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Introduction
Seismic wave anisotropy plays an increasingly important role in the exploration and production of unconventional hydrocarbon reservoirs [1]. Anisotropic hydrocarbon-bearing reservoir rocks, such as organic-rich shale and tight-gas sandstone, usually contain cracks and have very low permeability. The presence of cracks makes it difficult and cumbersome define the elastic properties of the reservoir rocks. Determining the existence and orientation of cracks in a shale or sandstone reservoir is an important task, which is also vitally important for any horizontal drilling program [2]. In this study, we utilize a sphere equivalency approach for elastic-wave scattering to model the anisotropic characteristics of cracked rocks. The effective moduli of a homogeneous solid containing aligned ellipsoidal cracks were derived by making the scattered displacement field equal to that scattered by a spherical effective medium in the same solid matrix.
Methodology
The effective moduli of a homogeneous solid containing aligned ellipsoidal cracks can be derived by a sphere-equivalency approach. The key of this approach is equating the far-field elastic waves scattered by the cracks to the waves scattered by a spheroidal whose elastic moduli are equivalent to those of the same solid containing the cracks. The effective elastic modulus tensor C* of the cracked medium can therefore be obtained using
  ,                                     (1)
where ϕ=V/V* is the volume ratio of the ellipsoidal cracks and the equivalent sphere. For an ellipsoidal crack, ϕ=4/3πeα, where e and α are crack density and aspect ratio, which are respectively given by e=Na3/8V0 and α=h/a. N is the number of crack and a and h are crack length and thickness in a rock volume V0. I is the identity tensor; Ccand Cb are the elastic tensor of the crack and the background, respectively. S* is Eshelby’s tensor for the spherical inclusion. U is the fourth-order strain tensor in the crack alignment coordinates.
Results 
Figure 1 shows the plot of the normalized effective moduli with respect to the background moduli as a function of the crack density for a dry rock; the results were respectively calculated using the new (solid), Eshelby-Cheng (dashed), and Hudson (dotted) models. The modulus variation trend of the three models is very different at higher crack concentrations, with the new result showing a more consistent and stable variation trend from low to high crack concentrations. Compared with C11 and C66, C33 and C44 are more sensitive to crack density, exhibiting the typical TI anisotropic characteristics.
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Figure 1: Variation of effective moduli        Figure 2: Two-dimensional image display of effective 
               versus crack density for a solid                      moduli variation versus bulk- and shear 
              containing dry cracks.                                     modulus of the (crack) inclusion
Figure 2 shows the variation of the elastic moduli with the bulk and shear moduli of the crack material. A crack density of 0.20 and an aspect ratio of 0.01 were used in the calculation. As the figure shows, C11 and C66, particularly C66, are barely affected by the changes in the crack material property. However, C33, C13, and C44 are quite sensitive to the crack material modulus values. In particular, C33 and C13 are sensitive to both the bulk and the shear modulus, while C44 is mostly sensitive to the crack shear modulus and is almost insensitive to the bulk modulus. Experimental data measured under controlled laboratory conditions are essential for verifying the predictions from theoretical models. In order to study the crack-induced seismic anisotropy, Wei et al. recently measured the P- and S-wave velocities in artificially cracked samples. The anisotropy data measured for the three frequencies are shown in Figure 3. The data clearly demonstrate the increase of anisotropy with crack density for all three frequencies. The new modeling result shows significantly better agreement with the data than the other two results, especially for the 0.25 MHz and 0.10 MHz data.
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Figure 3: Comparison of measured and model-predicted Thomsen P- and S-wave anisotropy parameters (ε and γ) versus crack density for the three testing frequencies
Conclusions
[bookmark: _GoBack]Using sphere-equivalency approach, the elastic moduli can be accurately modeled even for high crack concentrations, as have been demonstrated by comparison to existing Eshelby-Cheng and Hudson theories. Application of the new modeling to the laboratory experimental data showed that the result can better describe the measured data. It is potentially a powerful tool for modeling the elastic properties of cracked rocks.
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