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Summary

We advance a quantitative interpretation of the resonant bar measurements of Sothcott et al. (2000). The
physical mechanism involved is squirt ow, which leads to velocity dispersion and an implicit relationship
between velocity and uid viscosity. We argue that the frequencies used for the experiments lie in an inter-
mediate range between the low and high frequency limits. In this range it is important to consider viscosity
when performing uid substitution. The modelling gives a good �t to the data, but could perhaps be im-
proved by incorporating a relationship between permeability and e�ective stress.

Introduction

Fluid substitution refers to the problem of predicting the seismic response to a change in the saturating uid
and is of increasing importance in the interpretation of time-lapse seismic surveys. Traditionally, Gassmann's
(1951) theorem has been used as the basis for such calculations. This theorem is valid for low frequencies.
Mavko and Jizba (1991) have given a high frequency analogue to Gassmann's theorem. Both theories are
static limiting theories, neither frequency nor uid viscosity are explicitly involved.

It is clearly important to understand over what frequency bands these two theories will be valid. In particular,
Dvorkin and Nur (1993) have introduced the concept of a characteristic squirt ow frequency. Gassmann's
theorem will presumably be valid for frequencies far below the characteristic frequency, with the Mavko
and Jizba theory being valid far above the characteristic frequency. Substantial frequency and viscosity
dependence are to be expected in the vicinity of the characteristic frequency. Unfortunately it is di�cult to
give reliable analytical estimates of this characteristic frequency.

Sothcott et al. (2000) presented resonant bar measurements of velocity and attenuation for rock saturated
with oil and brine for frequencies between 3kHz and 30kHz and e�ective stresses of 10MPa to 40 MPa. The
measurements indicated the existence of substantial velocity dispersion, particularly at low e�ective stress.
In this paper we will interpret these results in terms of the microstructural poroelastic model of Chapman
(2001).

Theory

Chapman (2001) derived a microstructural poroelastic model from the results of Eshelby (1957). The model
is consistent with the results of Gassmann (1951) in the low frequency limit and accounts for the existence of
the slow P-wave in agreement with Biot's (1956) theory. In its most compact form it permits the calculation
of P- and S- wave velocity and attenuation as a function of frequency for a given crack density, porosity,
density, reference elastic tensor and characteristic frequency.

We incorporate pressure dependence through a relationship between crack density and e�ective stress. The
assumed functional form is to be:

� = �o exp(�ccr�eff ) (1)
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where � is the crack density, �eff is the e�ective stress and �o and ccr are constants which have to be �t.
Previous estimates of crack density from a range of sources give tight constraints on the values which may
be taken for these constants. Equation (1) is intended to capture the concept of cracks closing in response
to increases in e�ective stress.

In principle the characteristic frequency could be estimated from the formula given by Chapman (2001).
However, some of the terms in this formula are not measurable quantities so we prefer to take it as a �tting
parameter. It is important to note the relationship:

!c �
k

�
(2)

between the characteristic frequency !c, the permeability k and the uid viscosity �. This implies that dif-
ferent values of !c have to be used for oil and brine saturation, with the ratio of the characteristic frequencies
equal to the reciprocal of the ratio of the viscosities. At the �rst stage we assume that permeability is not a
function of e�ective stress.

Results

Chapman (2001) chose the values �o = 0:24, ccr = 0:07 MPa�1 and !c = 50 kHz and achieved a good �t to
the resonant bar data of Sothcott et al. (2000) for brine saturation. We now continue with this calibration,
but change the uid properties from those of brine to those of the crude oil which was used in the exper-
iments. Sothcott et al. (2000) used oil with a density of 810 kgm�3, a bulk modulus of 1.68 GPa and a
viscosity of 7.5 cP.

In Figure 1 we reproduce the resulting predicted dispersion curves together with the resonant bar measure-
ments for oil saturation. There is generally very good agreement, except for e�ective stress of 10 MPa where
the model overestimates the velocities.

For comparison, in Figure 2 we plot the dispersion curves and data points for an e�ective stress of 20 MPa
under both brine and crude oil saturation. Both the P- and S- wave diagrams may be considered to be split
into three distinct regions. In the �rst region, velocity does not vary with frequency, the P-wave velocity
is higher for brine saturation and the S-wave velocity is slightly higher for oil saturation. The behaviour
in this region is consistent with Gassmann's theorem. The S-wave velocity is higher for oil saturation en-
tirely due to the lower density of the oil, while the higher bulk modulus of the brine causes the P-wave
velocity to be higher for brine saturation. In the second region velocity varies strongly with frequency, P-
wave velocity becomes higher for oil saturation and S-wave velocity is substantially higher for oil saturation.
This is due to the higher viscosity of the oil reducing the characteristic frequency for oil saturation. In the
third region frequency is high enough for this e�ect no longer to be operational. It may be shown that the
behaviour in this region is qualitatively consistent with that predicted by the Mavko and Jizba (1991) model.

Conclusions

We have applied the poroelastic model of Chapman (2001) to study the measurements of Sothcott et al.
(2000). The modelling is based on the interpretation that the frequencies used for the measurements are
close to the characteristic squirt ow frequency and so lie in a transition region between the low and high
frequency limits. Three lines of evidence support this interpretation; the fact that dispersion is observed in
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the resonant bar data itself, the observed sensitivity of S-wave velocity to the saturating uid and the fact
that P-wave velocity is see to be higher for oil saturation. This suggests limits for the frequency band over
which Gassmann's theorem is likely to be valid.

It is interesting that the data may be explained entirely with reference to the density, compressibility and
viscosity of the saturating uids. We �nd no evidence at this stage for chemical interaction between the
uids and the rock frame. This issue has been discussed more fully by Chapman (2001).

It was noticeable that the theory predicted velocities which were too high at 10 MPa e�ective stress. We
assumed that permeability did not vary with e�ective stress, but in practice permeability would be expected
to decrease with increasing e�ective stress. Equation (2) therefore suggests that we should take a higher
value of !c for 10 MPa than for other values of e�ective stress. This gives scope for improving the velocity
predictions at low e�ective stress.

The measurements were carried out on rock with high (roughly 250 mD) permeability. According to Equation
(2) we expect that the frequency range over which uid viscosity is important will move to lower frequencies
when we consider rocks of lower permeability.
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Figure 1 : Modelling of the resonant bar measurements for oil saturation for e�ective stress of 40 MPa
(diamond), 30 MPa (star), 20 MPa (circle) and 10 MPa (square)
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Figure 2 : Modelling of the resonant bar data for oil (square) and brine (circle) saturation under 20 MPa
e�ective stress.


