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SUMMARY
Seismic attenuation and dispersion usually occur in the fractured reservoirs. The wave-induced fluid flow (WIFF) is recognized as an
important mechanism for these phenomena. In this work, we study the seismic attenuation and dispersion due to WIFF in saturated
rocks containing two orthogonal sets of intersecting fractures. Based on the existing unified model for the WIFF, we proposed the
theoretical model for three types of fractures: periodic planar fractures, randomly-spaced planar fractures, and penny-shaped cracks.
The 2D synthetic rock sample with intersecting fractures is then studied by both numerical simulations and the proposed theoretical
model. The numerical simulations are carried out using an upscaling method based on Biot’s quasi-static equations of poroelasticity.
We find a good agreement between the theoretical predictions and the numerical simulations. For the WIFF between fractures and the
background, the seismic dispersion and attenuation predicted by the theoretical model for penny-shaped cracks are in best agreement
with the numerical simulation results. On the other hand, for the WIFF between connected fractures, it turns out that the theoretical
model for periodic planar fractures is best. The proposed theoretical approach can be applied to both 2D and 3D fracture systems,
which can thus constitute a useful tool for the characterization of reservoirs with intersecting fractures.
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INTRODUCTION
Fractures are common features in the geological formations, which have great influence on both the hydraulic and mechanical
properties of these formations. Hence, detection and characterization of the fractures are of great importance in many disciplines, such
as oil/gas exploration and production, nuclear waste storage, among many others (e.g., Neuzil, 2013; Liu et al., 2017). To this end, the
seismic method is often used due to its non-invasive feature and a relative large detection scale. As the resolution of the seismic data
is usually not enough to image the fractures directly, the seismic attributes play an important role in the fracture detection and
characterization. Especially, seismic dispersion and attenuation present special value for this purpose as the seismic wave usually
experiences velocity dispersion and energy dissipation when propagating through the fractured formations. An important mechanism
for such dispersion and attenuation is the wave-induced fluid flow (WIFF) between the fractures and the background medium (FBWIFF) (e.g, Müller et al., 2010). Up until now, numerous models have been proposed to describe this mechanism (e.g., Chapman,
2003; Brajanovski et al., 2006; Galvin and Gurevich, 2006, 2007, and 2009; Guo, 2017a, 2017b).
Besides the FB-WIFF, in the recent studies of Rubino et al. (2013, 2014, and 2017), it is found that the WIFF also occurs within the
connected fractures (FF-WIFF). It is shown that FF-WIFF can also result in significant seismic dispersion and attenuation. Hence, it is
essential to study this mechanism in detail. However, to date, it is mainly studied through the numerical simulations and little theoretical
analysis has been carried out. A recent work in this aspect was published by Guo et al. (2016), who quantified the elastic properties of
saturated rocks containing two perpendicular sets of intersecting fractures theoretically in the low- and high- frequency limits as well
as at the intermediate frequency range. The effects of FF-WIFF were taken into account in their work. In this paper, we extend their
results to the full frequency range theoretically. To validate the applicability of the extension, the theoretical predictions are then
compared with the corresponding numerical simulations.

METHOD
Here, we consider the saturated porous rocks with two perpendicular sets of intersecting fractures. Three types of fracture geometries
are investigated: periodic planar fractures, randomly-spaced planar fractures, and penny-shaped cracks. When the seismic wave
propagates through such rocks, it will induce the fluid pressure gradient not only between the fractures and the background medium,
but also between the two perpendicular fracture sets (e.g., Rubino et al., 2013). Hence, both the FB-WIFF and FF-WIFF will occur,
which will result in the seismic dispersion and attenuation. To describe the frequency-dependent stiffness coefficients caused by these
two manifestations of WIFF, we can employ the unified model proposed by Gurevich et al. (2009) as follows:
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where csat is the P-wave modulus in the direction perpendicular to the fracture plane; ω is the seismic wave angular frequency; ζ and τ
are parameters that shape the P-wave dispersion and attenuation curves as functions of frequency; and C0 and C1 represent the values
of the P-wave modulus in the low- and high- frequency limits of the FB-WIFF or FF-WIFF, respectively.
To calculate the values of ζ and τ, we first need to obtain the low- and high- frequency asymptotes of equation (1) as follows:
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Once the values of T and G are known, ζ and τ can be computed as follows:
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For the FB-WIFF, C0 and C1 can be calculated using the method described in Guo et al. (2016) and the expressions for T and G are as
follows:
Periodic planar fractures:
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where Cb and Lb are the P-wave modulus of the saturated and dry background, respectively; μb is the dry background shear modulus
and gb is the ratio of μb to Lb; b is the permeability of the background; b is the fraction of background with respect to the whole porous
medium; αb is the Biot’s coefficient of the background; and Mb is the Biot’s modulus of the background. The subscript c represents the
corresponding values for the porous material infilling the fractures. For the penny-shaped cracks, a and ε are the crack radius and
density, respectively. In addition, H represents the distance between consecutive planar fractures, and S1 and S2 are the specific fracture
surface area per unit volume for planar fractures and penny-shaped cracks, respectively. Both the fractures and the background pores
are saturated with the same fluid with viscosity η.
In the case of random distribution of the planar fractures, the value of T tends to infinity (ζ tends to zero), whereas G has the same
expression as equation (7).
For the FF-WIFF, the values of C0 and C1 can also be obtained using the approach described in Guo et al. (2016). To calculate the
values of the T and G, equations (6) – (9) can still be used. However, the properties of the background medium need to be replaced by
those of an effective medium, which is composed of the fractures parallel to the wave propagation direction and the background
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medium. The properties of the effective medium in the direction parallel to the wave propagation can then be substituted into equations
(6) – (9) to obtain the values of T and G.
Hence, the P-wave modulus in the direction perpendicular to one of the fracture plane can be calculated in the full frequency range,
considering the effects of both FB-WIFF and FF-WIFF. As this P-wave modulus is most influenced by the WIFF compared to the other
stiffness coefficients, we only focus on this P-wave modulus in this paper. The values of the other stiffness coefficients can be calculated
using the approach proposed by Galvin and Gurevich (2015), which will be studied in detail in the future.

RESULTS
To show the frequency-dependent P-wave modulus caused by the FB-WIFF and FF-WIFF, we consider a 2D synthetic sample with
two sets of perpendicular intersecting fractures here, as shown in Figure 1. The sample has a dimension of 20 cm × 20 cm, which is
saturated with water, with a bulk modulus of 2.25 GPa. The coordinate system is established, such that the x- and y- axis are
perpendicular to the vertical and horizontal fractures, respectively. The length of the sample along z-axis is long enough to ensure that
the plane strain condition is satisfied. Hence, the 3D problem can be reduced to the 2D problem. The two sets of fractures are oriented
horizontally and vertically in the background medium, respectively. Both of them have 20 fractures. For the background medium, its
properties are assumed as follows: porosity: 0.1, permeability: 10-4 mD, dry bulk modulus: 26 GPa, dry shear modulus: 31 GPa, grain
bulk modulus: 37 GPa. For the fractures, they have a rectangular shape with a length of ~4 cm and a thickness of 0.06 cm. Inside the
fractures, it is assumed that they are filled with a porous and compliant material with a dry bulk modulus of 0.04 GPa and a shear
modulus of 0.02 GPa. The porosity and permeability of this material are 0.8 and 100 D, respectively. Furthermore, the grains composing
the infill material is assumed to be same with those for the background medium.
Apart from the theoretical predictions of the P-wave modulus, we also carry out the numerical simulations for comparison and
validation of the theoretical results. The numerical simulations employ an upscaling method based on the Biot quasi-static equations
of poroelasticity, which was proposed by Rubino et al. (2016). Using the parameters presented above, both the theoretical predictions
and the numerical simulations are then carried out and compared. It is important to mention here that, the effective elastic properties
of the fracture infill material for the 2D sample need to be obtained during the theoretical predictions. The detail of this procedure can
be found in Guo et al. (2017a, 2017b). In the following, we only show the results for C22 (in the direction along y-axis), as the behaviours
of C11 and C22 with the frequencies are similar.
The dispersion and attenuation of C22 due to FB-WIFF are shown in Figures 2a and 2b, respectively. It can be found that the theoretical
predictions by the model for the penny-shaped cracks agree with the results of the numerical simulations best. At low frequencies, the
model for periodic planar fractures underestimates the attenuation, whereas that for the random case overestimates the attenuation. At
high frequencies, the results by all the three models are similar to each other. This is due to the fact that, the energy primarily dissipates
in the immediate vicinity of the fracture surface at high frequencies and hence the seismic dispersion and attenuation is controlled by
the specific fracture surface area under this condition. As we use the specific fracture surface area of the real sample for all the three
models, their results will then converge at high frequencies, which are in good agreement with the numerical simulations.
Figures 2c and 2d show the results for the dispersion and attenuation of C22 due to FF-WIFF. It can be found that FF-WIFF occurs at
the frequency much higher than the FB-WIFF. This is due to the fact that the characteristic frequency for the FB-WIFF is controlled
by the background medium permeability, whereas that for the FF-WIFF is determined by the permeability of the fracture infill material.
Hence, the much higher permeability of the fracture infill material than the background medium results in the higher characteristic
frequency for FF-WIFF. It is also interesting to find that instead of the penny-shaped model, the theoretical predictions by the model
for the periodic planar fractures are in best agreement with the numerical simulations. This indicates that the fractures behaves in a way
similar to that of the periodic planar fractures when the FF-WIFF occurs. Furthermore, it can be noted that the discrepancies between
the theoretical predictions and the numerical simulations are larger than those for the FB-WIFF case. The possible reason is that
equations (6) – (9) require that the background medium is isotropic, whereas the effective medium used for this case is anisotropic. We
use the properties of the anisotropic effective medium in the wave propagation direction to replace the original isotropic background
properties. This may result in the deviations of the theoretical predictions from the numerical simulations.

CONCLUSIONS
In this work, we propose a theoretical model to quantify the seismic attenuation and dispersion due to WIFF in saturated rocks
containing two orthogonal sets of intersecting fractures. The approach is based on existing unified model for the WIFF. Three types of
fracture geometries are considered: periodic planar fractures, randomly-spaced planar fractures, and penny-shaped cracks. Synthetic
2D rock sample with intersecting fractures is then studied by the proposed theoretical framework. To validate the theoretical prediction
results, the numerical simulations are also carried out, which employs an upscaling method based on Biot’s quasi-static equations of
poroelasticity. Good agreement is found between the theoretical predictions and the numerical simulations. For the FB-WIFF, the
seismic dispersion and attenuation predicted by the theoretical model for penny-shaped cracks agrees with the numerical simulation
results best. However, for the FF-WIFF case, it turns out that the theoretical model for periodic planar fractures is best. The proposed
theoretical approach can be applied to both 2D and 3D fracture systems, which can thus constitute a useful tool for the characterization
of reservoirs with intersecting fractures.
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Figure 1: Geometry of the synthetic 2D sample with two sets of perpendicular intersecting fractures.

(a)

(c)
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Figure 2: Dispersion and attenuation of C22. (a) and (b) are the results caused by FB-WIFF, whereas (c) and (d) represent
the results due to FF-WIFF.
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