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Wave propagation in rocks induces fluid pressure gradients and flow between stiff intergranular pores and
compliant microfractures. This, in turn, leads to wave anelasticity, i.e., attenuation and velocity dispersion.
Three known squirt-flow models attempt to explain this phenomenon. Based on these theories, we reformulate a
new one, where we derive the dry-rock moduli on the assumption that the boundary fluid pressure is constant.
The new model improves the predictions of the other models, e.g., a better description at high frequencies and
the inclusion of permeability effects. The numerical example shows the response due to the characteristic squirt-

flow length and fluid viscosity on wave propagation. The reformulated model is applied to experiments made on
water-saturated tight sandstones, where the squirt-flow length is determined, showing that it increases with
increasing permeability and porosity at full saturation.

1. Introduction

Microfractures and grain contacts (cracks) are generated in diag-
enesis processes of sedimentary rocks during geological time. These
microcracks/microfractures are flat and soft, i.e., having a low aspect
ratio, and with much higher compressibilities than the primary inter-
granular stiff pores. A P wave induces fluid pressure gradients and
squirt flow between cracks and stiff pores, due to their different com-
pressibilities. This local flow induces, in turn, velocity dispersion and
attenuation (Carcione, 2014; Miiller et al., 2010). To model this phe-
nomenon, Biot (1962) proposed a viscoelastic mechanical model to
describe it. Quoting Biot: “When two elastic bodies are in contact and
are surrounded by a viscous fluid, a force applied in a direction normal
to the area of contact will tend to squeeze the flow away from this area.
Because of fluid viscosity, the fluid will not move away instantaneously.
A time delay, which is exemplified by the equivalent spring dashpot
model, will be involved.” This model is the Zener or standard-linear
solid mechanical model (e.g., Carcione, 2014).

Wave velocity dispersion due to squirt flow was observed in ultra-
sonic experiments on sandstones (Winkler, 1983; Han, 1986; Han et al.,
1986; Wang and Nur, 1990). Winkler (1983) has not detected sig-
nificant dispersion in artificial sintered glass beads. Mavko and Jizba
(1994) evaluated the bulk and shear moduli dispersion in forty rock
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samples (Coyner, 1984; Han, 1986; Han et al., 1986). Comparing the
predictions with the Gassmann (1951), Biot (1956a, 1956b, 1962) and
Mavko and Jizba (1991) models, they concluded that most of the ob-
served dispersion can be explained by the squirt-flow mechanism.

The squirt-flow model was further studied by Dvorkin and Nur
(1993) and Dvorkin et al. (1994), in the framework of the Biot theory
(the so-called BISQ model). The BISQ model predicts more dispersion
than the classical Biot theory, with a lower velocity at low frequencies,
compared to Gassmann equation, and it is consistent with Biot pre-
diction at high frequencies. Dvorkin et al. (1995) modified the theory to
be consistent with Gassmann moduli at low frequencies, assuming ef-
fective dry-rock moduli, where the cracks are part of the skeleton. Then,
Gurevich et al. (2009, 2010) obtained an alternative expression of the
dry-rock moduli based on the theory of Murphy et al. (1986), which can
be applied to gas-saturated rocks at all frequencies. Using this model,
Markova et al. (2014) investigated the effect of squirt flow and mac-
roscopic seepage on acoustic logging signals. Carcione and Gurevich
(2011) unified the squirt-flow and Biot theories and showed that the
new model can be represented with Zener kernels under certain con-
ditions of the fluid properties, as Biot (1962) has predicted. Yang and
Zhang (2000, 2002) proposed an extension to the anisotropy case.

Alternative theories are based on the concept of double porosity
(Pride and Berryman, 2003; Pride et al., 2004; Ba et al., 2011, 2014,
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2017, 2019; Zhang et al., 2019), where the fluid flow is also due to
pressure gradients between regions of soft and stiff pores, and the wave
propagation governing equations are derived by incorporating two pore
phases and one solid skeleton. Other models can be found in Tang et al.
(2012) and Yao et al. (2015).

In the present paper, we reformulate the squirt-flow theory, based
on Dvorkin et al. (1995), by applying the boundary condition of
Gurevich et al. (2010). P-wave velocity obtained from the new theory is
consistent with that from the Gassmann model at the low frequency
limit, and it approaches to the high limit value (the rock without
compliant pores) at high frequencies, when the model parameters are
the same as those of Dvorkin et al. (1995). The change of permeability
affects the squirt flow characteristic frequency. We compare the dif-
ferent models and then apply the new one to explain pressure-depen-
dent experimental data of ultrasonic measurements in tight-sandstones.

2. Squirt-flow models

The models proposed by Dvorkin et al. (1995), Gurevich et al.
(2010) and Carcione and Gurevich (2011) are outlined in this section.
Let us refer to them as models 1, 2 and 3, respectively. The medium is
isotropic and the pore space is divided into compliant pores (micro-
fractures, grain contacts, cracks) and stiff pores (intergranular voids).

2.1. Model 1
A modified frame is generated (see Fig. 1), which contains only stiff

pores. Following Mavko and Jizba (1991), Dvorkin et al. (1995) derived
the wet-rock bulk (K;) and shear moduli (i) of the modified frame as

p— Km
"7 1+ a,dP/do’ (1a)
1_1 i(L _ L)
Ko iy 15\Kay  Kna) (1b)

where K4, and g, are the dry-rock bulk and shear moduli, respec-
tively, K, is the bulk modulus of the modified frame, a;, is the modified
poroelasticity coefficient, K4 is the bulk modulus of the modified dry
frame, when the microfractures are saturated and the stiff pores are
empty, p is the pore pressure and o is the total pressure. The P-wave
velocity predicted by this model is consistent with Gassmann moduli at
the low frequencies (Dvorkin et al., 1995).

2.2. Model 2

Gurevich et al. (2010) employed the geometric model presented by
Murphy et al. (1986): A compliant pore forms a disk-shaped gap be-
tween the two adjacent grains, and its edge opens into a toroidal stiff
pore. In addition, the fluid motion does not affect its geometry (Fig. 2).
By considering that the pressure is zero at the edge of the gap (r = a),
the additional effective stiffness is calculated based on the fluid mass
conservation, which is

2), (ka) ] K;

K@w = [1 ~ ato (ka)

)
where ka = 1/y(— Siam/Kﬂ)l/ 2w is the angular frequency, 7 is the fluid
viscosity, a is the gap radius, h is the gap thickness, y = h/(2a) is the
aspect ratio of the soft pores, K is the fluid bulk modulus, and J, and J;
are the zero- and first-order Bessel functions, respectively.

Then, the bulk (K;,4q) and shear moduli (u,,q) of the modified dry
frame are:

1 1 1

— = — 4 I
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Fig. 2. Idealized geometry of soft and stiff pores (Murphy et al., 1986).
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where Ky, is the dry-rock bulk modulus when all the microfractures are
closed, i.e., the high-pressure modulus (e.g., Berryman, 2007), K, is the
bulk modulus of the mineral, and ¢, is the compliant-pore porosity. The
P-wave velocity predicted by this model is consistent with Gassmann
equation at the low frequency limit. However, the model neglects the
effect of permeability. In the other models, the characteristic frequency
of the squirt-flow dissipation peak moves to high frequencies as per-
meability increases (Dvorkin and Nur, 1993; Parra, 1997).

2.3. Model 3

Based on Gurevich et al. (2009, 2010), Carcione and Gurevich
(2011) showed that squirt-flow differential equations of motion are
those of the Biot theory of poroelasticity combined with a set of Zener
viscoelastic models. They solved the equations for heterogeneous media
by using a time-splitting technique and the Fourier pseudo-spectral
method, to compute synthetic seismograms.

The Zener modulus is
1+ iwz,

Z=Z(Mg,707,) = My (M)

@

where My, is the relaxation modulus, 7, is the strain relaxation time and
7, is the stress relaxation time. Eq. (4) is a mechanical model that
consists of two springs and one dashpot (Carcione, 2014). The modified
dry-rock moduli by Gurevich et al. (2010) can exactly be represented by
the Zener mechanical model. The P-wave phase velocity and dissipation
factor are:

-1
1
e = [Re(ﬁ)] ’ ®)

L Im(B)

O = ke ®)

respectively. The complex P-wave velocity (Vp) can then be obtained
from the following equation:

P01 Ve + eV +ap=0 )
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where q; = (2a0pﬂ - )M — p, (KG + %ﬂc), ap = (K + 4us/3)M, and M,
K, K, and p; are obtained from the Zener model. ap = 1 — Ky4,,/Ko, pa
is the fluid density, p = (1 — @)ps + ¢pg is the bulk density, p; is the
mineral density,p; = psT/¢ + n/(iwx), T is the tortuosity, ¢ the is
porosity, and « is the permeability. The P-wave velocity predicted by
model 3 is consistent with Gassmann velocity at the low frequency
limit. However, as model 2, the characteristic frequency of the squirt-
flow dissipation peak has no dependence on the permeability.

2.4. Model 4

To obtain the new squirt-flow model, we apply the boundary con-
dition of model 2 to model 1 (the boundary pressure at the junction of
microfracyures and stiff pores is zero). In the in-situ subground porous
rocks, especially for those deep reservoir rocks, the initial pore fluid
pressure is in equilibrium between the soft and stiff pores, and it is not
zero, but a constant pore pressure. The modified solid bulk modulus
with a constant pore pressure is then (see Appendix A):

alk

-
. ®

where F. = (1/Kg + 1/(¢.Q.))~ 1. R is the characteristic squirt flow
length. It indicates the relaxed distance of the fluid when the squirt flow
occurs inside the rock. The modified dry-rock modulus is (see Appendix

21 (AR)
ARI,(AR) |’

Kins = Kmsa +
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Mavko and Jizba (1991) showed that the shear modulus of the
modified frame is

A 1 _4fr 1
Hmd ,udry 15 Kd')’ Kmd '

According to Toksoz and Johnston (1981), the P-wave phase velo-
city and attenuation factor are

(10)
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frequency, Mgy, is the uniaxial modulus of the rock skeleton at drained
conditions, a 1 — Kna/Ko is the poroelasticity coefficient and
F = (1/Kq + (a — ¢)/(¢Ko)) ™.

3. Examples

The rock properties are those of Carcione and Gurevich (2011): The
porosity is 0.2, the dry-rock bulk modulus is 18 GPa, the Poisson ratio
of rock frame is 0.15, the mineral density is 2650 kg/m>, the bulk
modulus of the mineral is 50 GPa, the permeability is 2 mD, the fluid
density is 1040 kg/m>, the fluid viscosity is 1 cP, the fluid bulk modulus
is 2.25 GPa, the additional coupling density is 420 kg/m?>, the char-
acteristic squirt-flow length is 4 mm, the fracture porosity is 0.0002, the
high-pressure dry-rock bulk modulus is 20 GPa, and the crack aspect
ratio is 0.0008.

3.1. Effect of permeability

Fig. 3a shows that the P-wave velocity predicted by model 1 is
higher than the high limit value (the rock without compliant pores) at
high frequencies, which is related to the inappropriate boundary con-
dition used in this model. The results of model 4 show that as the fre-
quency increases, the P-wave velocity approaches the high limit value
as it should be. Fig. 3b shows the dissipation peaks, with the high-fre-
quency one corresponding to the Biot classical loss mechanism.

The results of varying permeability, keeping constant the other
properties, are shown in Fig. 4. Models 2 and 3 are affected by the Biot
mechanism but no significant variation occurs in the location of the
squirt-flow peak, since permeability is not explicitly incorporated into
these models. Regarding model 4, the squirt-flow characteristic fre-
quency moves to high frequencies with increasing permeability, in
agreement with Dvorkin and Nur (1993) and Parra (1997). Moreover,
model 4 is consistent with Gassmann modulus at low frequencies and
the high-frequency modulus (cracks closed) at high frequencies.

3.2. Effect of the characteristic squirt-flow length

We keep constant all the properties and vary the characteristic
squirt-flow length: 2, 4 and 6 mm. This is not explicitly incorporated in
models 2 and 3. Fig. 5 compares the results of models 1 and 4. The
squirt-flow peak moves towards the low frequencies with increasing
squirt-flow length, consistent with BISQ model.

0 1 2 3 4 5 6 7 8 9
Frequency (log(f/Hz))

Fig. 3. P-wave velocity (a) and dissipation factor (b) as a function of frequency.
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Fig. 4. Effect of permeability on (a) P-wave velocity, and (b) P-wave dissipation factor, as a function of frequency.

3.3. Effect of the fluid viscosity models 2 and 3 is lower than that of model 1. The squirt-flow me-
chanism affects wave propagation at sonic-ultrasonic frequencies with a
As above, we keep all the properties constant but now vary the fluid low fluid viscosity (Pride and Berryman, 2003; Pride et al., 2004; Deng
viscosity: 1, 5 and 10 cP. The results are shown in Fig. 6. The squirt- et al., 2012).
flow characteristic frequency moves to the low frequencies as viscosity

increases and the classical Biot peak to the opposite direction, as ex- 4. Application to experimental data
pected. Model 1 predicts a higher P-wave velocity at high frequencies
compared to the other three models, and model 4 gives the weakest We consider eight rocks of tight-sandstones, collected from a tight-

squirt-flow attenuation peak. The characteristic frequency predicted by gas reservoir of the Xujiahe formation in the Guang'an district of
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Fig. 5. Effect of the characteristic squirt-flow length on the fast P-wave velocity (a) and dissipation factor (b) as a function of frequency for model 4. Panels (c) and (d)
correspond to model 1.
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Table 1
Properties of the tight sandstones from the Guang'an district, Sichuan Basin.

Sample Porosity (%) Permeability (mD) Grain density(kg/m®)
GAR 11 3.03 0.001 2687
GA3 3.46 0.005 2694
GAR7 8.65 0.028 2668
GA6 6.26 0.046 2672
GAR6 6.33 0.047 2665
GA8 8.55 0.082 2670
GAR12 8.97 0.14 2662
GAl 13.26 1.21 2659

Sichuan Basin, southwest China. Rock porosity ranges from 3 to 14%,
and the permeability from 0.001 to 1.21 mD. The experimental set-up is
that described by Guo et al. (2009). Differential pressures from 5 to
35 MPa are applied to each sample at 80 °C. The measurements were
performed at full gas and water saturations. The rock properties are
given in Table 1 (the mineral bulk modulus is assumed to be 39 GPa).
The wave velocities are represented in Fig. 7. Both the P- and S-wave
velocities increase with confining pressure and, for the same sample
and pressure, the P-wave velocity at full water saturation is higher than
that at full gas saturation.

The characteristic squirt-flow length is assumed to be of the order of
the average pore size (Dvorkin and Nur, 1993). Diallo and Appel (2000)
and Diallo et al. (2003) proposed a model which does not require the
characteristic squirt-flow length, but their predicted P-wave velocity
dispersion and attenuation move to the high frequencies as the per-
meability decreases, which is not consistent with the other models
(Dvorkin and Nur, 1993; Parra, 1997).

Fig. 8 compares the results with the experimental data for different
flow lengths. The dry-rock bulk and shear moduli are determined by the
Gassmann theory based on the measured P- and S-wave velocities at full
gas saturation. The rock properties are those of Table 1 and the fluid
properties are obtained at the measurement conditions according to
Batzle and Wang (1992). The predicted P-wave velocity increases with
the characteristic squirt-flow length at each differential pressure. The
comparison reveals that the appropriate flow length decreases as the
pressure increases (see Fig. 8 (a, c, e-h)) except for the GA3 and GA6
samples (see Fig. 8 (b, d)). Part of the microfractures with lower aspect
ratio tend to close as the confining pressure increases, resulting in a
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characteristic squirt flow length (by considering it as an intrinsic rock
property) under the differential confining pressures. Based on the the-
oretical predictions, the characteristic squirt flow length can be de-
termined by fitting the experimental data. Fig. 9 shows the character-
istic squirt-flow length as a function of permeability and porosity for the
eight rock samples. It is in the range 0.015 to 0.350 mm, and appar-
ently, it increases with increasing permeability or porosity. Dvorkin and
Nur (1993) suggested that the flow length can be considered an in-
trinsic property of rocks. Based on a statistical analysis on sets of ex-
perimental measurements, Cheng et al. (2019) showed that the crack
fraction and its radius increases with total porosity in low to moderate
porosity sandstones. Consequently, a higher crack fraction and flow
length enhance the effect of local fluid flow induced by the waves.

5. Conclusions

We combined two different squirt-flow theories to correctly model
the low- and high-frequency limits of the P-wave velocity and the ef-
fects of permeability on wave propagation, namely velocity dispersion
and dissipation. The examples show that the predicted P-wave at-
tenuation peak moves to the low frequencies with increasing char-
acteristic squirt-flow length or fluid viscosity, and to the high fre-
quencies with increasing permeability. An application of the model to
experimental data (tight sandstones) shows that the characteristic
squirt-flow length decreases with increasing confining pressure and
increases with increasing porosity or permeability. The squirt-flow ef-
fect is stronger with increasing porosity, due to the increase in crack
fraction with porosity in low and moderate porosity sandstones.
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Appendix A. Modified solid bulk modulus
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According to Dvorkin and Nur (1993), we assume an ideal cylinder with radius R. Biot (1941) and Rice and Cleary (1976) provide the re-
lationship among the skeleton deformation (e = du/dx), fracture porosity and pore pressure as

0%, de 1 4P

— =+ ——,

at at Q. ot
dp

doy = —,

pﬂ cg

(A1)

(A2)

where u is the solid displacement, c, is the fluid sound velocity, a. = 1 — K;;54/Ko, and Q. = Ko/(@ — ¢.). The relation given by Dvorkin et al. (1995)

is Kmsa = (1/Ko — 1/Kip + 1/Kg) ™%

We assume that the fluid inside the crack can only flow in the radial direction r. Therefore, the fluid mass conservation equation is

1% 104 a(aw w)_o

ppot g0t at\or 1

where t is time and w is fluid displacement.
Substituting Egs. (A1) and (A2) into (A3), we obtain

1 aip.'_ia@_'_laip +2(aiw+y)—0
ppcg ot~ ¢\ "t Qat) at\or " r)

(A3)

(A4)

The relation between fluid oscillation speed and pore pressure gradient can be derived by the Darcy's law.

We assume that the parameters are time-harmonic as
exp (—iwt).
Substituting Eq. (A6) into (A4) and (A5) gives

1,1 P+a”e+@+£=0,
Ky ¢.Qc ¢, or r
__x o

iwng, or

According to Egs. (A7) and (A8), the differential equation for p is

&p  1dp iwn¢c[ 1,1 )P e g,

ar T rar T Tk \ K aQ) | ‘4«

At the fracture boundary, the pressure is always constant (dp = 0).

(A5)

(A6)

(A7)

(A8)

(A9)
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The solution is

p=—% 1 [1

1 1
%t ha

where A? = iwpg/x(1/Kn + 1/(¢:Q0)-
The average fluid pressure is

B Jo(lr)]
»HOR) |

1 R ac 1
B, = = ‘/; 27rP (r)dr = —e—-— I [1

2, (AR) ]
K fQ

" ARKHGR)
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(A10)

(A11)

Biot (1941), Rice and Cleary (1976), and Dvorkin and Nur (1993) established the relation between the external stress, displacement and pore
pressure in rocks. Therefore, in the modified solid, the external stress is related to the deformation and average pore pressure as

do = Kpsqde — acdp,,.
The modified solid bulk modulus is

_d
de’

Substituting Egs. (A11) and (A12) into Eq. (A13) gives

al’F, [1 _ 2h0R)
¢ ARJy AR) |

K

Kins =

msd T

Appendix B. Bulk modulus of the modified skeleton

(A12)

(A13)

(A14)

The relation between the dry pore volume, the bulk modulus of the mineral mixture and the bulk modulus of the rock frame is (Walsh, 1965)

11 _1dip
Kiy Ko V do'

(B1)

where V is the total volume of the rock, and Vpis the dry pore volume. This relation is applied to the modified rock frame,

Kna Kms V do

1 1 1dVpyy

where Vpg is the volume of the stiff pores.

(B2)

According to Mavko and Jizba (1991), the cracks close at a very high pressure, so that the bulk modulus of the modified solid can be obtained as

11 _1dVhy
Kip Ko V do '’

with Egs. (B2) and (B3), the bulk modulus of the modified rock (dry) is
1 1 1 1

Kma Kms Kip Ko
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