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S U M M A R Y
Fracture characterization in an oil or gas reservoir is very important for field development
and exploration because natural fracture systems can dominate the fluid drainage pattern
in a reservoir. Traditional seismic methods for fracture characterization, such as amplitude
variations with offset and azimuth and shear wave birefringence, are based on the equivalent
medium theory with the assumption that fracture dimensions and spacing are small relative
to the seismic wave length, so a fractured unit is equivalent to a homogeneous anisotropic
medium. However, fractures on the order of the seismic wavelength are also very important
for enhanced oil recovery, and they are one of the important subsurface scattering sources
that generate scattered seismic waves. In this paper, we present an approach for detecting
fracture direction through computing the fracture transfer function using surface recorded
seismic scattered waves. The applicability and accuracy of this approach is validated through
both laboratory experiment and numerical simulation. Our results show that fracture direction
can be robustly determined by using our approach even for heterogeneous models containing
complex non-periodic orthogonal fractures with varying fracture spacing and compliance.

Key words: Fracture and flow; Seismic anisotropy; Wave scattering and diffraction; Wave
propagation.

1 I N T RO D U C T I O N

With the advance in seismic data processing technology, studying
subsurface anisotropy, especially fracture-induced anisotropy, has
become more and more important for improved drilling and en-
hanced oil recovery. Natural fracture systems in an oil or gas reser-
voir can significantly affect the fluid drainage pattern and matrix
permeability. For low permeability reservoirs, hydraulic fracturing
is frequently conducted to enhance the fracture systems. Helbig &
Thomsen (2005) gave a very good review of the study of anisotropy
in exploration geophysics.

Due to regional stress, fractures tend to be vertical and subparal-
lel to the horizontal maximum stress direction (Crampin & Chastin
2000). Seismic waves propagating through a formation containing
aligned fractures are significantly affected by both the mechanical
and geometric properties of the fractures. Traditional seismic meth-
ods for fracture characterization include shear wave birefringence
(Gaiser & Van Dok 2001; Van Dok et al. 2001; Angerer et al. 2002;
Crampin & Chastin 2003; Vetri et al. 2003) and amplitude vari-
ations with offset and azimuth (AVOA) (Rüger 1998; Shen et al.
2002; Hall & Kendall 2003; Liu et al. 2010; Lynn et al. 2010).
These methods are based on the equivalent medium theory with the
assumption that fracture dimensions and spacing are small relative
to the seismic wavelength, so a fracture zone behaves like an equiv-
alent anisotropic medium. This assumption breaks down when the
fracture size or spacing are comparable to the seismic wavelength

(Chen et al. 2012; Fang et al. 2013a). Fractures on the order of
seismic wavelength are one of the important subsurface scattering
sources that generate scattered seismic waves, which can play an
important role in reservoir fracture characterization and enhanced
oil recovery.

In field data, it is very difficult to clearly observe the fracture
scattered waves due to the nearly continuously changing nature of
subsurface reflectivity and to the potentially low amplitudes of the
scattered energy (Willis et al. 2006). Willis et al. (2006) developed
the scattering index (SI) method to extract the fracture scattering
characteristics by calculating the transfer function of a fracture
zone. The signals that have propagated through a fracture zone can
be expressed as a convolution of the signals incident on the fracture
zone and a transfer function. Willis et al. (2006) obtain the transfer
function through deconvolution and then define the SI to quantify
the fracture scattering strength.

Zheng et al. (2011, 2012, 2013) proposed the double-beam
method for determining the fracture orientation and spacing by
extracting the fracture scattered energy from source and receiver
beams, which are formed through dynamic ray tracing, from a se-
lected target region. Their approach is based on the theory of Bragg
scattering by periodic structures. Further study is needed to demon-
strate the applicability of this approach to field reservoirs in which
complex and non-periodic fracture systems may be present.

In this paper, we will extend the SI method. The physical meaning
of the transfer function in the SI method is not clear and this leads
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Figure 1. Cartoon showing how incident waves I are scattered by a fractured
layer, which is denoted by the gray horizontal zone with nearly vertical black
lines. O1 and O2 are, respectively, waves reflected by layers above and below
the fractured layer, whose reflectivities are r1 and r2, respectively. T is the
transmitted waves.

to some drawbacks of this method, which will be discussed later.
We will first try to understand the physical meaning of the transfer
function and then will propose a modification of the SI method that
can overcome its disadvantages and lead to a more robust fracture
characterization.

2 M E T H O D O L O G Y

2.1 Analysis of the SI method

We use a simplified conceptual model, as shown in Fig. 1, to study
the relationship between the transfer function of a fractured layer
and fracture scattering. We assume that fractures are only present
in a single layer, which is represented as the gray layer with nearly
vertical fractures (black lines) in Fig. 1, and that structural reflectors
exist both above and below the fractured layer. For simplicity, we
start our analysis from a 2-D acquisition geometry; the azimuthal
effect will be discussed later. In Fig. 1, the wavefield reflected from
layers above the fractured layer can be represented as

O1(ω) = r1(ω) · I (ω), (1)

where r1(ω) is the reflectivity of the layers above the fractured layer
and I (ω) is the incident wavefield, ω is angular frequency.

When the incident wavefield propagates into the fractured layer,
it generates fracture scattered waves, if fractures are vertical or
subvertical, most of the scattered waves propagate downwards (Fang
et al. 2013a), so the downgoing transmitted waves can be expressed
as

T (ω) = I (ω) + S(ω), (2)

where S(ω) denotes the downgoing scattered waves.
Based on the Born approximation, we can represent the downgo-

ing scattered waves as

S(ω) = FTF(ω) · I (ω), (3)

where FTF(ω) is the fracture transfer function that represents the
capability of a fractured layer for generating scattered waves.

By substituting eq. (3) into eq. (2), we get

T (ω) = I (ω) · [1 + FTF(ω)] . (4)

The downgoing wavefield T (ω) is reflected back to the fractured
layer by reflectors below it, and the upgoing transmitted waves
generate scattered waves again, thus we can express the upgoing
wavefield O2 as

O2(ω) = r2(ω) · T (ω) · [1 + FTF(ω)]

= r2(ω) · I (ω) · [1 + FTF(ω)]2 ,
(5)

where r2(ω) is the reflectivity of the layers below the fractured layer.

In eq. (5), we assume the FTF(ω) is identical for downgoing and
upgoing waves. The physics behind this assumption is that fractures
are subvertical and have no preferential inclination direction.

In the frequency domain, the transfer function defined in the SI
method (Willis et al. 2006) can be expressed as

TF(ω) = O2(ω)

O1(ω)
, (6)

where O1(ω) and O2(ω) are the reflected waves from above and
below the fractured layer, respectively.

Substitute eqs (1) and (5) into eq. (6), we have

TF(ω) = TF◦(ω) · [1 + FTF(ω)]2 (7)

with

TF◦(ω) = r2(ω)

r1(ω)
(8)

represents the transfer function of background layers. In eq. (7),
TF(ω) includes the effects of background layer reflectivity [i.e.
TF◦(ω)] and fracture scattering [i.e. FTF(ω)]. Fractures have two
contributions to the entire wavefield: (1) generating fracture scat-
tered waves and (2) changing background reflectivity. The presence
of fractures makes a fractured layer softer than it would be in an
unfractured state. The reduced stiffness of the fractured layer will
alter the value of r2(ω) since the reflectivity includes the specular
reflections at the bottom of the fractured layer, and it can also affect
the value of r1(ω) if the selected time window for O1(ω) includes the
reflections from the top of the fractured layer. Thus, both FTF(ω)
and TF◦ (ω) in eq. (8) are affected by fractures. From eq. (7), we
can see that TF(ω) is affected by background reflectivities because
r1(ω) is generally unlikely to be equal to r2(ω) and thus the trans-
fer function TF(ω), which was used by Willis et al. (2006), is not
equivalent to the FTF(ω), which represents the true response of a
fracture system.

2.2 Modification of the SI method

From the previous analysis, we know that the ratio O2(ω)/O1(ω)
does not give the FTF(ω) even though r1(ω) = r2(ω). To derive the
formula for calculating FTF(ω), we start from eq. (5) and rewrite it
as

O(ω) = O◦(ω) · [1 + FTF(ω)]2 , (9)

where O(ω) indicates O2(ω) where the subscript is removed for the
sake of convenience and O◦(ω) = I (ω) · r2(ω) represents the back-
ground reflected waves excluding the effect of fracture scattered
waves.

Eq. (9) is obtained through the analysis of a 2-D geometry (i.e.
Fig. 1) in which acquisition is conducted along one azimuth. We
need to further consider the azimuthal response of a fracture system.
Willis et al. (2006) pointed out that the fracture scattered wavefield
acquired along the fracture strike direction is more coherent than
that acquired normal to the strike direction. After azimuthal stacking
of the data with normal moveout correction applied, the scattered
waves are enhanced in the fracture strike direction, while they are
eliminated significantly in the direction normal to the fracture strike.
Based on this observation, fracture direction can be determined by
identifying the acquisition direction with shot records containing
coherent scattered waves (Willis et al. 2006). With multiazimuth
data, we stack the data into multiazimuthal stacks, as in Willis
et al. (2006). We further assume that the azimuthal variation of
the azimuthal stacks is mainly caused by fracture scattering but
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not specular reflection. The azimuthal dependence of r2(ω) is weak
compared to scattering from a preferentially aligned fracture system
with fracture spacing comparable to the seismic wavelength. Then
at azimuth θ , eq. (9) can be represented as

O (ω, θ ) = O◦(ω) · [1 + FTF (ω, θ)]2 , (10)

where O(ω, θ ) represents the data stacked along azimuth θ and
O◦(ω) represents background reflected waves which are assumed to
be azimuthally independent.

Willis et al. (2006) showed that O(ω, θ ) in the direction normal
to the fracture strike should be very close to O◦(ω) because fracture
scattered waves are eliminated after stacking along this direction.
However, fracture direction is unknown in our problem. We will
show below that the average of O(ω, θ ) over all azimuths can also
give us a good approximation of O◦(ω) provided that a significant
number of traces is stacked for each azimuth, because the fracture
scattered waves are reduced after stacking at most azimuths ex-
cept for the fracture direction. We will show some examples in the
numerical simulation section.

If we assume O◦(ω) in eq. (10) can be approximated by azimuthal
averaging of O(ω, θ ), then FTF(ω, θ ) can be obtained from eq. (10)
as

FTF (ω, θ ) =
[

O (ω, θ)

Ō(ω)

]1/2

− 1, (11)

where Ō(ω) represents the azimuthal average of O(ω, θ ).
O(ω, θ ) is dominated by scattering and reflection and Ō(ω) is

dominated by reflection. Both scattering and reflection occurs near
the common mid point (CMP) so path differences between waves
comprising O(ω, θ ) and Ō(ω) are small. Moreover, Gu et al. (1996)
show that the P-to-P scattering coefficient for a fracture with a linear
slip boundary condition is nearly real. Thus, there is almost no phase
difference between O(ω, θ ) and Ō(ω), so the ratio O(ω, θ )/Ō(ω)
is real. We will show that our laboratory measured data are in
agreement with our assertion that there is little phase difference
between O(ω, θ ) and Ō(ω). Eq. (11) can be further simplified as

FTF (ω, θ ) = |O (ω, θ)| 1
2∣∣Ō(ω)

∣∣ 1
2

− 1 = |O (ω, θ)|1/2 − ∣∣Ō(ω)
∣∣1/2

∣∣Ō(ω)
∣∣1/2 + wl

,

(12)

where |O(ω, θ )| and |Ō(ω)| represent the amplitude spectra of
O(ω, θ ) and Ō(ω), respectively, wl is water level that is used to
stabilize the spectral division.

With eq. (12), we only need to calculate the amplitude spectra
of the data to obtain FTF(ω, θ ) with no need to compute the phase
parts. We use the multitaper spectral method (Park et al. 1987),
which eliminates the windowing effect, to compute |O(ω, θ )| and
|Ō(ω)|, and then apply eq. (12) to calculate FTF(ω, θ ). FTF(ω, θ )
describes the azimuthal response of a fracture system on the az-
imuthally stacked data. In the following experimental and numerical
simulation sections, we show that the response of a fracture system
can be obtained correctly using eq. (12).

To evaluate the azimuthal variation of FTF(ω, θ ), we define the
average of FTF(ω, θ ) as

FTF (θ ) = 1

N

N∑
n=1

FTF (ωn, θ ) , (13)

where [ω1, ωN] is the selected analysis frequency window, N is the
total number of frequencies in the selected window. We show in the
following simulations that the fracture strike direction is given by

the maximum of FTF(θ ), which indicates the direction that has the
strongest scattering energy, because the coherent scattered waves
are preserved in stacking along the strike direction (Willis et al.
2006; Fang et al. 2012). The frequency window [ω1, ωN] should be
chosen as the one that contains the fracture scattered energy.

We want to emphasize that our analysis is based on two important
assumptions:

(1) Azimuthal variation of the scattered energy is induced by
subsurface fracture systems;

(2) Fracture scattered waves are preserved and enhanced if stack-
ing is conducted along the fracture strike direction.

In the following sections, we use both laboratory and numerical
simulation data to explore FTF(ω, θ ) and FTF(θ ).

3 L A B O R AT O RY E X P E R I M E N T

We built a parallel fracture network model by cutting parallel
notches with 0.635 cm (±0.05 cm) spacing and 0.635 cm depth
in a Lucite block. We then put this Lucite block on top of another
intact Lucite block to form a two-layer model. Fig. 2 is a photo of
the Lucite model and Fig. 3 is a schematic showing the geometry
of the model. These two Lucite blocks were coupled by a very thin
water layer with thickness less than 0.05 cm, but the fractures were
air filled.

We used a P-wave source with 500 kHz central frequency
(P-wave wavelength = 0.54 cm) and a vertical component receiver
to generate and record seismic waves at the top surface of the model.
Fig. 4(a) shows the recorded source wavelet excited from the trans-
ducer and Fig. 4(b) shows the source spectrum. Data were collected
at 10 different azimuths, as shown in Fig. 5. For each azimuth, eight
traces with common midpoint were collected at the offsets of 4, 6,
8, 10, 12, 14, 16 and 18 cm. Figs 6(a) and (b) show the recorded
seismograms in the direction normal to fracture strike and fracture
strike direction, respectively. Fig. 6(c) shows reference traces mea-
sured in a region without fractures. In Fig. 6(b), the blue dashed
lines mark (1) direct P arrivals, (2) surface waves, (3) P-to-S con-
verted waves from the interface below the fracture zone and (4)
P reflections from the model bottom. Signals between 0.08 and
0.12 ms include the waves scattered from the fracture zone along

Figure 2. Photo of the Lucite model. The cuts representing fractures can be
seen about half way along the block in the vertical direction.
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Figure 3. (a) Schematic showing the geometry of the Lucite model.
(b) Expanded view of the fracture zone. The fracture zone was built by
cutting parallel notches with 0.635 cm (±0.05 cm) spacing at the bottom of
the upper Lucite block. The properties of the upper and lower Lucite blocks
are identical. P- and S-wave velocities of Lucite are 2700 and 1300 m s−1,
density is 1180 kg m−3.

with P-to-P reflections from the interface below the fractures. Be-
cause the fracture scattered waves on traces collected at offsets
larger than 10 cm are significantly affected by surface waves, as
shown in Figs 6(a) and (b), they are not used in the following pro-
cessing. At each azimuth, the remaining four traces are stacked into
a CMP stack after normal moveout correction.

Fig. 7 shows the 10 CMP stacks corresponding to acquisitions
at 10 different azimuths. ‘Parallel’ and ‘Normal’ indicate the direc-
tions parallel and normal to the fracture direction, respectively. The
blue trace labelled ‘Average’ is the average of the ten black CMP
stacks. For comparison, the CMP stack of four traces from a region
without fractures (Fig. 6c) is shown as the red trace labelled ‘Refer-
ence’. In Fig. 7, direct arrivals and surface waves have been muted.
The strong signals that arrive at about 0.18 ms are the reflection
from the bottom of the lower Lucite block. The coherent signals
arriving right after 0.08 ms, which are not shown in the reference
stack (red trace), are the specular reflections from the fracture zone
top. Compared to the reference stack, the reflection from the in-
terface below the fracture zone is difficult to identify from the ten
CMP stacks since it is disrupted by the fracture scattered waves.
Also, we can see that fractures generate a long coda in the data.

We apply eq. (12) and use the data within the dashed red window
of Fig. 7 to calculate FTF. The length of the analysis time window
is 0.02 ms and the time sampling is 0.4 × 10−3 ms, so the frequency
resolution is 50 kHz. We only use the data within a relatively short
time window in our analysis because the signals arriving after the
red window are waves scattered from fractures offset away from the
CMP and their recorded values do not represent the correct P-wave
wavefield as their takeoff angles deviate from the vertical direction

Figure 4. (a) Source wavelet excited from the transducer. (b) Amplitude
spectrum of the source wavelet. The amplitude spectrum is expressed in
decibels by evaluating 10 times the base-10 logarithm of the ratio of the
amplitude to the maximum amplitude.

Figure 5. Schematic showing the layout of CMP measurements at the sur-
face of the Lucite fracture model. CMP measurement was conducted at 10
different azimuths, the acquisition lines of 0◦ and 90◦ correspond to the
orientations parallel to and normal to the fracture strike, respectively.

and only the vertical projection of the P scattered waves is recorded
by the vertical component receiver. Figs 8(a) and (b) show the FTF
obtained by using the blue averaging trace and the stack in the
normal direction as Ō(ω) in the calculation, respectively. Figs 8(a)
and (b) have similar patterns. This demonstrates that the average of
CMP stacks can be used to approximate the background reflections
in the calculation of FTF. FTF below 100 kHz and above 900 kHz
is not shown because the source has little energy in these frequency
ranges, as shown in Fig. 4(b).

From both Figs 8(a) and (b), we can see that FTF has high ampli-
tude at 0◦, which indicates the coherent nature of fracture scattered
waves along the fracture strike direction. The amplitude of FTF
has a little increase at around 90◦, as shown in Fig. 8(a), which
conflicts with our expectation that fracture scattered waves should
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Figure 6. (a) and (b) Data acquired at the surface of the Lucite model in
the direction normal and parallel to the fracture strike, respectively. For
each azimuth, eight traces at different offsets are plotted. (c) Data measured
in a region without fractures. In (b), labels identify (1) direct P arrivals,
(2) surface waves, (3) P-to-S converted waves from the interface below the
fracture zone and (4) P-wave reflections from the model bottom.

be eliminated after stacking along 90◦. This may be caused by the
low fold in stacking. The spacing of the measured traces, which is
2 cm, is larger than the wavelength at the peak frequency, which
is 0.54 cm. So the stacks are aliased spatially. Along 90◦, fracture
back scattering is strong (Grandi et al. 2007), so we need a suffi-
cient number of traces collected at a smaller spacing to stack out the
scattered waves. However, the stacking fold and trace spacing are
limited by the size of the model and transducer in our experiment.
In the numerical simulation section, we will show that the average
of the azimuthal stacks is very close to the stack along the normal
direction and a very good result can be obtained if the trace spacing
is smaller than the seismic wavelength and 20 or more traces are
stacked for each azimuth. In Fig. 8, we also see that FTF shows two
peaks at about 550 and 800 kHz. These two peaks are associated
with the constructive interference of the fracture scattered waves.
Grandi et al. (2007) and Zheng et al. (2013) show that the interfer-
ence pattern of fracture scattered waves in pre-stack seismic data
is related to the fracture spacing. However, the interference of the
fracture scattered waves is altered by stacking, so the fracture spac-
ing cannot be retrieved accurately from the peak frequencies shown
in Fig. 8. In Fig. 9, the solid and dashed black curves, respectively,
show the phases of the stack along the strike direction (black trace
labelled ‘Parallel’ in Fig. 7) and the average of all CMP stacks (blue
trace labelled ‘Average’ in Fig. 7) within the red window in Fig. 7.
The phase difference, which is shown as the red curve, is close to
zero. This verifies our assumption that the phases of O(ω, θ ) and
Ō(ω) are similar.

Figure 7. CMP stacks at 10 different azimuths. The acquisition angles are
denoted above each trace, ‘Parallel’/‘Normal’ indicates the acquisition is
parallel/normal to the fracture strike. ‘Average’ and ‘Reference’ represent
the average of the 10 black traces and the stack of traces collected in a region
without fractures, respectively. Data in the dashed red window are used in
the calculation of FTF.

Figure 8. (a) and (b) FTF obtained using the average of CMP stacks and
the CMP stack at normal direction to represent the background reflection,
respectively. 0◦ and 90◦ represent the directions parallel and normal to the
fracture strike, respectively. Colour bar is in linear scale.

In Fig. 10, the solid and dashed curves are FTF(θ ) (eq. 13) calcu-
lated from the FTF(ω, θ ) shown in Figs 8(a) and (b), respectively.
For both (a) and (b) in Fig. 10, the fracture direction can be clearly
determined from the maximum of FTF(θ ). We choose 100–900 kHz
as the analysis window for computing FTF(θ ) based on the source
spectrum (Fig. 4b), whose amplitude decays by 10 dB (i.e. drops
to 10 per cent of the peak amplitude) at 100 and 900 kHz. The
fluctuation of FTF(θ ) at around 90◦ is caused by the low fold in
stacking.

Figure 9. Solid and dashed black curves, respectively, show the phases
of the CMP stack along the fracture strike direction (black trace labelled
‘Parallel’ in Fig. 7) and the average of CMP stacks (blue trace labelled
‘Average’ in Fig. 7) within the dashed red window shown in Fig. 7. Red
curve is the difference between the solid and dashed black curves.
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Figure 10. Solid and dashed black curves are the average of FTF shown in
Figs 8(a) and (b), respectively.

4 N U M E R I C A L M O D E L L I N G

In our numerical modelling study, we use the finite difference
method of Coates & Schoenberg (1995) to simulate the propagation
of seismic waves through an elastic medium containing discrete
fractures. The linear slip fracture model of Schoenberg (1980) is
used. In this model, displacement is discontinuous, while stress is
continuous, across the fracture surface. The displacement disconti-
nuity and traction at the fracture surface are related by the fracture
compliance matrix, which determines the elastic properties of a
fracture. In finite-difference, the stiffness tensors of those grid cells
intersected by fractures are modified according to the excess com-
pliance induced by the fractures, so that the linear slip boundary
condition at the fracture surface is satisfied. The same simulation
program is also used by Fang et al. (2013a) in studying the sensi-
tivity of fracture scattering. The five layer model studied by Willis
et al. (2006) is used in our numerical study. The properties of each
layer are summarized in Table 1. Fractures are in the third layer. An
explosive source is used in the simulation. The source time function
is a Ricker wavelet with a 40 Hz centre frequency. Receivers spread
along the surface in a rectangular area of 1000 m × 1000 m with
20 m spacing. Elastic full wave simulation is conducted in our study,
but only the recorded pressure is used in the following analysis. A
perfectly match layer absorbing boundary condition is added to all
boundaries of the model.

We consider fractures with compliance varying from
10−10 m Pa−1 (stiff fracture) to 10−9 m Pa−1 (compliant fracture)
(Daley et al. 2002) and take normal compliance to be equal to tan-
gential compliance, which may represent gas-filled fractures (Sayers
et al. 2009). Here and after, fracture compliance means both frac-
ture normal and tangential compliances. We will show the results
for four different scenarios: (1) parallel vertical fractures, (2) or-
thogonal vertical fractures, (3) orthogonal subvertical fractures with
randomly varying facture spacing and compliance and (4) presence
of random heterogeneity in the background model of scenario (3).

Table 1. Parameters of the five layer model.

VP (m s−1) VS (m s−1) ρ (kg m−3) Thickness (m)

Layer 1 3000 1765 2200 200
Layer 2 3500 2060 2250 200
Layer 3 4000 2353 2300 200
Layer 4 3500 2060 2250 200
Layer 5 4000 2353 2300 200

Figure 11. (a) and (b) Shot records (pressure) acquired parallel (along the
X-axis) and normal (along the Y-axis) to the fracture strike, respectively.
(c) Shot record obtained from a reference model without fractures. Fracture
spacing is 40 m.

4.1 Parallel vertical fractures

In the parallel vertical fracture model, fractures with equal spacing
are parallel to the X-axis. Figs 11(a) and (b) show examples of the
shot records acquired along the X- and Y-axes, respectively, for a
model with 40 m fracture spacing and 5 × 10−10 m Pa −1 fracture
compliance. Fig. 11(c) shows a shot record for a model without
fractures. Comparing these three panels, we can see that signifi-
cant amount of scattered waves are generated by the fractures and
the scattered waves are less coherent in the shot record normal to
the fracture direction (Fig. 11b) than for the record parallel to the
fracture strike (Fig. 11a). Following the same azimuthal stacking ap-
proach used in the laboratory experiment, we stack the shot data ac-
quired at 10 different azimuths after normal moveout. Figs 12(a)–(c)
show the common depth point (CDP) stacks at 10 different
azimuths obtained by stacking 5, 10 and 20 traces, respectively,
for each azimuth for the model with 40 m fracture spacing. 0◦ and
90◦ are the X- and Y-axis directions, respectively. The intervals of
stacked traces (receiver spacing) are 80 m (∼ one wavelength), 40 m
(∼ half wavelength) and 20 m (∼ quarter wavelength), respectively,
for the CDP stacks shown in Figs 12(a)–(c). The maximum offset
of the stacked traces is 400 m. From Fig. 12(a), we can see that the
fracture scattered waves in the CMP stacks are still very strong near
the fracture normal direction (i.e. 90◦) if only five traces are stacked
for each azimuth. Similar to the case in our laboratory experiment,
the large stack amplitude at 90◦ when only five traces are stacked is
due to the spatial aliasing in stacking. However, the scattered waves
are reduced significantly at most azimuths except for the fracture
strike direction (i.e. 0◦) when the number of stacked trace increases
to 10, as shown in Fig. 12(b). We find that generally stacking of
20 traces with spacing of about a quarter of wavelength is sufficient
to eliminate the scattered waves in the fracture normal direction.

Fig. 13 shows the CDP stacks for six models with different frac-
ture spacings. Fracture compliance is 5 × 10−10 m Pa−1 for all six
models. In each panel of Fig. 13, the 10 black traces are the CDP
stacks at 10 different azimuths. For each azimuth, 20 near offset
(from 20 to 400 m) traces are stacked after normal moveout correc-
tion. The blue trace, which is labelled ‘Ave’, is the average of the 10
azimuthal stacks. It is used for estimating the background reflectiv-
ity in our calculation. The red trace in Fig. 13(a), which is shown for
comparison, is the stack for the reference model without fractures.
From Fig. 13(a), we can see that, when the fracture spacing (20 m)
is much smaller than the dominant seismic wavelength (100 m), the
fractured layer is equivalent to a homogeneous layer and very weak
scattered waves are generated. When the fracture spacing is com-
parable to the dominant wavelength, the fractured layer generates
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Figure 12. CDP stacks of the model with 40 m fracture spacing. The numbers of traces stacked at each azimuth are 5, 10 and 20 for (a), (b) and (c), respectively.
The trace spacings are 80, 40 and 20 m for (a), (b) and (c), respectively. 0◦ and 90◦ are the directions along the X- and Y-axes, respectively.

Figure 13. CDP stacks of six models with different fracture spacings, which are shown above each panel. 0◦ and 90◦ are, respectively, the directions along
the X- and Y-axes, respectively. In each panel, the blue trace is the average of the 10 azimuthal stacks. The red trace in (a) is the stack for the reference model
without fractures. The dashed red window is the selected window for computing FTF. The waves inside the red window arriving at about 0.4 s are reflections
from the bottom of the fractured layer.

strong scattered waves. The dashed red window, having length of
0.2 s, is the analysis window chosen for computing FTF (eq. 12).
It contains reflections from the third and fourth interfaces and the
fracture scattered waves. Fig. 14 shows the FTF of the six models.
FTF has higher amplitude, which indicates strong fracture scatter-
ing energy in the CDP stack, along the fracture direction (i.e. 0◦)
for all models except for the case of 20 m fracture spacing. For the
model with 20 m fracture spacing, FTF is close to zero at all az-
imuths. This indicates that very weak fracture scattered waves are
contained in the data, which is consistent with the CDP stacks in
Fig. 13(a).

We use eq. (13) to calculate FTF and use it for determining the
fracture direction. In the calculation of FTF, we choose 8–88 Hz as
the averaging frequency window based on the amplitude spectrum

of the source wavelet (Ricker), which drops by a factor of 10 at
8 and 88 Hz from that at the peak frequency of 40 Hz. Thus, the
frequency window 8–88 Hz contains most of the source energy and
is a reasonable window for our analysis. Fig. 15 shows the polar
plots of FTF. FTF is multiplied by 10 for plotting in Fig. 15(a). Our
simulations do not cover a complete 360◦ acquisition, so we replicate
the first quadrant (from 0◦ to 90◦) to the other three quadrants in the
polar plots. These results show that FTF has a clear maximum in the
fracture direction (i.e. 0◦) even for the case of 20 m fracture spacing,
which does not show obvious azimuthal variation of scattered waves
in the CDP stacks.

We have only shown the results for models containing frac-
tures of 5 × 10−10 m Pa−1 fracture compliance here. We found
that the azimuthal variation trend of both FTF and FTF does not
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Figure 14. FTF (eq. 12) of six models with different fracture spacings.
The number above each panel denotes fracture spacing. 0◦ and 90◦ are,
respectively, the directions along the X- and Y-axes.

Figure 15. FTF of the six models with different fracture spacings. The
number above each panel denotes the fracture spacing. In each polar plot,
the blue curve shows the azimuthal variation of FTF. Radial and angular
coordinates are the value of FTF and azimuth, respectively. The radial coor-
dinate is 0 at the centre and 0.6 at the solid circle. 0◦ and 90◦ are the X- and
Y-directions, respectively. In plot (a), FTF is multiplied by 10 for plotting.

change much when the fracture compliance varies between 10−10

and 10−9 m Pa−1, but their amplitudes change with fracture compli-
ance. Fig. 16 shows the maximum of FTF [i.e. FTF(0−1)] for the
six models with different fracture spacings when the fracture com-
pliance changes from 10−10 to 10−9 m Pa−1. We can see that FTF is
very small for the case of 20 m fracture spacing for all compliance
values. For the models of 32, 40, 60, 80 and 100 m fracture spacing,
the maximum of FTF increases nearly linearly with fracture com-
pliance. This indicates that fracture scattering strength and fracture
compliance have a nearly linear relationship (Fang et al. 2013a,b).
For the case of 100 m fracture spacing, the value of FTF maximum

Figure 16. Plot of the maximum of FTF for six models with differ-
ent fracture spacings when the fracture compliance varies from 10−10 to
10−9 m Pa−1.

is much larger than that of the other models. This is because the
fracture spacing is equal to the dominant wavelength in the frac-
tured layer in this case, so the fractured layer generates the strongest
scattered waves. From this comparison, we can see that the frac-
ture scattering strength depends on both the fracture compliance
and spacing. The relationship between fracture scattering strength
and fracture spacing is complicated. For traditional AVOA analysis,
if the compliance of individual fractures is known, then the rela-
tionship between reflection amplitude and fracture spacing can be
determined (Lynn et al. 1996; Hunt et al. 2010), because the frac-
ture induced formation excess compliance is linearly proportional
to the fracture density (Schoenberg & Sayers 1995; Dubos-Sallée &
Rasolofosaon 2008) under the effective medium assumption. How-
ever, the linear relationship breaks down when the fracture spacing
is comparable to the seismic wavelength. The effective medium as-
sumption is not valid in this regime and scattering theory is needed
for explaining the behaviour of seismic waves.

4.2 Orthogonal vertical fractures

In Section 4.1, we have shown that the direction of a parallel fracture
system can be determined through computing FTF of a fractured
layer. Multiple fracture sets with different orientations are com-
mon in nature (Pollard & Aydin 1988) and may exist in a reservoir
(Bakulin et al. 2000; Bai et al. 2002; Grechka & Kachanov 2006), so
it is also important to investigate the applicability of our approach to
a fractured layer containing fractures with more than one direction.
We now study a model with two orthogonal fracture sets. We will
call the fracture set striking parallel to the X-axis fracture set X and
the other fracture set Y. We vary the fracture spacing and compliance
of both fracture sets and study the effect of the orthogonal fracture
system on the seismic waves. Fig. 17 shows the CDP stacks of six
different orthogonal fracture models. Table 2 lists the parameters
of these six models. In models (a1), (a2) and (a3), all parameters
are the same except for the fracture spacing of fracture set Y, which
are 40, 60 and 80 m, respectively. Compared to models (a1), (a2)
and (a3), the fracture compliance of fracture set X increases by a
factor of two in models (b1), (b2) and (b3). In Fig. 17, we can see
that the fracture scattered waves are stronger at 0◦ and 90◦ while
weaker at intermediate azimuths for all six models. The dashed red
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Figure 17. CDP stacks of six orthogonal fracture models with different fracture spacings and compliances. Dx and Dy indicate the fracture spacings for fracture
sets X and Y, respectively. 0◦ and 90◦ are, respectively, the directions along the X- and Y-axes.

Table 2. Parameters of six orthogonal fracture models.

Model Fracture set X spacing (m) Fracture set Y spacing (m) Fracture set X compliance (m Pa−1) Fracture set Y compliance (m Pa−1)

a1 40 40 5 × 10−10 5 × 10−10

a2 40 60 5 × 10−10 5 × 10−10

a3 40 80 5 × 10−10 5 × 10−10

b1 40 40 10−9 5 × 10−10

b2 40 60 10−9 5 × 10−10

b3 40 80 10−9 5 × 10−10

window is the selected analysis time window for computing FTF
which is shown in Fig. 18. All parameters used in the calculation
of FTF are the same as those used in Section 4.1. High amplitudes
appear at both 0◦ and 90◦ for all six models in Fig. 18. This indi-
cates that the scattered waves from both fracture sets X and Y are
preserved in the azimuthal stacks, which is also observed by Burns
et al. (2007).

Similar to Fig. 15, we plot the azimuthal variation of FTF in
polar coordinates in Fig. 19. These results show that there are clear
two maxima in the x- (0◦) and y- (90◦) directions, which indicate
the orientations of the two orthogonal fracture sets. For (b1) and
(b3), the maximum in the X-direction is larger than that in the Y-
direction, while the reverse is true for (b2). This indicates that the
values of the maxima are affected by both fracture compliance and
spacing. As we have discussed in Section 4.1, there appears to be no
simple linear relationship between the amplitude of FTF and fracture
compliance. Thus, the relative compliances of these two fracture
sets cannot be determined from the relative ratio of the two maxima
shown in FTF. Moreover, we should point out that the fracture
scattered waves are affected by both fracture sets. That means the
fracture scattered wavefield from an orthogonal fracture system is
not equivalent to the superposition of the scattered wavefields from
the two parallel fracture systems that form the orthogonal fracture
system.

4.3 Orthogonal subvertical fractures with randomly
varying fracture spacing and compliance

In Sections 4.1 and 4.2, we have shown that the fracture strike
of an equally spaced periodic fracture system can be determined
using our approach. The two models in Sections 4.1 and 4.2 are
simplified prototypes for the field case of aligned fractures that are
likely to be neither equally spaced nor exactly vertical. To study
the robustness of our approach to a more realistic problem, we
vary the fracture spacing, compliance and dip angle to construct
a non-periodic orthogonal fracture model. The fracture spacing of
fracture set X, which is measured in the middle of the fractured
layer at Z = 500 m, randomly varies from 48 to 72 m and the frac-
ture spacing of fracture set Y also has a random variation within the
range of 32 to 48 m. The dip angle of all fractures randomly varies
from −15◦ to 15◦. The fracture compliances of both fracture sets
also have a random distribution. The compliance variation ranges
for fracture sets X and Y are 0.9 × 10−9–1.1 × 10−9 m Pa−1 and
4.5 × 10−10–5.5 × 10−10 m Pa−1, respectively. We take the compli-
ance to be constant over the fracture plane for an individual fracture.
The distributions of fracture spacing, compliance and dip angle are
uniformly random.

We randomly vary the fracture spacing, compliance and dip an-
gle within the specified ranges and generate 25 different fracture

 at M
IT

 L
ibraries on M

arch 21, 2014
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


490 X. Fang et al.

Figure 18. FTF of the six orthogonal fracture models. Dx and Dy indicate
the fracture spacings for fracture sets X and Y, respectively.

Figure 19. FTF of the six orthogonal fracture models. The radial coordinate
is 0 at the centre and 0.5 at the solid circle.

models. For each model, we simulate the synthetic seismic wave-
field and then calculate FTF and FTF of the fractured layer as we
did in Sections 4.1 and 4.2. Fig. 20 shows the polar plots of FTF
for these 25 models. For all models, FTF has two maxima in the
X- and Y-directions, which indicate the directions of the two frac-
ture sets. The maximum in the X-direction is larger than that in the
Y-direction for most cases, since fracture set X is more compliant
than fracture set Y. These two maxima have similar values for some
models, such as models 1, 2, 9 and 20. This again suggests that the
relative amplitude of FTF in the two fracture directions is affected
by both fracture compliance and spacing. From this study, we can
see that the fracture direction can be robustly determined using
our approach even for a non-periodic model containing inclined
fractures with varying fracture spacing and compliance.

Figure 20. FTF of 25 orthogonal fracture models with randomly varying
fracture spacing, compliance and dip angle. The number above each polar
plot denotes the model number. The horizontal and vertical dashed lines in
each plot indicate the X- and Y-directions, respectively.

4.4 Presence of random heterogeneity in a background
model

To study the effect of background heterogeneity on our method, we
add random heterogeneity into the background layer model using
the von Kármán autocorrelation function (Sato & Fehler 1998). The
Hurst index of the autocorrelation function is 0.3. We apply the same
perturbation function to both P- and S-wave velocities while keep-
ing the density unperturbed. The maximum velocity perturbation is
limited at 10 per cent. Heterogeneities with correlation length vary-
ing from 25 to 100 m are added to the model studied in Section 4.3,
which contains orthogonal fractures with varying fracture spacing,
compliance and dip angle. Fig. 21 shows the polar plots of FTF for
15 models, whose heterogeneity and fracture system are generated
randomly and independently. The heterogeneity correlation lengths
are 25, 50 and 100 m for the results shown in the first, second and
third rows, respectively. Comparing to Fig. 20, we can see that al-
though the existence of heterogeneity may increase the uncertainty
of fracture orientation detection due to broadening the peaks with

Figure 21. FTF of 15 heterogeneous models containing orthogonal fractures
with randomly varying fracture spacing, compliance and dip angle. The
correlation lengths of the heterogeneity are 25, 50 and 100 m for results
shown in the first, second and third rows, respectively. The number above
each polar plot denotes the model number.
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maximum value of FTF, the two orthogonal fracture sets are still
able to be identified clearly.

5 C O N C LU S I O N S

We have shown that the response of a fracture system can be ob-
tained through computing the FTF(ω) using eq. (12) and then the
fracture direction can be determined by identifying the maximum
value of the average FTF(ω) (eq. 13). Both laboratory experiments
and numerical simulations show that fracture direction can be de-
termined robustly using our approach. In the numerical simulation
section, we demonstrate that our approach can determine the direc-
tions of both fracture sets of an orthogonal fracture system. Also,
the study of an orthogonal fracture model containing subvertical
fractures with randomly varying fracture spacing and compliance
shows that our approach can be applied to not only periodic fracture
systems but also non-periodic fracture systems, which represent the
real case of aligned fractures in a reservoir. Moreover, our approach
is shown to be robust even in the presence of random heterogeneity
in a background model.

We have only discussed the application of our approach for de-
termining fracture orientation. The amplitude of FTF defined by
eq. (12) also gives information about fracture compliance, which
was discussed in Section 4.1 of the numerical simulation section.
The relationship between scattering strength and fracture compli-
ance and spacing is not straightforward when the problem falls into
the scattering regime. Further study is needed to understand their
relationship. The interference pattern of fracture scattered waves
in the seismic data might provide us the knowledge about fracture
spacing. However, the interference pattern is altered by the stack-
ing. Therefore, fracture spacing cannot be determined from our
approach. We need to use the pre-stack data with a method like
the double beam method of Zheng et al. (2013) to retrieve fracture
spacing information.
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