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[1] A defining characteristic of fractured rocks is their very
high level of seismic attenuation, which so far has been
assumed to be mainly due to wave-induced fluid flow
(WIFF) between the fractures and the pore space of the
embedding matrix. Using oscillatory compressibility
simulations based on the quasi-static poroelastic equations,
we show that another important, and as of yet undocumented,
manifestation of WIFF is at play in the presence of fracture
connectivity. This additional energy loss is predominantly
due to fluid flow within the connected fractures and is
sensitive to their lengths, permeabilities, and intersection
angles. Correspondingly, it contains key information on the
governing hydraulic properties of fractured rock masses and
hence should be accounted for whenever realistic seismic
models of such media are needed. Citation: Rubino, J. G.,
L. Guarracino, T. M. Müller, and K. Holliger (2013), Do seismic
waves sense fracture connectivity?, Geophys. Res. Lett., 40,
doi:10.1002/grl.50127.

1. Introduction

[2] Fractures are common features in virtually all geological
formations and tend to dominate not only their mechanical,
but also, and especially, their hydraulic properties. For these
reasons, the detection and characterization of fractures are
of great interest in several domains in the Earth, environ-
mental, and engineering sciences, such as groundwater
and contaminant hydrology, nuclear waste storage, CO2 se-
questration, hydrocarbon exploration and production, and
tunnel engineering, among many others [e.g., Liu et al.
2000; Nelson, 2001; Maultzsch et al., 2003].
[3] The analysis of fractures through direct observations,

such as outcrop or borehole studies, is problematic due to
the inherently limited sampling of the affected rock volumes.
Hence, remote-sensing approaches are of significant interest.
Geophysical techniques in general and seismic methods in
particular are therefore valuable for the non-invasive detection
and characterization of fractures [e.g., Maultzsch et al., 2003;
Clark et al., 2009]. Since the resolving power of typical
seismic data is generally not high enough to directly image
fractures, most research efforts for fracture characterization

focus on attribute analysis [e.g.,Bakulin et al., 2000]. Notably,
seismic attenuation has been recognized as a critical attribute
for this purpose, as both laboratory studies and field measure-
ments provide evidence that seismic energy loss is very signif-
icant in fractured rocks and tends to increase with increasing
fracture density [e.g., Peacock et al., 1994; Maultzsch et al.,
2003; Clark et al., 2009].
[4] Up until now, the high seismic attenuation observed in

fractured rocks has been considered to be predominantly
produced by wave-induced fluid flow (WIFF) between
fractures and the pore space of the embedding matrix [e.g.,
Peacock et al., 1994; Chapman, 2003; Brajanovski et al.,
2005; Gurevich et al., 2009]. Since the wave-induced fluid
pressure equilibration process is strongly influenced by the
hydraulic characteristics of the fractured rock, one should
expect that the resulting seismic attenuation also contains
information about fracture connectivity. Fracture connectiv-
ity controls the flow and transport properties of fractured
formations [e.g., Berkowitz et al., 2000; Renshaw, 1996]
and hence, relevant information extracted from seismic
observations would be of great importance. To date, how-
ever, the effects of fracture connectivity with regard to the
observed seismic attenuation are largely unexplored, which
is possibly due to the inherent limitations of commonly
employed effective medium models [e.g., Hudson et al.,
1996; Chapman, 2003; Brajanovski et al., 2005].
[5] In this paper, we seek to explore the effects of fracture

connectivity on seismic attenuation through the use of a
numerical upscaling procedure. This approach enables us to
estimatePwave attenuation due toWIFF in complex fractured
media and thus allows us to relate fracture connectivity effects
to seismic attenuation with unprecedented realism.

2. Methodological Background

[6] The seismic response of fractured porous rocks can be
modeled in the framework of Biot [1962] theory of poroelas-
ticity by representing the fractures as highly compliant and
permeable heterogeneities embedded in a stiffer porous
matrix [Brajanovski et al., 2005; Gurevich et al., 2009].
The large compressibility contrasts between the background
material and the fractures hence produce a significant
oscillatory flow from the fractures into the host rock and vice
versa in response to the propagation of seismic waves, thus
causing energy dissipation. The spatial scales at which this
oscillating flow occurs is characterized by the diffusion
length Lbd ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Db=o

p
, where o is the angular frequency of

the seismic wave and Db is the pressure diffusivity of the
background material, a physical parameter that is directly
proportional to the permeability kb. Maximum attenuation
occurs at the characteristic frequency ob

c for which the
diffusion length Lbd and the characteristic length scale of
the heterogeneities ah are similar. Therefore, ob

c � Db=a2h.
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[7] We employ a numerical upscaling procedure similar to
that presented by Rubino et al. [2009] to estimate P wave
attenuation due toWIFF. In this sense, we apply an oscillatory
compression at the top boundary of a two-dimensional rectan-
gular poroelastic medium containing mesoscale fractures, that
is, fractures larger than the pore size but smaller than the
prevailing wavelengths. No tangential forces are applied on
the boundaries of this synthetic sample and the solid is allowed
neither to move on the bottom boundary nor to have horizontal
displacements on the lateral boundaries. The fluid is not
allowed to flow into or out of the sample. The equivalent
undrained, complex plane-wave modulus is expressed in
terms of the time-harmonic compression and the complex
oscillatory volume change. The latter is obtained by numeri-
cally solving the quasi-static poroelastic equations in the
space-frequency domain under the governing boundary condi-
tions. This complex, frequency-dependent modulus yields the
attenuation and phase velocity corresponding to the vertically
propagating P wave.
[8] To analyze fracture connectivity effects on P wave

attenuation caused by WIFF, we consider a poroelastic model
of a homogeneous water-saturated sandstone permeated by a
set of mesoscale fractures. The background material has a
solid bulk modulus Kb

s ¼ 37 GPa, a shear modulus mbs ¼ 44
GPa, a density rbs ¼ 2:65 g/cm3, and a porosity fb = 0.1. To
compute the drained-frame parameters, Krief’s relations and
the formula of Kozeny-Carman [e.g., Mavko et al., 2009] are
employed to account for the relationships between the elastic
moduli, the permeability, and the porosity. This yields

the drained-frame bulk and shear moduli Kb
m ¼ 23 GPa

and mbm ¼ 27GPa, and a permeability kb = 23mD. We as-
sume that the solid material properties of the fractures are
the same as those of the background. Following Naka-
gawa and Schoenberg [2007], we characterize the elastic
properties of the drained fracture in terms of the shear
compliance �T ¼ h=mfm and drained normal compliance
�N ¼ h= Kf

m þ 4
3m

f
m

� �
, where h is the fracture thickness

and Kf
m and mfm are the drained-frame bulk and shear mod-

uli of the fracture.
[9] Figure 1 shows the three synthetic rock samples used

to analyze the sensitivity of P wave attenuation to fracture
connectivity. The two-dimensional samples are squares of
side length 2.5 cm and the mean thickness of the fractures
is h = 0.033 cm. Using the values �T = 3� 10� 11 m/Pa and
�N = 10

� 11 m/Pa proposed by Nakagawa and Schoenberg
[2007], we obtain Kf

m ¼ 0:02 GPa and mfm ¼ 0:01 GPa.
Also, we assume a fracture permeability of kf = 100D and
a porosity ff = 0.5. Fractures and background are fully satu-
rated with water with bulk modulus Kw = 2.25GPa, density
rw = 1.09 g/cm

3 and shear viscosity �w = 0.003 Pa s.

3. Results
[10] The bottom panel of Figure 1 shows the computed

inverse quality factor Q p
� 1 for vertically incident P waves

as a function of frequency for the three samples shown in
the top panels of the same figure. The red curve indicates
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Figure 1. Synthetic rock samples (top panels) employed to analyze fracture connectivity effects on P wave attenuation.
Fractures are denoted by solid “wiggly” lines. Sample a) contains a single sub-horizontal fracture, while samples b) and
c) contain two quasi-orthogonal fractures without and with intersection, respectively. The bottom panel shows the
corresponding inverse P wave quality factor as a function of frequency for a vertical direction of propagation.
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that the presence of fractures perpendicular to the direction of
wave propagation produces very strong attenuation, with Qp

values below 20 over a wide frequency range. By comparing
the black and red curves we see that adding a non-intersecting
fracture parallel to the direction of wave propagation only has a
moderate effect with regard to the maximum attenuation. This
is expected, since the vertical compression applied to the
sample does not change significantly the fluid pressure in the
vertical fracture and, consequently, there is no significant
WIFF. However, as the vertical fracture intersects the horizon-
tal one, significant changes in the overall attenuation behavior
arise (blue curve). We observe that the maximum attenuation
decreases slightly and that the frequency range where attenua-
tion is relevant broadens. Moreover, there seem to be two local
maxima at ~1.3 and ~29 kHz. The first attenuation peak occurs
at a frequency similar to the transition frequency of the red
and black curves, thus indicating that it may be due to fluid
exchange between the fractures and the background material.
Conversely, the presence of a second peak at higher frequen-
cies may be indicative of an additional energy loss caused by
the intersection of the two fractures.
[11] In order to corroborate the latter hypothesis, we show

in Figure 2 the real part of the fluid pressure field normalized
with respect to the amplitude of the stress applied on the top
boundary of the sample, computed at the frequencies of the
local maxima, that is, 1.3 kHz (left panels) and 29 kHz (right
panels). The top and bottom panels correspond to samples b)
and c) in Figure 1, respectively.
[12] The top left panel of Figure 2 shows that the applied

compression produces a significant fluid pressure increase
in the highly compliant, horizontal fracture as compared to
the stiffer background rock, thus producing significant fluid
flow across the boundary of fracture and background rock.
This WIFF results in attenuation as depicted by the black
curve in the bottom panel in Figure 1. Note that the fluid
pressure induced within the vertical fracture for sample b)
is relatively low so that the presence of this fracture does
not change significantly the overall fluid pressure field.

However, when the vertical fracture intersects the horizontal
one (sample c), the fluid pressure field changes rather
substantially, as can be seen in the bottom left panel of
Figure 2. We observe that the fluid pressure in the vertical
fracture increases significantly while the horizontal
fracture experiences a slight fluid pressure reduction as
compared to the unconnected scenario (top left panel).
This altered pressure distribution is due to the hydraulic
connectivity between the two fractures and, correspond-
ingly, the amount of fluid flowing between the horizontal
fracture and the background rock decreases. However,
fluid flow between the fractures and background rock also
takes place in the vicinity of the vertical fracture, albeit at
a less significant level. The bottom panel in Figure 1 illus-
trates that these changes in the WIFF pattern have
corresponding effects on the attenuation behavior.
[13] For the frequency at which the second attenuation peak

occurs, fluid pressure changes in the background matrix are
limited to the immediate vicinity of the fractures (right panels
of Figure 2). This is expected because the corresponding
diffusion lengths become smaller as frequency increases.
Accordingly, fluid exchange between the horizontal fracture
and the background rock is much less significant for this
higher frequency. Again, the presence of the vertical fracture
does not change significantly the fluid pressure field when
there is no connection. However, when the fractures intersect,
the fluid pressure field changes substantially, as illustrated by
the comparison of the top and bottom right panels. Interest-
ingly, for this higher frequency there is a significant fluid
pressure gradient and corresponding fluid flow inside the
vertical fracture. Fluid is injected from the horizontal frac-
ture which experiences an increase of fluid pressure in
response to the vertical compression. Hence, while fluid
flow within the horizontal fracture is not very pronounced
when there is no fracture intersection, it becomes substantial
when there is fracture intersection, as we verified by analyz-
ing the horizontal component of the real part of the relative
fluid-solid displacement.
[14] These considerations clearly indicate that at the

frequency of the second attenuation peak WIFF is much more
significant in the presence of connected fractures and occurs
predominantly within the fractures, thus making this phenom-
enon the most likely explanation of the corresponding addi-
tional attenuation peak. To further corroborate this hypothesis,
we decrease the permeability of the background material
from kb = 23mD to kb = 0.023mD and recompute the result-
ing attenuation. Attenuation peaks associated with fluid flow
in the background should then shift toward lower
frequencies since the corresponding transition frequency ob

c
is directly proportional to kb, whereas those resulting from
flow within fractures should remain unchanged. The results
shown in Figure 3 confirm that when there is no fracture
connection (blue curves) the attenuation peak moves toward
lower frequencies when decreasing the background rock
permeability. For connected fractures (red curves), the peak
originally located at a frequency of 1.3 kHz also shifts toward
lower frequencies (dashed red line), whereas the attenuation
peak at 29 kHz remains at the same location. These results
clearly demonstrate that the second attenuation peak is not a
result of fluid flow between the fractures and the embedding
matrix, but rather related to fluid flow within the fractures. In
the following, we analyze some key features of this new
manifestation of WIFF.
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Figure 2. Real part of the fluid pressure normalized with
respect to the amplitude of the stress applied on the top
boundaries of the synthetic rock samples, for frequencies of
1.3 kHz (left panels) and 29 kHz (right panels). Top and
bottom panels correspond to the rock samples b) and c) in
Figure 1, respectively.
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4. Characteristics of Attenuation Due to Flow
Within Fractures

[15] If the permeability of the embedding matrix is much
smaller than that of the fracture, it can be neglected from a
hydraulic point of view. Consequently, the location of the
attenuation peak related to flow within fractures is deter-
mined by the frequency at which the diffusion length in
the fracture material is of similar size as the fracture length.
That is, the corresponding transition frequency is given by
of

c � Df=a2f , where Df is the pressure diffusivity of the
fracture material and af is the fracture length. Conversely,
if the background permeability is comparable to that of the
fracture material, the fluid will have enough time during
each half-cycle to flow from the fracture into the background
and vice versa and, hence, the above relation betweenof

c and
af does not hold any longer.
[16] For the particular material properties and geometries

employed in the simulations, we verified that for connected
fractures the transition frequency of the first attenuation peak
ob

c is not sensitive to the fracture permeability, while the
second attenuation peak shifts toward higher frequencies
with increasing kf for values above ~1D. However, for kf

values below ~1D, the attenuation curves are not very sensi-
tive to the fracture permeability, and the aforementioned rela-
tion betweenof

c and k
f is not valid. We also confirmed thatof

c
depends on the lengths of the fractures.
[17] As can be seen in Figure 3, the energy loss associated

with flow within the fractures occurs at frequencies well
beyond the seismic band. However, the relationship between
of

c and the fracture properties indicates that for other fracture
geometries or physical parameters this frequency range can
shift toward lower or higher values. Hence, the findings of this
study can be expected to scale throughout the seismic, sonic,
and ultrasonic frequency bands. In addition, if the second
attenuation peak is located outside the seismic frequency
band, fracture connectivity may also affect the behavior of

the first attenuation peak, as shown in Figure 1. This means
that even in such unfavorable cases seismic attenuation may
encode some information on fracture connectivity.
[18] We also analyzed the role of the intersection angle by

considering two fractures of equal length intersecting at their
centers. One of the fractures is located horizontally in the
center of the rock sample and intersected by the other one
at an angle θ. We observed that the intersection angle does
not change significantly the location of the two attenuation
peaks but results in significant magnitude changes. In partic-
ular, we found that the second peak is highest for θ = 90� and
is reduced as θ decreases. Conversely, the magnitude of the
first peak is lowest for θ = 90� and increases as θ decreases.
[19] Finally, it is important to mention that this newmanifes-

tation of WIFF arising in the presence of fracture connectivity
can be regarded as the mesoscopic analogue of the microscopic
squirt flow mechanism proposed by Mavko and Nur [1975].
This microscopic attenuationmechanism requires the hydraulic
interconnection of two or more grain-scale cracks of different
orientation and, hence, the application of stress causes fluid
flow from one microscopic crack into another, thus producing
seismic energy dissipation.

5. Conclusions

[20] We have found that the presence of mesoscale fractures
oriented quasi-perpendicular to the direction of wave propaga-
tion produces very significant seismic attenuation due to
WIFF between fractures and the embedding porous matrix.
Conversely, the addition of fractures quasi-parallel to the
propagation direction does not produce significant changes
to the attenuation curves, provided that the fractures do not
intersect. However, as soon as the fractures intersect, the atten-
uation behavior changes significantly. We observed a slight
decrease in the magnitude of the attenuation peak
corresponding to the unconnected situation together with the
occurrence of an additional prominent attenuation peak in the
presence of fracture connectivity. Our results demonstrate that
this additional and as of yet unknown manifestation of WIFF
is produced by flow within the connected fractures. Since all
fractured media have a certain degree of interconnectivity, this
additional WIFF contribution must be accounted for in order to
realistically model seismic attenuation in such environments.
[21] Given that the attenuation produced by this newly

identified WIFF mechanism contains information not only
about fracture connectivity, but also about the permeability
as well as the length and intersection angle of the fractures,
a deeper understanding of this process will reveal interesting
perspectives for the seismic monitoring and characterization
of fractured rocks.
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