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Summary

The aim of time-lapse seismic survey is to monitor
changes in the rock properties in reservoirs. There are
two possible changes, i.e. uid saturation and pore uid
pressures. It is of great interest to distinguish the two
e�ects in time-lapse signals in order to monitor uid
movements and also to possibly identify un-swept zones
in reservoirs. In this paper, we use the analytic ex-
pressions of the interfacial compliance introduced pre-
viously by several authors for fractured rock to study
the e�ects of uid saturation and pore pressure on seis-
mic anisotropy parameters and the AVO response. We
demonstrate that the uid saturation and pore pressure
have a signi�cant e�ects on measurable anisotropic pa-
rameters and interfacial compliances. We show that the
combined use of P and S wave analyses may be used to
di�erentiate between e�ects of uid saturation and pore
pressure from seismic data.

Introduction

Time-lapse seismic has increasingly been used to moni-
tor subsurface pressure changes and uid movements in
producing hydrocarbon reservoirs. (Angerer, 2001). On
the other hand, in deepwater environment, wells are ex-
pensive and the increased costs associated with drilling
in overpressured formation demands a reliable predic-
tion of pore pressure (Sayers et al., 2000). Therefore the
need to quantitatively characterize the seismic signature
of uid saturation and pore pressure is becoming more
important than ever before. The dynamic response of
cracked and porous rock has been studied theoretically
by Hudson (2000), Tod et al. (2001), Chapman (2001),
and Pointer et al. (2000). In this study, we shall in-
vestigate the e�ect of uid saturation and pore pressure
using the analytic fracture models presented by Liu et
al. (2000). We demonstrate that the interfacial com-
pliances characterizing the physical properties of rock
discontinuities are sensitive to both uid saturation and
pore pressure, which have signi�cant e�ects on measur-
able anisotropic parameters and AVO response. How-
ever, our study shows that it is di�cult to distinguish
the e�ects of uid saturation and pore pressure from P-
analysis alone, and the joint analysis of P and S-waves
may be necessary.

Dynamic response of cracked porous rock

When a crack medium is subject to an imposed stress ���

and uid pressure p (Figure 1), the aspect ratio of the
cracks is given by (Hudson, 2000; Tod et al., 2001)

r = r0 �
(�nn � p)

��(1� g)
; (1)

where g = (�=�)2, � and � are P- and S-wave velocities
of the unfractured rock, r0 is the initial aspect ratio of
the crack, i.e., before stress �eld and pressure are ap-
plied, and r is the aspect ratio of the crack when stress
�eld �nn and excess pressure p are applied. Thus the im-
posed stress and uid pressure together form the crack
opening stress �ext = �nn�p = ��ijninj�p for the de-
formation of a crack with unit normal nnn (compressional
stress is positive). If we de�ne �c = ��r0(1� g) as the
critical stress, then we have r = r0[1 � (�nn � p)=�c]:
Note that �eff = �nn � p is usually called the e�ective
stress. Once the dependence of the aspect ratio on stress
is computed using equation (1), we can use Hudson et
al's (1996) formulae to calculate the e�ective elastic sti�-
ness of the fractured rock. In the following examples, the
matrix has the following properties, � = 3.5km/s, � =
2km/s, and the density � = 2.3 g/cm3 unless speci�ed
otherwise.
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FIG. 1. Schematic illustration of a cracked porous
medium under uniaxial stress.

Figure 2 shows the variation of Thomsen's two
anisotropic parameters � and  with normalized pore
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pressure computed for di�erent saturation (crack ini-
tial aspect ratio r0 = 0.001) [" = (c33 � c11)=2c11 and
 = (c44 � c66)=2c66 for fractured rock. cij are e�ective
elastic constants of the fractured rock given by Liu et
al. (2000)]. We can see that as pore pressure increases,
which is equivalent to increase in the crack aspect ratio,
both P-wave and S-wave anisotropy parameters (� and
) increases. The increase in shear-wave splitting pa-
rameters  with increase in pore pressure is consistent
with the �eld observation by Angerer (2001), who shows
that signi�cant change in time delay between split shear-
waves was attributed as due to the increase in pore pres-

sure after CO2 injection in the Vacuum �eld. As normal-
ized bulk modulus and shear-modulus of fracture-�lling
material increases from pure gas-�lled cracks (dry) to
water-�lled, anisotropic parameters decrease. However,
as expected the largest variation is � (as P-waves are
more sensitive to fracture �lling properties). Guest et
al. (1998) have observed that shear-wave splitting coe�-
cient  is signi�cantly higher for dry than for uid-�lled
fractures, and their observation is consistent with the
result in Figure 2 if we introduce a small shear-modulus
or viscosity in the fracture-in�ll.
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FIG. 2. Variation of Thomsen's anisotropic parameters � and  with normalized pore pressure computed for di�erent
saturations.

Interfacial compliance ratio ZN=ZT

Using the slip interface model, a fracture is represented
as a planar boundary across which the stresses are con-
tinuous, whereas the displacements are discontinuous
(Schoenberg and Sayers, 1995; Liu et al., 2000), i.e.
[uuu] = ZZZttt; where [uuu] is the average displacement discon-
tinuity on the fracture and ttt is the traction on the frac-
ture. The tensor ZZZ is diagonal if fractures are rotational
invariant, i.e. ZZZ = diagfZT ; ZT ; ZNg. It has been sug-
gested that an e�ective uid indicator is the ratio of the
normal to shear compliances (ZN=ZT ). It is, however,
di�cult to measure this ratio directly from �eld seismic
data. In our previous paper (Liu et al., 2001), we show
that

ZN

ZT

=
1

4(1� g)

�
"



�
; (2)

where " and  are Thomsen's anisotropic parameters.

Since " and  show respectively the degrees of P- and
shear-wave anisotropy, equation (2) therefore provides
a direct link between pore uids and degrees of P- and
S-wave anisotropy. The relationship given in equation
(2) has been shown to be in good agreement with the
results from several laboratory experiments. Figure 3
shows the variations of the fracture compliance ratio
(ZN=ZT ) with normalized pore pressure. The variations
were computed for di�erent fracture in�lls ranging from
gas-�lled to water-�lled. It shows that as ZN=ZT de-
creases as bulk modulus of the fracture in�ll increases,
but increases as pore pressure increases. The change
is more dramatic for small pore pressure, and occurs
when the fracture in�ll bulk modulus approaches zero
(i.e. gas-�lled fractures).

P- and PS-wave reectivities

Figures 4 and 5 show the e�ects of uid saturation and
pore pressure on the plane P- and S-wave reection coef-
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�cients (RPP and RPS , respectively) for shale overlying
a fractured sandstone reservoir (Case 1 AVO, see Liu et
al., 2001). The AVO curves are computed for the az-
imuth perpendicular to fracture orientation. For mod-
erate angles of incidence the water-�lled and gas-�lled
(dry) fractures begin to separate, with the reection co-
e�cient for dry fractures becoming increasingly large

(Figure 4). A similar feature can be seen in Figure 5 for
variation of pore pressure. Comparing Figures 4 and 5,
we �nd that an increase in saturation (from gas to water,
say) is equivalent to decrease in pore pressure in both
the P- and PS-wave AVO response. This suggests that
it will be di�cult to distinguish the e�ects of saturation
and pore pressure from AVO data alone.
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FIG. 3. Variation of the ratio of normal to shear compliance as a function of normalized pore pressure computed for
di�erent saturations.

Conclusions

The analytic expressions of the interfacial compliance ZZZ

have been used in this paper to study the e�ects of uid
saturation and pore pressure on anisotropy parameters
and the AVO response. The interfacial compliances may
be regarded as macroscopic descriptions of the physical
properties of rock discontinuities, and can not be de-
termined directly by experiments. However, we show
that they are directly related to measurable anisotropic
parameters. We demonstrate that the compliance ra-
tio is sensitive to both saturation and pore pressure. In
low porosity rock, such as dolomite or anhydrite, An-
gerer (2001) shows that the uid saturation has a much
larger e�ect on P-waves than on shear-waves (which is
Gassmann's prediction), but the pore pressure has a
larger e�ect on shear-waves than on P-waves (consis-
tent with the theoretical prediction by Tod et al., 2001).
In rock with high porosity, such as sandstone, a di�er-
ent response will be expected. Therefore, problem still
remains as to how to distinguish between the e�ects of
changes in saturation and pore pressure which are likely
to occur during the hydrocarbon extraction or during

enhanced oil recovery, such as during CO2 injection.
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FIG. 4. Variation of reection coe�cients Rpp and Rps with saturation over a fractured reservoir with line azimuth
perpendicular to the fracture strike.
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FIG. 5. Variation of reection coe�cients Rpp and Rps with normalized stress over a fractured reservoir with line
azimuth perpendicular to the fracture strike.


