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S U M M A R Y 

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, respecti vel y. 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. 

Key wor ds: F racture and flow; Permeability and porosity; Wave propagation; Microstruc- 
tures; Acoustic properties. 
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 I N T RO D U C T I O N  

n fluid-saturated porous rocks, the acoustic wave properties are
f fected b y the pressure-dependent pore structure as well as by
he pore fluid in a wide range of frequencies (White 1975 ; Win-
ler 1985 ; Wang & Nur 1990 ; Pride et al. 2003 , 2004 ; Wang
t al. 2012 ). Extensive research has dealt with wave-induced
quirt-flow loss in fluid-saturated media (Murphy et al . 1986 ;

avko & Jizba 1991 ; Dvorkin & Nur 1993 ; Dvorkin et al .
995 ; Gurevich et al . 2009 , 2010 ). Despite the frequency depen-
ence of second-order elastic moduli at low differential pressures,
he prediction is successful using classical squirt-flow models.
o wever , these models do not adequately describe the pressure-
ependent wave velocities, as they neglect the stress-induced lin-
ar elastic deformation in stiff pores and aggregates, the so-called
coustoelasticity effect. The theory of acoustoelasticity introduces
hird-order elastic constants (3oEC) and finite strains to describe
tress-dependent wav e v elocities in rocks (Jones & Kobett 1963 ;
rugger 1964 ; Green 1973 ; Meegan et al . 1993 ; Kravchishin &
hekurin 2009 ). Therefore, the coupling of wav e v elocity with

requency and pressure dependence is the central topic of this
tudy. 
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
Previous researches have shown considerable dispersion in acous-
ic wav e v elocity from seismic to ultrasonic frequency bands (Wyl-
ie et al. 1958 ; Walsh 1965 ; Nur & Simmons 1969 ; Murphy 1982 ;
imienta et al. 2015a , b ; Chapman et al. 2016 , 2019 ). The main
ause of the dispersion is assumed to be wave-induced fluid flow,
hich can occur on several scales. On the wavelength scale, global
ow dispersion arises from the motion of the fluid relative to the
olid frame, driven by the pressure gradients between the peaks and
roughs of the passing wave (Gurevich et al. 2010 ; Alkhimenkov
t al. 2020 ). On the mesoscopic scale, the flow between patches
esulting from rock heterogeneity or spatial variations in fluid sat-
ration can be described by Biot’s theory (Biot 1956 , 1962 ; Pride
t al. 2004 ). At the pore scale, local fluid movement (also known as
quirt flow) occurs between regions of different compliances (Win-
ler 1985 ; Batzle et al. 2006 ; M üller et al. 2010 ; Tisato et al. 2021 ).
he fluid in the pores may exhibit stiffer elastic behaviour in the
igh-frequency band as if the pores were completely isolated (David
t al. 2013 ). 

Extensiv e e xperimental studies hav e shown a non-linear increase
n velocity with differential pressure (Walsh 1965 ; Khaksar et al.
999 ; Smith et al. 2010 ; Pimienta et al. 2015b , 2016 ). Smith et al.
 2010 ) attributed this trend to the double-porosity structure in rocks,
oyal Astronomical Society. This is an Open Access 
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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; ho wever , 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 & Gure vich 2011 ; Gure vich & 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 ) e v alu- 
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 
3oEC (Hughes & K ell y 1953 ). This theory can explain stress- 
induced velocity changes (Jones & Kobett 1963 ; Green 1973 ; Mee- 
gan et al . 1993 ). Hughes & K ell y ( 1953 ) derived expressions of 
stress-dependent wave velocities by using Murnaghan’s finite de- 
for mation theor y and estimated three 3oEC, denoted as l , m and n . 
Winkler & Liu ( 1996 ) measured the 3oEC, which describes well 
the velocities as a function of stress in dry rocks. Ho wever , 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 ef fecti ve medium theory and 
integrate 3oEC 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  T H E O RY  

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 et 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 wav e c ycle (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 
frame work, causing w ave dispersion. When the w av e frequenc y 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 f ) with liquid-saturated 
cracks and dry stiff pores, is 

1 

K m f 
= 

1 
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+ 
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(
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)
, (1b) 

where K and μ are the second-order bulk and shear moduli, re- 
specti vel y. Subscripts g, h and m refer to grain (mineral), dry- 
rock frame with only stiff pores and dry-rock frame with stiff 
pores and cracks, respecti vel y. φc is crack porosity. Moreover, 
K 

∗
f = [ 1 − 2 J 1 ( ka ) / ( k a J 0 ( k a ) ) ] K f is the ef fecti ve bulk modu- 

lus of the modified fluid, where k a = [ −3 iωη/ ( α2 
c K f ) ] 

1 / 2 
, k is 

the wavenumber of the pressure diffusion wave in a crack with 
radius a, K f and η are the bulk modulus and viscosity of 
pore fluid, respecti vel y, J 1 and J 0 denote the Bessel equations 
of zero order and first order, respecti vel y, and ω is the angu- 
lar frequency. In addition, αc 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 ef fecti ve dry-rock frame in terms of crack 
parameters, the Mori–Tanaka scheme of ef fecti ve 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 et al. 2013 ). The 
pressure dependence is related to the variations in a double-porosity 
structure consisting of pores and cracks (Shen et al. 2020 ). Accord- 
ing to the Mori–Tanaka scheme (Mori & Tanaka 1973 ), the ef fecti ve 
second-order bulk and shear moduli of dry rock are, respecti vel y, 

K m 

= K h 

/ ( 

1 + 

16 
(
1 − ( νh ) 

2 ) ρc 

9 ( 1 − 2 νh ) 

) 

, (2a) 

μm 

= μh 

/(
1 + 

32 ( 1 − νh ) ( 5 − νh ) ρc 

45 ( 2 − νh ) 

)
, (2b) 

where νh = ( 3 K h − 2 μh ) / ( 6 K h + 2 μh ) is the stiff-pore Poisson ratio 
(cracks closed), and ρc 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, respecti vel y. 

a  

a
 

r

ρ

w  

e  

o
 

s

α

w
 

&

φ

 

i  

a

2

2

T  

l  

f  

c  

l  

t  

F  

c  

s  

w

ρ

ρ

w  

d
 

a  

a  

v  

a  

p  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/236/3/1753/7550036 by guest on 14 April 2024
re known, it is possible to estimate the dry-rock wave velocities
nd vice versa. 

David & Zimmerman ( 2012 ) propose the following empirical
elation between crack density and differential pressure σas 

c = ρci e 
−σ/ ̂ σ , (3) 

here ρci is the initial crack density and ˆ σ is the compaction co-
fficient that characterizes the rate at which the compliances level
ff. 

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

c = 

4 
[
1 − ( νh ) 

2 ] σ

π E h 
, (4) 

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

c = 

4 παc 

3 
ρc . (5) 

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

nd cracks is obtained. e
.2 Acoustoelasticity 

.2.1 Classical theory 

he squirt-flow model of Section 2.1 accounts for pressure re-
axation due to the double-porosity structure, which allows for
requency-dependent elastic moduli. While the cracks gradually
lose with increasing pressure, the wave velocity increases almost
inearly due to the close g rain-to-g rain contacts and finite deforma-
ion. This is known as the acoustoelasticity effect (Biot 1973 ; Fu &
u 2018 ), but it is currently ignored in the squirt-flow model. The
lassical acoustoelasticity theory introduces 3oEC to describe the
tress-induced finite deformations in the solid and the corresponding
av e v elocity changes (Murnaghan 1937 ; Hughes & K ell y 1953 ), 

V 

2 
P = 

(
K h + 

4 

3 
μh 

)
− σ

3 K h 

(
7 K h + 

16 

3 
μh + 6 l h + 4 m h 

)
, (6a) 

V 

2 
S = μh − σ

3 K h 

(
3 K h + 4 μh + 3 m h − 1 

2 
n h 

)
, (6b) 

here V P and V S are the P - and S -wave velocities, ρ is the mass
ensity of saturated rock, and l h , m h and n h are stiff-pore 3oEC. 

The acoustoelasticity theory provides the relationship between
coustic wave velocities and differential stress in saturated rocks
t the high pressure range. Ho wever , the stress-induced non-linear
ariation of cracks and wave dispersion due to anelasticity are not
ccounted for in the classical acoustoelasticity theory. This has been
roven to be a challenge as the experimental data on saturated rocks
easured at a wide range of pressures and frequencies cannot be

xplained 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. 

Sample Lithology 
Porosity 

(per cent) 
Density 

(kg m 

−3 ) K g (GPa) μg (GPa) Reference 

A Tight sandstone 8.93 2444 40.3 40.7 Yin et al. ( 2017 ) 
B Tight sandstone 3.77 2640 43.4 33.2 Han et al. ( 2021 ) 
C Carbonate 3.46 2734 75.3 42.9 This study 
D Shaly sandstone 21.00 2180 36.2 30.3 This study 
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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 g rain-to-g rain 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 3oEC. 

According to eq. (6), the apparent bulk and shear moduli con- 
taining only stiff pores at hydrostatic pressure can be written as 

K 

′ 
h = K h − σ

3 K h 

(
3 K h + 6 l h + 

2 

3 
n h 

)
, (7a) 

μ′ 
h = μh − σ

3 K h 

(
3 K h + 4 μh + 3 m h − 1 

2 
n h 

)
. (7b) 

The apparent double-porosity bulk ( K 

′ 
m 

) and shear ( μ′ 
m 

) moduli 
can be obtained from eq. (2). 

K 

′ 
m 

= K 

′ 
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/ 
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16 
(
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)
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9 ( 1 − 2 ν ′ 
h ) 

⎞ 

⎠ , (8a) 

μ′ 
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= μ′ 
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/(
1 + 

32 ( 1 − ν ′ 
h ) ( 5 − ν ′ 

h ) ρc 

45 ( 2 − ν ′ 
h ) 

)
, (8b) 
where ν ′ 
h = ( 3 K 

′ 
h − 2 μ′ 

h ) / ( 6 K 

′ 
h + 2 μ′ 

h ) 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 equi v alent 3oEC are 

6 l m f + 
2 

3 
n m f = 

2 K 3 m f 

σ
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Then, by substituting eqs (1) and (9) into eq. (6), we obtain 

ρV 2 P = 

(
K m f + 

4 

3 
μm f 

)
− σ

3 K m f 

(
7 K m f + 

16 

3 
μm f + 6 l m f + 4 m m f 

)
, (10a) 

ρV 

2 
S = μm f − σ

3 K m f 

(
3 K m f + 4 μm f + 3 m m f − 1 

2 
n m f 

)
. (10b) 

3  M O D E L L I N G  

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, 
respecti vel y, and the circles are the measured data. 

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, 
respecti vel y, and the circles are the measured data. 
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nd crack parameters of dry/gas-saturated rock are estimated based
n e xperimental v elocities in the ultrasonic frequenc y range. For
ry (or gas-saturated) conditions, the proposed model reduces to
he conventional acoustoelasticity theory. Thus, the stiff moduli
 K h , μh , 6 l h + 2 n h / 3 and 3 m h − n h / 2 ) can be estimated from the
 - and S -wave velocities at high pressures. Then, K 

′ 
h and μ′ 

h 

re estimated with eq. (7). According to eqs (2) and (8), K m 

, μm 

,
K 

′ 
m 

and μ′ 
m 

can be determined with the crack density, and vice
ersa. The crack densities at different pressures are obtained by a
east-squares fit to the dry-rock wave velocities. Moreover, ˆ σ and

ci are obtained with eq. ( 3 ), and αc and φc with eqs ( 4 ) and ( 5 ),
especti vel y. 

The crack parameters of the saturated rock in the ultrasonic fre-
uency range are obtained. For the saturated state, the compress-
bility of cracks is almost equal to the pore fluid compressibility
David et al. 2013 ), which is related to the compaction coefficient
ˆ . For modelling the crack compressibility of the saturated rock, ˆ σ
s obtained from the fully saturated rock velocities, and αc and φc 

re estimated with eqs ( 4 ) and ( 5 ). 
Finally, the frequency-dependent elastic moduli and wave ve-

ocities are obtained. By substituting the crack parameters and
lastic moduli at ultrasonic frequencies into eqs (1) and (9), the
requency-dependent elastic constants ( K m f , μm f , 6 l m f + 2 n m f / 3
nd 3 m m f − n m f / 2 ) are obtained. These constants are then substi-
uted into eq. (10) to obtain the frequency-dependent wave veloci-
ies. 

Figs 2 (a) and (b) compare the predictions of the proposed model,
he Gassmann model (Gassmann 1951 ), the squirt-flow model, the
lassical acoustoelasticity model and the experimental data reported
y Yin et al . ( 2017 ) for a sandstone under the brine-saturation con-
ition. The properties of the sample are given in Table 1 . The bulk
odulus and viscosity of the brine are 2.28 GPa and 0.001 Pa ·s,

especti vel y. It is showed that the proposed model agrees with the
quirt-flow model at low differential pressures (see the blue and
lack curves in Fig. 2 b). This is because the second term on the
ight-hand side of eq. (10) is negligible at low pressures. At high
ifferential pressures, the cracks tend to be closed and their param-
ters approach zero. Therefore, the proposed model reduces to the
lassical model of acoustoelasticity (see yellow and black curves
n Fig. 2 b). As ˆ σ increases, the crack density exhibits a weaker
ressure dependence, implying stiffer cracks in the compression
Fig. 2 c). The corresponding P -wav e v elocities for different com-
action coefficients are given in Fig. 2 (d). 

 R E S U LT S  

.1 Experiment 

n this study, we measure P - and S -wave velocities at seismic and
ltrasonic frequencies for a carbonate sample C and a shaly sand-
tone rock sample D. For the stress-strain measurements, the elastic
odulus and Poisson’s ratio are determined in the frequency range

f 1–100 Hz with the forced oscillation method (Batzle et al. 2006 ;
in et al. 2017 ). For the ultrasonic measurements, a pair of transduc-
rs is mounted in the aluminium caps at the ends of the specimens.
he ultrasonic pulse transmission method (Birch 1960 ) is used to

ecord waveforms and calculate velocities. Tests are performed at
oom temperature and differential pressures between 5 and 20 MPa.
he pores are filled with nitrogen gas and water for a constant pore
ressure of 1 MPa. Sample C is from the Longwangmiao Formation
n the Gaoshiti-Moxi area, Sichuan Basin, China, which consists of

art/ggae020_f3.eps
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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, respecti vel y, and the circles are the measured data. 
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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 et al. ( 2021 ), respecti vel y 
(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 relati vel y compactl y 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, 
respecti vel y. The dif ferential pressures are set in the range of 0–
50 MPa for the high-frequency measurement and 0–20 MPa at low 

frequencies. 

4.2 Wav e v elocities v ersus str ess and fr equenc y 

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 - 
wav e v elocity in the gas-saturated state is lower than that with liquid. 
The trend of the S -wav e v elocity 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, respecti vel y, and the circles are the measured data. 

Figure 7. P -wav e v elocity as a function of differential pressure in the seismic (a) and ultrasonic regions (b) for the tight sandstone sample A, with the black 
and red arrows indicating the increase in velocity due to acoustoelasticity and crack closure, respecti vel y. 
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Figure 8. P -wave velocity as a function of differential pressure in the seismic (a) and ultrasonic regions (b) for the tight sandstone sample B, with the black 
and red arrows indicating the increase in velocity due to acoustoelasticity and crack closure, respecti vel y. 

Figure 9. P -wav e v elocity as a function of differential pressure in the seismic (a) and ultrasonic regions (b) for the carbonate sample C, with the black and red 
arrows indicating the increase in velocity due to acoustoelasticity and crack closure, respecti vel y. 

Figure 10. P -wave velocity as a function of differential pressure in the seismic (a) and ultrasonic regions (b) for the shaly sandstone sample D, with the black 
and red arrows indicating the increase in velocity due to acoustoelasticity and crack closure, respecti vel y. 
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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 
g rain-to-g rain 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 

art/ggae020_f8.eps
art/ggae020_f9.eps
art/ggae020_f10.eps


An acoustoelasticity-squirt flow model 1761 

Figure 11. Effect of fluid proper ties, microstr ucture, and acoustoelasticity 
on the increase in P -wave velocity as a function of differential pressure in 
the four samples. 
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ffects lead to an increase in P -wave velocity of 5.39, 6.42, 4.21
nd 9.54 per cent for samples A, B, C and D, respecti vel y, and the
orresponding acoustoelasticity effects are 2.58, 2.74, 1.07 and 8.74
er cent, respecti vel y, which are lowest for carbonate sample C. The
ffects are smaller at ultrasonic frequencies compared to seismic
requencies due to the squirt-flow effect and are 2.38–4.34 per cent
nd 0.61–1.84 per cent of the crack closure and acoustoelasticity
f fects, respecti vel y. 

.3 Effects of the pore structure and fluid on w av e 
elocities 

av e v elocities are shown to e xhibit strong frequenc y and pres-
ure dependencies, the former related to squirt flow, particularly
ronounced after liquid substitution, and the latter to stiffening ef-
ects due to crack closure and acoustoelasticity. The effects of these
actors on the increase in P -wav e v elocity as a function of stress
re quantified in Fig. 11 . The green and red symbols represent
he effects of crack closure and acoustoelasticity, respecti vel y. The
ark region between gas-saturated and liquid-saturated cases at the
ow frequencies represents the effects of liquid substitution (with
he change in bulk modulus and density of the liquid), while the
re y re gion between the low and high frequenc y re gions at liquid-
aturated states represents the effects of squirt flow. The effect of
rack closure decreases with increasing pressure, and the strongest
ffect of acoustoelasticity occurs at about 20 MPa for samples A–C
nd 30 MPa for sample D. 

In the low-pressure region, the pressure dependence of wave ve-
ocities is associated with cracks closure rather than acoustoelastic-
ty. With increasing pressure, acoustoelasticity gradually takes the
ominant role. The transition of samples A, B, C, and D occurs at
ressures of 42, 37, 39 and 28 MP a, respectiv ely. Sample D has the
ighest porosity and clay content, while sample C contains almost
o clay and has the lowest porosity. The softening effect of clay
Clark et al. 1980 ) and the higher porosity make sample D more
usceptible to compaction and cause the dominance of acoustoe-
asticity in a lower pressure range. As the cracks approach closure
t the high pressure end, the squirt-flow effect disappears and the
ffect of fluid substitution is weakened. As a result, the velocity
ispersion decreases. 

The effects of crack closure and acoustoelasticity are smaller in
he liquid-saturated state than in the dry/gas-saturated state at seis-

ic frequencies. A plausible explanation could be that the liquid re-
tricts the compressive deformation of cracks and grains (Khazane-
dari & Sothcott 2003 ). These effects are even smaller at ultrasonic
requencies, which is due to the hydraulically isolated behaviour of
he unrelaxed pore fluid (due to squirt flow). The effect of squirt
ow is even more pronounced than that of fluid substitution. 
The effects of fluid properties (sum of the effects of fluid sub-

titution and squirt flow), microstructure, and acoustoelasticity are
eaker in the carbonate sample C than in the sandstone samples.
he maximum increases in wave velocity per 10 MPa reach 2.7, 6.5
nd 1 per cent for sample A, 6.3, 8.5 and 1.5 per cent for sample
, and 4.6, 6.4 and 2.1 per cent for sample D due to those effects,

especti vel y. In contrast, they onl y reach 1.7, 3.2 and 0.8 per cent
or the carbonate sample C, which could be related to the lower
ensiti vity to dif ferential stress due to the low crack content and
ight grain contacts. 

 C O N C LU S I O N S  

 frequency-dependent acoustoelasticity model is presented by ex-
ending the Gurevich’s squirt-flow model with third-order elastic
onstants to characterize the combined effects of stress-induced
on-linear deformation of cracks, finite deformation of grains, and
ore fluid on acoustic wave responses. The model is consistent with
he classical acoustoelasticity theory at high pressures. We perform
eismic and ultrasonic measurements in carbonate and shaley sand-
tone samples as a function of differential pressures. In addition,
 comparati ve anal ysis between the theoretical predictions and the
easured data, as well as data published in the literature shows

he strong frequency and pressure dependence of the wave veloci-
ies, which we can explain with the proposed model. The frequency
ependence can be characterized by squirt flow, particularly pro-
ounced after liquid substitution. While two mechanisms jointly
xplain the pressure-dependent velocities. Crack closure dominates
he non-linear increase in wave velocities during the initial phase
f loading. With increasing differential pressure, acoustoelasticity
radually approaches the main role. 

How these effects affect the rate of increase in P -wave veloc-
ty are analysed. The rates of increase in velocity with respect to
ifferential pressure due to fluid properties and crack closure de-
rease with differential pressure, while that of acoustoelasticity first
ncreases and then decreases. The strong influence of acoustoe-
asticity occurs at 20–30 MPa and tends to dominate the velocity
ncrease in the range of 28–44 MPa. The transition occurs at a lower
ressure in clay-rich rock with higher porosity. At dry/gas-saturated
onditions and seismic frequencies, the effects of crack closure and
coustoelasticity are strong, while at wet conditions and ultrasonic
requencies, a smaller fraction of the effects are observed. The pres-
ure and frequency dependence of velocity is lower in the carbonate
ample than in the sandstone sample, due to the low porosity. The
resent model can be applied to correlate laboratory measurements
ith well-log data and seismic field data to quantify the seismic
elocities and elastic properties for a target formation in terms of in
itu stress, providing a tool for inverting subsurface rock properties,
 v aluating reservoir quality and estimating fluid distribution. 
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Validation: Jing Ba, Yijun Wei, Jos é M. Carcione; Visualization: 
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