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SUMMARY

We perform seismic and ultrasonic measurements in carbonate and shaley sandstone samples
as a function of differential pressure. The velocities show a strong frequency and pressure
dependence. The dispersion disappears with increasing pressure and the squirt flow in turn
inhibits the pressure dependence. To model these effects, we combine the Gurevich’s squirt-
flow model with the Mori—Tanaka scheme and the David Zimmerman model, and extend it
with third-order elastic constants, to obtain a frequency-dependent acoustoelasticity model.
Comparisons between measurements from this study and literature and modelling results show
that the P-wave velocity increases non-linearly first and then nearly linearly, dominated by
crack closure and acoustoelasticity, respectively. The pressure dependence of wave velocities
is reduced by liquid substitution and further by the squirt-flow mechanism. The effects of fluid
properties and crack closure on P-wave velocity decrease with differential pressure. The results
will feed a new model and help better understanding the wave propagation in pre-stressed rocks
at different scales.
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1 INTRODUCTION

In fluid-saturated porous rocks, the acoustic wave properties are
affected by the pressure-dependent pore structure as well as by
the pore fluid in a wide range of frequencies (White 1975; Win-
kler 1985; Wang & Nur 1990; Pride et al. 2003, 2004, Wang
et al. 2012). Extensive research has dealt with wave-induced
squirt-flow loss in fluid-saturated media (Murphy et al. 1986;
Mavko & Jizba 1991; Dvorkin & Nur 1993; Dvorkin et al.
1995; Gurevich et al. 2009, 2010). Despite the frequency depen-
dence of second-order elastic moduli at low differential pressures,
the prediction is successful using classical squirt-flow models.
However, these models do not adequately describe the pressure-
dependent wave velocities, as they neglect the stress-induced lin-
ear elastic deformation in stiff pores and aggregates, the so-called
acoustoelasticity effect. The theory of acoustoelasticity introduces
third-order elastic constants (30EC) and finite strains to describe
stress-dependent wave velocities in rocks (Jones & Kobett 1963;
Brugger 1964; Green 1973; Meegan et al. 1993; Kravchishin &
Chekurin 2009). Therefore, the coupling of wave velocity with
frequency and pressure dependence is the central topic of this
study.

Previous researches have shown considerable dispersion in acous-
tic wave velocity from seismic to ultrasonic frequency bands (Wyl-
lie et al. 1958; Walsh 1965; Nur & Simmons 1969; Murphy 1982;
Pimienta et al. 2015a,b; Chapman et al. 2016, 2019). The main
cause of the dispersion is assumed to be wave-induced fluid flow,
which can occur on several scales. On the wavelength scale, global
flow dispersion arises from the motion of the fluid relative to the
solid frame, driven by the pressure gradients between the peaks and
troughs of the passing wave (Gurevich et al. 2010; Alkhimenkov
et al. 2020). On the mesoscopic scale, the flow between patches
resulting from rock heterogeneity or spatial variations in fluid sat-
uration can be described by Biot’s theory (Biot 1956, 1962; Pride
et al. 2004). At the pore scale, local fluid movement (also known as
squirt flow) occurs between regions of different compliances (Win-
kler 1985; Batzle et al. 2006; Miiller et al. 2010; Tisato et al. 2021).
The fluid in the pores may exhibit stiffer elastic behaviour in the
high-frequency band as if the pores were completely isolated (David
etal. 2013).

Extensive experimental studies have shown a non-linear increase
in velocity with differential pressure (Walsh 1965; Khaksar et al.
1999; Smith et al. 2010; Pimienta ef al. 2015b, 2016). Smith et al.
(2010) attributed this trend to the double-porosity structure in rocks,
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particularly in the presence of compliant pores (cracks). Shapiro
(2003) reported that the greater the crack porosity, the greater the
elastic non-linearity of rocks. The effect of crack closure dominates
the non-linear increase in the second-order elastic constants (mod-
uli) of the dry rock with the increasing differential pressure. The
velocity increases almost linearly at the high-pressure end due to
the near complete closure of cracks and the finite deformation of
stiff pores and grains (Fu & Fu 2018).

A number of models describing the squirt-flow mechanism be-
tween stiff pores and cracks have been proposed to simulate wave-
induced fluid flow at the pore level (Murphy et al. 1986; Dvorkin
& Nur 1993, 1995; Tang 2011). Mavko & Jizba (1991) quanti-
fied the effect and derived the unrelaxed bulk and shear moduli of
fluid-saturated rock; however, the result is not applicable to low-
moduli fluids, such as light gas. Gurevich et al. (2010) modified
the moduli based on the Sayers—Kachanov discontinuity formalism
for a rock saturated with a fluid of arbitrary bulk modulus (see
also Carcione & Gurevich 2011; Gurevich & Carcione 2022). Han
et al. (2018) showed that this model has good agreement with ex-
perimental data at low confining stresses, but underestimates wave
attenuation at high pressures. Alkhimenkov et al. (2020) evalu-
ated Gurevich’s model and concluded that it is accurate for a stiff
porosity of zero, but inaccurate for a non-zero stiff porosity, as the
influence of the connectivity of cracks and stiff pores is not con-
sidered. Alkhimenkov & Quintal (2022) improved the squirt-low
model of Gurevich et al. (2010) for isotropic rocks.

Acoustoelasticity, established within the hyperelasticity frame-
work, describe the stress-induced finite elastic deformation and
higher-order elasticity in pure solid, which can be modelled with
30EC (Hughes & Kelly 1953). This theory can explain stress-
induced velocity changes (Jones & Kobett 1963; Green 1973; Mee-
gan et al. 1993). Hughes & Kelly (1953) derived expressions of
stress-dependent wave velocities by using Murnaghan’s finite de-
formation theory and estimated three 30EC, denoted as /, m and n.
Winkler & Liu (1996) measured the 30EC, which describes well
the velocities as a function of stress in dry rocks. However, clas-
sical acoustoelasticity theory cannot explain the measurements in
saturated rock (Winkler & McGowan 2004). The theory has been
further extended to a fluid-saturated porous solid (Biot 1973; Ba
et al. 2013), but the models do not account for the effects of non-
linear deformation of cracks (Fu & Fu 2018) and squirt flow.

In this work, we complement the Gurevich’s squirt-flow model
with the Mori—Tanaka scheme of effective medium theory and
integrate 30EC to derive a frequency-dependent acoustoelasticity
model. We measure seismic and ultrasonic P- and S-wave veloci-
ties at different differential pressures in a shaly sandstone sample.
By comparing theoretical predictions with measurements and test
data reported in the literature, we analyse the effects of pressure-
induced changes in pore structure and rock framework, as well as
frequency dependence associated with squirt flow, on wave propa-
gation in saturated rock. The present model allows for a useful tool
to characterize the pressure-dependent elastic properties at differ-
ent frequencies, which will contribute to geofluid detection, crack
identification and reservoir exploitation by translating the differen-
tial pressure into depth of seismic field data.

2 THEORY

2.1 Poroelasticity with squirt-flow dissipation

When acoustic waves propagate through a fluid-saturated medium,
soft pores/cracks are squeezed by the waves and tend to deform

more than stiff pores, resulting in an internal pressure gradient of
the pore fluid. Squirt flow occurs when energy is dissipated until
fluid pressure equalises (Paula er al. 2012). Fig. 1 illustrates the
stress- and frequency-induced changes in pore structure of dry (or
gas-saturated, where the bulk modulus of the fluid is negligible) and
saturated rock. In saturated rock, the pressure of the pore fluid has
sufficient time to reach equilibrium in the squirt flow between pores
and cracks within half a wave cycle (i.e. in a relaxed state) in the
low frequency range. At intermediate frequencies, the fluid pressure
gradually shifts to a partially unrelaxed state and stiffens the rock
framework, causing wave dispersion. When the wave frequency is
higher than the characteristic squirt-flow frequency, the pore fluid
and rock framework approach the unrelaxed state (Mavko & Nur
1975, 1979). To describe the frequency dependence of elastic mod-
uli, Gurevich et al. (2010) presented a squirt-flow model, such that
the reciprocal of the modified rock frame (m /') with liquid-saturated
cracks and dry stiff pores, is

N -l
11 1y L 1 '
Km_/' = th + K7m th + K’; K7g ¢c ( a)

1 1 4 1 1
— = ——|=- , (1b)
Womf Mm 15 Km Kmf
where K and p are the second-order bulk and shear moduli, re-
spectively. Subscripts g, & and m refer to grain (mineral), dry-
rock frame with only stiff pores and dry-rock frame with stiff

pores and cracks, respectively. ¢. is crack porosity. Moreover,
K5 =1[1-2J(ka)/(kaJo(ka))]K; is the effective bulk modu-

lus of the modified fluid, where ka = [—3iwn/a?K )], k is
the wavenumber of the pressure diffusion wave in a crack with
radius a, K, and n are the bulk modulus and viscosity of
pore fluid, respectively, J; and J; denote the Bessel equations
of zero order and first order, respectively, and w is the angu-
lar frequency. In addition, «. is the minimum value of the ini-
tial aspect ratio of those cracks which are still open at a given
pressure.

The squirt-flow effect depends on the pore geometry and the
roughness of the cracks, especially on the presence of open cracks
or grain contacts (Pimienta et al. 2016; Lissa et al. 2020). Once
the differential stress—pressure is high enough for the cracks to ap-
proach closure and no soft pores are available for squirt flow to
occur (Fig. 1), the effect disappears (Han et al. 2018). To deter-
mine the moduli of the effective dry-rock frame in terms of crack
parameters, the Mori-Tanaka scheme of effective medium theory
(Mori & Tanaka 1973) and the David-Zimmerman model (David &
Zimmerman 2012) are applied.

For a dry or light gas-saturated rock (Fig. 1), high compressibil-
ity permits pore fluid pressure equilibrium (Batzle et al. 2006) and
wave anelasticity—dispersion are negligible (David ez al. 2013). The
pressure dependence is related to the variations in a double-porosity
structure consisting of pores and cracks (Shen ez al. 2020). Accord-
ing to the Mori—Tanaka scheme (Mori & Tanaka 1973), the effective
second-order bulk and shear moduli of dry rock are, respectively,

16 (1= )") o,
K, =K, (1 + 9= 2u) ), (2a)
_ 32(1 =) (5 — ) pe
=0, [ (14 ZUE =00 (2b)

where v,=(3K;, — 2u) (6K, + 21) is the stiff-pore Poisson ratio
(cracks closed), and p, is the cumulative crack density (total number
of cracks embedded within a unit volume). If the crack parameters
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Figure 1. Diagram of the structural changes of the dry and saturated rock as a function of differential pressure. The squirt flow is inhibited with increasing
pressure and frequency,. The circular and square insets indicate the acoustoelasticity and squirt-flow mechanisms, respectively.

are known, it is possible to estimate the dry-rock wave velocities
and vice versa.

David & Zimmerman (2012) propose the following empirical
relation between crack density and differential pressure o as

Pe = pcieid/&, (3)

where p; is the initial crack density and & is the compaction co-
efficient that characterizes the rate at which the compliances level
off.

The relation between the crack aspect ratio and differential pres-
sure is (David & Zimmerman 2012)

] Ll U L
JTE;,

4)

where E,=3K,[1 — 2v;] is the stiff-pore Young modulus.
The relation between crack density and crack porosity is (Vernik
& Kachanov 2010; David & Zimmerman 2012)

b = dro,.
[ 3 Pec-

3

By substituting the crack parameters and second-order moduli
into eq. (1), the squirt-flow model for a saturated rock with pores
and cracks is obtained.

2.2 Acoustoelasticity

2.2.1 Classical theory

The squirt-flow model of Section 2.1 accounts for pressure re-
laxation due to the double-porosity structure, which allows for
frequency-dependent elastic moduli. While the cracks gradually
close with increasing pressure, the wave velocity increases almost
linearly due to the close grain-to-grain contacts and finite deforma-
tion. This is known as the acoustoelasticity effect (Biot 1973; Fu &
Fu 2018), but it is currently ignored in the squirt-flow model. The
classical acoustoelasticity theory introduces 30EC to describe the
stress-induced finite deformations in the solid and the corresponding
wave velocity changes (Murnaghan 1937; Hughes & Kelly 1953),

) 4 o 16
Ve =K+ s ) — 5 7Kh+?ﬂh+6lh+4mh , (6)

3 3K,
V2 =y — -2 (3K, + 4y + 3my — 1n (6b)
pPVs = MUp 3K, h Mn h 5 hls

where Vp and Vg are the P- and S-wave velocities, p is the mass
density of saturated rock, and /,, m, and n,, are stiff-pore 30EC.

The acoustoelasticity theory provides the relationship between
acoustic wave velocities and differential stress in saturated rocks
at the high pressure range. However, the stress-induced non-linear
variation of cracks and wave dispersion due to anelasticity are not
accounted for in the classical acoustoelasticity theory. This has been
proven to be a challenge as the experimental data on saturated rocks
measured at a wide range of pressures and frequencies cannot be
explained to-date.
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Figure 2. Comparison between the predictions of the Gassmann, squirt-flow and acoustoelasticity models and those of the present model with the experimental
data of a brine -saturated sandstone (Yin et al. 2017) as a function of frequency (a); P-wave velocity (b) and crack density (c) as a function of differential
pressure, and corresponding P-wave velocity dispersion for different compaction coefficients (d).

Table 1. Properties of the rock samples.

Porosity Density
Sample Lithology (percent) (kgm™3) K, ¢ (GPa) g (GPa) Reference
A Tight sandstone 8.93 2444 403 40.7 Yin et al. (2017)
B Tight sandstone 3.77 2640 434 332 Han et al. (2021)
C Carbonate 3.46 2734 75.3 4.9 This study
D Shaly sandstone 21.00 2180 36.2 303 This study

2.2.2 Frequency-dependent acoustoelasticity theory

Since the microstructure in a saturated rock may be significantly
influenced by stress (see Fig. 1), including stress-induced crack
closure and enhanced grain-to-grain contact, the wave-induced fluid
flow is affected as well. In analysing the combined effects of these
mechanisms, the squirt-flow model is extended to include 30EC.
According to eq. (6), the apparent bulk and shear moduli con-
taining only stiff pores at hydrostatic pressure can be written as

o 2
K'y=K,—— 3K, +6l - , 7
h h 3Kh( n+ h+3nh> (72)
= 7 (3K + 4 +3 ! (7b)
W = K 3K, h Mh mp 2nh .

The apparent double-porosity bulk (K’,,) and shear (1',,) moduli
can be obtained from eq. (2).

16 (1= 0*) .
K, =K', 14—,

9(1—2v7) (8a)
ro_ 32(1 B v/h)(s - v/h)loc
Mm_uh/<1+ 45(2_‘),)1) )’ (Sb)

where v',=(3K’, —2u' ;) (6K’ +2u1',) is the apparent Poisson
ratio with only stiff pores.

By replacing the second-order moduli of eq. (1) with the appar-
ent elastic moduli computed with eqs (7) and (8), the frequency-
dependent equivalent 30EC are

-
2 2K30 | 1 1 1 1! [
Olmf 30t = T K T Ky (Fm_K/h) g

(92)

*3Kmfv

1
3myy — 5N =

2K31f[1 1 4(1 !

o Lwn  wwp B\Kw Ky

)] — 3Ky —4ny. (9D)
Then, by substituting eqs (1) and (9) into eq. (6), we obtain

4 o 16
pVIZ, =\ Kus+ sttms | = 55—\ 7Ky + =ty + 6Ly + dmyy |, (108.)
3 3Ky 30
[e2

1
IOVz = Mmf — 35— <3Kmf + 4/¢me + 3mmf - 7nmf> . (IOb)
s 3Ky 2

3 MODELLING

The proposed model is applied to characterize the wave velocities
in saturated rock in three steps. In the modelling, the elastic moduli
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Figure 3. P-wave (a) and S-wave (b) velocities as a function of differential
pressure and frequency for the tight sandstone sample A. The blue and
black curves indicate the predictions for liquid- and gas-saturated states,
respectively, and the circles are the measured data.
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Figure 4. P-wave (a) and S-wave (b) velocities as a function of differential
pressure and frequency for the tight sandstone sample B. The blue and
black curves indicate the predictions for liquid- and gas-saturated states,
respectively, and the circles are the measured data.
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and crack parameters of dry/gas-saturated rock are estimated based
on experimental velocities in the ultrasonic frequency range. For
dry (or gas-saturated) conditions, the proposed model reduces to
the conventional acoustoelasticity theory. Thus, the stiff moduli
(K, pn, 61y +2ny /3 and 3m;, — n;, /2) can be estimated from the
P- and S-wave velocities at high pressures. Then, K’; and u/,
are estimated with eq. (7). According to eqs (2) and (8), K, m,
K’,, and p',, can be determined with the crack density, and vice
versa. The crack densities at different pressures are obtained by a
least-squares fit to the dry-rock wave velocities. Moreover, 6 and
pei are obtained with eq. (3), and «. and ¢, with eqs (4) and (5),
respectively.

The crack parameters of the saturated rock in the ultrasonic fre-
quency range are obtained. For the saturated state, the compress-
ibility of cracks is almost equal to the pore fluid compressibility
(David et al. 2013), which is related to the compaction coefficient
6. For modelling the crack compressibility of the saturated rock, &
is obtained from the fully saturated rock velocities, and o, and ¢,
are estimated with eqs (4) and (5).

Finally, the frequency-dependent elastic moduli and wave ve-
locities are obtained. By substituting the crack parameters and
elastic moduli at ultrasonic frequencies into eqs (1) and (9), the
frequency-dependent elastic constants (K¢, fms, 6Ly + 21,5 /3
and 3m,,; — n,,r/2) are obtained. These constants are then substi-
tuted into eq. (10) to obtain the frequency-dependent wave veloci-
ties.

Figs 2(a) and (b) compare the predictions of the proposed model,
the Gassmann model (Gassmann 1951), the squirt-flow model, the
classical acoustoelasticity model and the experimental data reported
by Yin et al. (2017) for a sandstone under the brine-saturation con-
dition. The properties of the sample are given in Table 1. The bulk
modulus and viscosity of the brine are 2.28 GPa and 0.001 Pa-s,
respectively. It is showed that the proposed model agrees with the
squirt-flow model at low differential pressures (see the blue and
black curves in Fig. 2b). This is because the second term on the
right-hand side of eq. (10) is negligible at low pressures. At high
differential pressures, the cracks tend to be closed and their param-
eters approach zero. Therefore, the proposed model reduces to the
classical model of acoustoelasticity (see yellow and black curves
in Fig. 2b). As & increases, the crack density exhibits a weaker
pressure dependence, implying stiffer cracks in the compression
(Fig. 2c). The corresponding P-wave velocities for different com-
paction coefficients are given in Fig. 2(d).

4 RESULTS

4.1 Experiment

In this study, we measure P- and S-wave velocities at seismic and
ultrasonic frequencies for a carbonate sample C and a shaly sand-
stone rock sample D. For the stress-strain measurements, the elastic
modulus and Poisson’s ratio are determined in the frequency range
of 1-100 Hz with the forced oscillation method (Batzle et al. 2006;
Yin et al. 2017). For the ultrasonic measurements, a pair of transduc-
ers is mounted in the aluminium caps at the ends of the specimens.
The ultrasonic pulse transmission method (Birch 1960) is used to
record waveforms and calculate velocities. Tests are performed at
room temperature and differential pressures between 5 and 20 MPa.
The pores are filled with nitrogen gas and water for a constant pore
pressure of 1 MPa. Sample C is from the Longwangmiao Formation
in the Gaoshiti-Moxi area, Sichuan Basin, China, which consists of
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Figure 5. P-wave (a) and S-wave (b) velocities as a function of differential pressure and frequency for the carbonate sample C. The blue and black curves
indicate the predictions for liquid- and gas-saturated states, respectively, and the circles are the measured data.

99.8 per cent calcite and has numerous isolated pores and inter-
granular dissolution pores connected by microcracks. Sample D is
from a gas reservoir in the Jiyang Depression, East China, at about
2860 m depth. The rock mineral composition is quartz (70.37 per
cent), clay (17.89 per cent), feldspar (6.55 per cent), dolomite (3.40
per cent) and siderite (1.8 per cent). Intergranular pores filled with
clay minerals are developed.

We also predict the experimental wave velocities for samples
from the literature. We consider the data for samples A and B
reported by Yin et al. (2017) and Han ef al. (2021), respectively
(Table 1). Sample A (a tight sandstone) is mainly composed of
quartz (78.4 per cent), feldspar (7.4 per cent), clay (5.45 per cent)
and calcite (5.2 per cent), and the burial depth is 4458-4466 m. The
grains are relatively compactly arranged, with visible long curves
along the grain boundary dominating the connectivity of the pores.
Crack porosity decreases from 0.023 to 0.001 per cent in the 0—
35 MPa pressure range, and pore pressure is 1 MPa. Nitrogen gas
and brine are used as pore fluids for the tests. Sample B (a tight
sandstone) is mainly composed of quartz (40 per cent), feldspar (28
per cent), calcite (15 per cent), muscovite (12 per cent) and clay (5
per cent) with calcite fillings in the intergranular pores. The pore

pressure is 1 MPa and the pore fluid of the saturated test is glycerol,
whose bulk modulus and viscosity are 4.66 GPa and 0.86 Pa s,
respectively. The differential pressures are set in the range of 0—
50 MPa for the high-frequency measurement and 0-20 MPa at low
frequencies.

4.2 Wave velocities versus stress and frequency

Figs 3—6 shows our model-predicted P- and S-wave velocities as a
function of frequency and differential pressure, which agree with
the experimental data of four samples. At low frequencies, the P-
wave velocity in the gas-saturated state is lower than that with liquid.
The trend of the S-wave velocity is opposite, which is due to the
fact that shear modulus of the rock frame is constant with respect
to different saturating fluids (Gassmann 1951), while the density of
a liquid-saturated rock is higher than that at the gas-saturated state.
The P- and S-wave velocities are only weakly frequency dependent
in the gas-saturated state, while a significant dispersion is observed
when the rocks are saturated with brine or glycerine. It is plausible
that a fluid with lower mobility, such as brine or glycerol, tends to
hinder fluid pressure gradient equilibrium/relaxation between pores
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Figure 6. P-wave (a) and S-wave (b) velocities as a function of differential pressure and frequency for the shaly sandstone sample D. The blue and black curves
indicate the predictions for liquid- and gas-saturated states, respectively, and the circles are the measured data.
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and cracks in the squirt-flow process, at the high frequency range
(Mavko & Jizba 1991; Batzle et al. 2006). The dispersion decreases
with increasing differential pressure due to crack closure and closer
grain-to-grain contact.

The curves of P-wave velocity in the saturated state as a function
of differential pressure are plotted at seismic and ultrasonic frequen-
cies (Figs 7-10), which can be considered as three stages. In stage 1,
the wave velocity increases non-linearly with pressure due to crack

closure. In stage 2 (shaded areas in Figs 7-10), for the transition
from a non-linear to a linear trend, the effects of acoustoelasticity
appear. In stage 3, the effect of crack closure diminishes and acous-
toelasticity predominates. At seismic frequencies, the pressure-
induced velocity increase described by the squirt-flow model is
responsible for the crack closure, while the discrepancies between
the predictions of the squirt-flow model and the proposed model
are considered as the acoustoelasticity effect. The crack closure
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effects lead to an increase in P-wave velocity of 5.39, 6.42, 4.21
and 9.54 per cent for samples A, B, C and D, respectively, and the
corresponding acoustoelasticity effects are 2.58,2.74, 1.07 and 8.74
per cent, respectively, which are lowest for carbonate sample C. The
effects are smaller at ultrasonic frequencies compared to seismic
frequencies due to the squirt-flow effect and are 2.38-4.34 per cent
and 0.61-1.84 per cent of the crack closure and acoustoelasticity
effects, respectively.

4.3 Effects of the pore structure and fluid on wave
velocities

Wave velocities are shown to exhibit strong frequency and pres-
sure dependencies, the former related to squirt flow, particularly
pronounced after liquid substitution, and the latter to stiffening ef-
fects due to crack closure and acoustoelasticity. The effects of these
factors on the increase in P-wave velocity as a function of stress
are quantified in Fig. 11. The green and red symbols represent
the effects of crack closure and acoustoelasticity, respectively. The
dark region between gas-saturated and liquid-saturated cases at the
low frequencies represents the effects of liquid substitution (with
the change in bulk modulus and density of the liquid), while the
grey region between the low and high frequency regions at liquid-
saturated states represents the effects of squirt flow. The effect of
crack closure decreases with increasing pressure, and the strongest
effect of acoustoelasticity occurs at about 20 MPa for samples A—C
and 30 MPa for sample D.

In the low-pressure region, the pressure dependence of wave ve-
locities is associated with cracks closure rather than acoustoelastic-
ity. With increasing pressure, acoustoelasticity gradually takes the
dominant role. The transition of samples A, B, C, and D occurs at
pressures of 42, 37, 39 and 28 MPa, respectively. Sample D has the
highest porosity and clay content, while sample C contains almost
no clay and has the lowest porosity. The softening effect of clay
(Clark ef al. 1980) and the higher porosity make sample D more
susceptible to compaction and cause the dominance of acoustoe-
lasticity in a lower pressure range. As the cracks approach closure
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at the high pressure end, the squirt-flow effect disappears and the
effect of fluid substitution is weakened. As a result, the velocity
dispersion decreases.

The effects of crack closure and acoustoelasticity are smaller in
the liquid-saturated state than in the dry/gas-saturated state at seis-
mic frequencies. A plausible explanation could be that the liquid re-
stricts the compressive deformation of cracks and grains (Khazane-
hdari & Sothcott 2003). These effects are even smaller at ultrasonic
frequencies, which is due to the hydraulically isolated behaviour of
the unrelaxed pore fluid (due to squirt flow). The effect of squirt
flow is even more pronounced than that of fluid substitution.

The effects of fluid properties (sum of the effects of fluid sub-
stitution and squirt flow), microstructure, and acoustoelasticity are
weaker in the carbonate sample C than in the sandstone samples.
The maximum increases in wave velocity per 10 MPa reach 2.7, 6.5
and 1 per cent for sample A, 6.3, 8.5 and 1.5 per cent for sample
B, and 4.6, 6.4 and 2.1 per cent for sample D due to those effects,
respectively. In contrast, they only reach 1.7, 3.2 and 0.8 per cent
for the carbonate sample C, which could be related to the lower
sensitivity to differential stress due to the low crack content and
tight grain contacts.

5 CONCLUSIONS

A frequency-dependent acoustoelasticity model is presented by ex-
tending the Gurevich’s squirt-flow model with third-order elastic
constants to characterize the combined effects of stress-induced
non-linear deformation of cracks, finite deformation of grains, and
pore fluid on acoustic wave responses. The model is consistent with
the classical acoustoelasticity theory at high pressures. We perform
seismic and ultrasonic measurements in carbonate and shaley sand-
stone samples as a function of differential pressures. In addition,
a comparative analysis between the theoretical predictions and the
measured data, as well as data published in the literature shows
the strong frequency and pressure dependence of the wave veloci-
ties, which we can explain with the proposed model. The frequency
dependence can be characterized by squirt flow, particularly pro-
nounced after liquid substitution. While two mechanisms jointly
explain the pressure-dependent velocities. Crack closure dominates
the non-linear increase in wave velocities during the initial phase
of loading. With increasing differential pressure, acoustoelasticity
gradually approaches the main role.

How these effects affect the rate of increase in P-wave veloc-
ity are analysed. The rates of increase in velocity with respect to
differential pressure due to fluid properties and crack closure de-
crease with differential pressure, while that of acoustoelasticity first
increases and then decreases. The strong influence of acoustoe-
lasticity occurs at 20-30 MPa and tends to dominate the velocity
increase in the range of 28—44 MPa. The transition occurs at a lower
pressure in clay-rich rock with higher porosity. At dry/gas-saturated
conditions and seismic frequencies, the effects of crack closure and
acoustoelasticity are strong, while at wet conditions and ultrasonic
frequencies, a smaller fraction of the effects are observed. The pres-
sure and frequency dependence of velocity is lower in the carbonate
sample than in the sandstone sample, due to the low porosity. The
present model can be applied to correlate laboratory measurements
with well-log data and seismic field data to quantify the seismic
velocities and elastic properties for a target formation in terms of in
situ stress, providing a tool for inverting subsurface rock properties,
evaluating reservoir quality and estimating fluid distribution.
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