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Summary 

A range of models have been developed recently to 
describe the dynamic seismic response of fractured 
in-situ rock. These models require the specification 
of an unknown transition frequency. This frequency 
is in general different from the standard “squirt-flow 
frequency” which is understood from laboratory rock 
physics measurements. Recent theoretical work 
establishes a link between these two concepts. We 
show how to use published laboratory data to 
calibrate the fracture models. We note that our 
theoretical framework matches a range of laboratory 
observations, and the inferred values of the squirt-
flow frequency are reasonably consistent between the 
different cases. 

Introduction 

The role of wave induced “squirt flow” of the pore 
fluid has long been recognized as being of 
importance for the interpretation of laboratory rock 
physics measurements (Mavko and Jizba, 1991). 
Although a range of often contradictory theoretical 
descriptions of the effect exist in the literature, 
Mavko et al. (1998) note qualitative features of the 
solution which are common to all the  approaches. 
These are a low-frequency limiting velocity, referred 
to as the “relaxed state”, a high frequency limiting 
velocity, referred to as the “unrelaxed state” and a 
transition zone in between. We refer to the central 
frequency for this transition as the “squirt-flow 
frequency”. A further common feature of the various 
theoretical models is that the squirt-flow frequency is 
proportional to permeability and inversely 
proportional to the viscosity of the saturating fluid. 

In parallel to these developments, a range of models 
have been proposed which consider the effect of 

squirt flow on the anisotropic seismic response of 
fractured rock in-situ (Hudson et al., 1996; van der 
Kolk et al., 2001). Once again, all of these models 
contain a characteristic squirt-flow frequency. 
Unfortunately, this characteristic frequency is very 
poorly understood (Tod, 2001; Jakobsen et al., 2003). 
It is not thought to be sufficient to identify this 
characteristic frequency with that measured in the 
laboratory because of the difference in scale between 
the two cases. This dubiety has practical 
consequences; firstly forward modeling becomes 
difficult because one has no way to estimate a key 
parameter and secondly, even if the characteristic 
frequency can be estimated from seismic data, one 
has no direct way to interpret the measurement in 
terms of the underlying rock properties.  

In this paper we show how recent theoretical 
advances can be used to bridge the gap between these 
two separate concepts of the squirt-flow frequency. 
We demonstrate how to use published rock physics 
data as a basis for calibrating the fracture models and 
estimating the anisotropic behaviour of in-situ 
fractured rock. 

Theory 

Chapman et al. (2002) proposed an isotropic 
poroelastic model which was derived from an explicit 
consideration of the pore-scale geometry. All relevant 
length scales were identified with the grain size, so 
that the model was appropriate for rock under 
laboratory conditions rather than in-situ rock 
containing large fractures. The model is consistent 
with the Biot-Gassmann theory of poroelasticity in 
that it correctly reproduces Gassmann’s theorem in 
the low frequency limit. It is also consistent with the 
existence of the “slow” P-wave which is found in 
Biot’s theory. Nevertheless,the model contains the 
concept of squirt-flow, and in particular has a squirt-
flow frequency which we will denote cω . The 
concept of squirt flow gives rise to higher values of 
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dispersion and attenuation than are predicted by 
Biot’s theory. The role of fluid viscosity is also 
different; velocities are predicted to increase with 
increasing fluid viscosity. This model may be 
calibrated with laboratory data. 

Chapman (2003) extended this approach by 
introducing an anisotropic set of large fractures into 
the original geometry. Under these conditions we 
find two distinct squirt flow frequencies emerge; one 
is identical to cϖ , identified above with the 
laboratory measured squirt flow frequency, while the 
other is a lower frequency which we will denote fω . 
(Note that Chapman et al., 2002, refer to the 
parameter τ, which relates to the current work 
through the relationship τω /1=c ). Crucially, these 
frequencies are found to be related through the 
formula: 

cf r
ωξω =  

where ξ is the grain size and r is the fracture radius. 
This identifies the fracture related squirt-flow 
frequency in terms of the standard laboratory squirt-
flow frequency. If we can find cω , we can then 
estimate, or in the case of the inverse problem 
interpret, the fracture induced squirt flow frequency 

fω . 

Results 

We now attempt to infer, using the model of 
Chapman et al. (2002), some values for cω  from 
published rock physics data. According to the theory, 
attenuation should vary with frequency with a peak in 
attenuation occurring at a particular permeability, and 
this peak value of the permeability can be related 
to cω . Klimentos & McCann (1990) measured 
attenuation and permeability for a range of water 
saturated sandstone samples and found such a peaked 
relationship. We require to specify a crack density in 

the model of Chapman et al. (2002) and we choose it 
to match the magnitude of the peak of attenuation 
between theory and data. Since cω is proportional to 

permeability, we will write bkc =ω , where k is 
permeability in mD and b is to be chosen to minimize 
the misfit between theory and data. We find that the 
relationship kc

6102 ×=ω  Hz works well, the 
resulting modeling being given in Figure 1. 

Similarly, cω is inversely proportional to the 
viscosity of the saturating fluid. Nur (1971) made 
measurements of attenuation as a function of fluid 
viscosity on a limestone sample. Following the same 
procedure, we arrive for this sample at the 
relationship ηω /102 6×=c  Hz, where η is the 
viscosity in Poise. The associated modeling is shown 
in Figure 2. 

Rathore et al. (1995) created synthetic sandstone 
samples with controlled crack geometry. The cracks 
were parallel and of the same size. Velocity and 
attenuation were then measured as a function of the 
polar angle. We consider the water-saturated case. 
Since both the grain size and the crack radius are 
known in this case, we know precisely the 
relationship between cω and fω , giving us only one 

free parameter. We are then able to estimate cω for 
this sample from the measured angular variations of 
the velocities following the model of Chapman 
(2003). A least squares inversion for cω  gives the 

value 6107.3 × Hz. We find that, considering the 
velocity measurements alone, a higher value of 

cω would give a fit to the velocities which is almost 
as good. On further inspection, however, we find that 
our derived value gives a good fit to the attenuation 
data, while higher values of cω  do not. The fit to the 
velocity data is shown in Figure 3. 
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Conclusions 

Recently published modeling studies which consider 
the dynamic response of fractured rock in-situ at 
seismic frequencies have been hampered by the need 
to specify an a priori unknown characteristic 
frequency. We note a relationship between this 
parameter and an established concept in rock physics, 
the squirt-flow frequency. By fitting the 
“unfractured” version of our model to laboratory 
data, it is possible to deduce appropriate parameters 
for modeling the fractured rock in-situ. This should 
allow future modeling studies to be built on a 
stronger basis. Our theoretical framework is capable 
of explaining a wide range of laboratory 
observations, both isotropic and anisotropic. The 
similarity of the inferred squirt-flow frequencies 
between different samples is striking. The application 
of these ideas to the modeling of field data is given  
by Maultzsch et al. (2003). 
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Figure 1. Modeling of the data of Klimentos
& McCann (1990) with the Chapman et al.

(2002) model, assuming kc
6102×=ω

Hz, where k is permeability in mD. Circles
correspond to permeabilities which were too
small to measure. 

Figure 2. Modeling of the Nur (1971) data
with the model of Chapman et al. (2002),

assuming ηω /102 6×=c  Hz, where η
is viscosity in Poise. 

Figure 3. Modeling of the Rathore et al. (1995)
velocity data with the anisotropic model of

Chapman (2003), assuming 6107.3 ×=cω Hz
for the sample. 


