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Measurements of Seismic Anisotropy in Synthetic Rocks with Controlled Crack Geometry
and Different Crack Densities
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Abstract—Seismic anisotropy can help to extract azimuthal
information for predicting crack alignment, but the accurate eval-
uation of cracked reservoir requires knowledge of degree of crack
development, which is achieved through determining the crack
density from seismic or VSP data. In this research we study the
dependence of seismic anisotropy on crack density, using synthetic
rocks with controlled crack geometries. A set of four synthetic
rocks containing different crack densities is used in laboratory
measurements. The crack thickness is 0.06 mm and the crack
diameter is 3 mm in all the cracked rocks, while the crack densities
are 0.00, 0.0243, 0.0486, and 0.0729. P and S wave velocities are
measured by an ultrasonic investigation system at 0.5 MHz while
the rocks are saturated with water. The measurements show the
impact of crack density on the P and S wave velocities. Our results
are compared to the theoretical prediction of Chapman (J App
Geophys 54:191-202, 2003) and Hudson (Geophys J R Astron Soc
64:133-150, 1981). The comparison shows that measured veloci-
ties and theoretical results are in good quantitative agreement in all
three cracked rocks, although Chapman’s model fits the experi-
mental results better. The measured anisotropy of the P and S wave
in the four synthetic rocks shows that seismic anisotropy is directly
proportional to increasing crack density, as predicted by several
theoretical models. The laboratory measurements indicate that it
would be effective to use seismic anisotropy to determine the crack
density and estimate the intensity of crack density in seismology
and seismic exploration.

Key words: Seismic anisotropy, crack density, synthetic rock,
equivalent medium theory.

! State Key Laboratory of Petroleum Resource and

Prospecting, China University of Petroleum (Beijing), Beijing
102249, China. E-mail: weijx @cup.edu.cn

2 CNPC Key Laboratory of Geophysical Exploration, China
University of Petroleum (Beijing), Beijing 102249, China.

*  Geophysical Research Institute, SINOPEC, Nanjing
211103, China.

4 Edinburgh Anisotropy Project, British Geological Survey,
Edinburgh EH9 3LA, UK.

1,2,4

1. Introduction

A medium whose physical properties are function
of spatial orientation is said to be anisotropic. Seismic
waves propagating in anisotropic rocks travel at dif-
ferent velocities depending on the direction of
propagation and polarization. Due to recent devel-
opments in long offset, wide azimuthal and high-
quality multicomponent acquisition, anisotropy is
increasingly applied to pre-stack depth migration,
parameter estimation, and other seismic processing
and inversion techniques involving anisotropic mod-
els. Seismic anisotropy, defined as seismic wave
velocity variation with propagation or polarization
direction, can be caused by mineral alignment (Sarout
and Guéguen 2008a, b; Sarout et al. 2007; Valcke
et al. 2006; Vernik and Nur 1992), layering (Backus
1962), grain scale fabrics (Hall et al. 2008), and
especially cracks (Crampin 1984; Guéguen and Sar-
out 2009, 2011; Hudson 1981; Thomsen 1995).
Cracks aligned in a preferential direction which is
controlled by the in situ stress field can make rocks
strongly anisotropic at the seismic scale (Chapman
et al. 2002; Zatsepin and Crampin 1997).

Seismic anisotropy can be expressed in terms of
Thomsen’s anisotropy parameters which are a simple
and convenient way to describe the strength of ani-
sotropy in a transversely isotropic medium (Thomsen
1986). The P-wave anisotropy parameter, &, describes
the strength of P-wave velocity anisotropy. This
parameter can be calculated from the elastic tensor
stiffness components c¢; or by the difference in
squared P-wave velocity for propagation in the
directions parallel and perpendicular to the cracks:
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The S-wave anisotropy parameter y describes the
shear wave anisotropy calculated from elastic tensor
or the SH wave velocity difference between polar-
izations parallel and perpendicular to the cracks:
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Seismic anisotropy caused by aligned cracks and
influenced by crack geometry gives an effective
method for determining the crack distribution and
orientation in reservoir exploration, CO, storage,
ground water flow, and hydraulic fracturing treat-
ment. Anisotropy is directly influenced by the crack
orientation, and thus provides azimuthal information
to indicate crack alignment (Far et al. 2014). Azi-
muthal information extracted from seismic data
(Boness and Zoback 2004; Lou et al. 1997) and VSP
data (Kuwahara et al. 1991; Varghese et al. 2009) is
used to investigate crack spatial orientation and
density. The travel time and velocity information
determined from wide azimuth seismic data can be
used to estimate the crack orientation (Mallick and
Frazer 1991; Wang 2011). However, more informa-
tion on crack parameters, specifically crack density,
is required in reservoir exploration and evaluation.

Schoenberg and Sayers (1995) presented a model
which describes the crack-induced compliance tensor
in terms of two crack compliances: the normal
compliance Zy and the tangential compliance Zr.
This model is used widely to invert for crack orien-
tation from seismic data. Crack parameters were
neglected in this model, particularly crack density,
which is a key parameter for reservoir detection and
production. The accurate estimation of crack density
is still a challenge for geophysicists and reservoir
engineers during geophysical prospecting and reser-
voir production.

The crack density was related to seismic aniso-
tropy by the predictions of equivalent medium
theories (Crampin 1984; Hudson 1981). The Hudson
model provides a relationship between anisotropy and
crack density, and shows that in cracked media the
anisotropy is strongly dependent on crack density.
The strength of seismic anisotropy due to aligned
cracks is proportional to the crack density. Hudson’s
model assumes that the fluids are isolated in the
cracks. This indicates that Hudson’s model provides a
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high-frequency limit. Chapman developed a multi-
scale model to describe the frequency dependence of
the elastic wave response for a medium containing
heterogeneities of different scales (Chapman 2003;
Chapman et al. 2002). The micro-scale pores and
cracks cause squirt flow at higher frequencies, whilst
the meso-scale fractures are responsible for wave-
induced fluid flow which causes dispersion and
attenuation at much lower frequencies. Thus the
frequency dependence of the effective stiffness tensor
is considered. In Chapman’s model, crack density as
well as pores and fluids is taken into account.

The crack density is defined by the number of
cracks with a certain radius in a unit volume:

& = ——, (3)

in which N is the number of aligned cracks of radius
o, and V is the rock volume. The theoretical predic-
tion requires experimental verification using rocks
with known crack density. Unfortunately the crack
parameters (crack geometry and density) are
unknown in natural rocks; thus synthetic samples
must be used in laboratory experiments to observe
seismic wave propagation in cracked rocks. Ass’ Ad
et al. (1992) used sets of synthetic samples with
cracks to observe shear wave anisotropy; their sam-
ples, constructed using epoxy and rubber, were
different from natural rocks. Rathore et al. (1995)
calibrated Thomsen model and Hudson model using
synthetic sandstone bonded by epoxy. Rathore et al.
(1995) presented P and S wave velocity results based
on single synthetic sample, but did not provide the
anisotropy comparison results. Rathore et al. (1995)
also suggested that several samples should be tested
for a complete study of elastic anisotropy in cracked
media. Silicate cemented synthetic rocks were con-
structed to observe shear wave splitting (Tillotson
et al. 2011, 2012), but the relationship of shear wave
splitting to crack density was compared for only one
cracked rock.

The aim of this study was to investigate velocity
and anisotropy in cracked samples with different
crack densities. We used a new construction method
to build synthetic rocks which have similar mineral
composition, porous structure, and cementation to
natural rocks. A set of cracked rocks containing
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controlled crack geometry and different crack density
was used to observe the effects of seismic anisotropy.
The changes of anisotropy caused by different crack
densities were validated by the comparison between
theoretical results and experimental data.

2. Methodology

In previous researches, synthetic cracked samples
used materials such as lucite and silica rubber, which
are different from natural rocks. Some samples used
in previous works had no pores and crack spaces, and
the cracks were represented by weak material (Ass’
Ad et al. 1992; Cao et al. 2003; He et al. 2001; Wei
et al. 2013). A new construction process has been
used to build synthetic rocks which have similar
mineral composition, pore structure, and cementation
to natural rocks (Ding et al. 2013, 2014). We follow a
typical manufacturing process in material science to
build the synthetic rocks. This new process is more
suitable for production of porous rocks with imbed-
ded cracks (shown in Fig. 1). The materials we chose
are silica sand and clay minerals, and sodium silicate
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Figure 1
Construction process of synthetic rock with controlled cracks
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is used as a binder (shown in Fig. 2). The powder of
silica sand and clays are mixed in ball mill for 24 h to
ensure homogeneity and then mixed with sodium
silicate. The mixture is then poured into a mold layer
after layer. Pre-fabricated penny-shaped polymeric
material discs are embedded in the synthetic samples
through spread out over the surface of each layer. The
mold is compressed under 10 MPa for 10 h, then is
moved out and heated for 7 days at 80 °C. After the
block has consolidated under these conditions, it is
placed into a muffle oven and sintered in a high-
temperature environment at 900 °C. The polymeric
material discs decompose into gas and leak out the
block under high temperature (above 900 °C), leav-
ing penny-shaped cracks. Then the block is cut or
cored into rock samples for laboratory experiments.
The rock surface is then polished for better coupling
with the ultrasonic transducers. Finally, the rock
samples are dried and ready for laboratory testing and
measurements. SEM (scanning electron microscope)
is used to observe the porous structure (shown in
Fig. 3) and X-ray CT is used to observe the crack
shape and orientation (shown in Fig. 4).

In this study, a set of synthetic rocks with con-
trolled crack density was built to investigate seismic
anisotropy, and the crack density in three cracked
rocks is 0.0243, 0.0486, and 0.0729, respectively. The
crack diameter in all rock samples is 3 mm while the
crack thickness is 0.06 mm. The size of each block is
about 50 mm x 50 mm x 50 mm which are then
grinded into octagonal prisms. The construction
procedure and crack parameters for the three types of
rocks are shown in Table 1. Figure 5 shows the final
of synthetic rocks with controlled crack density.
These synthetic rocks were immersed into water
under vacuum extract air out ensure the rocks are
optimally saturated with water. Then the water-satu-
rated rocks were measured with an ultrasonic
measurement system at 0.5 MHz, and the bulk
modulus of the water is 2.19 GPa. The measurement
error is about 0.8% for P wave velocity and 1.2% for
S wave velocity. The P and SH (polarization in plane
parallel to the cracks), and SV wave (polarization in
plane perpendicular to cracks) were measured in
directions 0° (perpendicular to cracks), 45°, 90°
(parallel to cracks), and 135° (as shown in Fig. 5).
During the experiments, SH waves were measured by
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Figure 2
Materials used to construct synthetic samples (silica sands, sodium silica and clays)

Figure 3
SEM images of pores and cracks in synthetic rock with controlled cracks

rotating the shear wave transducer until its polariza-
tion was parallel to the strike of the cracks, SV waves
were measured by rotating the shear wave transducer
until its polarization was perpendicular to the strike

of cracks. Figure 6 shows the P and S wave signal in
different directions in four samples. Figure 6a—d
shows the P wave transmission signal in blank sample
with no cracks and samples with crack density of
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Figure 4
X-ray CT image of synthetic rock with controlled cracks

Table 1

Parameters of rocks and cracks

1 3 4
Layer number 30 30 30
Number of discs/layer 0 60 90
Crack density 0 0.0243 0.0486 0.0729
Crack thickness - 0.06 mm 0.06 mm 0.06 mm
Crack length - 3 mm 3 mm 3 mm
Density 1.885 g/cc 1.883 g/cc 1.893 g/cc 1.870 g/cc
Frequency 0.5 MHz
Fluid bulk modulus 2.19 GPa
Fluid density 1.00 gf/cc
Fluid viscosity 1cP
Grain size 75 pum

0.0243, 0.0486, 0.0729, respectively. Figure 6b—d
shows P waveforms in cracked samples change
compared to P waveforms in blank sample (as shown
in Fig. 6a), as well as the shear waveforms in Fig. 6f—
h. These waveform changes reflect the interactions of
the elastic wave signal with the cracks, similarly to
what has been reported by Rathore et al. (1995). The
main cause is the scattering (the wavelength is about
6.8 mm for P-wave and 4 mm for S-wave) of the
stress wave with the cracks, especially in samples
with high crack density (as shown in Fig. 6d, h).

3. Results

Figures 7, 8, 9, and 10 show the P and S wave
velocities in different directions for the blank rock

and the three rocks containing controlled cracks with
crack densities 0.0243, 0.0486, and 0.0729 (in water
saturation, frequency is 0.5 MHz). Figure 7 shows
the theoretical modeling results using Chapman
(2003) and Hudson (1981) for the blank rock. Note
that the blank rock exhibits some degree of aniso-
tropy due to layer-by-layer deposition during the
construction process. The model’s prediction shown
in Fig. 7 accounts for the background anisotropy (see
Appendix). P-wave velocity in the 90° direction for
three synthetic rocks with cracks in Figs. 8, 9 and 10
(i.e. parallel to cracks) decreases slightly as the crack
density increases, compared to the blank rock (shown
in Fig. 7). In contrast, the P-wave velocity in the 0°
direction (i.e. perpendicular to cracks) decreases
significantly in rocks containing higher crack density.
S-wave velocities are significantly affected by crack
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Figure 5
Synthetic rocks with controlled crack density (leff) and the velocity measurements (right) (0° is the direction perpendicular to crack, also the
isotropic symmetry axis; 90° is the direction parallel to cracks, also the crack plane direction)

density in the direction perpendicular to cracks. The
shear wave velocity (for both SV wave and SH wave)
in the 0° direction decreases as the crack density
increases from 0.0243 to 0.0729. Moreover, crack
density has a more substantial effect on the SV wave
velocity than on the SH wave velocity, at 90°. The
SV wave velocity decreases significantly compared to
the SH wave velocity in the 90° direction (parallel to
cracks). P- and SH waves show 26 periodicity while
the SV wave shows 40 periodicity with the propa-
gation direction.

The theoretical predictions calculated from Hud-
son (1981) and Chapman (2003) for P and S wave
velocity of the three rocks with cracks fit the mea-
sured data well (as shown in Figs. 8, 9, and 10). The
P wave velocity calculated from the theoretical model
quantitatively fits the measured data in most direc-
tions for the three rocks with cracks. The theoretical
predictions by Hudson’s model are slightly higher
than the measured data in the 0° direction when crack
density is higher (shown in Fig. 10). Note that the P
wave velocity in 0° direction is not the minimum one
in Hudson’s model, which is due to the assumption of
isolated cracks in high-frequency limit in Hudson’s
model. The unrelaxed fluids enclosed in the cracks
increase the stiffness of rocks when P wave propa-
gates in the 0° direction. SH wave velocity predicted
by Chapman’s and Hudson’s models fit the measured

data well; SV velocity predicted by Hudson’s model
is comparatively higher than Chapman’s model pre-
diction and the measured data. Chapman’s model fits
the P wave velocity data better than Hudson’s model
does, particularly in the 45° direction. P wave
velocity predicted by Hudson’s model in this direc-
tion is comparatively higher than Chapman’s model
prediction and the measured data. Both Hudson
model and Chapman model accurately predict SH
wave velocity. The SV velocities predicted by Hud-
son’s model are apparently higher than the measured
data and Chapman’s model predictions.

The influence of crack density on P wave velocity
is shown in Fig. 11. P wave velocity in 90° direction
(parallel to crack planes) is not affected by cracks,
but P wave velocity in 0° direction (orthogonal to
crack planes) decreases significantly as the crack
density increases. Comparatively, Chapman’s model
gives better prediction than Hudson’s model. Fig-
ure 12a shows that the S wave velocity in 0° direction
(propagation orthogonal to crack planes) decreases
with the increasing crack density; both SH wave and
SV wave velocity are significantly affected by cracks.
Figure 12b shows that the S wave velocity in 90°
direction (propagation parallel to crack planes)
changes with the increasing crack density: Vsy (90°)
is not affected by cracks, whereas Vsy (90°) signifi-
cantly decreases when crack density increases. Both
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<«Figure 6
Transmission waveforms of P and S wave signal in four samples.
a—d Show P wave signal in #1, #2, #3, #4 samples respectively. e—
h Show S wave signal in 1#, 2#, 3#, 4# samples respectively

Hudson’s model and Chapman’s model give good
prediction for S wave velocity for propagation in 90°
direction.

The influence of crack density on P wave aniso-
tropy ¢ and S wave anisotropy 7y is shown in Fig. 13.
In this study, we compared measurement results for P
and S wave anisotropy to theoretical predictions
based on Hudson (1980, 1981) and Chapman (2003).
As the properties of rocks and cracks have been given
and elastic wave velocities shown in Figs. 7, 8, 9, and
10, these parameters are used to calculate the theo-
retical results on P and S wave anisotropy (as shown
in Fig. 13). The theoretical prediction of P wave
anisotropy from Chapman model is slightly lower
than the measured value, while Hudson model gives
much lower P wave anisotropy than measured data
and Chapman model. In contrast, both Chapman
model and Hudson model yield good predictions for
S wave anisotropy. Overall, Chapman’s poroelastic
model provides more accurate predictions than
Hudson’s model. As shown in Fig. 13, both P and S
wave anisotropy increase significantly with crack
density. Shear wave anisotropy y is comparatively a
little more sensitive to crack density. Comparatively,
this intrinsic anisotropy of blank rock is much smaller

Pure Appl. Geophys.

than crack-induced anisotropy in three rocks with
aligned cracks (as shown in Fig. 13). Overall, the
strength of seismic anisotropy due to aligned cracks is
proportional to crack density, as predicted by theo-
retical models (Chapman 2003; Crampin 1984;
Hudson 1981). This provides an effective model for
(1) determining the strength of crack development
through extracting anisotropy from seismic or VSP
data; and (2) helping geophysicists and reservoir
engineers to obtain crack density information for
crack detection and oil production. Nevertheless, the
frequency effects (i.e. dispersion in fluid saturated
cracked rocks) between the ultrasonic frequency
range used in the lab (MHz) and the lower frequen-
cies used in the field (i.e. well logging and seismic
data) should be further researched. This study shows
frequency-dependent model described by Chapman
give more accuracy prediction than Hudson’s model,
but the measurement frequency (0.5 MHz) is still in
the high-frequency range.

4. Discussion

The waveforms for both P and S wave show the
effect of the elastic wave interaction in cracked
samples. Because the wavelength of the propagating
ultrasonic waves (4-7 mm) is comparable to the
crack size (3 mm), the cracked samples cannot be
considered as homogeneous and scattering effects are
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Figure 7

Measured velocity (black square)and theoretical predictions (curves) for #1 sample (blank sample). Based on the background matrix
properties, Chapman model and Hudson model give the same theoretical curve. The figures show the theoretical models fit measured data
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Figure 8
Measured velocity (black sqaure) and theoretical predictions (solid curves for Chapman model, dash curves for Hudson model) for #2 sample
(crack density is 0.0243)

expected. The scale of cracks in natural rocks varies
from kilometers (large-scale fractures related to
geological tectonic activity) to nanometers (small
cracks in shales) (Barbier et al. 2012; De Keijzer
et al. 2007; Stephenson et al. 2007). The evaluation of
the effects of large-scale fractures is more critical for
geophysical exploration and reservoir production
because fluid accumulation and migration is mostly
controlled by these features. In this case, the elastic
wave propagation should be affected by scattering.
For ultrasonic investigation in the laboratory and for
well logging, cracked rocks present a heterogeneity
that may introduce both dispersion and scattering.
Thus the characterization of cracked rock is a com-
plex task; further theoretical and experimental

research is required for describing cracked media
with higher accuracy.

In Hudson’s model, elastic stiffness for the second
order has been observed to inconsistently increase
with crack density beyond a crack density threshold
value of 0.1 (Grechka and Kachanov 2006; Liu et al.
2000). In this study, the main purpose was to inves-
tigate the anisotropy change when crack density
increases (the crack density of samples studied is
0.0243, 0.0486, 0.0729). Because the crack densities
are still lower than that threshold value for Hudson’s
model, we expect that Hudson’s model provide useful
predictions for comparison purposes.

Chapman’s model gives a more precise descrip-
tion of the elastic wave propagation in saturated
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Measured velocity (black square) and theoretical predictions (solid curves for Chapman model, dash curves for Hudson model) for #3 sample
(crack density is 0.0486)

cracked rocks. Because Hudson’s model considers
that fluid is isolated in pores and cracks, its use
should be restricted to the high-frequency limit. In
this limit, the elastic stiffness tensor components in
the parallel and perpendicular directions are
enhanced because of the unrelaxed fluid pressure. In
contrast, Chapman’s model takes into account both
fluid interactions and frequency-dependent effects,
that is, fluid flow between the cracks and the sur-
rounding porous rock is controlled by the fluid
mobility and by the frequency of the elastic wave. In
the high-frequency range, fluid pressure has no time
to relax and fluids remain enclosed in the cracks and
pores. The effective elastic stiffness in this case is

similar to that predicted by Hudson’s model. In the
low-frequency range, local fluid pressure has enough
time to relax and effective elastic stiffness appears
lower in the direction perpendicular to the crack
planes and higher in the parallel direction. In this
case, elastic wave velocity in the perpendicular
direction is lower compared to the high-frequency
limit, while P anisotropy is higher. Figure 13 shows
that the P wave anisotropy predicted by Hudson’s
model is much lower than measured. Over all,
Chapman’s model gives better results than Hudson’s
model. This indicates that the measurement results in
this study are not in the high-frequency range
assumed by Hudson’s model. In this study, the
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Measured velocity (black square) and theoretical predictions (solid curves for Chapman model, dash curves for Hudson model) for #4 sample
(crack density is 0.0729)
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Figure 11
P wave velocity in both 0° direction and 90° direction. Black
square is measured data in 90° direction, black-up pointing triangle
is measured data in 0° direction. Solid line is the Chapman’s
prediction, dash line is the Hudson’s prediction

poroelastic model can provide better predictions for
elastic constants of cracked porous rocks. Similar to
Rathore et al. (1995), the results of this study indicate
that the pores and fluids should be considered in
theoretical models.

5. Conclusions

This study focuses on the dependence of seismic
velocity and anisotropy on crack density, through
observing P and S wave velocity and anisotropy in a
set of synthetic rocks with controlled crack geometry.
The new rock manufacturing process provides a
method for constructing synthetic rocks similar to
natural rocks: similar mineral composition, porous
structure, and cementation. One blank rock and three
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S wave velocity in both 0° direction (a) and 90° direction (b). Black square is measured data for SH wave velocity, black-up pointing triangle
is measured data for SV wave velocity. Solid line is the Chapman’s prediction, dash line is the Hudson’s prediction
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Figure 13
P and S wave anisotropy in synthetic rocks with controlled crack density. White square is measured data, white-up pointing triangle is
Chapman model, open diamond is Hudson model

cracked rocks with different crack density have been
used for laboratory ultrasonic measurements at
0.5 MHz while the rocks were saturated with water.
The measurements show the influence of crack den-
sity on P and S wave velocities in different directions.
The measured data are compared with the predictions
of Chapman’s model and Hudson’s model and show
that the theoretical predictions are in overall quanti-
tative agreement with the model predictions for the
three water-saturated cracked rocks with different
crack densities. However, Chapman’s model more
accurately fits the laboratory data. Moreover, the

comparison of theoretical predictions and measured
data shows the effective medium has the capability
for obtaining accurate crack density for cracked
reservoir detection.
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Appendix

In the case of a material containing aligned or
randomly orientated cracks, the overall elastic prop-
erties derived by Hudson contain the second order in
the concentration. Both the single scattering formu-
lae, which are correct to the first order in crack
density &, and crack—crack interactions, which are
correct to the second order in crack density, are
accounted. The model considered a plane wave
propagating through the medium with cracks, but the
pores in the background matrix are neglected.

The stiffness tensor of the medium contain cracks
in the Hudson model is given as

— 0 1 2
C;=Ci+Ch+Cl 4)

in which Cij is the total stiffness tensor, Cg is the

background, Cilj, and Cizj are the first- and second-

order effects of the cracks:
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N2
in which ¢ = 15(ﬁ> +28 (ﬁ) + 28. In the case of
water saturation,

The Chapman’s model considers frequency-de-
pendent seismic anisotropy in fractured rocks through
knowledge of rock porosity, permeability, fracture
density, and pore fluid properties. The model is based
on fluid interactions at two scales: randomly aligned
microcracks and aligned mesoscale fractures.

The stiffness tensor given by Chapman (2003) is

_ 0 1 2 3

Ciu(w) = Cin — d)pcijkl — &Gy — & Cijs 9)
where C?jkl is the isotropic background matrix of
porous rock, Cly;, Cgyy, and Cjy, are the contributions
from pores, grain size cracks, and meso-scale frac-
tures, respectively. ¢, is the porosity, & is the crack
density, and & is the fracture density.

Nca3 Nfa%

="y =y (10)

where N, and N; are the number of cracks and frac-
tures in volume V, a. and a; are the radium of cracks
and fractures, respectively. The model parameters are

A+ 2p ) 2 A 0 00 the functions of the elastic tensor (isotropic matrix
A AJCZM A 000 /.and p), fracture parameters, fluid properties, fre-
0 A A A+2u 0 0 O . .
Cj= 0 0 0 0 ol (5) quency, relaxation time t,, of micro-scale pores and
0 0 0 '8 40 cracks, t¢ of meso-scale fractures.
0 0 0 00 g In fact, fluid flow in the model takes place at two
scales, micro-scale squirt flow in pores and cracks
/12633 )u2U33 /1() + Z,M)U33 0 0 0
/12U33_ ;u2U33_ /1() + 2#)?33 0 0 0
1 S_C )(;L + 2/1) Uss /1(/1 + 2/1) Uss /1(} + 2/1) Uss g 0 0 (6)
v H 0 0 0 ,uZUU 0 0 ’
0 0 0 0 ,u2 U11 0
0 0 0 0 0 0
T 2g 2 2y 2 -2 7
TSINU33 ﬁ—gﬂU33 AqU%, 0 0 0
2q 2 2q 2 +2
, ﬁUB ﬁ—gyU33 AqU%, 0 0 0
—2 +2 +2
2 = 5 | 2qUs, qUss (A +2p)qUs, 0 0 0], (7)
BN I 0 0 2WGE 80 772 0 0
A2 11
2u(37481) 772
0 0 0 0 2T, 0
. 0 0 0 0 0]
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and meso-scale flow in large fractures. The grain size
local flow is related with the squirt flow relaxation
time t,,; the flow at fracture scale is related with the
larger relaxation time t¢ which depends on the frac-
ture size. In the Chapman model, the relaxation time
corresponding to the fractures,t, is related to the
fracture scale and micro-scale relaxation time 7, as

a
Tf:Eme, (11)

in which ay is the fracture scale ¢ is the grain size
scale. and 7, is given by
OcKeCy

where 7 is the fluid viscosity, k is the permeability, c,
is the volume of the individual cracks, K. is the
inverse of the crack space compressibility, o. =
nur/[2(1 — v)] is the critical stress in which r is the
aspect ratio of the cracks, v is the Poisson’s ratio of
the isotropic rock matrix, and c; is the number of
connections to other elements of the pore space.

Due to the calculation of the elastic constants
following the interaction energy approach of Eshelby
(1957), the original form of the Chapman model is
limited to low porosity. To make the Chapman model
more applicable to real data, a slightly modified
version was described by Chapman et al. (2003)
through introducing the /% and 1 which were cal-
culated from the measured Vg and V0 and density of
the rock. Additionally, the model requires a
C?jkl(A,M) term to be defined in a way that the
fracture and pore corrections to velocities are applied
at a specific frequency (wg). Thus:

A=20 4@ (20 10, fwo);

13
M:MO—F@DC,p()vO,,uO,WO), (13)

where @ ,, is an elastic correction term that is pro-
portional to ¢ and ¢ and with,
0 2 2
2 =p(v)F =21 = p(V))% (14)
Then equation is written as follows:

Cijr(@) = Chy (A, M, w) — ¢, Cli (A%, 1°, w)
- SC'Cizjkl(}“O? Wow) — Sfc?jkl()°07 10,w).
(15)
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In this form, the correction for pores, microcracks,
and fractures which describe the frequency depen-
dence and anisotropy of the rock can be calculated
with physical properties obtained from measured
velocities. In the case of high porosity, the model is
simplified by setting the mircocrack density as zero.
Therefore,

Cijkl(w) = Cg'kl(/lv M,w) — ¢pczf1ikl(’10’ “O’W)
- gfc?jkl()“o’ 1, w). (16)

Based on the theoretical model, experimental data
measured from synthetic samples are compared with
theoretical results. The input parameters for theoret-
ical calculation are the properties of the background
matrix measured from the blank sample and fracture
density. To model the anisotropy caused by fractures,
the background anisotropy should be taken into
account. A modified version of the Chapman model
was generated by Chapman et al. (2003) to account
for background layering anisotropy in the blank rock.
Tillotson et al. (2011) used this simplified equation to
model samples with background anisotropy: by
replacing Cg.kl (A,M,w)  with [C;ifkgmund—l—
B, Chiy(2°, 1%, w, water)]; thus

background ,
Ciua(w) = [Cij;; o 4 @y Chi (20, 1w, Water)}
1 (30 0 3 750 0
_ ¢pCijk,(A S w) — .st[jk,(A S, W),

(17)

in which the background stiffness Cb;?kground

formed by the measured velocities (V,, (0°), V,, (45°),
Vp (90°), Vi (0°) and Vi, (90°)) and density of the
background rock.
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