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Abstract: The existence of subsurface fractures provides not only space for the residence of petroleum but also paths of
migration. Therefore, subsurface fractures are of great interest to exploration geophysicists. In reflection seismology, a reservoir
of vertically aligned fractures is often considered to possess azimuthal anisotropy, or Horizontal Transverse Isotropy (HTT), in
terms of seismic anisotropy. The characteristics and information of this specific type of reservoir are widely obtained using
seismic attributes, including the azimuthal variation in the P-wave amplitude and velocity, and the fractional difference of split
S-waves. Essentially, a converted (C-) wave is initiated by a downward traveling P-wave, which is converted on reflection to
upcoming S-waves. Hence, it combines the behaviors of P- and S-waves in theory. Using a forward model study, this study
demonstrates the behaviors of a C-waves in a HTI medium, instead of the behaviors of P- or S-waves. Reflections are facilitated
on the horizontal symmetry-axis plane of a scaled HTI model along seven different azimuths using end-on shooting
arrangement. Using a P-type transducer as a source and an S-type transducer as a receiver, the behaviors of C-waves in a HTI
medium are observed. In the acquired profiles, reflections of P-, PS;- (C;-), and a mixture of PS,- (C»-) and S;-waves were
detected. The phenomenon of C-wave splitting is also observed because of the behavior of an S-wave in a Transversely
Isotropic Medium (TIM), and it could be easily identified in the azimuths near the fracture plane. The reflectivity strengths
obtained using a Hilbert transform show that the azimuthal variation in the Amplitude Versus Offset (AVO) for both P- and
C-waves are consistent, but the C;-wave amplitude variation depends more significantly on the azimuth than that of the P-wave.
Furthermore, the percentage anisotropy of the C-wave computed from acquired data falls right between those of P- and S-waves.
By incorporating C-wave splitting and azimuthal AVO variation into traditional signature analyses, our results show that the
fracture orientation is more pronounced when the potential reservoir has vertically aligned fractures.
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directional drilling must be oriented perpendicular to the
alignment of the fractures. For vertical fractures, holes must
be drilled in areas of high fracture density [4].

Traditionally, information on fractured reservoirs is
obtained using seismic attributes, including azimuthal
variations in P-wave velocity and amplitude and the time
difference between the mutual orthogonal polarizations of
split S-waves. In seismic anisotropy, a reservoir composed of
systematically aligned vertical fractures with a horizontal
symmetry axis is often categorized as a horizontal transverse
isotropy (HTI) [5]. For a fractured reservoir with the
characteristics of an HTI, the interval velocity of P-waves

1. Introduction

Subsurface fractures are of geophysical interest [1, 2]
because fractures in subsurface formations increase
permeability and porosity for hydrocarbon flow and residence.
In natural processes, fractures are commonly caused by stress.
The state of stress is anisotropic and significantly related to
the dominant fracture orientation and fracture density. The
in-situ anisotropy imparts important reservoir properties that
are related to fractures and stress fields [3]. In petroleum
engineering, to optimize production and reservoir drainage,
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decrease when they pass across a vertical fracture set
compared to the velocity parallel to the fracture set [6]. In a
combination of azimuthal P-wave velocity anomalies and
amplitude variation with offset and azimuthally (AVOAZz)
dependent P-wave analyses, fracture swarms can be mapped
and fracture orientations in the swarms can potentially be
identified [7, 8]. Laboratory and field data and theoretical
calculations can also establish a link between the attenuation
of P-waves and the orientation of open fractures [9, 10]. The
existence of fractures also induces S-wave splitting; this can
be used to access fracture information from a target reservoir.
References [7, 11, 12] proposed that the measurements of
travel times between split S-waves in a single propagation
direction be used for definitive anisotropy identification, i.e.,
determining the direction of the maximum and minimum
horizontal stresses and an indication of the difference between
them.

With the development of multicomponent seismic
acquisition and processing techniques, both P- and S-wave
modes can be used to capture more information on rock
properties, such as fracture locations, density, and orientation.
The use of C-waves in petroleum exploration has also
benefitted advances in multicomponent seismic acquisition.
Fundamentally, a C-wave is initiated by a downward traveling
P-wave that is converted on reflection to upcoming S-waves.
Because a C-wave is produced by a modal conversion of a P-
to an S-wave, it combines the behaviors of P- and S-waves.
Therefore, C-waves contain the signatures of P- and S-waves
used for calculating the magnitude of azimuthal anisotropy
and determining the orientation of the principal axis of a
fractured reservoir. In addition, combined P- and C-wave data
can provide more reliable information of a subsurface
fractured system than from combined P- and S-wave data
analysis. This is because C-wave data often yield better
resolution and better signal-to-noise, compared to SS data
[13].

Exploiting the C-wave amplitude variation with offset
(AVO) to determine the physical properties, especially the
orientation and density variation of subsurface fractures, and
estimate the elastic properties of lithology is becoming
increasingly popular in reflection seismology [14, 15]. Here, a
forward model study was carried out to gain more detailed
insights into the splitting of C-waves [16] and the difference
in travel time between split C-waves [17, 18] and AVOAz
[19]. To explore the behaviors of C-wave in an azimuthally
isotropic medium, seven end-on shooting reflection
experiments were conducted in the horizontal symmetry axis
plane of a fractured model in azimuth. Acquired data were
processed by the Hilbert transform to analyze the reflection
strengths of relative events in post-operation. The laboratory
results clearly demonstrated the expected observations.

2. Laboratory Work

Fractured Model-Horizontal Transverse Isotopy (HTI)
Block
Phenolite is a resin of interlaced paper and woven fiber.

Thus, because of its layered composition, phenolite is used to
study the behaviors of elastic wave propagation in a TIM or an
orthorhombic material [20, 21, 22, 23, 24]. The phenolite used
in this study exhibited the characteristics of TIM and has
elastic constants normalized by density (1.4 x 10 kg/m®) as
follows: A]l = 1656, A13 = 447, A33 = 846, A44: 216, and
Ags= 4.73 (x 10° m%?) [25, 26]. The percentage anisotropy
[27] of the P- and S-waves obtained from premeasured elastic
constants were 33.3 and 38.7, respectively. To relate more
directly to seismic data, these five independent constants are
often combined into Thomsen parameters: € = 0.48, y=0.59,
and 0 = 0.04 [28]. To facilitate our objective, a scaled model
with dimensions 80 mm (L) X 80 mm (W) x 60 mm (H) was
machined from a phenolitic block. The symmetry axis of the
machined block was horizontally oriented and behaved as a
fractured (HTT) model (Figure 1(a)).
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Figure 1. Schematic diagrams of (a) the configuration of the fractured (HTI)
model and (b) the azimuthal layout of survey lines. Line I runs along the
fractured plane and Line VII follows the symmetry axis. Note that the
polarization of the S-type is diagonally oriented.

Experimental Setup

In order to acquire C-waves originating from a modal
conversion, acoustic energy in the reflection experiments was
generated using a longitudinal mode P-type transducer
(Panametrics A133S, 2.25 MHz, 6 mm) and it was received
by a shear mode S-type transducer (Ultran SWC50-1, 1 MHz,
13 mm). In the process of data acquisition, both of the active
transducers were excited by a Panametrics 5058
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pulse-receiver in the double probe mode. Seven end-on
shooting reflection experiments were performed in the
horizontal symmetry axis plane of the HTI model (Figure
1(b)). The layouts for observation were evenly distributed in
the quadrant between the fractured plane and symmetry axis,
and the angular interval between successive layouts was 15°.
The polarization of the S-type transducer was diagonally
oriented with respect to either the fractured plane or the
symmetry axis during data acquisition. The near and far
offsets for the layout were 20 mm and 50 mm, respectively,
and the offset interval was 1 mm for each successive
measurement. Each observation consisted of 5,000 sampling
points, sampled at 8 ns and 40 ps in recorded length. The
scaling factor for both time and space was 10,000; i.e., 1 mm
and 1 ns were respectively equivalent to 10 m and 10 s in
field operation. The received signals and reflections
originating from the interface of phenolite and air were
amplified, filtered, and sent to a Tektronix TDS-5032B digital
oscilloscope. Finally, the observed signals were digitized and
downloaded to a PC486 via IEEE-488 GPIB for further
analysis and interpretation.

3. Results and Discussions

Techniques of multicomponent acquisition have
significantly contributed to the current development of
C-wave exploration. In case of isotropy, C-wave images
reflect the conversion of a downgoing P-wave to an upcoming
S-wave at the deepest point of penetration. However, in the
presence of anisotropy, the upcoming S-wave splits into two
components, which travel with different velocities and have
mutually orthogonal polarizations when the direction of
propagation deviates from the principal symmetry axis of the
anisotropic medium. In a fractured reservoir, the S-wave
component polarized parallel to the fracture orientation
travels at a faster velocity than the transversely polarized
component. Considering the origins of C-waves, C-wave
splitting and the azimuthal amplitude variation in C-waves
can be used to derive the physical properties of a fractured
reservoir in prospection.

C-wave splitting

Despite the contribution of multicomponent acquisition
techniques, limitations to the arrangement, planting, and the
identification of reflected events are operational issues [29].
To overcome the operational limitations in the field, a forward
model study was used to demonstrate the behavior of C-wave
splitting in a “fractured” model. In the laboratory, reflection
experiments were performed on the horizontal symmetry axis
plane of the phenolitic block with HTI characteristics. From
the layering strike to the direction of the symmetry axis, seven
end-on shooting reflection profiles with an angular interval of
15° were collected (Figure 1(b)) [30, 31]. The intentional
orientation of the polarization of the S-type transducer
allowed the acquisition of both components of the layering
motion: the faster mode PS;- (C;-) wave and the in
symmetry-axis motion, which is the slower mode PS,- (C;-)
wave.

Behaviors of Converted Wave in an Azimuthally Isotropic Medium - A Physical Model Study
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Figure 2. End-on shooting profiles acquired along (a) the layering (Line I, ¢
= 0°), (b) the layering diagonal (Line IV, ¢ = 45°) and (c) the symmetry axis
(Line VII, ¢ = 90°). A comparison of (a) and (c) shows that reflected PS;- (C;-)
and S;-waves observed in (a) are not detected in (c). Only P- and C»>- waves
are identified in all acquired profiles.

In all seven acquired profiles, only P-wave reflections
were completely detected and identified. Figure 2 shows
reflections acquired along the layering strike (¢ = 0°, Figure
(2a)), diagonal (¢ = 45°, Figure (2b)), and symmetry axis (@
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= 90°, Figure (2c)). The colored curves delineate the
moveouts of P-, C;-, C»-, and S;-waves. Apart from P-wave
reflections, a mixed mode of C;-, S;-, and C,-waves was
observed in the layering direction (Figure 2(a)). C;- and
Cywaves shown in Figure 2(a) were observed at
approximately 45 ms and 63 ms and the equivalent C;- and
Cy-wave moveout velocities, computed from the detected
arrivals, were 2879 m/s and 1978 m/s, respectively. As
expected, the phenomenon of C-wave splitting was observed
in the layering strike of the HTI model. The variation of
AVO was also more significant in the C;-wave than in the
P-wave. Although the C;-, S;- and C,-waves are still
observable in Figure 2(b), the phenomenon of C-wave
splitting is only observed when the offset distance is less
than 35 mm, i.e. trace 16. The gradual fade out in C;-waves
is clearly shown in Figure 3, which presents a magnified
view of S;- and C,-waves. In Figure 3(a), the arrival of S;-
and C,-wave reflections are well separated and can be easily
delineated. A comparison of Figure 3(b) and Figure 3(a)
shows that the S;-wave becomes more indistinct in the offset.
As S;-waves become barely detectable after trace 16,
C;-waves from the modal conversion of P- to S;-waves are
not observed. In Figure 2(c), the profile shows that of the
reflections acquired along the direction of the symmetry axis,
only P- and C,-waves are detected. The arrival of S;-waves
is no longer observed (Figures 2(c) and 3(c)) because the S;-
and S,-waves travel at the same velocity in the symmetry
axis. The converted wave, which is labeled a C,-wave in
Figures 2(c) and 3(c), may be a mixed mode of C;- and
C,-waves. The phenomena of C-wave splitting in the
azimuth shown in our observations is similar to that
described by [30].
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Figure 3. Magnified views of S;- and C,-waves shown in Figure 2: (a)
Layering (Line I, ¢ = 0°), (b) layering diagonal (Line IV, ¢ = 45°) and (c) the
symmetry axis ((Line VII, ¢ = 90°).

Azimuthal AVO variation of C-wave

As stress-induced fractures are closely related to anisotropy,
[32] proposed that the orientation and intensity of fractures
and stress fields can be determined by analyzing the AVOAz
of a P-wave. [30] showed that reliable information about a
fractured reservoir can be derived by incorporating C-wave
data into the inversion process. Moreover, the azimuthal
variation of C-wave amplitude in a fractured reservoir has
been demonstrated by [33]. To explore the relationship
between the AVOAz of a C-wave and the layering orientation
of the HTI model or the fracture orientation of a fractured
reservoir, end-on shooting reflections acquired from the same
horizontal symmetry axis plane but different azimuths were
further analyzed using a Hilbert transform [34], and the
reflection strengths of the P-, C;-, and C,-waves were
calculated. Figure 4 shows the data for the computed
reflection strengths of the C;- and C,-waves (or C;- and mixed
mode of C,-+S;-waves) at four different offsets. The
azimuthal variations in the reflection strengths of the relative
events in the near offset traces are shown in Figure 4(a). When
observations were made in the azimuths of the fracture
orientation (Line I; ¢ = 0°) to the fracture diagonal (Line IV; ¢
= 45°), the variation in the reflection strength of the C;-wave
was prominent. The strength of the reflected C;-wave also
shows a consistently weakening trend in Lines I, II and IIL
The other three constant offset gathers also exhibited a similar
trend. However, the attenuation of reflection strengths of the
C;-wave in the azimuth become indistinct as the offset
increased. The effect on the AVOAz for the C;-wave in Lines
I, IT and III can also be observed through a visual inspection of
the relative traces shown in Figure 4.
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Figure 4. Strengths of reflections of Ci-, S;- and C>-waves or C;-waves and a
mixed mode of S;- and C,- waves at four constant offset gathers. The offset
interval for (a) trace 1 is 20 mm, (b) trace 11 is 30 mm, (c) trace 21 is 40 mm,
and (d) trace 31 is 50 mm.

Figure 5 shows the behaviors of the AVOAzs of the P-,
C;-, and C,-waves. The data was normalized by the
maximum reflection strength of the relative events
acquired along the layering strike (¢ = 0°). As shown in
Figure 4, the reflection strengths of both P- and C;-waves
consistently decreased from the layering strike (¢ = 0°) to
the layering diagonal (¢ = 45°) (Figures 5(a) and 5(b)). A
comparison of Figures 5(a) and 5(b) shows that the AVO
for a C;-wave is more sensitive to fractures than that of a
P-wave. These results agree with analytic approximations
for reflection coefficients in azimuthally anisotropic media
[35]. Because of the haphazard arrival of C,- and S;-waves
(Figures 3(c) and 3(d)), the reflection strengths of the
relative events cannot be confidently isolated and
identified. Therefore, the relationship between the AVOAz
of C,-wave and the layering strike (i.e. fracture orientation)
is not generalized for the HTI model.
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Figure 5. AVOAzs for (a) the P-wave, (b) C;-wave and (c) C-wave shown in
Figure 4. The dark blue curves show the AVO of relative events observed
along the fracture orientation (@ = 0°). It is noteworthy that the attenuation in
the AVO for a C-wave is more significant than that in a P- wave in fracturing.

4. Conclusions

The existence of fractures can cause changes in the physical
properties of a propagating seismic wave to vary with azimuth.
For reflections acquired from the horizontal symmetry-axis
plane of a scaled model, C-waves were verified to reflect the
behaviors of P- and S-waves. In the laboratory, the
birefringence of a C-wave was found to be consistent to that
of S-wave splitting. AVOAz was also observed in P- and
C;-waves; however, the latter was more sensitive to fracture
orientation. The percentage anisotropy of the C-wave
computed from laboratory data was 36.6, which falls between
the values of 33.3 and 38.7 for P- and S-waves, respectively.
The signatures of P- and S-waves related to the fracture
orientation and intensity in reflection seismology were also
observed in C-waves. As the variations in velocity and
amplitude of P-waves and the fractional difference of split
S-waves are commonly used seismic attributes for assessing
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the magnitude of the azimuthal anisotropy and the orientation
of the principal axis from a fractured reservoir, these results
show that the azimuthal dependence of C-wave behaviors can
be used in traditional seismic analyses to obtain reliable
information from subsurface fractured formations.
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