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Summary 

Recently, the petroleum industry has shown an increasing 

interest in fractured reservoirs. Aligned fractures in the 

form of fracture swarms or fracture corridors can induce 

azimuthal anisotropy in rocks. The aim of this paper is to 

investigate the seismic wavefield in the vicinity of fracture 

corridors. We study two mainstream equivalent medium 

theories: Hudson’s model and Schoenberg’s linear slip 

model, and discuss their application conditions and 

limitations. We choose Schoenberg’s theory to calculate the 

effective stiffness matrix of discrete fractures and use a 

finite difference method to stimulate the 3D elastic 

wavefields of fractured media. Fracture-induced anisotropy 

is also included in this paper. Then, we investigate the 

indicator of fluid inclusions in fractures: the normal to 

tangential compliance ratio ZN /ZT and conclude that dry 

fractures produce typical elliptical anisotropy which is 

much easier to identify. Finally, we analyze characteristics 

of the seismic response of fracture corridors based on the 

synthetic shot gathers and azimuth gathers in terms of 

elliptical anisotropy and shear wave splitting.  

  

Introduction 

With the increasing demand for hydrocarbons and 

declining oil and gas reserves, fractured reservoirs have 

attracted much attention from the petroleum industry. 

Rocks are brittle materials that are crushed and form 

fractures when the stress becomes high enough. Open-

fractures develop as secondary features along and within 

fault zones and create conduits for the transport of 

hydrocarbons, geothermal fluids or groundwater. In other 

words, the presence of natural and induced fractures in 

reservoir rock can significantly enhance oil and gas 

production, especially in tight. The main purpose of this 

paper is to investigate the 3-D seismic response of 

subsurface discrete fractures by numerical simulation.  

 

Anisotropy in rocks can be induced by the presence of one 

or more sets of aligned fractures, which makes the 

underground seismic responses more complex. Several 

relevant theoretical researches have been recorded since 

1970’s (e.g. O’Connell and Budiansky, 1976; Hudson, 

1980, 1981; Crampin et al., 1986; Hudson, et al., 1996). 

Equivalent medium theories were introduced for predicting 

the elastic properties of fractured media where the scale of 

the fractures is much less than the seismic wavelength. The 

first rock physics applications of equivalent medium 

theories are attributable to Walsh (1965) for rocks with dry 

cracks and to O’Connell and Budiansky (1974) for cracks 

filled with liquid. Hudson (1980, 1981) wrote two very 

important papers on the overall properties of cracked rock, 

which link their effective properties to crack density. Based 

on linear slip theory, Schoenberg (1980) also developed 

another equivalent medium theory, which predicts extra 

compliance of fractures. Hudson (1996) and Liu (2000) 

discussed the overall properties of more complex media, 

and introduced more practical parameters into their theories, 

such as crack porosity. Meanwhile, Schoenberg (1989, 

1995) did more work on the linear slip theory. He extended 

the theory to calculate the elastic parameters for finely 

layered anisotropic media. Then Coates and Schoenberg 

(1995) further extended the theory for layered anisotropic 

media to model fractures and faults in a 2-D finite-

difference grid, which gave details for calculating the 

elastic parameters for each grid that contains fractures. 

With this theory, Vlastos (2003) did a complete analysis on 

the numerical simulation of 2-D wave propagation in media 

with discrete distributions of fractures. He discussed the 

effects of fracture sizes and their spatial distributions on the 

seismic response. Xu (2012) extended Coates and 

Schoenberg’s theory to the 3-D case and implemented the 

3D equivalent medium theory for fracture systems. 

 

In this paper, we develop a modelling strategy for 

underground media containing fracture-induced azimuthal 

anisotropy and analyze the seismic characteristic of discrete 

fractures. 

 

The equivalent medium theory 

Hudson’s model 

Hudson’s model (Hudson, 1980 and 1981) is one of the 

most well-known equivalent medium theories. It describes 

the overall anisotropic properties of a background medium 

that contains aligned, thin, penny-shaped ellipsoidal cracks, 

based on a scattering-theory analysis of the long 

wavelength assumption. And the effective stiffness matrix 

is given as (Mavko et al., 2009, pp. 194) 
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Where    
  are the isotropic background stiffness and    

  and 

   
  are the first- and second- order corrections, respectively. 

Note that in Hudson’s model, all cracks are supposed to be 

isolated which means that no interaction between cracks is 

taken into consideration. Also, according to the work of 

Cheng (1993), Hudson’s model is only reliable under the 

precondition of small aspect-ratio and low crack densities, 

otherwise, the second-order term no longer converges. 

Cheng proposes a new second-order expansion for the case 

of high crack densities and small aspect ratios.  Hudson and 

Liu (1999) expanded this theory to heavily faulted 
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structures, based on the overall interactions between faults 

in the averaging process of Schoenberg and Douma (1988). 

To sum up, Hudson’s model is a classic and reasonable 

model to describe the overall effect of dispersed cracks 

with different inclusions, such as dry, ‘weak’ infill or fluid-

filled cracks. 

 

The linear slip model 

Based on the linear slip assumption, Schoenberg proposes a 

linear slip model which describes fractures and faults with 

long interfaces and negligible thickness other than the small 

dispersed cracks or inclusions in Hudson’s model. In the 

linear slip model, also known as the discrete fracture model 

(DFM), when a seismic wave crosses a slip fault, particle 

displacement is discontinuous because of the slip interface 

between two elastic media (the fracture or fault) while the 

stress remains continuous. Using the effective compliance 

tensor       to relate the average strain     and the average 

stress    , we have 

 

                    
       

      (2) 

 

The effective compliance tensor       can be divided into 

the background compliance of the host medium       
 and 

the extra compliance       
 caused by the presence of the 

discrete fracture. Coates and Schoenberg (1995) propose a 

method to quantify the elastic compliance matrix of the FD 

grid intersected by the linear slip interface.  
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Where    is the background compliance matrix and    is 

the excess compliance matrix caused by fault or fracture. 

   and    are the tangential and normal compliances of the 

fracture respectively (Schoenberg, 1980). Note that, when 

the background medium is isotropic, the fractured medium 

will become a transverse isotropic (TI) medium. In other 

words, in the vicinity of a set of aligned fractures in an 

isotropic host medium, the seismic wave propagation is 

similar to that in a TI medium. Compared with Hudson’s 

model which predicts the overall elastic properties of a 

fractured medium, Schoenberg’s linear slip theory is more 

practical for observing the seismic response of individual 

fractures. 

 

 

Discussion on ZN and ZT 

As noted above, the normal compliance ZN and the 

tangential compliance ZT are very important parameters to 

describe the fracture and fractured media which are 

frequently quoted in different equivalent medium theories 

(Hudson and Liu, 1999; Liu and Hudson, 2000; Schoenberg 

and Sayers, 1995; Coates and Schoenberg, 1995). 

According to Schoenberg and Sayers (1995), the 

anellipticity of the fractured medium is determined by the 

relative magnitudes of ZN and ZT. In most geological 

situations, ZN<ZT, and the medium has positive 

anellipticity. If ZN =ZT, the medium is elliptical and if ZN 

>ZT, the medium is negatively anelliptical. An elliptical 

medium is a special case of a TI medium where the quasi-P 

wavefront is ellipsoidal and the corresponding quasi-S 

wavefront is spherical. Moreover, the normal to tangential 

compliance ratio ZN /ZT is regarded as an indicator of fluid 

inclusions in fractures. For dry cracks, ZN /ZT≈1 and for 

liquid-filled cracks, ZN /ZT≈0. 

 

 

 
Figure 1: Snapshots of Z-component wavefront at 350ms in plane 

XoZ. Wavefront snapshots for  (a) 320m, (b) 40m, (c) 10m and (d) 

0m (an equivalent HTI model). 

 

Implementation and Discussion 

Fracture-induced azimuthal anisotropy in snapshot 

Based on DFM, we investigate the 3-D seismic wave 

propagations in fractured media with different fracture 

densities and azimuthal anisotropy induced by aligned 

fractures. A set of models are designed for this 

investigation. Each model has 200*200*200 grids with 

10m grid interval. The host medium is isotropic (Primary 

wave velocity           , Shear wave velocity 

           and density            ) with gas-

saturated cracks (the compliances are           
         ). The fracture intervals of these models are 

a b 

c d 
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320m, 40m, 10m and 0m (an equivalent HTI model), 

respectively. We use an explosive source with 20Hz Ricker 

wavelet located at the centre of every model. As shown in 

Figure 1, when the fracture intervals are 40m and 320m, we 

observe the diffraction waves of each fracture. With 

decreasing fracture interval, the diffraction disappears due 

to the interference effect of the wavefields (Figure 1(c)(d)). 

Comparing the snapshots with different fracture intervals, 

we conclude that the higher the fracture density, the 

stronger the elliptical anisotropy of the P-waves. For the S-

wave, if ZN =ZT, the S-wave wavefront remains circular, 

regardless of the fracture density. 

 

 

 

 
Figure 2: Wavefront snapshots at 350ms in plane XoZ. The three 
columns stand for X, Y and Z component respectively. The three 

rows are for the case of  ZN /ZT are 0, 0.5 and 1.0 respectively. 
 

 

 
Figure 3: Homogeneous (isotropic or HTI) model and fractured 

model. 

 

Fractured media with different inclusions 

As we noted above, the normal to shear compliance ratio 

ZN /ZT is an indicator of fluid content in cracks or fractures. 

For dry cracks, ZN /ZT≈1 and for liquid-filled cracks, ZN 

/ZT≈0. The normal to shear compliance ratios ZN /ZT are 0, 

0.5 and 1.0 respectively. Figure 2 shows the wavefront 

snapshots at 350ms in plane XoZ. The three columns stand 

for X, Y and Z components respectively. The three rows 

are for the cases when ZN /ZT equal 0, 0.5 and 1.0 

respectively. As the compliance ratio changes from 0-1.0, 

the aspect ratio of wavefront approaches 1.0. The 

difference between the vertical wave velocity and the 

horizontal wave velocity decreases and the amplitude of 

multiple waves between the fractures weakens, which 

makes the imaging of discrete fractures more difficult. All 

in all, the existence of fluid inclusions blurs the dynamic 

characteristics of fractured media. 

 

Fracture corridor identification from shot gathers 

To investigate the seismic response of fracture corridors, 

we build one fractured model and two homogeneous 

models. The middle medium of the two homogeneous 

models are either isotropic or HTI, as shown in Figure 3. 

Each model has 300*300*300 grids (included an absorbing 

boundary of 40 grids) with 10m grid interval.  The top and 

bottom isotropic layers are the same: Primary wave 

velocity           , Shear wave velocity    
        and density            . For the middle 

layer of isotropic media: Primary wave velocity    
       , Shear wave velocity            and density 

           . For the model that contains fracture 

corridors, the background media are as same as the 

isotropic one.  The tangential and normal compliances of 

the fracture    and    are given as           
         . The compliance matrix of grids where 

fractures pass through is calculated according to 

Schoenberg’s equivalent theory. 

 

As shown in figure 4, for isotropic media, the shot gather of 

T-component is clean which means the shear wave does not 

split, while for the equivalent HTI, the shear wave splitting 

clearly shows on both R-component and T-component. In 

the case of the fracture corridors, the wavefields are 

equivalent to that of a strip of the homogeneous HTI media, 

and the shear wave splitting only appears at a narrow range 

of offsets. Figure 5 shows the azimuth gathers of the three 

models. There is an apparently elliptical anisotropy for both 

PP-wave and PS-wave. It also shows evident shear wave 

splitting on the T-component of the PS-wave. However, for 

the model with fracture corridors, the elliptical anisotropy 

is barely seen and the shear wave splitting only emerges on 

a narrow azimuth. Fortunately, we can observe the apparent 

diffractions of fracture corridors on all components which 

makes it possible to image the boundary of the fracture 

corridor. 

 

Conclusions 

In this paper, we study Hudson’s and Schoenberg’s 

equivalent medium theory, and discuss the application 

conditions and limitations of these theories. We use the 

finite difference method to stimulate the 3D elastic 

wavefield of fractured media and investigate the indicator 

of fluid inclusions in fractures: the normal to tangential 

compliance ratio ZN /ZT and conclude that dry fractures 

produce typical elliptical anisotropy which is much easier 

a. b. c. 

d. e. f. 

g. h. i. 

Source 
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to identify. Moreover, based on the synthetic case study of 

shot gathers and azimuth gathers, we conclude that, in 

terms of elliptical anisotropy and shear wave splitting, the 

wavefield feature for fracture corridors is not as evident as 

for the equivalent HTI media. However, it is still possible 

to image the boundary of fracture corridors since their 

reflections and diffractions are recognizable. 

 

 

 

 

 
Figure 4: Shot gather of Z-component (left), R-component (middle) 

and T-component (right).  
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Figure 5: Azimuthal gather of isotropic medium (left), equivalent 

HTI medium (middle) and isotropic medium with fracture 

corridors (right). 
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