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Summary 

 

In this study we build three numerical models based on the 

Discrete Fracture Model (DFM) method with the finite 

difference (FD) scheme for  two purposes as follow: the 

azimuthal AVO analysis on the PP reflection of the top of 

the fractured layer, and the estimation of scattering 

attenuation of the reflection from the bottom of the 

fractured layer. These models include a vertical fracture 

model, an orthogonal fracture model, and an isotropic 

model, which is for comparison (referred as VFM, OFM 

and IM respectively).  First we observe that the distribution 

pattern of coda waves from either wavefield snaps or shot 

sections, due to the presence of the fractures, changes with 

the azimuth and the spacial structure of the fractures in the 

two fractured models. Azimuthal AVO variation reveals 

that the compliant fractures lower the magnitude of the PP 

reflection amplitudes in the two fractured models compared 

with the IM, and in the VFM we find the magnitude of the 

reflection amplitudes is smaller in the normal direction of 

the fracture strike than in other direction, which may 

indicate the fracture strike. In the case of two or more 

vertical fracture sets, the magnitude is even smaller. 

Frequency analysis of the reflection from the bottom of the 

fractured layer shows that the dominant frequency shifts to 

lower frequency with the increase of the offset. However, 

the estimation of the scattering attenuation is very small in 

the two fractured models. 

 

Introduction 

 

Two major effective theories of fracture models, the 

Effective Medium Model (EMM) and the Discrete Fracture 

Model (DFM), have been developed in the inversion of the 

properties of fractured medium since 20 years ago. The 

theory of the EMM is valid for the small penny-size cracks 

embedded in isotropic background medium (Hudson, 

1981), and the seismic wavelength involved are assumed to 

be large compared with the size of the cracks and with the 

separation distance. With the EMM, a fractured/cracked 

medium is modeled as a homogenous anisotropic medium, 

which means it cannot simulate the behavior of an 

individual fracture in the host medium while the DFM can. 

The DFM deals with the compliant fractures which have 

vanishing thickness, and their spacing is comparable to the 

seismic wavelength (Schoenberg, 1980; Schoenberg & 

Sayers, 1995). Theoretically, the host medium for fractures 

with the DFM can be any kind of anisotropic medium 

(Coates & Schoenberg, 1995).   

 

The studies based on the DFM are very limited, especially 

in the case of the 3D medium with two of more sets of 

fractures. Only in recent years some studies have been 

carried out based the DFM to investigate wave propagation 

through fractures, such as wavefield signature, coda wave 

pattern, scattering attenuation, azimuthal AVO and 

anisotropy intensity. Vlastos et al. (2003) applied this 

scheme to study the effect of different fracture spatial 

distribution on the seismic response. And also Vlastos et al. 

(2003) had built three 2D fractured models to study 

scattering attenuation at the different stages of the fracture 

evolution. Zhang et al. (2005) made the comparison of the 

EMM and the DFM methods on azimuthal AVO variation 

by using 3D numerical simulation, which is the first time to 

study the AVO based on the DFM method. Willis et al. 

(2006) introduced the analysis of the coda waves to 

distinguish the different fracture spacing in 3D numerical 

model and real field data. Xu et al. (2010) applied the DFM 

method to study the anisotropy intensity of the different-

fracture-spacing models in 3D case, which reveals the 

anisotropy intensity increases with the decrease of the 

fracture spacing in 3D numerical models.  

 

In this paper, we continue our study based on the DFM and 

design three models: two fractured models (one contains 

one set of vertical fractures, and the other contains two 

orthogonal sets of vertical fractures), and an isotropic 

model which is for comparison with the first two. Our 

objectives include: How the azimuthal AVO variation of 

the top fractured layer varies between the fractured models? 

And what is the scattering attenuation with azimuth in the 

fractured models? We follow the Coates-Schoenberg 

scheme to build the 3D fractured models (Coates & 

Schoenberg, 1995) and use the finite difference algorithm 

to generate the seismograms. 

 

Fracture representation in FD cells and scattering 

attenuation 

 

In fracture modeling with FD scheme, a FD cell may 

contain one or more fractures. The theory of DFM predicts 

that, the overall compliance in the fractured medium can be 

expressed as the sum of the compliance in the host medium 

and the extra compliance related to the fractures, as 

expressed in Equation (1) (Nichols et al., 1989; Coates & 

Schoenberg, 1995). 
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where m is the number of fracture sets,
bS ,

iS and S are the 

compliance of the host medium and the contribution from 

the i-th fracture set and the fractured medium respectively. 

The host medium here can be arbitrary anisotropic medium. 

We apply this scheme to calculate stiffness for the FD cells 

which are penetrated by fracture(s).  

 

Scattering attenuation denoted with Qs is different from the 

conventional attenuation Q. Scattering attenuation is to 

describe the attenuation which is caused by the scattering 

effect of the fractures in the host medium. The expression 

of Qs measurement for seismic scattering in fractured 

medium is the Equation (2), which is the modified form of 

Futterman (1962): 
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where |)(| 0 fA is the unattenuated amplitude spectrum of 

the wavelet, and |)(| fA  is the attenuated amplitude 

spectrum, and R and G are the reflection coefficient and the 

geometric spreading factor.  

 

Models with discrete fractures 

 

We use the Finite Difference algorithm with the 2nd order 

time 8th order space standard staggered grid (SSG) for 3D 

fracture modeling in this study, which requires at least 19  

parameters in each FD cell (9 independent stiffness 

constants, 1 density, 6 stress components and 3 velocity 

components). With the SSG method for the case of the 

vertical or horizontal fractures in isotropic medium, the 

density ρ, the stiffness constants c44, c55
 
and c66, need to be 

interpolated at the Central Difference location. In the first 

step to build the models, we design an isotropic model (IM, 

Figure 1, left) with three horizontal layers, and the 

parameters for the first layer and third layer are the same, 

with the P-wave velocity Vp=2900m/s, the S-wave velocity 

Vs=1900m/s and the density ρ=2000kgm-3, and the 

parameters for the second layer are the P-wave velocity 

Vp=3500m/s, the S-wave velocity Vs=2000m/s and the 

density ρ=2200kgm-3. In the next step, one vertical fracture 

set and two orthogonal fracture sets with fracture spacing 

60m are inserted into the second layer of the isotropic 

model to generate the vertical fracture model (VFM) and 

the orthogonal fracture model (OFM) (Figure 1, right). We 

assume the fractures are filled with gas, and the normal and 

tangential compliance for the fracture are set to be ZN = ZT 

= 5.6x10-10 m/Pa. the wavelet we use in FD is a 23Hz 

Ricker wavelet, which has the P-wave wavelength 142m 

and the S-wave wavelength 100m in the host layer. The 

size of the models is 2kmx2kmx2km with the cell size 

10mx10mx10m. The thicknesses for the three layers are 

500m, 1000m and 500m respectively.  

 

Features of wavefield and shot gather 

 

In order to investigate how the seismic waves travel and the 

fracture effect on the velocities in the fractured layers, we 

also simulate the 3D wavefields of z-components of 

particle velocity Vz in the second layer of the three models 

(Figure 2). Compared with the P-wave traveling in the 

isotropic host medium (Figure 2f), we observe that P-wave 

travels more slowly in the direction of the normal of the 

fracture strike in the fractured layers of the VFM and OFM 

(Figure 2a, b, d, e), which causes seismic anisotropy, but 

almost no P velocity change occurs in the plane that is 

parallel to the fracture plane (Figure 2a, b, c, d). In the 

OFM, reflection from the two sets of fracture planes firms 

more complex coda waves in different axis planes, but the 

energy of coda waves in the OFM is not as much as that in 

the VFM, because of the cancellation of the reflection from 

the two orthogonal fracture sets in the OFM.   

 

As for the shot gathers (Figure 3), we can clearly see the 

two P-wave reflections from the top and the bottom of the 

second layer, and some coda waves underneath the first P-

wave reflection both in the VFM and OFM. In the VFM 

there exists strong coda wave energy, while that is too 

weak to be observed in the OFM due to the cancellation. 

Additionally we notice the feature of coda waves changes 

with azimuth (we define the azimuth 00 is along x-axis and 

it increases to 900 at y-axis) both in the VFM and in the 

OFM, but more obvious in the VFM because of the single 

vertical fracture set.  

 

Analysis of azimuthal AVO 

 

We analyze azimuthal AVO on all the PP reflection from 

the top of the fractured layer (Figure 4). Maximum 

amplitudes are picked from the azimuth 00 to 900 in the 

three models. The magnitude of the reflected amplitudes in 

the VFM is smaller than that in the isotropic model, but 

bigger than that in the OFM. At small offsets the amplitude 

magnitude decreases with the increase of the offset in the 

three models (Figure 4d). As for the  VFM (Figure 4b), we 

observe the amplitudes increase with the azimuth angle if 

the offset is fixed, which has the potential to indicate the 

fracture strike direction or “elliptical variation”. However, 

in the OFM (Figure 4c), it seems there is no AVO change 

with the azimuth angle, which reveals using the analysis of 

azimuthal AVO can hardly obtain the fracture strike 

information in this case.  

 

Based on the above observation, as for the VFM, we find 

the magnitude of the reflection amplitudes is smaller in the 

normal direction of the fracture strike than in other 

direction. If there are two or more sets of vertical fractures, 

all the fracture sets will join together to make the amplitude 

magnitude even smaller, like in the OFM case. 
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Amplitude spectra and scattering attenuation  

 

In this section, we analyze the amplitude spectra of the 

reflected wave from the bottom of the second layers in the 

models, and study the effect of the fractures on the bottom 

reflection by estimating the scattering attenuation with a 

23Hz Ricker wavelet as the reference trace. From Figure 5, 

we observe the pattern of the amplitude spectra changes in 

the two fractured models. After careful comparison among 

the spectra (Figure 5b, d, e), we find the dominant 

frequency of the amplitude spectra shifts to the lower 

frequency with the increase of offset in the two fractured 

models, and the reason for this is that bigger offset means 

the waves travel through more vertical fractures, and 

therefore more scattering occurs. The spectra in the VFM 

discontinue where there are fracture planes, which may be 

used to detect the location of the big fracture by spectra 

analysis. The spectra in the OFM turn to be more 

continuous, especially when the azimuth gets close to the 

fracture planes.  After the analysis on the scattering 

attenuation, we find the overall scattering attenuation is 

very small in the fractured models (Figure 6). However the 

presence of fractures results in the frequent vibration, 

especially in the case of single set of aligned vertical 

fracture model. And the vibration in the VFM is more 

serious at the azimuth 0 than at other azimuth. In the OFM, 

the wave cancellation due to the two sets of orthogonal 

fractures lowers the level of the vibration.  

 

Discussion and conclusions 

 

Generally in the discrete fracture model (DFM) a strong 

compliance gradient exists between the fracture and the 

host medium. Numerical simulation presents many 

different wave phenomena during wave propagation in 

fractured models. Furthermore in this study different 

fracture spatial structures (one vertical aligned fracture set 

and two orthogonal fracture sets) show different pattern of 

coda waves either in wavefields or shot gathers. Coda 

waves are more complex in the VFM than those in the 

OFM model, where the reflection cancellation occurs due 

to orthogonally intersected fracture sets. And also the 

presence of fractures in the models lowers magnitude of the 

PP reflection amplitude. 

 

In the discrete fracture model, AVO and azimuthal AVO 

shows the difference among the three cases. In the VFM 

the magnitude of the reflection amplitudes is smaller than 

that in the isotropic model, even smaller in the OFM. In 

both fractured models fracture set shows more effect on the 

amplitude in the normal direction of the fracture strike than 

that in other direction. In the VFM azimuth AVO shows 

“elliptical variation” which indicates the fracture strike, but 

in the OFM, the interaction of the two fracture sets on 

seismic response seems to make no changes of azimuthal 

AVO. Further study needs to be done on this point. 

 

During the analysis of amplitude spectra and the scattering 

attenuation, the presence of fracture shows strong influence 

on the reflection energy, especially on the high frequency 

part in the two fractured models. The scattering attenuation 

we estimated for two fractured models is very small. We 

also observe discontinuous pattern of the amplitude spectra 

when there is an angle less than 450 between the azimuthal 

direction and the normal of the fracture planes, and more 

scattering attenuation vibration in the VFM compared with 

the OFM. 
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Figure 1. An isotropic model (IM) of three layers is designed (left) 

for comparison. The vertical fractue model (VFM) and the 

orthogonal fracture model (OFM) are obtained by inserting the 
vertical fracture set or the orghogonal fracture sets into the second 

isotropic layer of the IM. 

 

  (a) xz plane in VFM    (b) xy plane in VFM   (c) yz plane in VFM 

 
  (d) xz plane in OFM    (e) xy plane in OFM   (f) xz plane in IM  

 

Figure 2. Snapshots of z-component of particle velocity Vz at 0.5s 

in different axis planes in the middle layers of VFM, OFM and IM. 
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Figure 3. Shot section snapshots of Vz for the models at different 

azimuth (0
0
-90

0
 are from x-axis to y-axis)  

 

 
 

 

 
         (a) AVO in IM                       (b) AVO in VFM 

 
      (c) AVO in OFM                   (d) 3D View of All 

 

Figure 4. The Azimuthal AVO colour maps (0
0
-90

0
 are from x-axis 

to y-axis)  of the top of the second layers of the three models: (a) 

IM, (b) VFM, (c) OFM; (d) is the 3D view of the azimuthal AVO 

maps, and three surfaces from the top to bottom are for the IM, 
VFM and OFM respectively. 
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Figure 5. (a-f) show amplitude spectra verus the offset for the 

reflection of the bottom of the the second layer. 
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Figure 6. Qs estimation of the bottom reflection of the fractured 
layers for the (a)VFM and (b) OFM at different azimuths. 


