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a b s t r a c t

Prediction of seismic attenuation and dispersion that are inherently sensitive to hydraulic and elastic
properties of the medium of interest in the presence of mesoscopic fractures and pores, is of great in-
terest in the characterization of fractured formations. This has been very difficult, however, considering
that stress interactions between fractures and pores, related to their spatial distributions, tend to play a
crucial role on affecting overall dynamic elastic properties that are largely unexplored. We thus choose to
quantitatively investigate frequency-dependent P-wave characteristics in fractured porous rocks at the
scale of a representative sample using a numerical scale-up procedure via performing finite element
modelling. Based on 2-D numerical quasi-static experiments, effects of fracture and fluid properties on
energy dissipation in response to wave-induced fluid flow at the mesoscopic scale are quantified via
solving Biot's equations of consolidation. We show that numerical results are sensitive to some key
characteristics of probed synthetic rocks containing unconnected and connected fractures, demon-
strating that connectivity, aperture and inclination of fractures as well as fracture infills exhibit strong
impacts on the two manifestations of WIFF mechanisms in the connected scenario, and on resulting total
wave attenuation and phase velocity. This, in turn, illustrates the importance of these two WIFF
mechanisms in fractured rocks and thus, a deeper understanding of them may eventually allow for a
better characterization of fracture systems using seismic methods. Moreover, this presented work
combines rock physics predictions with seismic numerical simulations in frequency domain to illustrate
the sensitivity of seismic signatures on the monitoring of an idealized geologic CO2 sequestration in
fractured reservoirs. The simulation demonstrates that these two WIFF mechanisms can strongly modify
seismic records and hence, indicating that incorporating the two energy dissipation mechanisms in the
geophysical interpretation can potentially improving the monitoring and surveying of fluid variations in
fractured formations.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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for a long time, particularly for shale and many other unconven-
tional reservoirs embodying low effective permeability (e.g.,
Gurevich et al., 2009; Galvin and Gurevich, 2015; He et al., 2020),
are very common geological features over a wide range of scales
(frommicroscale to continental) in the shallower formations of the
Earth's crust and tend to predominantly affect much of their me-
chanical strength as well as hydraulic properties. This is because
fracture networks with their typically small fractions in total vol-
ume provide the main transports for the pore fluid flow in such
kind of reservoirs, and hence significantly enhancing the effective
permeability that critically relies on the hydraulic connectivity of
mesoscopic fractures. More accurate identification and description
of fracture systems from borehole logging and seismic measure-
ments is, therefore, are crucial tasks in the potential applications
spanning multiple domains throughout the engineering, environ-
mental and Earth sciences, including hydrocarbon exploration and
depletion, civil engineering, geothermal energy production, as well
as nuclear waste disposal and geologic CO2 sequestration, among
many others (e.g., Grab et al., 2017; Wang et al., 2019).

Numerous authors have made considerable efforts, via devel-
oping numerous rock physics concepts over recent decades, to
describe the underlying links between the hydraulic properties of
fluid-saturated fractured rocks and their seismic signatures (e.g.,
see Müller et al., 2010 for a review). Many such analytical solution,
which have been applied to relate phase velocity and wave atten-
uation (or inverse quality factor) observations with the physical
state of pore fluid and permeability in the past (e.g., Chapman et al.,
2003; Gurevich et al., 2009; Wenzlau et al., 2010; Kong et al., 2013;
Guo et al., 2018; Haggenson et al. 2020; He et al., 2021a), are
established in the framework of Biot's theory of poroelasticity via
representing the mesoscopic fractures with highly permeable
heterogeneities embedded in a stiffer porous media (Biot, 1956a,
1956b). In this respect, the conceptual models often assume elastic
matrix, fractures with idealized geometrical properties and
ignoring crack or contact areas interactions. Furthermore, the
noticeable magnitudes of seismic attenuation in a fractured porous
reservoir have been recognized to be primarily governed by wave-
induced fluid pressure diffusion (WIFPD), also referred to as wave-
induced fluid flow (WIFF) between the pore space of the embed-
ding background and fractures, at mesoscopic scales. Especially, a
propagating wave caused significant fluid pressure gradients be-
tween such domains tend to equilibrate through pressure diffusion
process tightly related to hydraulic properties of the fractured rock,
and eventually produce strong energy dissipation due to viscous
friction, which in turn were magnified in terms of seismic attenu-
ation and velocity dispersion. In addition, there has been increasing
evidence, based on laboratory experiments and theoretical works,
to imply that the presence of fractures in fluid-saturated media
plays a vital role on affecting wave energy dissipation and velocity
dispersion, as well as on the effective anisotropy and scattering
(e.g., Chapman et al., 2003; Maultzsch et al., 2003; Kong et al., 2013;
He et al., 2021b). It is well known that connectivity and aperture of
fractures have a significant impact on the overall mechanical frac-
ture properties. Until up now, however, these influences regarding
to the seismic attenuation and velocity dispersionmeasurements in
fractured rocks were not exhaustively evaluated, partially owning
to the inherent shortcomings in typically existing effective medium
theories (e.g., Chapman et al., 2003; Galvin and Gurevich, 2015;
Pang et al., 2021) as well the computational costs.

In this sense, numerical modelling schemes implemented
recently consisting of commonly solving Biot's (Biot, 1941, 1956a,
1956b) poroelastic equations have become popular and are more
flexible to compute seismic attenuation and velocities due to fluid
pressure diffusion effects in fluid-saturated heterogeneous rocks
over a broad frequency range (e.g., Masson and Pride, 2007; Rubino
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et al., 2009; Quintal et al., 2011; Tisato and Quintal, 2013; Solazzi
et al., 2017; Zheng et al., 2018; Lissa et al., 2019). In such studies,
Zhao et al. (2016) and Cao et al. (2019), based on the numerical
finite-element modelling, have explored the influences of elastic
interactions between pores and cracks on stress field distribution
and, consequently, on the overall effective elastic properties in rock
samples containing mesoscale fractures of different shapes and
orientations. Their results indicate that spatial arrangements of
cracks may be reflected in the characteristics of seismic elastic and
anisotropy. Using numerical oscillatory compressibility tests,
Rubino et al. (2014) have demonstrated the important role played
by the geometrical and mechanical details of fracture contact area
on seismic attenuation and phase velocity, which may exhibit a
distinct dependence on the effective stress state.

Moreover, several authors have demonstrated in their presented
studies that wave attenuation and dispersion of phase velocity
might embody valuable information about fracture connectivity
(e.g., see Rubino et al., 2013b; Quintal et al., 2014; Rubino et al.,
2013a). Through three oscillatory relaxation experiments on 2-D
synthetic sample based on a numerical solution of Biot's poroe-
lastic consolidation equations (Biot, 1941), Rubino et al. (2016)
studied anisotropic WIFF effects and analyzed the associated
seismic responses of fluid-saturated porous rocks containing
different sets of intersecting fractures. Under the assumption that
the total stress equilibrium and Darcy's law are fulfilled simulta-
neously, their methodology is performed in the space-frequency
domain. However, WIFPD effects on seismic signatures of frac-
tures with more realistic connectivity, aperture and inclination of
the fractures, as well as the fracture infills, were not considered in
these works.

In a fractured fluid-saturated porous rock, WIFPD influences are
expressed in two fundamental patterns (e.g., Müller et al., 2010;
Rubino et al., 2013a; Rubino et al., 2014; Caspari et al., 2019),
including wave-induced fluid flow between fractures (or briefly FF-
WIFF) and WIFF between fractures and the embedding host matrix
(or briefly FB-WIFF). Correspondingly, strong energy dissipation
associated with FF-WIFF exists only within fractures with the
characteristic time scale relying on the hydraulic diffusivity of the
fractures and the host rock, while FB-WIFF takes place in the host
matrix. Thus, a better understanding of the interplay between these
two mechanisms provides an essential step towards the accurate
estimation of fracture features using seismic methods. And thus in
this work, to further explore the implications of seismic attenuation
and velocity dispersion phenomena, we seek to extend an numer-
ical approach similar to the one of Quintal et al. (2011) to porous
fluid-saturated media containing fractures at the mesoscopic scale
and follow the analysis of Rubino et al. (2014) applied to a fracture
with varying connectivity. As in Quintal et al. (2011), our study is
based on quasi-static finite-element simulations of Biot's poroe-
lastic equations for a linear consolidation process (Biot, 1941) in the
space-time domain. The principle goal of this study is to under-
stand in more details these two WIFF-based attenuation mecha-
nisms via a comprehensive analysis of the effects of various fracture
properties and the filled fluids on seismic attenuation and phase
velocity utilizing a complementary numerical upscale-up tech-
nique and thus hopefully, to shed a light on the estimation of
frequency-dependent elastic moduli of realistic fracture networks
as well as on discrimination of the pressure diffusion associated
energy dissipation mechanisms.

This paper is structured as follows. We first introduced the
quasi-static numerical scale-up procedure, which is applied for 2-D
fractured rock models throughout this study and allows to quality
the associated seismic attenuation in responses toWIFF. Thereafter,
we describe the matrix and fluid properties of the fractured porous
rocks and then proceed to explore the roles played by several key
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properties of the media considered on wave attenuation and phase
velocity over a broad frequency range. Finally, to explore the
importance of these two energy dissipation mechanisms, we also
examine reservoir-scale seismic signature changes through incor-
porating the seimoacoustic results predicted into a geological
model and simulating the propagation of seismic waves in a frac-
tured reservoir of geologic CO2 sequestration.
Fig. 1. Schematic representation of a 2-D quasi-static creep compression test applied
to a representative elementary volume (REV) of the fluid-saturated poroelastic media.
The corresponding boundary conditions indicate that a compressive total force SðtÞ is
2. Methodological background

One important idea behind rock physics analysis of seismicwave
propagations in Earth's crustal rocks is to enable predication of the
effects of attenuation and dispersion related to WIFFs in the pres-
ence of mesoscopic fractures and pores, and this has been chal-
lenging. Since the stress interactions of fractures tend to produce
great impact on dynamic elastic properties which are largely un-
explored, we choose to investigate numerically their frequency-
dependent characteristics for fractured porous rocks at the scale
of a representative sample. Thus, the 2-D numerical quasi-static
creep experiments, as proposed by Masson and Pride (2007)
based on the poroelastic Biot's equations and later modified by
Quintal et al. (2011) using the finite element numerical strategy,
and their corresponding isotropic upscaling procedure are
employed to calculate the effective seismic properties due to WIFF
between fractures and the embedding matrix as well as within
connected fractures.
applied perpendicularly on the top boundary of the sample, and no fluid flow is
allowed for the natural boundary conditions of Biot's equations of consolidation (Biot,
1941) that are essentially in agreement with an undrained rock sample. In addition, the
displacements on the bottom boundary and on the lateral boundaries of the sample are
set to zero. Elastic moduli of the poroelastic sample are yielded by measuring the
resulting strain responses.
2.1. Biot's consolidation equations

We perform numerical modeling of the quasi-static poroelastic
experiment based on the Biot's (1941) consolidation equations
instead of Biot's (1956a, 1956b) equations of dynamic poroelas-
ticity. The reason behind this is that the WIFF is dominated by fluid
pressure gradients and hence, neglecting the inertial effects can in
turn lead to a more efficient strategy to predict and interpret the
corresponding seismic acoustic signatures. The associated
displacement-pressure formulations of quasi-static poroelasticity
of Biot's consolidation equations are presented in Appendix A.

Since the methodology is based on the Biot's (1941) quasi-static
poroelastic approximation, it is applicable when the largest fre-
quency considered is significantly smaller than the Biot's critical
frequency, at which inertial and viscous forces play equal roles on
the pore fluid (e.g., Caspari et al., 2016)

fBiot ¼
4h

2pkrf
; (1)

with rf denoting the density of the pore fluid, h the fluid viscosity, 4
the rock porosity and k the permeability.

Applying a normal compressive stress in the time domain on the
top boundary of a synthetic poroelastic model and setting the
bottom displacement to zero, while the lateral boundaries are fixed
and no shear stresses are applied to the sample. And thus, we
simulate the 2-D pure compression experiment and compute the
time-varying strain response and explore the corresponding effects
on the pore pressure. Fig. 1 gives a representation of such an
experiment. In addition, the stress function, SðtÞ, has been
employed to guarantee a broad frequency rangewithin a small time
duration

SðtÞ ¼ S0
2
f1þ tanh½rðt � t0Þ � g; (2)

where S0 represents the constant amplitude of stress level. The
stretching coefficient r is chosen to offer the largest frequency and,
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the parameter t0 is amply large that rt0[1 such that Sðt ¼ 0Þy0.
The applied time-varying stress on the top surface of the numerical
sample produces fluid pressure differences due to flowing arising
within fractures and fractures and the pore space of the background
matrix, resulting in significant wave energy dissipation due to
viscous dissipation.
2.2. Numerical upscaling procedure

In this study, we investigate the fluid pressure gradients in the
mesoscopic scale range, indicating that the characteristic length
scale of the fracture Lfrac are much larger than the typical pore or
grain size Lpore, but several orders of magnitude smaller than the
dominant seismic wavelength l. Since no fluid flow occurs at the
macroscopic scale, the upscaling of Biot's equations of quasi-static
poroelasticity allows for spatial and temporal upscaling, gener-
ating a homogenous equivalent mediumwith time- and frequency-
dependent effective seismic properties of the fractured porous
media. The workflow adopted in this study for the numerical scale-
up simulation scheme of seismic attenuation and velocity disper-
sion corresponding to a vertically propagating compressional wave
in fractured poroelastic media is demonstrated in Fig. 2. All the
numerical results illustrated here have been yielded through the
following procedures:

⑴ On a 2-D unstructured triangular finite element mesh
allowing the solving of complicated geometries (see
Appendix B), a partially fluid saturated numerical rock
sample can be represented by a synthetic poroelastic model
(i.e., the REV) with the materials to be explored, while the
fractured regions fully saturated by another fluid (see Fig. 3).



Fig. 2. Workflow for finite element modelling strategy of seismic attenuation Q�1
P ðuÞ and velocity dispersion VPðuÞ of compressional wave in fractured fluid-saturated poroelastic

media. Here, the modelling procedure is based on Biot's quasi-static consolidation equations in the solid displacement u and fluid pressure p in the 2-D case (Biot, 1941) rather than
Biot (1956a, 1956b) equations of dynamic poroelasticity, since attenuation related to WIFF is dominated by fluid pressure diffusion. A similar procedure of predicting the frequency-
dependent Q�1

P ðuÞ and VPðuÞ from the time evolution scheme of the mean normal stress and strain, _szzðtÞ and _εzzðtÞ, was also presented in Wenzlau et al. (2010).
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⑵ Via apply normal compressive total forces SðtÞ in Equation (2)
at the top boundary of the square sample, we obtain the total
stress szzðtÞ and strain εzzðtÞ state throughout the REV at each
time step according to solid displacement, ux and uz, and
fluid pressure p. Especially, variable time steps, with very
small time steps at the beginning to accurately resolve
complex moduli at high frequencies and larger time steps
approaching the end to ensure accuracy at low frequencies,
were employed in the 2-D compression simulations.

⑶ The stress and strain rates, _szzðtÞ and _εzzðtÞ, which are esti-
mated via taking their time derivatives of szz and εzz, are
employed to obtain the time evolution of the mean normal
stress and strain rates, _szz and _εzz, over the sample domain at
the end of the numerical simulation.

⑷ Applying a fast Fourier transform algorithm to the mean
stress and strain rates, we obtain _szzðuÞ and _εzzðuÞ, which are
subsequently used to calculate the macroscopic complex-
valued and frequency-dependent undrained compressional
wave modulus HðuÞ via the expression

HðuÞ¼ _szzðuÞ = _εzzðuÞ; (3)

with u being the angular frequency (rad/s). The corresponding
frequency-dependent phase velocity and inverse quality factor
associated with a pure undrained compression can be obtained
from HðuÞ as

VPðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ReðHðuÞÞ

r

s
; (4)

1
QPðuÞ

¼ ImðHðuÞÞ
ReðHðuÞÞ; (5)
180
where r is the bulk density of fractured fluid-saturated poroelastic
medium.
3. Numerical simulations and results

In this section, we seek to complement and extent the initial
research efforts of WIFF effects in fractured reservoirs through the
use of quasi-static numerical creep experiment, based on the quasi-
static poroelasticity equation (Biot, 1941). Since we focus on the
undrained seismic acoustic responses, the natural boundary con-
ditions for no fluid flow into the sample or out of it are employed. In
order to calculate the stress interaction and the associated effective
elastic tensors of the fractured porous rocks, numerical simulation
experiments are performed in the time domain with the finite
element solver, COMSOL Multiphysics, for poroelastic rheology to a
REV of the 2-D heterogeneous medium of interest (Figs. 1 and 3). It
is also important to remark that the applied mesh grid is suffi-
ciently small to suitably describe pore pressure diffusion processes
related to FF-WIFF and FB-WIFF.
3.1. Matrix parameterization and fluid properties

Wemodel a 2-D poroelastic sample with a square of side length
3.33 cm, corresponding to a homogeneous fluid-saturated sand-
stone permeated by a set of mesoscopic fractures. The frame of the
numerical rock sample consists of quartz grains with the petro-
physical properties presented in Table 1. The porous background
region corresponds to a moderately stiff sandstone with a porosity
of 0.1, while the embedded fracture corresponds to a poorly
consolidated sandstone with a porosity of 0.5. The permeability of
the numerical rock, k, is calculated for porosity, 4, according to a
Kozeny-Carman formulation (e.g., see Mavko et al., 2009)



Fig. 3. Synthetic rock samples of connected (a) or unconnected (b) fractures (i.e., Fracture 1 and Fracture 2) designed to investigate the sensitivity of wave attenuation and velocity
dispersion to WIFF related to fracture connectivity. Unstructured finite element meshes (c), which have different petrophysical properties and each consists of seven nodal points,
are employed to discretize the connected fracture model (a). Blowup of the numerical mesh illustrates that the triangular elements are much smaller in the fractures and their
immediate vicinity compared with the regions away from the fractures (d). Moreover, fractures are denoted with hollow elliptical heterogeneities, which are characterized by large
porosity and permeability, embedded in the continuous background media of low porosity and permeability.

Table 1
Physical properties of the rock frame for the fractured porous media demonstrated
in this study. The parameters were adopted from Rubino et al. (2013b, 2014).

Region Background Fracture

Grain bulk modulus, Ks [GPa] 37 37
Grain shear modulus, ms [GPa] 44 44
Grain density, rs [g/cm

3] 2:65 2:65
Porosity, 4 0:1 0:5
Permeability, k [mD] 10�2 105

Drained frame bulk modulus, Kd [GPa] 26 0:02
Drained frame shear modulus, Kd [GPa] 31 0:01
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k¼ 0:003*
43

ð1� 4Þ2
d2; (6)

with d ¼ 1:2� 10�3 cm denoting the averaged grain diameter. In
addition, spatial porosity variations imply modifications in other
poroelastic properties, like the dry framemoduli. As the poroelastic
compressibility contrasts are essential to cause WIFF, it is thus
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necessary to consider variations in the elastic properties of the dry
frame. The dependency of bulk and shear moduli of the dry back-
ground on porosity and solid grain properties can be described
following the empirical model of Krief et al. (1990).

Kd ¼ Ksð1� 4Þ3=ð1�4Þ; (7)

m ¼ Kdms=Ks; (8)

with ms representing the shear modulus of the solid grains. In
addition, we consider a very low permeability of the background
material, kb ¼ 10�2 mD, such as to discriminate the attenuation
peak related to FB-WIFF from that corresponding to FF-WIFF. In
addition, we consider the porous material composing the fractures
a permeability kf ¼ 10 D.

For the following numerical simulations, we employ the
poroelastic model containing two quasi-orthogonal mesoscopic
fractures with andwithout intersection (see Fig. 3). We assume that
the rock frame properties of the fractures are identical to those of
the background material at the grain scale. According to Nakagawa
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and Schoenberg (2007), we obtain Kf
d ¼ 0:02 GPa and mfd ¼ 0:01

GPa for the drained-frame bulk and shear moduli of the fractures,
respectively, through the shear and drained normal compliances

hT ¼ Ζ

mfd
; (9)

hN ¼ Ζ�
K f
d þ 4mfd

.
3
�; (10)

with Ζ representing the fracture thickness. For the aim of this
methodological study, the distinctive contrasts in the material
properties are utilized considering the fact that it leads to appar-
ently high attenuation and velocity dispersion associated with
WIFF effects. In order to explore how the filled fluid affects the
elastic properties of fractured porous reservoirs, the fractures and
the background pore spaces are fully saturated with brine, glycerin,
oil and CO2, respectively, for their relatively large range of viscosity.
The physical properties of the fluids used are given in Table 2.
3.2. Effects of fracture connectivity on seismic attenuation and
velocity dispersion

3.2.1. Sensitivity of attenuation and velocity dispersion to fracture
connectivity

Fig. 3 depicts the two synthetic rock samples employed to
investigate the fracture connectivity effects on P-wave attenuation
and velocity dispersion related to two WIFF mechanisms. The
bottom panel of Fig. 3 shows the unstructured finite element mesh
with Delaunney triangulation for the numerical simulation algo-
rithm for the synthetic sample containing connected fractures
shown in Fig. 3(b). Fig. 4 depicts the snapshots of the 2-D quasi-
static creep experiments with brine-saturated fractures and back-
ground materials, for the normalized fluid pressure field p at six
different times. The snapshots in Fig. 4(a) correspond to a
compression test for the P-wave traveling vertically throughout the
poroelastic sample containing unconnected fractures (i.e., Fracture
1), while snapshots in Fig. 4(b) correspond to that of the sample
embedding connected fractures (i.e., Facture 2). The total stress and
strain in normal direction yielded from the numerical experiment
are averaged over the sample REV domain. Fig. 4 illustrates the fluid
pressure gradients caused by compression as well as the corre-
sponding fluid flow. The results from the simulations shown in
Fig. 4(a) and (b) respectively, are illustrated in Fig. 5(a) and (b) for
the inverse quality factor, 1=QP, and phase velocity, VP, of P-wave.

Fig. 5 displays the calculated inverse quality factor and phase
velocity for vertically incident P-wave as a function of frequency for
the two synthetic samples presented in Fig. 3. The green curve in
Fig. 5(a) indicates that the presence of fractures perpendicular to
the direction of wave propagation produces significantly marked
attenuation with the maximum level within the low seismic
Table 2
Physical properties of fluids used in this study. The parameters were adopted from Quin

Fluid Temperature, oC Bulk modulus

Brine 20 2.28
Oil 20 1.4
Glycerin 20 4.68

40 4.36
60 4.15
80 4.01
100 3.86

CO2 at 50 MPa 40 0.6
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frequency band of � 2 Hz. Nevertheless, the added non-
intersecting fracture parallel to the direction of wave propagation
seems to exhibit a moderate to weak influence with respect to the
maximum attenuation as addressed in Rubino et al. (2013a). This
may be due to the fact that the vertical compressive stress acted on
the sample does not strongly alter the fluid pressure within the
quasi-vertical fracture and, subsequently, causing no strong WIFF.
In addition, the significant compressibility contrast between the
quasi-horizontal fracture and the background matrix leads to
strong fluid flow between these two regions. It is important to
remark that the strong attenuation values due to the FB-WIFF
related to the quasi-horizontal fracture (Fig. 5(a)) also correspond
to the high velocity dispersion effects over a broad frequency range
(Fig. 5(b)), consist with the Kramers-Kronig relationship (e.g.,
Mavko et al., 2009; Mikhaltsevitch et al., 2016). By comparing the
green and red curves, however, we observe significant variations in
the overall attenuation characteristics (red curve), as the two quasi-
orthogonal mesoscopic fractures intersect. Although the maximum
attenuation magnitude decreases apparently, the frequency range
in which attenuation occurs broadens. In addition, we find two
local attenuation peaks for the synthetic sample under consider-
ation, that is, one peak occurring at a frequency similar to the
characteristic frequency of the green curve and corresponding to
the fluid flow between fractures and the background matrix, and
the remaining one peak at higher frequency of � 15000 Hz asso-
ciated with an additional energy dissipation caused by fluid flow
between the connected fractures, i.e., FF-WIFF effects.

It is also interesting to observe in Fig. 4(a) that the posed
compressive stress causes a marked fluid pressure perturbation in
the highly compliant, quasi-horizontal fracture, compared to the
stiffer background rock, and hence leading to significant WIFF
across the boundary of the quasi-horizontal fracture and the
background matrix. Meanwhile, we note that fluid pressure
gradient caused with the quasi-vertical fracture for Fracture 1
(Fig. 3(a)) is relatively low, and thus the presence of this fracture
does not substantially alter the overall fluid pressure distribution
state. When the two quasi-orthogonal mesoscopic fractures inter-
sect for Fracture 2 (Fig. 3(b)), however, the fluid pressure gradient
exhibits a significant alteration, as shown in Fig. 4(b). Note that the
quasi-vertical fracture experiences a strong fluid pressure increase
before reaching equilibrium, while the fluid pressure field within
the quasi-horizontal fracture decreases slightly compared to the
un-intersected scenario (Fig. 4(a)). Importantly, the associated fluid
pressure gradient alteration is related to the hydraulic connectivity
between two quasi-orthogonal fractures and, thus, fluid exchange
between the quasi-horizontal fracture and background matrix de-
creases. We also find that there exists fluid flow between the
fracture and background matrix occurring in the vicinity of the
quasi-vertical fracture, resulting in the corresponding influence on
the attenuation and velocity dispersion behavior for red curve.

Moreover, the results in Figs. 4 and 5 indicate that, at the second
attenuation peak with higher frequency, fluid pressure field is
tal et al. (2011) and Yin et al. (2017).

, GPa Viscosity, 10�3Pa,s Density, g=cm3

1.0228 1.013
20 0.88
1412 1.262
284 1.249
81.3 1.235
31.9 1.221
14.8 1.208
0.0117 0.9913



Fig. 4. Snapshots of the normalized fluid pressure field p at times t1, t2, t3, t4, t5 and t6 of the 2-D creep experiments in response to the propagation of a P-wave traveling vertically
through the poroelastic samples, where the time evolution of compressive stress SðtÞ is loaded on the top boundary of the sample. Graph (a) corresponds to the synthetic sample of
unconnected fractures (Fracture 1) shown in Fig. 3(a), while Graph (b) corresponds to the synthetic sample of connected fractures (Fracture 2) shown in Fig. 3(b).
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much more apparent in the presence of intersected fractures and
takes place mainly within the quasi-orthogonal fractures. This
makes us more reasonable to account for the corresponding addi-
tional attenuation peak as well as velocity dispersion phenomenon.
At this higher frequency, there is a strong fluid pressure difference
and fluid flow within the quasi-vertical fracture and,
183
correspondingly, fluid is squeezed from the quasi-horizontal frac-
ture due to the fluid pressure increase caused by the vertical
compression. It is important to remark that, in Fig. 5(a), although
the frequency of second attenuation is well outside the seismic
exploration band, the first attenuation peak at lower frequency is
also affected by the presence of intersected fractures. Nevertheless,



Fig. 5. Numerical results for inverse quality factor 1=QP (a) and phase velocity VP (b) of vertically propagating P-wave as functions of frequency, obtained from the 2-D numerical
quasi-static creep simulations for the poroelastic rock samples with unconnected fractures (Fracture 1) and connected fractures (Fracture 2) shown in Fig. 3. In graph (a), the two
ellipses correspond to the low frequency region where the time increments are amply large to resolve the low-frequency creep process, and the high frequency region where the
time increments are small enough to resolve the high-frequency creep process, respectively. The rock-frame and fluid properties are shown in Tables 1 and 2. There are two
attenuation peaks, corresponding to two characteristic frequencies of approximately 2 and 15000 Hz that is located outside the frequency band, for the rock sample with two
intersected fractures, while a single attenuation peak is found for the rock sample containing two quasi-orthogonal mesoscopic fractures without intersection.
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the presence of the quasi-vertical fracture does not alter strongly
the fluid pressure distribution in the situation of without inter-
section. These implications may imply that seismic attenuation and
velocity dispersion contain valuable information regard to fracture
connectivity. In addition, analysis on the impacts of background
porosity on wave attenuation and velocity dispersion is presented
in Appendix C.
3.2.2. WIFF amplification related to fracture intersections
In order to investigate the dependency between the character-

istics of the attenuation peak, as well as the velocity dispersion,
associated with fluid flow and the behavior of fractures, we first
examine the role played by the addition of quasi-horizontal frac-
ture. Here, two different fractured models, in addition to the sam-
ples shown in Fig. 3(a) and (b), for the added quasi-horizontal
fractures (Fracture 3 and Fracture 4) are considered while the
quasi-vertical fracture remained (Fig. 6). Fig. 7 depicts the inverse
quality factor 1=QP and phase velocity VP for vertically incident P-
wave as a function of frequency for the four synthetic models
mentioned. To better understand the results depicted in Fig. 7, we
illustrate in Fig. 8 the evolution of fluid pressure field normalized by
their maximum values. We observe that the second attenuation
peak of higher frequency associated with FF-WIFF exhibits slight
discrepancy among the models with interested fractures. This is
attributed to the fact that the fluid pressure within the quasi-
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horizontal fracture arise due to the applied vertical compression.
Correspondingly, the produced fluid pressure diffusion inside the
quasi-vertical fracture is also marked and hence, leading to larger
fluid flow and seismic attenuation. It is also interesting to note that
the first attenuation peaks of the fracturedmodels in Fig. 6, at lower
frequency related to FB-WIFF, are slightly larger, comparing to that
of the model in Fig. 3(b). This is expected, since the significant fluid
pressure gradient within the connected fractures results in
enhanced fluid flow between fractures and the embeddingmaterial
and, consequently, higher seismic attenuation. Moreover, for the
three models with intersected fractures, for a background perme-
ability of kF ¼ 10�2 mD, the magnitude of seismic attenuation peak
controlled by FF-WIFF is slightly larger than that controlled by FB-
WIFF.

In this context, it is also interesting to notice that, although the
results of three samples with connected fractures show a strong
similarity, the addition of quasi-horizontal fractures leads to a
decrease in phase velocity VP (Fig. 7(b)). As well, there are two
characteristic frequencies in the intersected models, corresponding
to the FB- WIFF and FF-WIFF, respectively. Moreover, we find that
the characteristic frequency f Fc associated with FF-WIFF shifts to-
ward higher frequencies with increasing the addition of the quasi-
horizontal fractures and corresponding, the increased fractured
permeability kF. This is expected, because the characteristic fre-
quency f FFc of the FF-WIFF attenuation peak is directly proportional



Fig. 6. Illustration of the synthetic rock samples with connected fractures designed to analyze the sensitivity of wave attenuation and velocity dispersion due to WIFF related to
fracture connectivity of Fracture 3 (a) and Fracture 4 (b), respectively. The P-wave propagates vertically to the porous sample.

Fig. 7. Numerical results for inverse quality factor 1=QP (a) and phase velocity VP (b) of vertically propagating P-wave as functions of frequency, obtained from the 2-D numerical
quasi-static creep simulations for the poroelastic rock samples shown in Figs. 3 and 6 considering the unconnected fractures (Fracture 1) and connected fractures (Fracture 2,
Fracture 3 and Fracture 4) as denoted in the legend. The rock-frame and fluid properties are shown in Tables 1 and 2. It is important to notice here that two attenuation peaks for the
synthetic rock sample with intersected fractures, associated with effects of FB- and FF-WIFF, correspond to two distinct characteristic frequencies.
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to the permeability of the fracture material (e.g., see Rubino et al.,
2014). We notice that the characteristic frequency of the first
attenuation peak f BFc is also sensitive to the fracture permeability
and shifts towards higher frequencies, but remains within the
seismic frequency band. This may be related to the strengthened
total amount of fluid flow between fractures and the background
matrix with adding quasi-horizontal fractures.

From Fig. 4(b) and Fig. 8, we observe that, even though the most
significant part of fluid flow seems to happen between the inter-
sected fractures, remarkable fluid flow also happens between
fractures and the background regions. This in turn indicates the
importance of relative contribution of fluid flow effects on energy
dissipation mechanism and thus, various subsegments comprising
of the fractures need to be considered so as to better discriminate
their respective influences on seismic attenuation and velocity
dispersion related to FB- and FF-WIFF.
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In order to analyze the role played by the aperture of the frac-
tures, the numerical sample with two interested fractures in
Fig. 3(b) are employing via considering various fracture character-
istic lengths. Here, we simulate the influence of characteristic
lengths of the quasi-horizontal and quasi-vertical fractures, a1 and
a2, on characteristics of the attenuation peak and the associated
velocity dispersion related to FF-WIFF. a1 and a2 denote the ratios
of the lengths between the major axis and the minor axis for the
quasi-horizontal and quasi-vertical fractures, respectively. Fig. 9
depicts the numerical results of inverse quality factor 1=QP and
phase velocity VP for P-wave as a function of frequency for the
fractured sample described above. We see in Fig. 9(a), that although
the amplitude of second attenuation peak at higher frequency due
to FF-WIFF increases gradually with increasing a1 and unchanged
a2 ¼ 50, the amplitude of first attenuation peak at lower frequency
seems unaffected. In addition, the second attenuation peak gets



Fig. 8. Snapshots of the normalized fluid pressure field p at times t1, t2, t3, t4, t5 and t6 of the 2-D creep experiments in response to the propagation of a P-wave traveling through
the poroelastic samples, where the time evolution of compressive stress SðtÞ is loaded on the top boundary of the sample. Graph (a) corresponds to the synthetic sample of
connected fractures (Fracture 3) shown in Fig. 6(a), while Graph (b) corresponds to the synthetic sample of connected fractures (Fracture 4) shown in Fig. 6(b).

Y.-X. He, W.-T. He, M.-F. Zhang et al. Petroleum Science 20 (2023) 177e198

186



Fig. 9. Numerical results for inverse quality factor 1=QP (left column) and phase velocity VP (right column) for vertically propagating P-wave as a function of frequency, obtained for
a numerical model consisting of two quasi-orthogonal mesoscopic intersected fractures shown in Fig. 3(b). Colored curves correspond to acoustic responses calculated for the
sample with varying fracture characteristic lengths, a1 and a2, as indicated in the legend. Here, a1 and a2 denote characteristic length of the quasi-horizontal and quasi-vertical
fractures, respectively. The rock-frame and fluid properties are shown in Tables 1 and 2

Y.-X. He, W.-T. He, M.-F. Zhang et al. Petroleum Science 20 (2023) 177e198
much broader and shifts towards lower frequencies with the
increasing a1, indicating the influence of the characteristic length
of the quasi-horizontal fracture a1 on FB-WIFF and the associated
seismic attenuation is, however, rather negligible in this case.
Corresponding to the attenuation behavior, we find that phase
velocity shows the similar variation characteristics with fre-
quencies, and the velocity increases strongly with the increasing a1
and the unchanged a2.

Moreover, we find that for a constant a1 ¼ 50, an increase in the
characteristic length of the quasi-vertical fracture a2 results in a
slight increase of the first attenuation peak but a reduction in the
level of the second attenuation peak. Interestingly, we also see that
the frequency range where the FF-WIFF induced energy dissipation
operates shifts towards lower frequencies for increasing charac-
teristic length of the quasi-vertical fracture a2, or equivalently,
decreasing the spacing of the quasi-vertical fractures. However, for
FB-WIFF, the characteristic length of the quasi-vertical fracture has
no effect on the location of the first attenuation peak. It can also be
seen that there are obvious variations in phase velocity dispersion
for varying a2 (see Fig. 9(d)), although the variation is at a less
significant level compared to that shown in Fig. 9(b). Hence, the
findings of this study also imply that seismic attenuation and the
associated velocity dispersion may contain significant information
on characteristic lengths of the fractures.
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3.3. Role of the intersection angle of fractures on frequency-
dependency of seismoacoustic signatures

We also explore the role of the intersection angle between two
fractures on attenuation and velocity dispersion, employing a nu-
merical model embodying two fractures of equal length intersect-
ing at their centers for three cases. For the first case, one of the
fractures is located horizontally in the center of the rock sample
with side length of 3.33 cm and intersected by the other fracture
with an angle q of 30o, 60o and 90o, as shown in Fig. 10. For the
second case, two fractures in Fig. 11 are exactly symmetrical with
respect to the horizontal plane and in this study, intersection angles
q of 0o, 30o, 60o, 90o, 120o; and 150o are considered. In addition,
Fig. 12 illustrates the synthetic rock samples with perpendicularly
intersected fractures designed to analyze the role of P-wave prop-
agating direction on wave attenuation and velocity dispersion. A
series of intersection angle b of 0o, 15o, 30o, 45o, 60o and 75o; be-
tween the vertical axis and one of the fractures, are considered. The
corresponding inverse quality factor and phase velocity as a func-
tion of frequency are displayed in Fig. 13.

We see from Fig.13(a) that, while the intersection angle does not
affect apparently the characteristic frequency of the two attenua-
tion peaks, their magnitudes are varied significantly. In particular,
the value of the first attenuation peak is smallest for q ¼ 90o and
gets higher as q decreases. Conversely, we observe that the



Fig. 10. Illustration of the synthetic rock samples with intersected fractures designed to analyze the role of intersection angle q between two fractures on attenuation and velocity
dispersion, corresponding to q ¼ 30o (a), q ¼ 60o (b), and q ¼ 90o (c), respectively.
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amplitude of the second peak is largest for q ¼ 90o and becomes
smaller as q decreases. This corresponds to the phenomenon that
the vertical compression acted at the top boundary of the poroelstic
sample causes an increase of its fluid pressure as the nonhorizontal
fracture becomes more plat and hence, the less amount of fluid is
injected from the horizontal fracture. This, in turn, results in the
amount of fluid flow inside the fracture system gets less important,
while the fluid pressure differences between the fractures and the
background regions become increased. Thus, the magnitudes of the
attenuation associated with the second peak reduces while the
values of the first attenuation peak increases as the nonhorizontal
fracture approaches a flat position. The phase velocities in Fig. 13(b)
exhibit a similar behavior to seismic attenuation, as the magnitude
of velocity dispersion related to FB-WIFF is lowest for q ¼ 90o and
gets smaller as q decreases. As well, the level of velocity dispersion
caused by FF-WIFF is highest for q ¼ 90o and reduces as q decrease.

Fig. 13(c) depicts the inverse quality factor as a function of fre-
quency, corresponding to the fractured rock sample in Fig. 11. It is
interesting to note that the intersection angle does not affect
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strongly the magnitude of the second attenuation, as well as the
characteristic frequency of the two attenuation peaks, but produces
strong amplitude variations in the attenuation related to FB-WIFF.
We find that the level of the first attenuation peak is highest for q ¼
0o and decreases as q increases. This is expected, because as the two
non-vertical horizontal fractures get more vertical, their fluid
pressure decreases. And thus, the fluid pressure gradient between
the fractures and the background matrix decreases, whereas the
contribution of the amount of fluid flow inside the fracture system
to the total attenuation is rather negligible in this case considering
the exact symmetry of two fractures with respect to the horizontal
plane. The corresponding results are physically meaningful for the
phase velocities in Fig. 13(d), as obvious velocity dispersion also
occurs at the characteristic transition frequency related to FB-WIFF.
As well, we see that phase velocity is sensitive to the intersection
angle variations.

It is also interesting to notice that the intersection angle b be-
tween the vertical axis and one of the perpendicularly intersected
fractures does not influence the location of the two attenuation



Fig. 11. Illustration of the synthetic rock samples with connected fractures designed to analyze the role of intersection angle between the fracture and the horizonal axis on
attenuation and velocity dispersion. In addition, two fractures are exactly symmetrical with respect to the horizontal axis, and intersection angles of q ¼ 0o (a), q ¼ 30o (b), q ¼ 60o

(c), q ¼ 90o (d), q ¼ 120o ; (e) and q ¼ 150o (f) are considered, respectively.
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Fig. 12. Illustration of the synthetic rock samples with perpendicularly intersected fractures designed to analyze the role of P-wave propagating direction on attenuation and
velocity dispersion. A series of intersection angles between the vertical axis and one of the fractures are considered, including b ¼ 0o (a), b ¼ 15o (b), b ¼ 30o (c), b ¼ 45o (d), b ¼ 60o

(e), and b ¼ 75o (f).
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peaks, it significantly affects the amplitudes of the second peak
related to FF-WIFF, as shown in Fig. 13(e). We observe that the
amplitude of the second attenuation peak is largest for b ¼ 0o and is
lowest for b ¼ 45o. In particular, the level of the second peak for
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b ¼ 15o is equal to that for b ¼ 75o and, correspondingly, the sec-
ond peak magnitude for b ¼ 30o is identical to that for b ¼ 60o. The
magnitude of the first attenuation peak does not change regardless
of varying intersection angle b, indicating that fluid flow between



Fig. 13. Numerical results for inverse quality factor 1=QP (left column) and phase velocity VP (right column) for vertically propagating P-wave as a function of frequency, obtained
from the 2-D numerical quasi-static creep simulations of the poroelastic rock samples shown in Fig. 10 for (a and b), Fig. 11 (c and d) and Fig. 12 (e and f), respectively. Colored curves
correspond to acoustic responses calculated for the fractured sample with various intersection angles, as indicated in the legend. The rock-frame and fluid properties are shown in
Tables 1 and 2

Y.-X. He, W.-T. He, M.-F. Zhang et al. Petroleum Science 20 (2023) 177e198
the fractures and the background rocks are not affected for the rock
sample with two perpendicularly intersected fractures. The corre-
sponding phase velocity as a function of frequency (Fig.13(f)) reveal
a feather in agreement with the attenuation behavior and, this in
turn indicates that phase velocity also encodes valuable informa-
tion with regard to the fracture characters.
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3.4. Effects of fracture infill on the stress interactions

To analyze the dependency between the behavior of attenuation
and velocity dispersion due to WIFF and the fluid properties of the
fractured porous rock sample, we first investigate the effects of
fracture infills on dynamic stress interactions. We consider four
different fluid saturation scenarios for the model in Fig. 3(b): the



Y.-X. He, W.-T. He, M.-F. Zhang et al. Petroleum Science 20 (2023) 177e198
background matrix saturated with brine and the intersected frac-
tures saturated with three different fluids of brine, oil and super-
critical CO2 (i.e., ScCO2); the background matrix saturated with oil
and the intersected fractures saturated with the three different
fluids; the background matrix saturated with ScCO2 and the
intersected fractures saturated with the three different fluids; the
backgroundmatrix and the intersected fractures saturated with the
same fluid. The resulting inverse quality factor and the corre-
sponding phase velocity of P-wave as functions of frequency are
displayed in Fig. 14.

It is important to notice that, while the pore fluid of the back-
ground rocks does not change apparently the characteristic tran-
sition frequency of the corresponding FB-WIFF attenuation peak for
different fracture infills, it strongly affects the amplitude of the two
attenuation peaks, as shown in Fig. 14(a), (c) and (e). In particular,
we find that regardless of the pore fluid within the background
rocks, the location of the FF-WIFF attenuation peak does not shift
evidently but results in small amplitude variations for different
fracture infill scenarios considered. In all scenarios, nevertheless,
two characteristic frequency of the attenuation peaks is smallest for
oil-filled fractures (red curves) and increases as fluid viscosity h

decreases. The magnitude of the two attenuation peaks is largest
for the brine-filled fractures (blue curves), and is lowest for the
ScCO2-filled fractures (green curves).

By comparing the three curves in Fig. 14(g), we observe that
when the synthetic rock model is filled respectively with brine, oil
and ScCO2, significant variations in the magnitude and location of
two attenuation peaks happen. In addition, the fluid pressure
gradient corresponding to the fluid saturations of the rock model
yields significant changes in the phase velocity behavior, as illus-
trated in the right column of Fig. 14. In particular, the velocity is
largest for the model with brine saturation and is smallest for the
model with ScCO2 saturation. We also find that the frequency band
of the FF-WIFF where velocity dispersion is broadest for the oil
saturation and is narrowest for the ScCO2 saturation, is in accord
with the attenuation characteristics, which demonstrates that
attenuation and phase velocity contain valuable information regard
to the fluid property of the fractures.

The viscosity of fluid h is a key parameter that controls the
prevailing fluid mobility and thus, the transition frequency of the
two attenuation peaks in the fractured model. To identify the cor-
responding information that may be contained in seismoacoustic
signatures, we consider the samples shown in Fig. 3(b) and Fig. 6(a),
corresponding to the intersected fractures of Fracture 2 and Frac-
ture 3. Fracture and background matrix of two samples are satu-
rated by glycerin at five different temperatures T of 20o, 40o, 60o,
80o, and 100o, where the fluid viscosity h decreases as T increases.
Fig. 15(a) and (c) illustrates the calculated inverse quality factor as
functions of frequency for vertically propagating P-wave. As ex-
pected based on our previous analysis, we observe that both sam-
ples produce two attenuation peaks related to FB-WIFF and FF-
WIFF, which exhibit distinct characteristic frequencies. While the
location of the first attenuation peak and the magnitude of second
attenuation peak do not change significantly, we see that the first
attenuation peak is more significant for the rock sample depicted in
Fig. 6(a) due to increased amount of fluid flow between the frac-
tures and the background rocks. Moreover, the fluid viscosity seems
to shift the two attenuation peaks to a higher frequency as T
increases.

Results in Fig. 15(b) and (15d) indicate that the frequency-
dependent phase velocity also encodes useful information about
fluid viscosity of the fractured porous rocks. Corresponding to the
attenuation behavior, we find that the transition of significant ve-
locity dispersion shifts towards higher frequency as h decreases.
Furthermore, the measurable dispersion of phase velocity within
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seismic frequencies may prevail relying on the fluid viscosity of
fractured media. Please also note the no-flow limit velocity at fre-
quencies larger than 106 Hz.
4. Stress interaction effects on seismic reflection signatures

As WIFF changes significantly the phase velocity and the asso-
ciated attenuation of fractured fluid-saturated rocks based on our
previous calculations, we illustrate in this study its relevance
simulating the seismic energy spreading and exploring the seismic
characteristics of the compressional waves associated with a
designed surface-based seismic experiment, for a deep formation
saturated with supercritical CO2. We assume that ScCO2 is reserved
in a subsurface storage site with a perfect overburden seal and no
CO2 is escaped from the deeper reservoir. The geological sequence
of a rounded anticline is at a depth of 2.5 km (i.e., ~50 MPa) and
~1.5 km in length, and consists of a sandstone basement covered by
a shale layer which is about 500 m thick and 1.5 km in depth in the
center of the considered region (Fig. 16(a)). Elastic properties for
each lithology were adopted according to literature (e.g., Tisato and
Quintal, 2013; Al-Zaidi et al., 2018). Two scenarios were investi-
gated here, via assuming the connected fractures of the reservoir
domain were filled either by brine (case i) or ScCO2 (case ii), while
the porous background medium was saturated with brine. Thus,
this semielliptical area exhibits P-wave velocity dispersion and
attenuation behaviors similar to that shown in Fig. 14(a) and (b).
Please also note viscoelastic properties of the fractured porous
reservoir saturated with brine containing ScCO2 may not be similar
to those predicted in Fig. 14.

The simulation of seismic responses in the 2-Dmodel (Fig.16(a))
was performed in the frequency domain using acoustic wave
equation-based 9-point finite-difference algorithm (e.g., Jo et al.,
1996), and the 2-D acoustic wave equation in viscoelastic media
is expressed as

v2Uðx; z;uÞ
vx2

þ v2Uðx; z;uÞ
vz2

� u2

V2ðx; zÞUðx; z;uÞ¼ � f ðx; z;uÞ;

(11)

here U denotes the pressure wavefield, u represents the angular
frequency, V represents the frequency-dependent, complex valued
velocity, and f represents the source. In addition, the absorbing
boundary conditions were employed on the top, bottom, left and
right sides of the geologic model. An explosive source of Ricker
wavelet with its central frequency of 30 Hz and above the sequence
site (see the star in Fig. 16(a)) [x, z] ¼ [2000, 15] m was excited to
generate compressional waves acting in all directions and seismic
reflections are acquired by geophones on the surfaces.

The reflected waves recorded by five geophones located at
z ¼ 15 m and x between 1.0 and 2.0 km, as denoted in Fig. 16(a) are
illustrated in Fig. 16(b). The snapshots showing the P-wave propa-
gation at four consecutive times (t ¼ 0.25, 0.5, 0.8 and 1.0 s) are
displayed in Fig. 16(c). We observe that the reflected waves
generated due to the fractured storage site region are quite
observable. It is also very interesting to see that amplitudes of ac-
quired traces for case (ii) were slightly smaller than those acquired
in case (i) at near offsets, while the observed reflection amplitude
for case (ii) shows a variation up to 43% compared to those in case
(i) at the x ¼ 2000 m offset. The observed anomalies in Fig. 16(b)
and (c) imply that the variations in the fractured porous reservoir
due to ScCO2 injection can produce apparent perturbations on
seismic reflection signatures, which can be affected by seismic
attenuation and velocity dispersion as compressional waves prop-
agate through the CO2 sequestration reservoir.



Fig. 14. Numerical results for inverse quality factor 1=QP (left column) and phase velocity VP (right column) for the vertically propagating P-wave as a function of frequency,
obtained for a numerical model consisting of two quasi-orthogonal mesoscopic intersected fractures shown in Fig. 3(b). The rock-frame and fluid properties are shown in Tables 1
and 2. Colored curves correspond to acoustic responses calculated for the fractured sample with various fracture infills. The legend terms refer to four fluid saturation scenarios: the
background matrix saturated with brine and the connected fractures saturated with three different fluids (brine, oil and supercritical CO2) (a and b); the background matrix
saturated with oil and the connected fractures saturated with the three different fluids (c and d); the background matrix saturated with ScCO2 and the connected fractures saturated
with the three different fluids (e and f); the background matrix and the connected fractures saturated with the same fluid (g and h).
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Fig. 15. Numerical results for inverse quality factor 1=QP (left column) and phase velocity VP (right column) for vertically propagating P-wave as a function of frequency, obtained
from the 2-D numerical quasi-static creep simulations for the poroelastic rock samples shown in Fig. 3(b) and Fig. 6(a), corresponding to the intersected fractures of Fracture 2 (a
and b) and Fracture 3 (c and d). Colored curves correspond to the acoustic properties obtained under glycerin saturation at five different temperatures, as indicated in the legend,
which correspond to various fluid viscosity. The rock-frame and fluid properties are shown in Tables 1 and 2. We observe that the two attenuation peaks, in association with FB- and
FF-WIFF, exhibit two distinct characteristic frequencies for the fractured rock samples. Please notice the no-flow limit velocity at frequencies larger than 106 Hz.
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5. Conclusions

Through a quasi-static finite element numerical upscaling pro-
cedure presented in this study, we investigated the effect of dy-
namic elastic interactions related to fracture connectivity on the
WIFF characteristics between fractures and the background me-
dium as well as within the connected fractures, and hence on the
dynamic elastic properties of seismic waves in 2-D fractured fluid-
saturated poroelastic rocks. On the basics of the finite element
solution of the classical Biot's quasi-static poroelastic equations of
consolidation (Biot, 1941) in the displacement-pressure formula-
tion, which provides natural boundary conditions for no fluid flow
and thus is consistent with an undrained rock sample, we per-
formed numerical oscillatory compressibility relaxation experi-
ments on a 2-D synthetic rock sample representative of the
material containing either connected or unconnected mesoscopic
fractures. The resulting complex-valued frequency-dependent
equivalent compressional wave moduli obtained from the simu-
lated stress-strain relations were employed to calculate frequency-
dependent P-wave phase velocity and attenuation (or inverse
quality factor) due to WIFF at the mesoscopic scale. Our results
demonstrate that mesoscale fractures oriented quasi-
perpendicular to the direction of wave propagation, in the uncon-
nected scenario, results in significant seismic attenuation and
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velocity dispersion dominated by WIFF in the fractures and the
embedding porous matrix. When the fractures are intersected,
however, we observe that characteristics of P-wave attenuation and
velocity dispersion change strongly. In particular, a slight reduction
in the attenuation peak level corresponding to the unconnected
fractures occurs, together with the presence of a second attenua-
tion peak with high magnitude related to fluid flow through the
communicating fractures, from one fracture into the other one. In
addition, considering that the different effective permeabilities
associated with the two dominant fluid flow paths lead to different
frequency/time dependency of wave energy dissipation phenom-
ena, the characteristic frequency related to intersected fractures is
higher than the one related to the unconnected scenario. Our
predictions also show that velocity dispersion, in the connected
scenario, holds in a broader frequency region, and an apparent
velocity decrease happens for several frequencies compared with
the unconnected scenario. This phenomenon is due to the fact that,
for lower frequencies or longer simulation times, fluid pressurewas
equilibrated very rapidly in the unconnected fractures compared
with that in the connected scenario, as observed from the corre-
sponding snapshots of the normalized fluid pressure state
computed.

Since all fractured rockmasses typically exhibit a varying degree
of interconnectivity, the corresponding additional WIFF



Fig. 16. The velocity dispersion and attenuation effects on the seismic responses of a geologic CO2 storage site. (a) Illustration of supercritical CO2 injection into a fractured porous
reservoir which already contains brine. The thickness and sequence of geologic layers are also shown. (b) Seismic waves generated at the source point are recorded at five different
offsets on the surface, in the cases of fractures filled with brine and ScCO2, respectively. Here, the reservoir exhibits P-wave velocity dispersion and attenuation similar to that shown
in Fig. 14, and the observed reflection amplitude shows a variation up to 43% at the 2000 m offset. (c) The snapshots of wavefield for case (ii) indicate the compressional wave
propagations at four successive times of 0.25, 0.5, 0.8 and 1.0 s, respectively.
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contribution arising in the presence of intersected fractures should
be considered in order to more practically examine seismic wave
propagation behaviors with attenuation and velocity dispersion in
such kinds of environments. A series of numerical simulations was
performed to systematically analyze the role played by different
characteristics of the connected fracture scenarios on the two
amplifications of WIFF, as well as to explore the physical processes
involved. The computed results demonstrate that velocity disper-
sion and the associated attenuation are sensitive to several key
195
features of the fractured rocks, including connectivity, aperture and
inclination of the fractures, as well as the fracture infills.

Moreover, in light of the fact that the combined effects of two
amplified WIFF mechanisms contain valuable information about
the hydraulic and mechanical characteristics of the probed frac-
tured media, we believe that a deeper understanding of the asso-
ciated fluid pressure diffusion processes taking place on a much
smaller mesoscopic scale, via furthermore study on this topic by
both numerical computations and laboratory measurements of
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elastic properties at seismic frequency band, may eventually reveal
interesting perspectives for more quantitative descriptions of
fractured rocks and reservoir dynamic monitoring using seismic
observations.
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Appendix A. Displacement-Pressure Formulation of Quasi-
static Poroelasticity of Biot's Consolidation Equations

The displacement-pressure (u� p) formulation of quasi-static
poroelasticity of Biot's consolidation equations (Biot, 1941) in the
space-time domain are given by

�ðV ,sÞ¼0; (A1)

V ,
�
�k

h
Vp
�
þaV , _uþ _p

M
¼0; (A2)

here a dot on the top of a variable represents the first partial time
derivative, s≡sij represents the total stress tensor, the symbol V
represents the Nabla operator for spatial derivatives, p is the pore
fluid pressure, and u is the solid displacements with components ui
in the ith direction (e.g., i ¼ ½x; z� for the 2-D case). The ratio of the
rock permeability k and the viscosity of the pore fluid h denotes the
hydraulic conductivity or fluid mobility (e.g., Batzle et al., 2006).
a ¼ 1� Kd=Ks is the Biot-Willis coefficients, and

M ¼
h
ða� 4Þ=Ks þ 4=Kf

i�1
is the fluid storage coefficient. 4 is rock

porosity, and Kd, Ks and Kf represent bulk moduli of the dry frame,
the solid grains and the pore fluid, respectively. In the compression
test, the stress function SðtÞ in Equation (2) is applied at the top
boundary of the REV in the z� direction. The undrained boundaries
were implemented in all of our numerical simulations to ensure
zero fluid flow using the weak formulation of Biot's quasi-static
poroelasticity. In addition, the boundary conditions for solid
displacement u are defined as

vu
vx

¼0;

and

vu
vz

¼0: (A3)

This indicates zero is attributed to the displacement in the x�
direction at both the left and right boundaries; as well, the
displacement in the z� direction is set to zero for the bottom
boundary.

The components of the stress tensor, sij, are defined as (Biot,
1941)
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sij ¼ 2mεij þ ledij � apdij; (A4)

here dij is the Kronecker delta, and m is the shear modulus of the
saturated rock which is identical to that of the dry frame and
l ¼ Kd � 2m=3 is Lam�e parameter. The components εij are written as

εij ¼
1
2

 
vui
vxj

þ vuj
vxi

!
; (A5)

and the cubical dilatation, e, is represented using the trace of the
strain tensor

e¼ ε11 þ ε22: (A6)

Appendix B. The 2-D Finite Element Discretization Scheme

According to Biot's consolidation equations (Equations A1 and
A2) and the associated boundary conditions for the 2-D numeri-
cal model (Equation (A3)), the weak displacement-pressure (u� p)
formulations are given by (see Quintal et al., 2011 for more detailed
descriptions)

V,

2
66666666666666666664
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3
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2
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3
77775þ
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1� Km

Ks

��
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vxvt

þ vuy
vyvt

�
þ 1
M

vp
vt

¼ 0

: (B1)

Therefore, for finite element simulation via the solver COMSOL
Multiphysics, the Biot's equations of consolidation in the u� p
formulation can be solved using the following partial differential
equation

ea
v2v
vt2

þda
vv
vt

þ V,G ¼ f ; (B2)

where ea represents the mass coefficient, da represents the
damping coefficient, G represents the conserved flux, and f repre-
sents the source. The four parameters are given, respectively, by

ea ¼
2
40 0 0
0 0 0
0 0 0

3
5; (B3)

da ¼

2
6664
0 0 0

0 0 0

0 0
1
M

3
7775; (B4)
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Fig. C1. Numerical results for phase velocity VP (a) and inverse quality factor 1=QP (b) of vertically propagating P-wave as functions of frequency, for the poroelastic rock samples
with unconnected (Fracture 1) and connected fractures (Fracture 2), respectively, as shown in Fig. 3. The rock-frame and fluid properties are shown in Tables 1 and 2. The solid lines
represent attributes from the Fracture 1 and the dashed lines from the Fracture 2. Curves: black indicates background porosity 4 ¼ 0:1 (see Fig. 5), blue indicates 4 ¼ 0:15, red
indicates 4 ¼ 0:2, and green indicates 4 ¼ 0:25.
f ¼

2
66664
0

0

�
�
1� Km

Ks

��
vux
vxvt

þ vuy
vyvt

�
3
77775: (B6)

In addition, for 2-D case, v ¼ ½vx; vy;p�;V ¼
h
v
vx;

v
vy

i

Appendix C. The impact of background porosity 4 on velocity
dispersion and attenuation

For the considered poroelastic model embodying two fractures
without and with hydraulic connectivity in Fig. 3, we investigate
here the effect of matrix porosity 4 on velocity dispersion and
attenuation of P-wave. Figure C1 illustrates that an increase of 4
produces a considerable decline in phase velocity across a wide
frequency range. The variations in 4 result in an observable
perturbation on 1=QP within the frequency 10�1 � 103 Hz, while
the attenuation was barely impacted at higher frequency range for
the rock sample with two intersected fractures. This is expected,
because the changes in background porosity cause to the variations
197
of compressibility contrast between the quasi-horizontal fracture
and the background matrix, leading to an apparent perturbation of
WIFF between the two materials corresponding to the imposed
compressive stress.
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