Science Bulletin 64 (2019) 1246-1254

Contents lists available at ScienceDirect

Science
[Bulletin|

Science Bulletin

www.scibull.com

journal homepage: www.elsevier.com/locate/scib

Article

A unified poroviscoelastic model with mesoscopic and microscopic
heterogeneities

Boya Zhang?, Dinghui Yang **, Yuanfeng Cheng®, Yunyin Zhang”

2 Department of Mathematical Sciences, Tsinghua University, Beijing 100084, China
b Shengli Geophysical Research Institute of SINOPEC, Dongying 257000, China

ARTICLE INFO ABSTRACT

Article history:

Received 10 February 2019

Received in revised form 20 May 2019
Accepted 21 May 2019

Available online 4 June 2019

The wave-induced fluid flow (WIFF) is considered to be the main cause of dispersion and attenuation of
seismic waves in fluid-saturated porous media. Among numerous theories, the mesoscopic and micro-
scopic heterogeneities are considered to be the primary mechanisms causing the WIFF. Furthermore,
in most rocks, the mesoscopic and microscopic heterogeneities exist simultaneously and can cause obvi-
ous transitions of the fast P-wave velocity, which means it is necessary to consider the influence of the
two mechanisms on the dispersion and attenuation simultaneously. Numerous results have shown that
the dispersions and attenuations caused by these two mechanisms can be approximated in terms of the
Zener model. To combine the two mechanisms into a unified model, we introduce a new generalized
Zener model into the Biot poroelasticity theory to obtain a new poroviscoelastic model. Comparisons
between the numerical results and two groups of experimental data further confirm the validity of our
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new model.
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1. Introduction

As seismic waves carry information about the subsurface char-
acteristics [1,2], the establishment of accurate physical and math-
ematical models is of great importance to understand the wave
propagation in real rocks. An accurate mathematical model is also
the basis of seismic modeling and seismic inversion [3,4]. In seis-
mic exploration, the development of models to predict the charac-
teristics of seismic waves in porous media is a considerable
challenge. Through numerous experimental progress, the main
characteristics of seismic waves are the velocity dispersions and
amplitude attenuations, which can be observed in a broad range
of frequencies in fluid-saturated porous media [5-8]. Several theo-
ries have been proposed to explain these phenomena at various
scales [9]. Biot’s model is the first model to predict velocity disper-
sion and amplitude attenuation of seismic waves in fluid-saturated
porous media [10-12]. Biot’s model provides a macroscopic
description of the displacements of the representative volume ele-
ment (RVE) and a mathematical framework with the Euler-
Lagrange equation. With this methodology, the model successfully
predicted the existence of the second type compressional wave
(the slow P-wave) and has become the foundation of the modern
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poroelasticity theory. However, Biot’s model underestimates the
dispersion and attenuation, because it only considers the energy
loss of global flow, i.e., the flow caused by the fluid pressure differ-
ence at the wavelength scale. In Biot’s model, the dissipative force
is the frictional force between the matrix and the fluid, which is
linear with the relative velocity and is given by the Darcy’s law
[13].

Following Biot’s pioneering work, several other physical mech-
anisms corresponding to different conditions of rocks and fluids
have been proposed [9]. It is now widely accepted that the wave-
induced fluid flow (WIFF) is the main cause of energy loss, which
leads to dispersion and attenuation of seismic waves. In addition
to the Biot global flow mechanism, the mesoscopic heterogeneity
[14-17] and the microscopic heterogeneity [18-26] are also the
main mechanisms of the WIFF.

The mesoscopic scale is smaller than the seismic wavelength
and larger than the grain scale. Pride and Berryman [15,16] devel-
oped the double-porosity dual-permeability (DPDP) model
describing heterogeneities at the mesoscopic scale. The model
assumes that the porous media can be separated into two different
phases. The mesoscopic flow from the softer phase to the stiffer
phase causes the main energy loss. The effective Biot theory [27]
is a simplified case of the DPDP model and assumes that the com-
pliant phase is embedded into the host phase. The effective Biot
theory has the same wave equations as Biot’s model, but the bulk
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modulus of its matrix is frequency-dependent. At high frequency,
the fluid pressure caused by the mesoscopic heterogeneity cannot
reach the equilibrium condition and the modulus will reach the
unrelaxed regime.

At the microscopic scale, the squirt-flow is the main cause of
energy dissipation [18-20,23]. The squirt-flow model considers
the binary structure of the heterogeneous pore space at the micro-
scopic scale. The compliant pores are mainly cracks with small
aspect ratios, and the intergranular pores are stiff with high aspect
ratios. The porosities of these two types of pores can be measured
under different pressures [8]. Similar to the mesoscopic hetero-
geneity mechanism, in the high-frequency regime, the fluid in
the compliant pores is easily isolated by the stiff pores and the
fluid pressure has no time to equilibrate. The rock matrix with fluid
in the compliant pores forms a modified matrix [28,29]. In the
squirt-flow model of Gurevich et al. [25], the loss mechanism is
involved in the frequency-dependent elastic moduli of the modi-
fied matrix.

New scanning technology has provided very detailed informa-
tion on the micro-structure of porous media. Some studied have
shown that porous media are likely to be heterogeneous at all
scales [30,31]. The dispersions and attenuations caused by meso-
scopic and microscopic heterogeneities may appear in different
frequency regimes. The frequency at which the velocity transition
and attenuation peak appear is called the characteristic frequency
[32]. The characteristic frequencies of the mesoscopic and the
microscopic heterogeneities depend on rock properties, fluids,
and pore geometries [32]. Pimienta et al. [33] reported that
Young’s modulus and Poisson’s ratio of a fully-saturated tight
Wilkenson sandstone exhibited two transitions and two attenua-
tion peaks. Using a numerical oscillatory compressibility test,
Rubino and Holliger [34] obtained the dispersion and attenuation
curves of the fast P-waves in a medium containing heterogeneities
at two scales. The dispersion curve has two transitions and the
attenuation curve has two peaks. Therefore, it is necessary to pro-
pose a mathematical model that can describe both mechanisms
simultaneously. Bachrach [35] proposed a model combining the
mesoscopic heterogeneity of the patchy saturation and micro-
scopic heterogeneity. However, the model cannot describe the
mesoscopic heterogeneity of the rock fabric. We aim to develop a
model with a broad scope of applications, i.e., a model capable of
describing the two mesoscopic heterogeneities of rock fabric and
patchy saturation. In this study, we use the poroviscoelastic theory
to establish a unified model that includes the heterogeneities at
the microscopic and mesoscopic scales and is presented in time
and frequency domains.

The concept of the poroviscoelastic theory is to replace the elas-
tic moduli in Biot’s theory by the viscoelastic moduli [36]. Carcione
[36] used the viscoelastic moduli of the Zener model (or standard
linear solid) [37] to replace the elastic moduli in Biot’s model
and provided wave equations with relaxation functions in the time
domain. The Carcione poroviscoelastic model [36] has one more
velocity transition and one more attenuation peak than Biot’s
model. The new transition and peak are located at the characteris-
tic frequency of the Zener model. In our present study, we use a
new generalized Zener model to describe the two transitions and
three regimes in the dispersion curve caused by the mesoscopic
and microscopic heterogeneities. The traditional generalized Zener
model is a parallel connection of several Zener solids [13]. Liu et al.
[38] substituted the moduli of the traditional generalized Zener
model for the effective elastic moduli in the effective Biot theory.
However, it is difficult to analytically determine the viscoelastic
parameters in the traditional generalized Zener model. Liu et al.
[38] determined the viscoelastic parameters by the optimal meth-
ods with known attenuation information. In our new generalized
Zener model, all the parameters can be determined by the two

types of heterogeneity without the use of dispersion or attenuation
information.

2. Dispersions and attenuations caused by the WIFF
2.1. Heterogeneities at mesoscopic and microscopic scales

There are mainly two causes of mesoscopic heterogeneities: the
first one is the heterogeneity of rock fabric [15,17]. Because rocks
consist of different types of mineral granules, different parts of
the rock fabric may have different elastic and hydraulic properties.
For example, many sandstones contain a portion of clay, which is
softer than other mineral granules and has smaller elastic moduli,
larger porosity, and larger permeability. When a compressional
wave squeezes the RVE, the clay phase is compressed to a greater
degree and fluid in the clay phase will squirt into the stiff phase,
causing energy dissipation. This phenomenon is called the clay
squirt flow [39,40]. The second cause is the patchy saturation of
immiscible fluids [14,41]. Similar to the mesoscopic heterogeneity
in the rock fabric, the elasticity difference of the immiscible fluids
also causes strong energy dissipation. White [14] and Johnson [41]
suggested models to describe the energy dissipation caused by the
patchy saturation of immiscible fluids. Ba et al. [42] introduced a
new model to describe these two kinds of mesoscopic hetero-
geneities simultaneously.

The microscopic scale is the scale of the pores, throats, and min-
eral granules. The WIFF at the microscopic scale is known as the
squirt-flow [25]. The pressure difference at the microscopic scale
is induced by the compressibility difference between two pore
types. Pores can be classified into stiff pores (with porosity ¢,)
and compliant pores (with porosity ¢.). The squirt-flow mecha-
nism explains the effects of low frequency and high frequency on
fluid. If the frequency is much higher than the characteristic fre-
quency, the pressure cannot equilibrate in one period of wave
propagation. The compliant pores are isolated by stiff pores and
can be treated as part of the matrix [28].

Several experiments have been conducted to characterize the
dispersion and attenuation of waves caused by the WIFF
[5,8,33,43-47]. In the low- and high-frequency regimes, the veloc-
ity and the elastic moduli are nearly constants. The obvious veloc-
ity transition appears around the characteristic frequency. The
causality between dispersion and attenuation is described by the
Kramers-Kronig relationship [48]. Attenuation is quantified by
the inverse quality factor and its peak also appears at the charac-
teristic frequencies. Experimental data [33,43-47] have shown that
dispersion and attenuation can be approximated by the Zener
model [37] or the Cole-Cole model [49]. Both models are viscoelas-
tic models and have the same characteristics of dispersion and
attenuation as the experimental data. The dispersions of the two
models have low- and high-frequency limits and the transition
regimes around the characteristic frequencies. The attenuations
of the two models have peaks at the characteristic frequencies.
The differences between the two models are the transition widths
of the dispersions and the asymptotic behavior of the attenuations.

2.2. The Zener model

The Zener model has a complex modulus [13] as

1+iwt,

2(®) =Ty ot

(1)
where 7, and 7, are the relaxation times of stress and strain, respec-
tively. i is the imaginary unit and Zy is the low-frequency limit
modulus of complete relaxation, i.e., the relaxed modulus. The unre-
laxed modulus is defined by
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Zy = lim Z(w) = ZR%. 2)
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Following the definition of the inverse quality factor
Q' =Im(Z)/Re(Z) [13], the inverse quality factor of the Zener
model is

L (T — Tg)

Q= 14+ 0?1,7,’ (3)

which has a peak denoted as [13]
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From Egs. (2) and (4), we can obtain 7, and 7, in terms of the

relaxed modulus Zg, the unrelaxed modulus Zy, and the character-
istic frequency wy:

1z 1 I
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Substituting Eq. (5) into Eq. (1), we have

1+ie, /2
Z(w) ZR%”\/;. (6)
T+ig /2

From the three viscoelastic parameters Zg, Zy, and @y, we can
obtain the dispersion and attenuation in the entire frequency
range.

3. A new poroviscoelastic model that includes the mesoscopic
and microscopic heterogeneities

3.1. A new viscoelastic modulus
The traditional generalized Zener model is a parallel combina-

tion of several Zener solids [13]. The expression of its complex
modulus is given by

Z(w) = ZZRkM. (7)

In some previous studies [38,50], attenuation data were used to
obtain the viscoelastic parameters by the optimal method. How-
ever, this kind of implementation is independent of the mecha-

nisms and cannot obtain the analytic expressions of viscoelastic
parameters. Therefore, we suggest a new viscoelastic model in this
study, in which all parameters are determined analytically based
on the heterogeneity mechanisms and are independently
measurable.

As shown in Fig. 1, to describe the dispersion and attenuation of
waves in a broad frequency range, we need to determine the types
of the two modulus transitions and the viscoelastic parameters.
The experimental results [5,44,51] have shown that the transitions
of velocity and elastic moduli can be approximated by the Zener
model. We need a new viscoelastic modulus that contains two
transitions of Zener type. The modulus of the Zener model can be
regarded as the relaxed modulus multiplied by a multiplier. This
multiplier is approximately equal to 1 when the frequency is much
lower than the characteristic frequency and it is approximately
equal to Zy/Zg when the frequency is much higher than the char-
acteristic frequency, which implies that the viscoelastic modulus is
approximately equal to the unrelaxed modulus in the high-
frequency regime. Around the characteristic frequency, the multi-
plier includes the transition process of the Zener model. To develop
the new viscoelastic modulus with two Zener type transitions, we
multiply two multipliers by the relaxed modulus. The new vis-
coelastic modulus with the two Zener type transitions is defined
by:

Z(w) =Z (1+i%\/%> <l+i§2\/§:“uﬂ) N

R . 3
(1+igva) (risy2)
where w; and w, are the two characteristic frequencies. Zy, is the
partial-unrelaxed modulus and corresponds to the modulus of
regime 2 in Fig. 1.
When the frequency is much smaller than the second character-
istic frequency, i.e., ®w < w,, the modulus Z(w) is approximately

written as
(1 +iz, /ZZ—M)
=Zg~ A VR = 9)
(1 + 1% \ /Z—“‘;)
This is the same as the Zener model and represents the first
transition in the dispersion curve. Similarly, when the frequency
is much larger than the first characteristic frequency, i.e.,

> wq, the modulus degenerates to another Zener model, repre-
senting the second transition in the dispersion curve:

Z(w < )

— Dispersion
—— Attenuation

Transition 1

Mesoscopic flow

Transition 2

Squirt flow

Regime 3
e ———————

Regime 2

Dispersion and attenuation

Regime 1 /
—

N

N

Frequency

Fig. 1. The sketch of dispersion and attenuation caused by the mesoscopic and microscopic heterogeneities. The two transitions and two peaks are caused by the two main

mechanisms, respectively.
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(1+i%\/%) 10)

The two transitions of the new viscoelastic model are both
Zener type transitions, satisfying the transition characteristics of
the dispersion, as shown in Fig. 1. When one energy loss mecha-
nism is neglected, i.e., Zr = Zy or Zy = Zy, the new viscoelastic
modulus will degenerate to the Zener model as described in Eq. (1).

Z(CU > CU1) = ZM

3.2. Determination of the viscoelastic parameters

In the last section, we have introduced a new viscoelastic model
containing two Zener type transitions. In this section, we will apply
the new viscoelastic model to the porous media with mesoscopic
and microscopic heterogeneities and determine the analytic
expressions of the viscoelastic parameters. As mentioned in Sec-
tion 2, fluid pressure cannot reach the equilibrium condition when
the frequency is higher than the characteristic frequency. The iso-
lated part of fluid can be regarded as a portion of the effective
matrix. The moduli of the effective matrix consisting of solid and
isolated fluid can be regarded as the viscoelastic moduli. We can
replace the bulk modulus K, by a new viscoelastic bulk modulus
Kunifiea in the poroelasticity theory. The two transitions of Kypifed
are caused by the mesoscopic and microscopic heterogeneities,
respectively. By applying the new viscoelastic model to modulus
K unified, W€ can obtain

1 s o ur 1 P KUt
Kieso. B micro
+1 meso Km +1 Omicro V' Kieso

j_o K ) Kieso |
(1 + l(‘)mCSU Kumreso) (1 + l(’)micro K

micro

Kunified(w) = Km

(11)

There are five viscoelastic parameters in the new viscoelastic
modulus that need to be determined, including the values in the
three regimes of Fig. 1 and the two characteristic frequencies.
Wmeso aNd Wnicro are the two characteristic frequencies of Kypified
and they correspond to the characteristic frequencies of the two
mechanisms. The expressions of the characteristic frequencies
are provided by Pride et al. [52] and Jones [53], respectively:

Mk
Wmeso :znﬂ~, (12)
3
Wmicro = znamTKS7 (13)

where L is the scale of the mesoscopic heterogeneity and o, is the
average aspect ratio of the pores. 7 is the viscosity of fluid and x is
permeability. K is the bulk modulus of solid mineral. M is the fluid
storage coefficient [54], whose expression will be described in the
next section.

The moduli in the three regimes correspond to the relaxed mod-
ulus, the unrelaxed modulus of the mesoscopic heterogeneity
K} ..o, and the unrelaxed modulus of the microscopic heterogeneity
Kiricro- The relaxed modulus of Kypifieq is the static matrix bulk mod-
ulus K. For typical properties of tight porous rocks [8], we can
confirm that the characteristic frequency of the mesoscopic hetero-
geneity is lower than the characteristic frequency of the micro-
scopic heterogeneity, so we regard the unrelaxed modulus of the
mesoscopic heterogeneity as the partially unrelaxed modulus in
this work. In regime 2 of Fig. 1, part of the fluid is isolated and
reaches the unrelaxed state, as a result of the mesoscopic hetero-
geneity. Whereas some more fluid reaches the unrelaxed state
when the frequency reaches regime 3 of Fig. 1 and the modulus
in the third regime corresponds to the unrelaxed modulus of the
microscopic heterogeneity.

The unrelaxed modulus of the mesoscopic heterogeneity is pro-
vided by the DPDP model [15,16,27]:

Ky (14)

I ur
m as3 — aﬁKm ’

meso
where a;3 and as3 are coefficients in the constitutive relationship of
the DPDP model. The governing dynamic equations of the DPDP
model are based on Biot’s poroelasticity theory with an additional
transport equation that describes the internal mesoscopic flow
[15,16]. We present the governing dynamic equations of the DPDP
model in Appendix A.
The unrelaxed modulus of the microscopic heterogeneity is pro-
vided by Gurevich et al. [25]:

I umricro =Ku, (15)

where K}, is the matrix bulk modulus of a hypothetical medium
without compliant pores. The derivation of the unrelaxed modulus
of the microscopic heterogeneity is presented in Appendix B, online.

By now, we have provided the method to determine the param-
eters of the viscoelastic matrix bulk modulus. The new viscoelastic
model has two Zener type transitions, corresponding to two energy
loss mechanisms, respectively. We can generalized the model by
multiplying more Zener type multipliers with the static modulus
to add more modulus transitions and more attenuation peaks.
The viscoelastic modulus has the following form:

sy -z, LHEVE) (1HiVE) - (Tigsyd) o
(1+ig/2) <1+i%\/§:§) (1+i52, Z;;l)’

where Z1, Z,,...,Z, are the moduli in different regimes of the fre-
quency domain, and w1, ,,..., @,_; are the characteristic frequen-
cies of the mechanisms.

If other mechanisms are involved, we can also use other vis-
coelastic models as substitutions. For example, Picotti and Carcione
[55] used the Cole-Cole model to approximate White’s model and
Johnson’s model. We can use the Cole-Cole model to replace the
Zener model in Eq. (16), when considering the case including
White’s or Johnson’s models.

3.3. A new poroviscoelastic model

The poroviscoelastic model suggested by Carcione [36] intro-
duces the viscoelastic moduli into Biot’s poroelasticity theory.
The dynamic equations of the porous continuum are given by
[10,12]:

V'TD—VPC:pu+hW, (17)

~Vp; = T+ e + tmpp, (18)

where u is the displacement vector of the solid. w represents the
flow of the fluid relative to the solid and is defined as
w = ¢(U —u), where U is the displacement vector of the fluid.
The dots above u and w denote time differentiations.
p. = —tr(t)/3, p;, and t° = 7 + p.I are the confining pressure, pore
pressure, and deviatoric stress tensor, respectively, where 7 is the
stress tensor of the RVE and I is the identity matrix.
p= (1-¢)p, + ¢p; is the density of the RVE, where p, and p;
are the densities of the solid grain and the fluid, respectively, and
¢ is the porosity. Eq. (17) is the equation of motion of RVE and
Eq. (18) is the effective Darcy’s law, with permeability x and fluid
viscosity #. ty is the tortuosity of the porous medium. Substituting
the constitutive relationship of the RVE [12]:

2
Tk = (Kce—§ue+ocMg’)5jk+2,uejk, (19)
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pr = —aMe — M, (20)
into Egs. (17) and (18), we can obtain the final form:

UV + G/HKG)w + aMV¢ = pit + p;w, (21)
V(aMe + M&) = (pyil + tnp,W) + gw. (22)

In the constitutive relationship, ejk:%<0”1+?,—i:f> and

Xy,

&p=1 <%+(,ﬂxjk> are the strain components, where j k=1,2,3.
The dilatations are defined as e = e;; and ¢ = ¢; (the Einstein sum-
mation for repeated index is implied unless stated otherwise). 3 is
the Kronecker delta function. The Biot-Willis coefficient o and the
fluid storage coefficient M are functions of the bulk moduli of the
solid grain, K, the fluid, K¢, and the solid matrix, Kp,:

o =1-Kn/Ks, (23)
M = (¢/Ks + (ot — §)/Ko) . (24)
And

Kc = Ky + 02M (25)

is the Gassmann bulk modulus. pu is the shear modulus of rock
matrix.

Egs. (23)-(25) show that «, M, and K¢ are dependent on the
matrix bulk modulus. Therefore, to develop the poroviscoelastic
model containing two heterogeneity mechanisms, we need to sub-
stitute the new viscoelastic modulus K isieq for the elastic modulus
Ky in Egs. (23)-(25). The frequency-dependent coefficients are

denoted as o, M, and K};. The wave equations in the frequency
domain are as follows:

uViu+ <%[L+K}>V€+&MV§: —w’pu — ’pw, (26)

V(% Me + M&) =~ (pt + tnpw) +ico L. (27)

Here we also replace the shear modulus p by a new notation
because the shear modulus is also frequency-dependent in hetero-
geneous media [25,27]. We use the expression of the shear modulus
given by Gurevich et al. [25] in the following sections.

3.4. Constitutive relationship of the new generalized Zener model

To obtain the equation in the time domain, we need to apply the
single phase viscoelastic model to obtain the relaxation function.
The traditional viscoelasticity theory is based on mechanical mod-
els, assuming that the viscoelastic element is combined by springs
and dashpots with constitutive relationships of elastic bodies and
Newtonian fluids, respectively. The constitutive relationship of
the viscoelastic element can be obtained by series and parallel con-
nections [13]. The new generalized Zener model can also be repre-
sented by a mechanical model. Its mechanical representation is a
series connection of the Zener model and the Kelvin model as
shown in Fig. 2. The constitutive relationships of the springs and
dashpots are as follows:

o = ke, (28a)
o1 = ke, (28b)
0 = 1,0:&2, (28¢)
03 = ksés, (28d)

} |
e |

Fig. 2. The mechanical representation of the new viscoelastic model. It is equivalent
to a series connection of a Zener solid and a Kelvin-Voigt solid.

04 = N30:83, (28e)

where kq, kz, and k; are the elastic moduli of the springs and #;, #,
are the viscosities of the dashpots. The constitutive relationship of
the whole viscoelastic element satisfies the basic principles of the
series and parallel connection connections. The total stress is equal
to the sum of the parallel stress, while the total strain is equal to the
sum of the series connection strain [13]:

0 =01 + 03 = 03 + 0y, (29a)

E=¢8& + & + &3. (29'3)

By substituting Eqgs. (28a)-(28e) into Egs. (29a) and (29b), we
obtain the following differential equation describing the total
stress and total strain:

(ky +1,0:) (ks + 1130:)0 + ki (ky + 1,0;)0 + kq (ks + 1150¢)0
= ky (ks + 1,00) (ks + 11300 (30)

By applying a Fourier transform to Eq. (30), we can obtain the
frequency-domain equation as follows:

(1 +iwTe)(1 +i0T5)0 = Zr(1 +i0T,)(1 +i0T,)e, (31)

with the following expressions of the relaxed modulus and relax-
ation times:

k] ](2 1(3

R = Tl koks 1Rk (32a)
_

T gy (32b)

f2 = % (320)
_ (ki t ks,

11 = foke + koks + kiks (32d)
_ lkt ks

fo2 = kiky + koks + kiks (32e)
Eq. (31) can further be rewritten as

o - 7. (1+i0T)(1 +i0Ts) : -

R +iota) (1 +i01,.,)

the viscoelastic modulus is ZR% Although we have

established the model using mechanical models, we cannot provide
the elastic moduli of the springs and the viscosities of the dashpots
because they are abstract parameters. We have to apply the energy
loss mechanisms to determine the parameters. The relaxation times
in Eq. (33) can be obtained by comparing the viscoelastic modulus
with Eq. (8):

1 |Zn
Tl = 0)71 TR7

(34a)
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1 |Zx

To1 = a ZTV[’ (34b)
1 |Zy

T2 = o, \| Zu (34¢)
1 |Zy

T2 = CU*Z“Z (34d)

In the time domain, the constitutive relationship is written in
the form [13]:

o =yY(t) x Og or ¢ = y(t) x 0,0, (35)
where (t) and y(t) are the relaxation and creep functions, respec-
tively, and “+” denotes convolution. From Egs. (30) and (31), we can
write the constitutive relationship as follows:

_a 4 o

+ —— —— =
ki ko +iown, ks +iwn,

J(w)a, (36)

where

1 1 1 1

Jio) = @ "k k +iwn, s +iwn,

37)

is the complex creep compliance of the model. The creep function is
the inverse Fourier transform of the creep compliance:

7(6)= {klﬁ%[l —exp(—t/ )] + {1 —exp(—t/7a) }H(r)

1= (1= 2 ety - (1-22 Jexpl-t/ma) ),
(38)

where H(t) is the Heaviside or step function. Since the stress-strain
relationship in Eq. (31) is symmetric, we only need to substitute Zy
for 1/Zz and exchange the role of 7.,y and 741, T2 and 74, respec-
tively. Then the relaxation function can be written as

Te1 Te2

- T_ﬂ> exp(—t/To1) — (1 - T_JZ> exp(ft/faz)} H(t).
(39)

Following Ref. [56], to obtain the wave equations in the time
domain, each product between the viscoelastic modulus and strain
in Egs. (26) and (27) needs to be replaced by the convolution
between the relaxation function and the strain rate. Then we can
obtain the poroviscoelastic wave equations in the time domain:

w(t):ZR{l 7<

YVt (Gt i) * Ve — iy x VE = pi + ppw, (402)

W * V& = g+ VE = (pyit + tmpy) + 1w (40b)

where V,,, Y., Yuu, and y, are the relaxation functions of W, K,

o M, and M, respectively. K¢, « M and M are the functions of the
new viscoelastic matrix bulk modulus Kyiseqd. Therefore, their relax-
ation functions have the same form as Eq. (39), and these functions
are presented in Appendix C, online. The viscoelastic matrix shear
modulus  is provided by Carcione and Gurevich [56] and corre-
sponds to the Zener model. Therefore, y, has the same form as
the relaxation function of the Zener model, the details are also pre-
sented in Appendix C, online.

1251
4. Applications to experimental data
4.1. Fully saturated tight sandstone

We use several groups of experimental data provided by Yin
et al. [8] to examine the validity of the new model. The core used
in the experiment is drilled from a tight sandstone reservoir in
the northeastern Sichuan basin in China. The core has a porosity
of 9% and a permeability of 0.063 mD. The bulk and shear moduli
of the matrix materials are 40.32 and 40.69 GPa, respectively. Yin
et al. [8] measured the wave velocities at both the dry and brine
fully-saturated conditions at different effective pressures for a
wide frequency range. The low-frequency measurements were
conducted at [2, 200] Hz and the ultrasonic measurements were
conducted at 1 MHz. The stiff and compliant porosities were also
measured and they are dependent on the effective pressure. The
aspect ratio oy, and the modified bulk modulus K}, are dependent
on pressure. Based on the definition of Ky, given by Mavko and Jizba
[28] and Ref. [57], K, should be large at a high pressure. And the
aspect ratio should be low at a high pressure. Yin et al. [8] used
5.5 x 10~ for the value of o,,. Since the experimental data does
not contain the pressure-dependent o, and K}, we choose their
values in a reasonable range. With the increase in pressure, the
aspect ratio should decrease according to the formula given by
Walsh [58] and the characteristic frequency of the squirt-flow
model decrease according to Eq. (13).

Yin et al. [8] provided all the properties needed in the squirt-
flow model, they are listed in Table 1. However, since the new uni-
fied model combines the two mechanisms, we still need to provide
the parameters for the mesoscopic heterogeneity, including the
matrix properties of the two mesoscopic phases. As mentioned in
Section 2.1, the presence of clay can cause clay squirt flow
[39,40,59] because the clay is much softer than other materials,
such as quartz. The mesoscopic flow squirts from the clay phase
to the stiff phase when the RVE is compressed. Yin et al. [8] pro-
vided a microscopic slice (3 mm diameter) of the core, which
showed that the clay phase occurred at the mesoscopic scale. For
this case, we choose the volume fraction of the soft phase as the
volume fraction of clay (5.45%) and choose the scale of the meso-
scopic heterogeneity L as 0.4 mm. The porosity of the RVE is the
arithmetic mean of those of the two phases and the permeability
and the matrix modulus are the harmonic means of those of the
two phases, respectively [27]. The other physical properties are
listed in Table 1.

We compute the velocity dispersion of the fast P-waves with
the new poroviscoelastic model and compare the numerical results

Table 1
Properties used in the comparison between the experimental data [8] of the fully
saturated tight sandstone and the numerical results calculated by new unified
model.”)

Phase 1 Phase 2 RVE

Brine viscosity (1073 Pa s) 1.023 1.023 1.023
Brine bulk modulus (GPa) 2.28 2.28 2.28

Brine density (10° kg/m?) 1013 1013 1013
Porosity (%) 8.44 20.6 8.94
Permeability (mD) 0.062 242 0.063
Rock material density (10° kg/m?) 2.444 2.444 2.444
Rock material bulk modulus (GPa) 40.32 40.32 40.32
Rock material shear modulus (GPa) 40.69 40.69 40.69
Rock matrix bulk modulus (GPa) 134 6 12.8
Rock matrix shear modulus (GPa) 12.8 5.7 12.2
Volume fraction (%) 94.55 5.45 100
Tortuosity - — 24
Heterogeneity scale (mm) - - 04
Skempton’s coefficient 0.626 0.587 0.591
3) “_" means that the property is not used in this study.
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with the measured velocities. The results are shown in Fig. 3. In
Fig. 34, the stars represent the experimental data. The solid curves
and the dashed curves are the predicted dispersions from our new
unified model and the squirt-flow model, respectively. Fig. 3a
shows that the new unified model provides a better fit of the
experimental data than the squirt-flow model, especially at low
effective pressure regime. We highlight the low-frequency mea-
surement values with a dashed rectangle. We can observe that
the characteristic frequency of the squirt-flow model is higher than
the low-frequency measurement range for lower effective pres-
sures. For example, at 2 MPa, the velocity dispersion of the
squirt-flow model is not observed in the low-frequency measure-
ment range (red dashed curve), which is inconsistent with the
experimental data. However, in the result of our new unified
model, we observe the dispersion caused by the mesoscopic
heterogeneity in the low-frequency measurement range (solid
curve). With the increase of the effective pressures, the character-
istic frequency of the squirt-flow model decreases as the aspect
ratio decrease. Therefore, we can observe the dispersion caused
by the squirt-flow model in the low-frequency measurement range
at high pressures. In Fig. 3b, the attenuations of the new unified
model (red curve) and the squirt-flow model (red dashed curve)
at 2 MPa are compared. There are two attenuation peaks in the

curve of the new unified model. Unlike the squirt-flow model,
the new unified model describes the energy loss of the mesoscopic
heterogeneity, resulting in a difference between solid and dashed
curves in Fig. 3b.

4.2. Partially saturated tight dolomite

In this section, we use dispersion data of a partially saturated
dolomite to examine the validity of our new model. The data was
provided by PetroChina. The core is drilled from a tight dolomite
reservoir in the Sulige gas field. The core has a porosity of 5.72%
and a permeability of 1.612 mD. The bulk modulus and density
are 100 GPa and 2.695 x 10 kg/m>, respectively. The data contain
wave velocities of the dry rock core and of the core partially satu-
rated with water in a wide frequency range. The low-frequency
measurements are conducted at [1, 1171] Hz and the ultrasonic
measurements are conducted at 600 kHz. The sample is 90% satu-
rated with water and 10% saturated with air. We calculate the sta-
tic elastic moduli of the dry matrix based on the velocities of the
dry matrix. Since the experimental data do not contain o, and
Ky, we choose their values in a reasonable range. The properties
are listed in Table 2. The volume fractions of the two phases are
equal to the saturation of the fluids. The expressions of the unre-
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Fig. 3. Comparison of the experimental data (star markers) of the fully saturated tight sandstone, the numerical results calculated by the new unified model (solid curves) and
the squirt-flow model (dashed curves). (a) P-wave phase velocities for brine; (b) P-wave inverse quality factor for the 2 MPa pressure.
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Table 2
Properties used in the comparison between the experimental data of the partially
saturated tight dolomite and the numerical results calculated by the new unified
model.?)

Phase 1  Phase 2 RVE
Fluids viscosity (103 Pa s) 0.89 0.01 0.57
Fluids bulk moduli (GPa) 2.38 1418 x 107 1419 x 107
Fluids densities (10% kg/m?) 0.914 0.001 0.833
Porosity (%) 5.72 5.72 5.72
Permeability (mD) 1.612 1.612 1.612
Rock material density (10° kg/m®)  2.695 2.695 2.695
Rock material bulk modulus (GPa) 100 100 100
Rock matrix bulk modulus (GPa) 44 44 44
Rock matrix shear modulus (GPa) 34 34 34
Water saturation (%) - - 920
Tortuosity - - 24
Heterogeneity scale (mm) - - 0.4
Skempton’s coefficient 0.352 316x10° 3.15x10°*

3 “_” means that the property is not used in this study.
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Fig. 4. Comparison of the experimental data (star markers) of the partially
saturated tight dolomite, the numerical results calculated by the new unified
model (solid curves) and the squirt-flow model (dashed curves): P-wave phase
velocities.

laxed modulus are provided by Refs. [27,60| (see Appendix A
online). We also choose 0.4 mm as the scale of the mesoscopic
heterogeneity L.

We compute the velocity dispersion of the fast P-waves using
the given physical properties and compare the numerical results
with the measured velocities. The results are shown in Fig. 4,
where the star markers represent the experimental data. The solid
curves and the dashed curves are the numerical results calculated
with the new unified model and the squirt-flow model, respec-
tively. The results indicate that the experimental data has obvious
dispersion in the low-frequency regime, and the velocity tends to
constant around 1 kHz. The velocity at 600 kHz is much higher
than the velocities around 1 kHz, which implies the occurrence of
another transition between those two frequencies. The squirt-
flow model cannot describe the dispersion in such a wide fre-
quency regime. However, our new unified model provide a better
fit than the squirt-flow model, which implies that the new model
could be used to describe the dispersion caused by the patchy sat-
uration and squirt-flow simultaneously.

5. Conclusions

In this study, we have described the characteristics of the dis-
persion and attenuation caused by mesoscopic and microscopic

heterogeneities and proposed a new generalized Zener model with
two modulus transitions and two attenuation peaks to combine
the heterogeneities at two scales. The viscoelastic parameters in
the new model are determined by the two mechanisms. We have
also introduced the new viscoelastic model into the Biot poroelas-
ticity theory to obtain new poroviscoelastic wave equations in the
time and frequency domains. All the coefficients in our model have
clear physical meanings and can be measured or estimated inde-
pendently. We have compared the numerical results calculated
with our new model with two groups of experimental data. One
group comes from a fully saturated tight sandstone core and the
other one comes from a partially saturated dolomite core. For tight
porous rock saturated with fluid, the mesoscopic heterogeneity of
the rock fabric and the microscopic heterogeneity of the pores are
the two main mechanisms causing energy loss. For the partially
saturated tight porous rock, energy loss is caused by the meso-
scopic heterogeneity of fluid distribution and microscopic hetero-
geneity. The comparisons have shown that our new model can
be used to describe the dispersion of waves. Since the new model
unifies different mechanisms, it can be used for different types of
data obtained in multi-frequency ranges, especially in the seismic
frequencies.
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