Apfr (A-3)
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where Ay and A are wavelengths in the model and in the field, while fy, and fr are the
dominant frequencies in the model and in the field. From the equations A - 2 and A - 3 it is

defined that the kinematic similarity factor between the model and the field is given by

E _ AMfM (A-4)
m Aefr

H—

—

considering that the acoustic velocities between the model and the field can be very close to

each other or sometimes equal, from the equation A - 4 it is obtained

_ Arfr (A-5)
M=

M
where the dominant frequency varies between 5 - 200 Hz and the wavelength can vary
between 20 - 400 m. The dominant wavelength of the model, in general, varies between 0,1 -

10 cm. In the terms of magnitude, the parameters g, Ar and Ay are

fr~10¢ wherea =1ora =2 (A—6)
Ap ~ 10° whereb =1o0rb =2
Ay~ 1072%¢ wherec=0o0rc=1

Therefore, equation A - 5 can be written in terms of the magnitudes of equation A - 6
fM ~ 10[a+b—c+2]HZ (A— 7)
which, in the case of the model, the following frequency intervals are given by

~10*Hz ifa=1,b=1andc=0 (A-28)
fu=1{~10°> Hz ifa=2b=2andc=1
~10® Hz ifa=2b=2andc=0
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Figure A — 1 — Physical modeling is result of distance upscale and frequency
downscale from laboratory to field or verse-versa
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Source: Figueiredo, Schleicher e Stewart (2012)

Considering that the dominant frequencies of the ultrasonic transducers used in
modeling laboratories vary between 60 kHz to 5 MHz, the first equation of system (A - 8) can
be neglected . Therefore, in the field where the frequency is in an order of dozens of Hz, in the
laboratory this frequency is in the order of hundreds of kHz or MHz. So, it can be affirmed
that the process of physical modeling happens through an upscaling in the distance scale and a
downscaling in the frequency. It is worth to say that in the case of modeling of elastic media

taking into account the similarity for S-wave propagation, beyond the scale factor =, another
parameter related with ratio V—IS) must also be considered. This case of similarity sometimes is

very difficult to be reached, given the difficulty of finding materials with the same Poisson

ratio of real rocks.



