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Fracture Characterization using the Stoneley Wave:

Fractures or permeable structures in reservoirs are of great importance in the
exploration and‘production of hydrocarbons. Heterogeneous layers in the formation are
also of major significance. A very good example of such heterogeneous and permeable
structures is the sand-shale sequence found in sedimentary formations. Full waveform
acoustic logging offers an effective tool for characterizing these structures. The current
technique most commonly used for modeling borehole acoustic wave propagation with
heterogeneous formation structures is the finite difference method (Bhashvanija, 1983;
Stephen et al., 1985). This technique can handle heterogeneity quite easily. However, the
implementation of the method to a permeable porous formation is still a topic of research.
Although wavenumber integration technique can be used to calculate wave propagation in
homogeneous porous formations (Rosenbaum, 1974; Schmitt et al., 1988), it is very
difficult, if not impossible, to apply such a technique to treat problems involving porous
layer structures. In this study, we will show that if only the low-frequency Stoneley wave
is used, the interaction of acoustic waves with borehole penneable structures can be much
simplified. The objective of this study is 1o develop a theoretical model that can be used to
calculate borehole Stoneley wave propagation across heterogeneous and permeable

structures. As a result, the properties of such structures can be characterized by means of
Stoneley wave measurements,

The Stoneley (or tube) wave has been used as a means of formation evaluation and
fracture detection. This wave mode dominates the low-frequency portion of the full
waveform acoustic log due to its relatively slow velocity and large amplitude. Because this
wave is an intertace wave, it is sensitive to such formation properties as density, moduli,
and most importantly, permeability or fluid transmissivity. It is expected that any change
of these properties due to a formation heterogeneity will result in the change of Stoneley
propagation characteristics, allowing the heterogeneity to be characterized using Stoneley
wave measurements. Borehole fractures are an example of such heterogeneity. Paillet and
White (1982) observed that attenuation of the Stoneley wave occurs in the vicinity of »
permeable fractures. Hornby et al. (1989) showed that permeable fractures also give rise to
reflected Stoneley waves. Theoretical studies using finite difference (Stephen et al., 1985)
and other techniques (Homby et al., 1989; Tang, 1990) have been carried out to model the
etfects of a borehole fracture, In all these models, the analogy of a parallel planar fluid
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layer was commonly adopted to represem‘t.he fracture. Laboratory model experiments that
| comply with this analogy have yielded results that agree with the theoretical results (Tang
and Cheng, 1989; Hornby et al., 1989). Although both attenuation and reflection of the
Stoneley wave are predicted by the plane-fracture model, .. takes a rather large fracture
aperture (on the order of a centimeler) to attenuate the Stoneley wave significantly.
However, fractures with such apertures are rarely found in the field (Hornby et al., 1989),
but Stoneley wave attenuation (\ip to 50% or more) across in situ fractures is commonly
observed (Paillet, 1980; Hardin et al., 1987). Until now, there has not been an effective
model to account for the significant Stoneley wave attenuation observed in the field. Paillet
et al. (1989) suggested that in situ fractures may consist of an array of flow passages or
fracture layers, instead of a single fluid layer. In this study, we substantiate this hypothesis
by modeling fractures as a permeable zone in the formation. Key parameters that are used
to characterize the permeable zone are thickness of the zone, permeability, fracture
porosity, and tortuosity. Since the last three parameters are typical parameters of a porous
medium, we can use the Biot-Rosenbaum theory (Rosenbaum, 1974) to model the
Stoneley wave characteristics in the permeable zone. Tang et al. (1991) have recently
developed a simple model for Stoneley propagation in permeable formatiors. This model
yields results consistent with the analysis of Biot-Rosenbaum theory in the presence of a
hard formation, but the forrutation and calculation are much simplified. The use of this
simple theory in modeling the permeable zone allows the development of a fast and efficient
algonithm to characterize the effects of the zone on Stoneley waves.

We have formulated a simple theory based on a complex transmission analog that
can be used to calculate Stoneley wave propagation across a variety of heterogeneous
structures. Applying the theory to the case of a fluid-filled fracture, we found that our
theory is fully consistent with the existing theory and accounts for the effect of the vertical
extent of an inclined fracture. Of primary importance are the cases of a permeable porous
layer and a fracture zone. The theoretical results show that both the transmission and
retlection of Stoneley waves are sensitive to the fluid transport properties of the zone.
When the zone is highly permeable, Stoneley waves transmitted across the zone can be
largely attenuated or even eliminated. This result is particularly significant in explaining the
strong Stoneley wave atlenuation observed at major fracture zones, whereas it is very
difficult to explain this strong attenuation in terms of the plane-fracture theory. An
important application of the fracture zone theory is to nse it to model the observed Stoneley
wave transimission and reflection at fracture zones. By matching the amplitudes of the
transmitted and reflected waves, the overall fluid transmissivity of the zone can he

Moo “I]“J“' '



assessed. Furthermore, because of the simplicity and efficiency in calculating the forward
model. an inversion procedure may be formulated based on the model, so that such
parameters as permeability, porosity, and tortuosity of the zone can be estimated from the
measured Stoneley wave data. The details are contained in Tang and Cheng (1992) and
included here as Appendix A.

Joint Interpretation of Seismic Anisotropy using Full Waveform and Shear Wave Logs:

Borehole acoustic logging can provide information about the in-situ physical
properties of subsurface formation. The common approach is to estimate formation P-
wave velocity by picking the first arrival from conventional log data. Since the advance of
full waveform logs, we can determine the S-wave veloeity in “hard” or ““fast” formations,
where the formation shear wave velocity is higher than the compressional wave velocity in
the borehole fluid, by measuring the moveout of the shear/pseudo-Rayleigh wave packet.
In “soft” or ““slow” formations this is not possible because there is no refracted shear/
pseudo-Rayleigh arrival. One can estimate the shear wave velocity by inverting the
Stoneley wave velocity (Cheng and Toksoz, 1983; Stevens and Day, 1986). However,
this only really works in an isotropic elastic formation. More recently the advance of direct
shear wave logging using the flexural mode of the borehole makes the direct measurement
of shear wave velocity in “soft” formations possible (Zemanek et al., 1984). There is
additional information contained in the Stoneley waves such as the permeability of the
formation (Rosenbaum, 1974; Schmitt et al., 1988). Furthermore, anisotropy atfects the
different wavernodes differently. The shear wave log measures mainly the shear wave
velocity in the vertical direction along the borehole, while the Stoneley mainly measures the
shear wave velocity in the horizontal direction perpendicular to the borehole. Thus a
combination of these measurements may allow us to further characterize the formation in
terms of velocity anisotropy.

The phase velocities of the Stoneley wave are also affected by the mechanical
properties of a transversely isotropic formation (White and Tongtaow 1981; Ellefsen
1990). In the case of a transversely isotropic formation with its symmetry axis parallel to
the borehole, Stoneley wave phase velocity is sensitive to ¢gg at low frequency, and to cqy
at high frequency. These sensitivities are the basis of the borehole Stoneley wave inversion
in the transversely isotropic formation. However, these analyses are restricted to a borehole
in line with the axis of symmetry of the transversely anisotropic formation. For a borehole
normal to the axis of symmetry of a transversely anisotropic formation (creating a situation
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with azimuthal anisotropy), there is no analytic solution as of yet, but Ellefsen et al. (1991)
have obtained numerical solutions for the phase velocity dispersion of the Stoneley wave
using the Finite Element Method.

We examined a data set provided to us by Dr. Ken Tubman of ARCO which has
both full waveform and shear wave logging data, in addition to some core description. The
interval consists of a shale cap section (at around 3690 ft) overlying a fractured and porous
permeable sand (about 3700 to 3800 ft). The inverted formation shear wave velocity (from
Stoneley wave velocity assuming an isotropic model) and the dipole measured shear wave
velocity are plotted in Figure 1. In this data set there is one section in the sand (3715 to
3780 f1) in which the inverted shear wave velocities disagree with the dipole shear wave
velocities. This disagreement is beyond the errors in the measurements. A possible
interpretation of the difference in the shear wave velocities from the two tools is formation
anisotropy. As discussed earlier, in a transversely anisotropic formation with the axis of
symmetry in line with the borehole, the shear wave velocity measured by the dipole tool is
the vertical shear wave velocity, while that measured by the Stoneley wave is the horizontal
shear wave velocity (Ellefsen et al., 1991). In the case of a layering of shale, the dipole
shear wave velocity should be slow: . than the inverted one. This is confirmed in the shale
section at around 3690 ft in the data. In the permeable sand section, the problem is much
more complicated. Here we have the dipole shear wave velocity higher than the inverted
shear wave velocity. The core samples indicate a high permeability (1 to 10 darcies) zone
in this section. However, our calculations showed that the high permeabilities are not
nearly enough to explain the abnormally low Stoneley wave velocities which resulted in the
low inverted shear wave velocity. Our interpretation of this result is that the permeable
formation is fractured. This fact was noted in the core description. Unfortenately no
further description for the fractures was given. We are assuming that the fractures are
subvertical, creating a situation where there is azimuthal anisotropy.

Under these assumptions, we can go ahead and interpret our results. In most
cases, the dipole shear wave log measures the fastest velogity in the vertical direction, the
exception being the case where the dipole is lined up in the slow azimuthal direction
(Ellefsen et al., 1991). The Stoneley wave, on the other hand, measures a mixture of the
fast and slow shear wave velocities. Under a zero frequency assumption, Rice (1987)
stated that the Stoneley wave will measure the slow shear wave velocity. However, the
numerical simulations of Ellefsen et al. (1991) showed that the Stoneley wave actually
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measures a weighted average of the fast and slow shear wave velocities, about a ratio of 2
o | for fast to slow, although the exact combination is not available at this time.

Using both the results of Rice (1987) and Ellefsen et al. (1991), and assuming that
the dipole shear wave log measures the fast shear wave velocity, we can estimate the
azimuthal shear wave velocity anisotropy in the fractured, high permeability section.
Figure 2 shows the shear wave velocities »stimated using the results of Rice (1987) and
Ellefsen et al. (1991) and the resulting shear wave anisotropy. The degree of shear wave

anisotropy seen in the permeable zone is around 5 to 15%, not unreasonable for a fraciured
rock.

There is one more check on the assumption of azimuthal anisotropy. In the full
waveform data in the permeable zune (3700 to 3780 ft), there appears to be a “‘shear/
pseudo-Rayleigh” wave arrival in front of the Stoneley wave. Given the Stoneley wave
velocity and the inverted shear wave velocity based on an isotropic elastic model, the
formation is “‘slow” and there should not be a *“‘shear/pseudo-Rayleigh” arrival. Despite
this, we went ahead and estimated the phase velocity of this arrival using the semblance
cross-correlation (Kimball and Marzetta, 1984; Block et al., 1991). The results are plotted

in Figure 3 together with the dipole shear wave velocity and the inverted shear wave
velocity from the Stoneley wave.

There are a couple of observations we can draw from Figure 3. If our hypothesis of
azimuthal anisotropy is correct, then it appears that the observed arrival in the array sonic
data does travel with the velocity of the fast shear wave velocity. Moreover, it gives the
fastest shear wave velocity all along the fractured sandstone section. This is under-
standable since s frequency is around 6 kHz as opposed to the 2 kHz flexural wave
generated by the dipole tool. Thus the dipole tool may tend to average the surrounding
slower velocities in the formation. Furthermore, this arrival travels with a velocity greater

than 1500 m/s, thus supporting the idea that this is some sort of a “refracted shear/ pseudo-
Rayleigh” arrival.

A second observation is that the dipole shear wave tool does not always measure
the fastest shear wave velocity. It is evident that above around 3710 ft the dipole is
tracking the “slow” shear wave velocity while the “refracted shear” arrival in the array sonic
is actually tracking the ““fast” shear wave velocity in this fractured sandstone formation.
Below 3710 ft the dipole shear wave log starts to track the “fast” arrival, although for the
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most part it is still a little slower than that for the array sonic. probably because of the lower
frequency content. This is probably the result of tool rotation in the dipole tool. This also
points out the importance of a combined integrated interpretation of both the full waveform

array sonic and the dipole log. Using only one or the other could lead to an erroneous
inteipretation.

Crack Model for an Anisotropic Medium

Crack-induced anisotropy is of extreme importance in a large number of
geophysical applications ranging from earthquake prediction to petroleum and geothermal
exploration. The concept of shear-wave splitting through a cracked or fractured medium is
widely accepted and is considered to be diagnostic of such a medium. Furthermore, given
the observed shear-wave splitting and velocity anisotropy, such as we have seen in the data
shown in the previous section, one can attempt to obtain crack or fracture parameters such
as crack density by the use of a crack model. A commonly used crack-induced seismic-
anisotropy model is that of Hudson (1980, 1981), which is based on a scattering
formulation for very small-aspect-ratio (thickness over length) cracks.

It is well known that at higher crack densities, the second-order term in Hudson'’s
expansion begins to dominate over the first-order term, causing the effective moduli to
increase instead of decrease with increasing crack density. This effect can occur at
relatively small crack densities (about 0.19 for the compressive moduli with empty cracks).
The whole idea of having a higher order expansion is (o try to extend the first-order theory
to higher crack densitics. However, because of the nature of the expansion, this is not
possible under the present form. Furthermore, the multi-valued nature of the Hudson
second order expansion makes the interpretation in terms of crack density from the
observed seismic anisotropy difficult and ambiguous. By examining this nature and by ..
comparison with a well known exact solution for a spherical cavity, we developed a new
expansion based on the Padé approximation. The Padé approximation is frequently used to
evaluate functions which are divergent if expanded in a power series representation (Bender
and Orszag, 1978; Press and Teukolsky, 1992). It is based on a ratio of two power series.
By suitably matching the coefficients, we can obtain an expansion that is identical to the
Hudson expansion up to the second-order in crack density. Moreover, we can demonstrate
that this expansion is monotonically decreasing with crack density for all crack densities.
We suggest that this new torm should be more accurate to a higher crack density. An
example for empty cracks in a Poisson solid is shown in Figure 4.



Numerical Simulation of Flow through Rough Surfaces

In many applications where the pressure gradient driving fluid through a porous
permeable medium is time invariant, steady-state (time-independent) flow is assumed and
the tlow can be modeled for any distribution of heterogeneous porous media using a finite-
difference technique (Zhao and Toks6z, 1991). When the pressure gradient changes
moderately with time, such as the pressure transient tests in a borehole (Melville et al..,
1991) and in some laboratory measurements (Brace et al., 1968; Kan ith et al., 1990;
Bernabé, 1991), fluid flow can be modeled as a diffusion process in which the fluid
transport properties such as permeability are the same as under steady flow conditions.
However, in applications related to wave propagation, such as vertical seismic protiling
and acoustic logging, where the pressure gradient changes rapidly with time, the transport
properties become frequency dependent.

To characterize the frequency-dependent tluid transport property, Johnson et al.
(1987) developed the theory of dynamic permeability. Applying the concept of dynamic
permeability to the problem of acoustic logging in permeable porous formations, Tang et al.
(1991) showed that the dynamic permeability captures the frequency-dependent behavior of
Biot’s (1956a,b) slow wave and correctly predicts the effects of formation permeability on
borehole Stoneley waves. The theory of dynamic permeability is formulated assuming the
homogeneity of the porous medium. The natura’ geological medium, however, contains
heterogeneiues of various scales. It would be jnteresting to apply the dynamic permeability
to the heterogeneous porous media to study the overall behavior of fluid flow throu gh the
media. We have modeled the dynamic fluid flow in the heterogeneous porous media using

the theory of dynamic permeability. A finite-difference method has been developed to
model the effects of heterogeneities.

A similar problem that has attracted much research interest is fluid flow through a
rough-walled fracture or joint. Brown (1987, 1989) and Zimmerman et al. (1991) have
modeled the steady-state fluid flow through the fracture and showed that the roughness of
the fracture surfaces significanty affects the fluid flow when the surfaces are in contact.
In the characterization of borehole fractures using acoustic logging (Paillet et al., 1989;
Hornby et al., 1989), the response of the fracture to the dynamic pressure set up by the
logging waves is important for characterizing the fracture permeability. In this situation.
fuid flow in fractures is dynamic in nature. Tang and Cheng (1989) have studied the
dynamic flow through a plane fracture bounded by two parallel walls. Natural fracture



surfaces, however, exhibit roughness (Brown, 1987). It is important to understand the
effects of surface roughness on the dynamic fluid flow in order to correctly model the
dynamic response of natural fractures to borehole acoustic waves. Tang et al. (1991) have
shown that the theory of dynamic permeability, when applied to the parallel-wall fracture,
is equivalent to the theory of fracture dynamic conductivity. Therefore, if we assume that
the dynamic permeability for a parallel-wall fracture holds locally in a fracture, then we can
use the finite-difference code developed for heterogeneous porous media to model the
dynamic flow in a rough-walled fracture.

Aniterative Alternating Direction Implicit finite-difference technicue is applied to
calculate the tlow field in the frequency domain. We compare the flow through a 2-D
heterogeneous porous medium and that through an equivalent homogeneous medium and
find that the two media do not behave equivalently as a function of frequency. At very
low-frequencies, the heterogeneous medium is less conductive than the homogeneous
medium. However, in the transition region from quasi-static to dynamic regimes, the
tormer medium becomes more conductive than the latter medium, with the ratio of the
former flow over the latter flow reaching a maximum in this region. The larger the scale,
or the higher the degree of the heterogeneity, the higher this maximum is. This finding is
important for studying the interaction of the borehole Stoneley wave with a heterogeneous
porous formation. In the logging situation, the formation may contain various
heterogeneities and the heterogeneous flow behavior can cause discrepancies between the

field observations and the theoretical predictions from Biot's theory tor a homogeneous
medium.

The finite-difference technique is also applied to simulate frequency-dependent tlow
through a single fracture with rough surfaces. It is shown that the flow exhibits strony
frequency-dependence even for small fractures with contacting surfaces. For dynamic as
well as steady flow cases, the surface roughness reduces the amount of fluid flow through
the fracture in the static and dynarmic regimes as compared to the parallel wall model. When
the separation between the two fracture surfaces is about 10 times the standard deviation of
the roughness, the bebavior of the fracture approaches that of a parallel plane fracture. A

complete description of the results is contained in Zhao et al. (1992) and is included here as
Appendix B.
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Seismic Imaging of Hydrofrac using Microearthquake Travel Time Data:

In cooperation with Dr. Michael Fehler and Dr. Scott Phillips of Los Alamos
National Laboratory, a detailed study of the joint hypocenter-velocity inversion was carried
out using microearthquake arrival time data from the Los Alamos Hot Dry Rock geothermal
site. The goal was to determine if this type of inversion could improve the earthquake
locations and if the three-dimensional P-wave and S-wave velocity structures of the
fractured reservoir could be determined. The strengths and limitations of the method, as
applied to this data set, were investigated. The results are presented in Block et al. (1992,
enciosed here as Appendix C) and summarized below.

The joint hypocenter-velocity inversions yield S wave velocity structures which
generally correlate well with the earthquake locations. Studies of synthetic data show that
the locations and general shapes of the Vg anomalies are reliable in regions where the ray
coverage is adequate. The magnitudes of the velocities cannot be precisely determined.
The percent velocity perturbations increase as the velocity regularization weighting of the
inversion decreases. Studies of inversions performed using different regularization

weightings suggest that the S-wave velocities decrease by at least 13% in the most
intensively fractured regions of the reservoir.

The joint inversions yield very smooth P-wave velocity structures. The minimum
P-wave velocities occur in an aseismic region, decreasing as much as 22 - 43% compared
to the velocity of the unfractured rock. Presence of these very low P-wave velocities in an
aseismic region is not consistent with the hypothesis that the fractured reservoir is defined
by the earthquake locations. Also, if no constraints are applied to the Vp/V;s ratios, then the
Vp/Vs structures computed from the final Vj and Vs models display a broad, pronounced
minirnum at the location of the lowest Vp values. The minimum Vp/Vs values range from
1.06 to 1.38, depending on the amount of velocity regularization applied. These values are
not reasonable either for the mostly unfractured rock outside the reservoir or for the rock
containing fluid-filled fractures within the reservoir. Synthetic data simulations demonstrate
that the P-wave velocity models and the Vp/Vs structures determined by the joint inversion
are not reliable for the given station geometry. Since the travel time perturbations caused by
the fluid-filled fractures are much smaller for P waves than for S waves, the P-wave
velocities are less constrained by the data than the S-wave velocities. If the data variance
trom other sources — such as arrival time picking errors, velocity variations outside the
inversion grid, and velocity anisotropy — is as large as the perturbations due to the



fractured reservoir, the shape of the reservoir is not resolved in the final Vp model. Rather,

the P-wave velocity structure is strongly influenced by the velocity regularization, which
biases the Vp model toward a smoother shape. This bias results in crroneous Vp/Vs ratios.

If no constraints are applied to the Vp/Vj ratios, then the hypocenters are rotated
into a more vertical and more North-South orientation during the joint inversion of the Los
Alamos data. As synthetic data tests show, the poor Vp/V;s ratios cause systematic error in
the earthquake locations. Hence, the earthquake rotation observed in the inversions of the
field data is an artifact of the error in the P-wave velocity structure. The trade-offs between
the Vp/V; ratios and the earthquake locations are strong for this problem because the
azimuthal ray coverage with the four seismometers is poor.

Inversions performed with a lower bound of 1.60 applied to the Vp/Vs ratios yield
models which satisty the data as well as the models from the inversions performed withou .
the bound, and they yield more geologically reasonable Vp/Vy structures. The residuals
decrease 11 — 15% during the inversions. The P-wave velocity structure is much more
strongly affected by the addition of the Vp/Vs bound than the S-wave velocity structure.
This observation is consistent with the hypothesis given above that the P-wave velocities
are not constrained by the data as well as the S-wave velocities. For these inversions, the
final earthquake locations are nor systematically rotated with respect to the initial locations.
The average absolute change in the earthquake locations during these inversions is 20 —

27 m. Unfortunately, given the non-uniqueness of the inversion results, it is impossible to
claim simply from the reduction in the residuals that the earthquake locations have been
improved by the joint inversion. Future studies may indicate whether the new locations
better define the major fracture planes of the reservoir.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do mot necessarily state or reflect those of the
United States Government or any agency thereof,
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