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Summary 

 

A synthetic study is performed to analyse the azimuthal 

variation of PS-converted waves in the HTI media. The 

wide-azimuth multi-component dataset shows that there are 

two types of converted waves (fast P-SV1 and slow P-SV2) 

recorded in the horizontal radial component due to the 

splitting of the shear-wave leg. After the separation, the P-

SV1 wave and the P-SV2 wave show different azimuthal 

variations that needed to be compensated for individually. 

The study reveals that the azimuthal travel time variation of 

the P-SV2 is more sensitive to fracture information than the 

variation of PSV1. It is also shown that the travel-time 

delay between the P-SV1 and P-SV2 wave is more 

significant than the azimuthal travel-time variation of both 

the P-SV1 and P-SV2 wave. Moreover, the travel-time 

delay is more sensitive to the variation of fracture density, 

which is more effective in characterising the fractures.  

 

Introduction 

 

Multi-component 3D seismic exploration has become 

increasingly important for detecting and characterising 

fractured reservoirs. Fractures oriented in a preferred 

direction due to their stress history are one of the most 

plausible causes of horizontal transverse isotropy (HTI). 

Thus the fracture parameters can be inverted from the 

seismic data, which is beneficial in hydrocarbon 

production. 

 

The azimuthal anisotropy of P-wave attributes caused by 

aligned fractures has been intensely studied and used to 

predict fracture strike and density (Rüger, 1996; Tsvankin, 

1997; Li, et al., 2003).  Shear-wave surveys are not widely 

used due to the high cost and low quality, although the 

azimuthal behavior and the splitting of shear waves are 

essential for the analysis of natural fractures (Li, 1997). 

The PS converted wave, which retains the propagation 

characteristics of both P and S waves, is more efficient for 

characterising fractured reservoirs. Current studies often 

focus on the use of the PS converted-wave recorded in 

radial component data (Mattocks et al., 2005; Qian et al., 

2007, Dai, 2010). There are a few studies on the influence 

of shear-wave splitting on the azimuthal variation of PS 

converted waves. 

 

In this paper, full wave synthetic data is used to analyse the 

azimuthal variation of PS converted waves and the effect of 

converted-wave splitting in HTI media. The modeling 

result shows that the converted-wave splitting effect should 

be compensated for, before azimuthal anisotropy is 

analysed. Moreover, the converted-wave splitting is found 

to be more significant and more sensitive to the variation of 

fracture density than the azimuthal anisotropy of converted 

waves. 

 

Theory 

 

The P-SV mode wave recorded in the radial direction is 

considered to be the primary converted wave in multi-

component exploration. However in HTI media, the P-SV 

wave splits into a fast P-SV1 wave polarized in the fracture 

direction (the isotropy plane) and a slow P-SV2 wave 

polarized in the direction perpendicular to the fracture 

direction (the plane containing the symmetry axis). In the 

azimuth of the fracture direction, only the fast P-SV1 wave 

is observed and its velocity reaches its maximum value. In 

the azimuth of the direction perpendicular to the fracture 

direction, there is only the slow P-SV2 wave and its 

velocity is largest there. For other azimuths, both the P-

SV1 and the P-SV2, which show different azimuthal 

variations, are projected into the radial component with 

consistent polarizations, and the transverse component 

shows polarity reversals every 90 degrees.  

 

Thus the azimuthal variation of the NMO velocities of both 

P-SV1 and P-SV2 waves can be approximated to be 

elliptical (Liu, et al., 2011): 
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where 
nmov

 
is the NMO velocity. In the fracture direction, 

the NMO velocity of P-SV1 and P-SV2 reaches the 

maximum (
maxnmov 

) and minimum (
minnmov 

) value, 

respectively. In the direction perpendicular to the fracture 

strike, 
nmov  appears to be the maximum and minimum for 

the P-SV1 and P-SV2 wave, respectively.   is the 

azimuthal angle between the vertical plane and the fracture 

direction. 

 

Therefore, in order to analyse the azimuthal variation of 

converted waves in HTI media, it is essential to separate 

the P-SV1 wave from the P-SV2 wave. It can be achieved 

by horizontal rotation and then individual azimuthal 

analysis and compensation can be applied to both the P-

SV1 and P-SV2 waves. 
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Synthetic data 

 

Figure 1 shows the three-layer model used in this synthetic 

study. The top layer and bottom half-space are isotropic 

while the second layer is a HTI layer resulting from vertical 

fractures with a fracture density of 0.1 (Hudson, 1981).  

The fracture strike is 120O in the azimuthal plane. The 

offset range is from 500m to 1500m and the azimuth 

coverage is 0O to 358O at intervals of 2O. Figure 2 shows 

the azimuth gathers of the radial and transverse components 

at offset 1000m. The target events affected by the HTI 

layer are emphasized in the red ellipses and enlarged in 

Figure 3. Note that the fast P-SV1 and slow P-SV2 waves 

are both recorded in the radial and transverse component 

with different azimuthal variations. The red arrows and 

blue arrows represent azimuth directions parallel (120O and 

300O) and perpendicular (30O and 210O) to the fracture 

strike, respectively. Therefore a more accurate analysis of 

the azimuthal variation of PS converted waves requires the 

separation of the P-SV1 from the P-SV2 wave. By 

horizontal rotation, the P-SV1 and P-SV2 components can 

be obtained and their individual azimuthal variation is then 

clear enough to be analysed (Figure 4). 
 

 
Figure 1: The parameters of the model. The fracture strike 

is 120O in the azimuthal plane. 

 

 
(a)                                      (b) 

Figure 2: Azimuth gathers (offset 1000m) of the (a) radial, 

(b) transverse components. 

 
(a) 

 
(b) 

Figure 3: Enlargements of the target event in the (a) radial, 

(b) transverse components. (The red arrows and blue 

arrows represent azimuth directions parallel (120O and 

300O) and perpendicular (30O and 210O) to the fracture 

strike, respectively) 

 

 
(a) 

 
(b) 

Figure 4: Azimuth gathers (offset 1000m) of the target 

events in the (a) fast P-SV1 and (b) slow P-SV2 

components 

 

Then the fracture density of the second layer is set to be 

0.08, 0.06 and 0.04 separately. Through the same 

procedure, the azimuthal gathers of the P-SV1 and P-SV2 

components for different fracture densities can be acquired. 

The travel-time and the amplitude of each azimuth are 

picked and plotted for both P-SV1 and P-SV2 waves. 

Similar azimuthal variations of the travel-times of both P-

SV1 and P-SV2 waves are shown in Figure 5. The fast 
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directions for the P-SV1 and P-SV2 waves are the 

directions parallel and perpendicular to the fracture 

direction. Furthermore, as the fracture density decreases, 

the travel-time variation of both P-SV1 and P-SV2 

becomes less significant. Rather than the P-SV1 wave, the 

P-SV2 travel-time variation curves of different fracture 

densities are clearly separated from each other, which 

means that the P-SV2 travel-time is more sensitive to 

changes of fracture density. 

 
Figure 5: Azimuthal variations of the travel-time of the P-

SV1 (dashed lines) and the P-SV2 (solid lines). (Red: 

fracture density is 0.1; black is 0.08; blue is 0.06; green is 

0.04). 

 

Amplitude variations are displayed in Figure 6. The 

amplitude variations in the coordinate system shown in 

Figures 6(a) and 6(b) are close to the cosine function, 

which means they can be approximated into elliptical 

variations in the azimuthal plane. Specifically, in the 

azimuth of fracture direction, the amplitudes of the P-SV1 

and P-SV2 reach the maximum value and zero, 

respectively. In the azimuth perpendicular to the fracture 

strike, the amplitudes of the P-SV1 and P-SV2 reach zero 

and the maximum value, respectively. It is proved that the 

amplitude variation is another indicator of vertical 

fractures, but very little affected by changes of fracture 

density.   

 
(a) 

 

 
(b) 

Figure 6: Azimuthal amplitude variations of the target 

event:  (a) fast P-SV1 and (b) slow P-SV2 components. 

(Red: fracture density is 0.1; black is 0.08; blue is 0.06; 

green is 0.04). 

 

 

 
(a)                                            (b) 

(c)                                                (d)  

Figure 7: NMO correction results at the offset (1000m) for 

the P-SV1 wave ((a): with the velocity ellipse, (b): without 

the velocity ellipse) and the P-SV2 wave ((c): with the 

velocity ellipse, (d): without the velocity ellipse). 
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With the information provided above, azimuthal velocity 

analysis of the azimuth gathers for different fracture 

densities are applied and different velocity ellipses are 

fitted by Equation (1) for both P-SV1 and P-SV2 waves. 

Figure 7 shows the NMO correction at the offset of 1000m 

with and without the azimuthal compensation when the 

fracture density is 0.1. The NMO result is much improved 

by the application of the velocity ellipse. Moreover, the 

travel-time delay between the P-SV1 and P-SV2 wave can 

be found and used to invert the fracture parameters.   

 

At certain offsets, travel-time delays can be calculated for 

data of different fracture densities. For comparison, the 

travel-time differences between the fast and slow directions 

are calculated for P-SV1 and P-SV2 waves. In Figure 8, as 

the fracture density decreases, the travel-time delay 

between the P-SV1 and P-SV2 wave becomes small. The 

travel-time differences along the fast and slow direction 

follow a similar decreasing trend. However, when the 

fracture density is 0.1, the travel-time delays are up to 

about 46ms while the azimuthal travel-time differences of 

both the P-SV1 and P-SV2 wave are all smaller than 20ms 

at the largest offset 1500m, which means that the 

converted-wave splitting is more significant than the 

azimuthal anisotropy of the two converted waves. 

Moreover, the travel-time delay curves for different 

fracture densities are more separated from each other than 

the curves of the azimuthal travel-time differences along 

the fast and slow directions. Those comparisons show that 

analysis of the travel-time delays caused by converted-

wave splitting is more efficient for characterising the 

fractures. 

 

Conclusions 

 

This synthetic study has shown that the azimuthal 

behaviour of the PS-converted wave in fracture-induced 

HTI media is complicated by the phenomenon of shear-

wave splitting. The split shear-waves (fast P-SV1 and slow 

P-SV2) have to be separated first, before analysing and 

compensating for the azimuthal anisotropy. The azimuthal 

variation of NMO velocity and amplitude of both P-SV1 

and P-SV2 waves is close to an ellipse. The NMO 

correction can be improved by applying the velocity ellipse.  

 

The azimuthal travel-time variation of the P-SV2 wave is 

found to be more sensitive to changes of fracture density 

than that of the P-SV1 wave. Comparing the travel-time 

delay, which is calculated from the P-SV1 and P-SV2 

component, with the azimuthal differences of travel-time, 

which is calculated from the travel-time along the fast and 

slow direction of the two types of converted waves (P-SV1 

and P-SV2), the former is found to be much larger than the 

latter, and the former is more affected by the variation of 

fracture density. Those results suggest that converted-wave 

splitting is more significant than azimuthal anisotropy for 

converted-waves in HTI media. 
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(a) 

 
(b) 

Figure 8: Comparison of travel-time delay (solid lines) 

with differences of the travel-time (dotted lines) along the 

fast and slow direction of (a) the fast P-SV1 component and 

(b) the slow P-SV2 component, at certain offsets. (Red: 

fracture density is 0.1; black is 0.08; blue is 0.06; green is 

0.04)  
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