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Key Points:

¢ We study the impact of fracture density and connectivity changes on Rayleigh wave
dispersion considering fluid pressure diffusion effects.

» We consider a stratified reservoir model in which a water-saturated fractured for-
mation is represented following a poroelastic approach.

 Fracture connectivity, so far largely ignored, has a significant impact on Rayleigh

wave dispersion, comparable to that of fracture density.
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Abstract

Passive seismic characterization is an environmentally friendly method to estimate the
seismic properties of the subsurface. Among its applications, we find the monitoring of
geothermal reservoirs. One key characteristic to ensure a productive management of these
reservoirs is the degree of fracture connectivity and its evolution, as it affects the flow

of fluids within the formation. In this work, we explore the effects of fracture connec-
tivity on Rayleigh wave velocity dispersion accounting for wave-induced fluid pressure
diffusion (FPD) effects. To this end, we consider a stratified reservoir model with a frac-
tured water-bearing formation. For the stochastic fracture network prevailing in this for-
mation, we consider varying levels of fracture density and connectivity. A numerical up-
scaling procedure that accounts for FPD effects is employed to determine the correspond-
ing body wave velocities. We use a Monte-Carlo-type approach to obtain these veloc-
ities and incorporate them in the considered fractured reservoir model to assess the sen-
sitivity of Rayleigh wave velocity dispersion to fracture connectivity. Our results show
that Rayleigh wave phase and group velocities exhibit a significant sensitivity to the de-
gree of fracture connectivity, which is mainly due to a reduction of the stiffening effect

of the fluid residing in connected fractures in response to wave-induced FPD. These ef-
fects cannot be accounted for by classical elastic approaches. This suggests that Rayleigh
wave velocity changes, which are commonly associated with changes in fracture density,
may also be related to changes in interconnectivity of pre-existing or newly generated

fractures.

Plain Language Summary

Low-intensity seismic energy generated by natural or anthropogenic sources is used
to obtain a number of physical properties of the subsurface. Amongst a wide range of
applications, this technique is increasingly employed to characterize fractured geother-
mal reservoirs and to monitor their evolution. The interconnectivity of fractures is a crit-

ical characteristic of such reservoirs as it enables preferential pathways for fluid flow. Con-
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ventional models for interpreting such seismic data are based on linear elasticity and can-
not account for realistic effects related to the interactions of pore fluid pressure and frac-
ture connectivity. To alleviate this problem, we employ an advanced model that accounts
for these so-called wave-induced fluid pressure diffusion (FPD) effects. We find that changes
in the connectivity of fractures have a significant impact on seismic surface wave record-
ings. This opens the perspective of using such observations to monitor the hydraulic evo-

lution of fractured reservoirs during successive production and stimulation cycles.

1 Introduction

Fractured rock formations are of increasing interest and importance for a wide range
of applications throughout the Earth, environmental, and engineering sciences. Fractures
tend to constitute preferential pathways for fluid flow and, as such, the hydraulic prop-
erties of a formation are greatly affected by the presence and connectivity of fractures.
This, in turn, manifests itself in the need of new methods and techniques to detect frac-
tures and characterize their geometrical, mechanical, and hydraulic properties. In this
context, the use of passive seismic sensing to monitor the evolution of fracture networks
has established itself due to its efficiency, reliability, and non-invasive nature. Prominent
examples of scenarios where this technique has proven to be valuable include the mon-
itoring of volcanic activity (e.g., Brenguier et al., 2008; Obermann et al., 2013), CO se-
questration (e.g., Boullenger et al., 2015; Gassenmeier et al., 2014), and geothermal en-
ergy production (e.g., Calo et al., 2013; Obermann et al., 2015; Taira et al., 2018).

Passive seismic methods comprise a vast range of approaches and techniques which
employ the energy of naturally occurring seismicity to gain information of the subsur-
face. In active seismic regions, the energy released from natural earthquakes in the area
can be used for this purpose. This method is known as local earthquake tomography (LET)
(e.g., Aki & Lee, 1976; Thurber, 1983). Conversely, ambient-noise correlation or passive
seismic interferometry is a passive seismic method based on surface wave analysis which

is also applicable outside seismically active zones. Ambient-noise correlation is based on
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the inversion of Rayleigh wave velocity dispersion inferred from ambient seismic noise
measurements to obtain S-wave velocity profiles of the studied zone. Even though this
method initially started with pioneering works focused at the continental and regional
scale (e.g., Campillo & Paul, 2003; Shapiro & Campillo, 2004), it quickly evolved towards
smaller scales, proving its effectiveness as an exploration and monitoring tool for appli-
cations such as, for example, nuclear waste storage and CO4 sequestration, which nat-
urally target zones with low natural seismicity(Planes et al., 2020). Notably, this tech-
nique was employed successfully in the characterization of geothermal reservoirs by em-
ploying time lapse observations. Obermann et al. (2015) employed ambient-noise cor-
relation in order to monitor the geothermal site of St. Gallen in Switzerland, which per-
mitted the identification of aseismic perturbations associated with gas infiltration. More
recently, Taira et al. (2018) used ambient-noise correlation to monitor the response of
the Salton Sea geothermal site in the U.S.A. to fluid extraction and local earthquake ac-
tivity. Interestingly, these authors attributed observed surface wave velocity reductions
to the opening of preexisting fractures due to induced stresses. In addition to this, it can
be expected that fluid pressure diffusion (FPD) effects play a role in this scenario, as in
the presence of fluid saturated fractures, such poroelastic effects have a significant im-
pact on the effective mechanical properties of the medium in response to seismic waves
(e.g., Rubino et al., 2013, 2014, 2017). To date, surface wave analyses do not, however,
account for wave-induced FPD.

When seismic waves travel through a fluid-saturated porous medium containing a
distribution of mesoscopic fractures, that is, fractures larger than the typical pore size
but much smaller than the prevailing seismic wavelengths, fluid pressure gradients are
induced between compliant fractures and the stiffer embedding background, as well as
between connected fractures (e.g., Rubino et al., 2013, 2014). The consequent pressure
equilibration processes, usually referred to as fracture-to-background (FB) and fracture-
to-fracture (FF) FPD, result in a frequency dependence of the effective mechanical mod-

uli of the medium. The prevalence of these mechanisms is dependent on the frequency
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of the seismic waves. In low-permeability formations and in presence of centimeter- to
meter-scale fractures, FB-FPD typically prevails at frequencies below the seismic frequency
range (< 0.01 Hz), while FF-FPD occurs at frequencies above the seismic frequency range
(> 10® Hz ). The effects of FPD on body wave velocities of fractured rocks were exten-
sively studied, and it was demonstrated that the density, connectivity and orientation
of fractures have a significant impact on the phase velocity dispersion and attenuation
as well as on the anisotropy of body wave velocities (e.g., Gurevich et al., 2009; Vinci
et al., 2014; Rubino et al., 2017; Solazzi et al., 2020). However, the corresponding im-
pact on surface wave properties, such as, for example, their velocity dispersion charac-
teristics, in the context of subsurface exploration and monitoring settings remains largely
unexplored. Previous works associate surface wave velocity decreases in seismically ac-
tive environments with the opening of fractures and the associated increases of fracture
density (e.g., Silver et al., 2007; Taira et al., 2015, 2018). However, this interpretation
ignores the possibility that changes in the fracture density may also be associated with
changes in the connectivity between fractures and disregards the associated FPD effects
on the properties of surface waves.

The aim of this work is to explore the importance of fracture-related FPD effects
on surface wave velocity dispersion. Our main objective is to better understand the ef-
fects that fractures in general, and their interconnectivity in particular have on this widely
used observable. The paper proceeds as follows. We begin by explaining the method used
to compute synthetic Rayleigh wave dispersion curves in elastic layered media. We then
outline of the theoretical basis of poroelasticity and the associated upscaling procedure
employed to compute the effective seismic properties of fractured formations. Then, we
consider a canonical model to explore the effects of FPD for a wide range of pertinent
parameters, which allow us to systematically explore the effects of fracture density and
interconnectivity on Rayleigh wave phase and group velocities. To assure the represen-
tativity of our results, we use a Monte Carlo approach to explore the corresponding pa-

rameter space. Rayleigh wave dispersion curves are analyzed for fracture distributions
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characterized by constant and variable length in order to determine if the multiplicity

of scales prevailing in many natural settings has significant impact on the results.

2 Methodology

2.1 Rayleigh Wave Dispersion

Rayleigh waves propagate along the Earth’s free surface as a superposition of P-
waves and vertically polarized S-waves. They are characterized by a counter-clockwise
elliptical particle motion, whose amplitude decays exponentially with distance from the
free surface. Conversely, geometrical spreading effects are very small compared to those
of body waves, and, hence, Rayleigh waves tend to be prevalent in seismic recordings (e.g.,
Stein & Wysession, 2003). In a stratified medium with varying seismic velocities, Rayleigh
wave propagation is dispersive, which manifests itself in a prominent frequency depen-
dence of their phase velocities. The reason for this is that different frequencies are as-
sociated with different wavelengths and, thus, with different sensitivity to depth. Cor-
respondingly, passive seismic approaches allow to characterize the subsurface through
the inversion of Rayleigh wave dispersion curves extracted from ambient noise records
(e.g., Socco et al., 2010; Wang & Yao, 2020).

We consider a layered medium whose axis of symmetry is normal to the surface and
impose the following boundary conditions for waves travelling in a layered half-space in
contact with a free surface: (i) no stress at the surface; (ii) no stress and strain at in-
finite depth; (iii) continuity of stress and displacements at layer interfaces; (iv) plane strain
field. In this context, the equation of motion can be written as a linear differential eigen-

value problem (e.g., Aki & Richards, 1980)

where f is a vector composed of two displacement eigenfunctions and two stress eigen-
functions, A is a 4x4 matrix depending on the vertical distribution of the of the subsur-

face properties and z is the vertical coordinate. Equation 1 has nontrivial solutions for
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certain values of the wavenumber. The associated equation is known as the Rayleigh sec-

ular equation and in its implicit form is given by (e.g., Socco et al., 2010)

FR[)‘(Z)’G(Z)7P(Z)7kj’f] =0, (2)

where A and G are the Lamé parameters, p is the density, k; is the wavenumber of the
mode of propagation j, and f is the frequency. The variables corresponding to the ma-
terial parameters of the subsurface depend on z. For a stratified medium where each layer
has homogeneous mechanical properties, this problem can be expressed using a matrix
formulation, as shown by the works of Thomson (1950) and Haskell (1953). These au-
thors introduced the so-called matrix propagator method which conceptualizes the sub-
surface as a stack of layers overlying a semi-infinite half-space. These algorithms are com-
monly employed for the computation of Rayleigh wave dispersion curves for a wide va-
riety of applications. Buchen and Ben-Hador (1996) provide a review of the most sig-
nificant propagator matrix algorithms and introduce the so-called “fast delta matrix”
method, which we use in this study. The procedure to determine the associated Rayleigh
wave phase and group velocities consists of finding the roots of the Rayleigh secular equa-
tion (Equation 2), for which we use the secant method (e.g., Press et al., 1986). The fast
delta matrix method employed here provides exact solutions for models consisting of a
stack of horizontal, elastic, and isotropic layers.

The objective of this work is to assess the effects of FPD in porous media contain-
ing fracture networks on Rayleigh wave dispersion. To this end, we will consider a lay-
ered subsurface model in which one of the layers represents a fractured formation. In this
context, various scenarios of fracture connectivity are considered for Rayleigh wave dis-
persion modelling. The effective body wave velocities of the fractured formation required
to compute Rayleigh wave dispersion are obtained by employing a numerical upscaling

procedure, which is described in the following section.
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2.2 Effective Body Wave Properties of Fractured Rocks in a Poroelas-

tic Context

In the following, we briefly describe the effects of FPD on the seismic signatures
of fractured rocks. This is followed by a brief review of Biot’s poroelasticity theory (Biot,
1962), which is subsequently employed to model FPD effects in fractured porous media.
To do so, we employ the numerical upscaling procedure proposed by Rubino et al. (2016),
which was recently implemented into a versatile finite-element package named “Parrot”
and allows to consider stochastic fracture distributions of realistic complexity (Favino

et al., 2020).

2.2.1 Fluid Pressure Diffusion Effects

When a seismic wave propagates through a fluid-saturated porous medium contain-
ing fractures in the mesoscopic scale range, FPD affects its phase velocity and amplitude.
In presence of connected fractures, two manifestations of FPD can arise (Rubino et al.,
2013): one is governed by FPD between compliant fractures and their stiffer embedding
background and is referred to as FB-FPD; the other is associated with FPD between con-
nected fractures and is referred to as FF-FPD. Figures 1a to 1c show a representative
rock sample of a medium of interest being subjected to harmonic displacements applied
on its boundaries, which allow us to obtain the associated effective frequency-dependent
elastic moduli (Rubino et al., 2016). Figures 1d to 1g show schematic illustrations of FPD
effects in terms of the pressure distribution in a subsection of a fractured sample sub-
jected to vertical compression (Figure 1a), which emulates the strains produced by a ver-
tically travelling P-wave. Orange-colored regions of the medium denote the fluid pres-
sure build-up created by the harmonic deformation and black arrows indicate the direc-
tion of the corresponding wave-induced fluid flow. The large stiffness contrast between
fractures and background generates pressure gradients in response to the propagation
of a seismic wave, which, in turn, generate oscillatory fluid flow between these regions

and, thus, energy dissipation and velocity dispersion due to FB-FPD (Figure 1d). Fig-
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ure 1f illustrates FF-FPD, where fluid flow and, thus, velocity dispersion and attenua-
tion, is caused by local fluid pressure gradients occurring between intersecting fractures.
Above the frequency range at which FF-FPD prevails, the sample behaves as if fractures
were hydraulically isolated. This is the so-called no-flow limit, beyond which the medium
essentially behaves elastically (Figure 1g). As mentioned before, for crystalline rocks, FB-
FPD falls below the frequencies typical of passive seismic surveys, while FF-FPD cor-
responds to frequencies higher than those of passive seismics. As illustrated in Figure

le, between these regimes we find a frequency range characterized by pressure equilib-
rium between connected fractures, which substantially reduces the stiffening effect of the
fracture fluid compared to the elastic case. Figure 1h then presents an illustration of the
associated body wave phase velocity as a function of frequency for samples containing
connected and unconnected fractures. The FB-FPD and FF-FPD dispersion ranges are
highlighted in yellow. For frequencies higher than the FB-FPD regime and lower than
the FF-FPD regime, there is a non-dispersive plateau in which the medium behaves ef-
fectively as being elastic. Although there is neither attenuation nor velocity dispersion

in this frequency range, FPD effects in presence of connected fractures produce a sig-

nificant velocity drop. This means that, even though the body wave velocities in the plateau

are representative of an elastic medium, this velocity change can only be modelled in the
context of the theory of poroelasticity. For many applications of interest, the frequency
range of approximately 0.1 to 10 Hz, at which passive seismic surveys are usually car-
ried out (e.g., Obermann et al., 2015; Taira et al., 2018) is within the limits of this non-
dispersive plateau. This implies that, as long as the frequencies considered correspond
to those of the non-dispersive plateau, an elastic modelling such as the one described in

Section 2.1 can be employed to evaluate Rayleigh wave dispersion in layered media.

2.2.2 Numerical Upscaling Procedure

The direct numerical simulation of FPD effects on wave propagation is a compli-

cated task. This is mainly due to the fact that the dominant scales at which FPD takes
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Figure 1. Schematic illustration of the (a) vertical, (b) horizontal, and (c) shear numerical

oscillatory relaxation tests employed to obtain the equivalent stiffness matrix of the considered

sample. (d, e, f, g) Fluid pressure distributions in a subsection of the sample highlighted in (a)

subjected to a vertical compression for different dispersion regimes. Increasing pressure is de-

noted by progressive intensities of orange. (d) FB-FPD: pressure exchange between fractures and

background rock, (e) non-dispersive (ND) plateau: pressure is equilibrated between connected

fractures; (f) FF-FPD: pressure exchange between connected fractures; (g) elastic equivalent

case: pressure confined to the horizontal fracture. (h) P- and S-wave velocities as functions of

frequency for samples with unconnected fractures (red line) and connected fractures (blue line).

The frequency ranges where body wave dispersion due to FB-FPD and FF-FPD prevails are

highlighted in yellow. Typical frequency range of passive seismic studies is shown inside the ND

plateau. ~10—
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place are much smaller than the seismic wavelengths (Rubino et al., 2016). For this rea-
son, numerical upscaling procedures are commonly employed to achieve an effective char-
acterization of heterogeneous poroelastic media. In order to obtain the effective upscaled
seismic response of a medium of interest, we solve Biot’s equations for a so-called rep-
resentative elementary volume (REV) of the medium. An REV is defined as a subvol-
ume that is structurally typical of the whole medium and for which the inferred prop-
erties are independent of the applied boundary conditions (e.g., Milani et al., 2016). Frac-
tures are conceptualized as highly porous, permeable, and compliant inclusions embed-
ded in a much stiffer and much less porous permeable background (e.g., Nakagawa & Schoen-
berg, 2007). As seismic attenuation and velocity dispersion due to FPD are governed by
fluid pressure gradients, we can neglect inertial terms (e.g., Rubino et al., 2013). Hence,
Biot’s poroelastic equations of motion (Biot, 1956b, 1956a) reduce to the so-called con-

solidation equations (Biot, 1941), which, in the space-frequency domain are given by
V.o =0, (3)
pr — i)
by = _ZWEW7 (4)

where o is the total stress tensor, p¢ the pore fluid pressure, n the fluid viscosity, x the
permeability, w the angular frequency, and w the relative fluid-solid displacement. These

equations are coupled by the stress-strain constitutive relations (Biot, 1962)

o =2pme+I(AV-u—aMf), (5)
pf=—aMV - -u+ Mg, (6)
where I is the identity matrix, u the solid displacement, and £ = —V-w a measure of

the local change in the fluid content. The strain tensor is given by € = 2(Vu+(Vu)7T),
where the superscript 7' denotes the transpose operator. The Biot-Willis parameter «,

the fluid storage coefficient M, and the Lamé parameter A\, are given by

a=1—f{m, (M)
_(a—¢ o NTE
M= ( e +Ff) : 8)

—11-
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and

2
Ae=Kp + OfQM - §Mm7 (9)

where ¢ denotes the porosity, u,, the shear modulus of the bulk material, which is equal
to that of the dry frame, and Ky, K, and K, are the bulk moduli of the fluid phase,
the solid grains, and the dry matrix, respectively. Please note that the dry frame mod-
ulus K, is related to the undrained saturated modulus K, through Gassmann’s equa-
tion K,, = K, — o®>M (Gassmann, 1951). Due to computational constrains, we em-
ploy a 2D characterization for our medium under the hypothesis of plane strain condi-
tions. The plane strain assumption implies that the considered fractures are long enough
in the direction perpendicular to the considered plane of wave propagation to neglect pres-
sure gradients, as well as normal and shear strains along this direction. This also implies
that the seismic waves are assumed to propagate along the plane of the sample. In or-
der to characterize the full stiffness matrix of a 2D medium, we apply three oscillatory
relaxation tests to a corresponding REV, whose boundary conditions are illustrated in
Figure 1. The first test consists of a harmonic vertical compression (Figure la), performed
by applying a time-harmonic homogeneous vertical displacement at the top boundary
of the representative sample, while keeping the vertical displacement of the sample null
at the bottom boundary. The second test is a harmonic horizontal compression test (Fig-
ure 1b) and consists on applying a normal displacement at a lateral boundary of the sam-
ple, while keeping the horizontal displacement null at the opposing boundary. The third
and final test consist of applying a harmonic horizontal displacement at the top bound-
ary of the sample, while keeping the bottom boundary fixed in place (Figure 1c¢). Fol-
lowing Favino et al. (2020), the displacements and pressures obey periodic boundary con-
ditions unless stated otherwise.

Given that a heterogeneous poroelastic medium can be represented by an effective
homogeneous viscoelastic solid (e.g., Rubino et al., 2016; Solazzi et al., 2016), the vol-

umetric average of stress and strain, in response to the three tests, can be related through

—12—
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an equivalent frequency-dependent and anisotropic stiffness matrix (Rubino et al., 2016)

(011 (w)) Cn Ci2 Cis (€11 (w))
(g22(w)) | = | Crz Caz Cop (e22(w)) |- (10)
(o12(w)) Cis O Coe | \ (2€12(w))

where C;;(w) are the components of the equivalent stiffness matrix in Voigt notation,
and (€;j(w)) and (o;;(w)) represent the volume-averages of the strain and stress compo-
nents, respectively. A least-squares procedure is employed to obtain the best-fitting val-
ues of C;; using the averaged stress and strain fields obtained from the three tests for
each frequency. The resulting P- and S-wave phase velocities are angle- and frequency-
dependent, and are given by (Rubino et al., 2016):

w

Vps(w,0) = m’

(11)

where R is the real part operator, kp s(w,6) denotes the complex-valued wavenumbers
obtained by solving the elastodynamic equation in a medium defined by the stiffness ma-
trix in equation (10). The reader is referred to the works of Rubino et al. (2016) and Favino
et al. (2020) for the details of this upscaling procedure.

It is important to mention that these upscaling procedures allow us to obtain rep-
resentative values of the rock physical properties of interest as long as the considered sam-
ples constitute an REV of the lithological unit of interest. In the presence of stochas-
tic fracture distributions, identifying subvolumes that fulfill the criteria of an REV tends
to be impractical due to the excessively large size of the samples that would be required
for this purpose. To overcome this difficulty, we follow the approach of Rubino et al. (2009),
who employ the previously outlined upscaling procedure in a Monte Carlo fashion on sub-
REV-size samples. For this, we assume that the rock physical properties of the litholog-
ical unit of interest are statistically ergodic, and thus, stationary, such that spatial av-
erages can be replaced by ensemble averages inferred through compressibility and shear
tests to a multitude of random samples. This approach is equivalent to considering re-
peated applications of the upscaling procedure to randomly chosen samples as a repeated

measurement, of the rock physical properties of the lithological unit of interest. As such,

—13—
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Figure 2. Schematic illustration of the canonical 1D model considered in this study show-
ing the lithological column and the associated P- (blue) and S-wave (red) velocity profiles.The
blow-up illustrates its detailed structure at the size of the samples considered in our upscaling

procedure.

the representative mechanical properties can then be characterized by the correspond-
ing mean values and variances inferred from a sufficiently large set of such measurements.
Finally, please note that, while the velocities computed using the upscaling technique
are in general frequency-dependent, in this work, we consider a frequency range in which

the resulting velocities have no velocity dispersion.

3 Results

3.1 Numerical Framework

In order to assess the sensitivity of Rayleigh wave dispersion with regard to the ef-
fects of fractures in general and their interconnectivity in particular, we consider a canon-
ical model composed of two horizontal layers overlying a half-space (Figure 2). The sur-
ficial layer corresponds to a 2500-m-thick sandstone formation, followed by a layer of frac-

tured granite with a thickness of 700 m, and an underlying half-space consisting of in-
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tact granite. The sandstone layer is homogeneous and, hence, seismic waves traversing

it are not attenuated or dispersed due to FPD effects. Its seismic properties are: Vp =

3500 m/s, Vs = 2000 m/s, and p = 2500 kg/m? (Mavko et al., 1998). For the frac-

tured granite layer, the fractures are represented using highly porous and permeable in-
clusions. As mentioned above, we assume the statistical stationarity of the properties

of the formation, which allows us to carry out the upscaling procedure previously described.
This layer is characterized by its fracture density, quantified as the ratio of fracture area
over the sample area, the length distribution of fractures, and the number of connections
between fractures. These parameters have a significant impact on the resulting body wave
velocities of saturated fractured samples (e.g., Hunziker et al., 2018). The underlying granitic
half-space has the same material properties as the intact parts of the fractured granitic
layer. As the surficial sandstone layer, it is homogeneous and hence devoid of FPD ef-
fects. The P- and S-wave velocities of this layer are computed as Vp = \/K“%b/?mm

and Vg = \/l:»Z: , respectively, where py is the bulk density of the medium. Note that

one could alternatively obtain these velocities applying the upscaling procedure in the
homogeneous layer. The physical properties of the granitic rocks and fractures are listed
in Table 1. The granite properties correspond to those in Detournay and Cheng (1993)
and the fracture and fluid properties to those from Rubino et al. (2017). The saturat-

ing pore fluid is brine, and the grain-level properties of the fractures are assumed to be
consistent with those of the intact granite.

In order to estimate the body wave velocities of the fractured layer, we follow the
upscaling procedure described in Section 2.2 employing isotropic rock samples with ho-
mogeneously oriented fractures. To explore the role played by the connectivity of the frac-
tures, we consider two end-member-type scenarios: (i) fully connected and (ii) entirely
unconnected fracture distributions. When generating a particular synthetic fractured sam-
ple, the center positions of the fractures are assigned randomly and fractures not meet-
ing the stipulated connectivity criteria are substituted. This process is repeated until the

desired fracture density is obtained and fractures are either fully connected or fully un-
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Table 1.

Properties of intact granitic background rock and embedded fractures.

Property Background Fracture
Solid grain density 2700 kg/m? 2700 kg/m3
Solid grain bulk modulus 45 GPa 45 GPa
Dry frame shear modulus 19 GPa 0.02 GPa
Dry Frame bulk modulus 35 GPa 0.04 GPa
Permeability le-19 m? le-10 m?
Porosity 0.02 0.8

Fluid viscosity le—3 Pa.s le—3 Pa.s
Fluid bulk modulus 2.25 GPa 2.25 GPa
Fluid density 1090 kg/m? 1090 kg/m?

Note. Embedding background is assumed to correspond to intact granite
(Detournay & Cheng, 1993). The pore fluid properties correspond to brine.
Fractures are represented as highly compliant, porous, and permeable
inclusions, whose grain-level properties correspond to those of the embedding

background (Rubino et al., 2017).
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connected. To avoid that the substitution process generates preferential orientations of
the fractures, the original orientations are retained during substitution. For each con-
nectivity scenario we consider three fracture densities: 0.25%, 0.50%, and 0.75%. These
values were chosen based on the feasibility of generating completely connected and un-
connected distributions. Finally, we consider two cases of fracture length distributions.
We begin with fractures of constant length, in order to isolate the effects of fracture con-
nectivity from those associated with fracture length variation. Later, we repeat the anal-
ysis considering a more realistic scenario where fractures have varying lengths governed
by a power law distribution, which allows us to assess the impact of effects related to frac-
ture geometry. Recall that, in order to compute effective P- and S-wave velocities for a
given fracture density and connectivity, we employ a Monte-Carlo-type approach in com-
bination with the upscaling procedure. The corresponding convergence criterion is based
on the stability of the standard deviation (Rubino et al., 2009). The convergence anal-
ysis of the Monte Carlo approach is performed for a frequency of 1 Hz, which is typical

of Rayleigh waves in passive seismic studies and is located within the non-dispersive plateau
illustrated in Figure 1. As mentioned before, the fact that the frequencies of interest for
Rayleigh wave monitoring fall within the non-dispersive plateau allows us to employ a

purely elastic modelling of Rayleigh wave dispersion.

3.2 Constant Length Fracture Distributions

In the following, we consider square samples with a side length of 50 cm drawn from
the fractured granite formation (Figure 2). The fractures are represented as rectangu-
lar poroelastic features with an aperture of 0.4 mm and a length of 12 cm. We analyze
the seismic response for fracture densities of 0.25%, 0.50%, and 0.75% for two end-member-
type connectivities: (i) connected case, where all fractures have at least one connection
with another fracture; (ii) unconnected case, where the fractures do not have any con-
nections with each other. A single realization from each set of samples is illustrated in

Figure 3. Recall that we infer effective body wave velocities for each fracture density and
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Fracture density 0.25% Fracture density 0.50% Fracture density 0.75%

T

Connected Samples

Unconnected Samples

Figure 3. Examples of fracture distributions employed to derive effective body wave velocities

of the fractured layer (Figure 2). We consider representative samples comprising (a, b, c) con-

nected and (d, e, f) unconnected fracture distributions. Each column depicts a different fracture

density: (a, d) 0.25%, (b, ) 0.50% and (c, f) 0.75%. The side length of the samples is 50 cm, and

fractures are rectangular poroelastic features with a length of 12 cm and a width of 0.4 mm.
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Figure 4. Standard deviations of (a) P- and (b) S-waves at 1 Hz as functions of the number
of realizations for connected (dashed lines) and unconnected (solid lines) samples of constant

fracture length and fracture densities of 0.25%, 0.50%, and 0.75%.

connectivity using a Monte Carlo approach. Figure 4 shows the results of the standard
deviations as functions of the number of realizations for a frequency of 1 Hz, which is
representative of Rayleigh wave studies and located within the non-dispersive plateau.
We find that after 50 realizations, the standard deviations have stabilized and, thus, the
average of the velocities of each sample set can be considered as being representative of
the effective velocities of the corresponding fractured layers (Rubino et al., 2009).
Figure 5 shows the resulting effective P- and S-wave velocities as functions of fre-
quency for the scenarios illustrated in Figure 3. In general, both P- and S-wave veloc-
ities decrease with increasing fracture densities. However, we observe that, when con-
sidering a constant fracture density, velocities for the unconnected case tend to be higher
than those for the connected case. This velocity drop in presence of connected fractures,
which is particularly prominent for frequencies around 1Hz, is due to FPD effects (Ru-
bino et al., 2014, 2017). To reconcile this, it is important to account for the fact that,

for such frequencies, there is not enough time in a half wave cycle to allow for hydraulic
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communication between fractures and background and, thus, fractures behave as hydrauli-
cally sealed. Therefore, in presence of unconnected fractures, there is a significant pres-
sure buildup in the fluid contained in the fractures in response to the passage of seismic
waves, which in turn, opposes the deformation. Conversely, in the presence of connected
fractures, there is enough time for the fluid pressure within connected fractures to equi-
librate, the stiffening effect of the fracture fluid is correspondingly diminished and, hence,
the medium behaves as if it was softer, which manifests itself in the form of the observed
velocity drop (Figure 5). It is interesting to observe in Figure 5 that the body wave ve-
locity drop is more significant for the case of S-waves than for the P-waves. The reason
for this is that, in the case of P-waves, regardless of the orientation, the fluid contained
in a given fracture will experience a pressure increase in response to the associated com-
pression. Conversely, in the case of S-waves, the associated deformation of the fractures
increases the fluid pressure in some fractures and diminishes it in others, depending on
their orientation with respect to the direction of propagation of the seismic perturba-
tion (Rubino et al., 2017). This particularity, in turn, implies that in the presence of con-
nected fractures, the local fluid pressure gradients may be significantly higher for S-waves
than for P-waves. Consequently, the associated reduction of stiffening effects and, thus,
the magnitude of the associated velocity drop is much more significant in the case of S-
waves (Figure 5). These effects are accounted for in the model within the framework of
poroelasticity. It is, however, important to remark that, for the range of frequencies usu-
ally employed for passive seismic surveys (~ 0.1 - 10 Hz) , dispersion in the resulting ef-
fective velocities is almost non-existent (Figure 5). We have verified that the residual P-
wave dispersion in the considered frequency range has no noticeable effect on the sim-
ulations we performed. This allows, in turn, for the use of the upscaled effective body
wave velocities to compute Rayleigh wave velocity dispersion curves employing an elas-
tic model (Section 2). Table 2 summarizes the corresponding velocity values (Figure 5)

which we consider in the following to study Rayleigh wave characteristics.
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(a, b, ¢) Effective P- and (d, e, f) S-wave velocities inferred through a Monte Carlo
approach for connected (solid lines) and unconnected (dashed lines) fractures of constant length

and fracture densities of 0.25%, 0.50%, and 0.75%.
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Table 2. Layer thicknesses and seismic properties of the considered model (Figure 2).

Lithology Thickness [m)] Vp [m/s] Vs [m/s] pb [kg/m?]
Sandstone 2500 3500 2000 2500
Fractured

700 See Below See Below See Below
granite
Intact granite  Infinite 4810 2620 2700

Properties of the fractured granite layer: constant length fracture distributions

Fracture den-

Connectivity Vp [m/s] Vs [m/s] oy [kg/m?]

sity

0.25% Connected 4623 2274 2694
0.25% Unconnected 4679 2409 2694
0.50% Connected 4415 1989 2690
0.50% Unconnected 4520 2197 2690
0.75% Connected 4242 1762 2687
0.75% Unconnected 4374 2011 2687

Note. The properties corresponding to the fractured granite layer are depicted in

the lower half of the table and result from taking the velocities corresponding to the

non-dispersive plateau (Figure 5).
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419 The Rayleigh phase and group velocities obtained for the canonical model are shown

20 in Figure 2 and the different characteristics for the fracture network, summarized in Ta-
21 ble 2, are shown in Figure 6. In general, there is a distinct phase velocity behaviour for

22 all scenarios considered (Figures 6a to 6¢). This is due to the fact that different frequen-
3 cies are sensitive to different depths of investigation, with low frequencies being dom-

24 inated by the properties of intact granite and high frequencies by those of sandstone. Sen-
25 sitivity to the fractured granite layer prevails for frequencies between ~0.1 Hz and ~1

a2 Hz. We note that differences between the Rayleigh wave phase velocities associated with
a7 the connected and unconnected cases increase with fracture density, which is expected

28 from the body wave velocity results (Figure 5). We quantify the relative velocity vari-

20 ation, computed as the ratio between the differences and the average of the connected

430 and unconnected case for each frequency (black dashed line in Figures 6 a to f). The peak
a3 of the relative difference curve for phase velocities occurs around 0.3 Hz, with values of

e 1%, 1.8%, and 2.7% for fracture densities of 0.25%, 0.50%, and 0.75%, respectively. Rayleigh

433 wave group velocities (Figures 6 d to f) exhibit similar characteristics as the phase ve-

a3 locities. For intermediate frequencies, where the curves are sensitive to the fractured gran-
435 ite layer, we note that the relative differences for the group velocities are twice of the phase
436 velocities, with a peak located near 0.25 Hz and a notch near 0.3 Hz. Peak relative dif-

457 ference values between the connected and unconnected cases are 2%, 3.8%, and 5.5% for

138 fracture densities of 0.25%, 0.50% and 0.75%, respectively. These results indicate that,

439 for the considered scenarios and for constant fracture lengths, both phase and group Rayleigh
440 wave velocities are highly sensitive to changes in the fracture connectivity.

a1 3.3 Stochastic Distribution of Fracture Lengths

a2 As seen above, fracture connectivity greatly influences Rayleigh wave dispersion

a3 characteristics when the fracture lengths are constant. In the following, we consider a

a4 more realistic scenario based on a stochastic distribution of fracture lengths. Following

s pertinent previous works on this topic (e.g., de Dreuzy et al., 2001; Bonnet et al., 2001;
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Figure 6. (a, b, c) Rayleigh wave phase and (d, e, f) group velocities for the connected (blue
solid lines) and unconnected (orange solid lines) scenarios for different fracture densities. Given
the small value of the absolute differences, we also illustrate relative velocity differences (dashed

black lines) with scales depicted on the right-hand side of the corresponding plots. The latter are
computed as the ratio between the differences and the average of the connected and

unconnected case for each frequency.
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Hunziker et al., 2018), we use a power law of the form

n(L) = fala— 1)%;L € (Lnins Limas]. (12)

min

where L is the fracture length, n(L) is the number of fractures in the considered sam-

ple with a length comprised between L and L+dL, f; is the fracture density, a is the

characteristic exponent of the fracture size distribution, and L,,;, and L,,.; are the bound-

ing minimum and maximum values of the distribution, respectively. While earlier works
(e.g., de Dreuzy et al., 2001) consider fracture density as the number of fracture centers
per area, Hunziker et al. (2018) defines it as the ratio of the fracture area over the to-
tal area of the studied medium. This allows to distinguish between the effects associated
with changes of fracture volume and fracture length. The exponent a can take values be-
tween 1.5 and 3 and controls the prevalence of shorter to longer fractures within the lim-
its given by L.nin and Ly,q.. For this work, we choose Lj,;n, and L4, as 4 cm and 25

cm, respectively. Together with a fixed aperture of 0.4 mm, results in fracture aspect ra-

tios between 100 and 625, which is in agreement with corresponding observations of Vermilye

and Scholz (1995) for real fractures. For the exponent a, we choose an intermediate value
of 2.25, which implies that there is no predominance of neither shorter nor longer frac-
tures on the seismic response of the medium (Hunziker et al., 2018).

The considered samples are generated in the same way as those characterized by
constant length fractures and we employ the same physical properties for the fractures
and background given in Table 1. Again, we consider three different fracture densities:
0.25%, 0.50%, and 0.75%, and two end-member-type connectivity scenarios of fully con-
nected and fully unconnected fractures. Figure 7 illustrates some examples of the frac-
ture distribution realizations considered in this section. We again employ the upscaling
procedure described in section 2 in combination with a Monte Carlo approach to obtain
the effective mechanical properties of the fractured formation. Although not shown here
for brevity, we found that 50 samples are sufficient to obtain a stable standard devia-

tion and, thus, representative body wave velocities.
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Fracture density 0.25% Fracture density 0.50% Fracture density 0.75%

Connected Samples

Unconnected Samples

Figure 7. Examples of the variable length fracture distributions employed to derive the effec-

tive body wave velocities of fractured granite. We consider representative samples comprising (a,

b, ¢) connected and (d, e, f) unconnected fractures. Each column depicts a different fracture den-

sity: (a, d) 0.25%, (b, ) 0.50%, and (c, f) 0.75%. Samples have a 50 cm side length. Fractures

are rectangular features with a constant aperture of 4 mm and length drawn from a power law

distribution (Equation 12).
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Table 3. Properties of the fractured granite layer: Variable length fractures distributions

Fracture
Connectivity  Vp [m/s] Vs [m/s] pb [kg/m?]

density

0.25% Connected 4661 2337 2694
0.25% Unconnected 4701 2445 2694
0.50% Connected 4477 2093 2690
0.50% Unconnected 4551 2265 2690
0.75% Connected 4310 1855 2687
0.75% Unconnected 4416 2093 2687

Note. Characteristics of the fractured layer schematically illustrated in Figure 2

used for computing Rayleigh wave dispersion curves.

The results for the effective P- and S-body wave velocities as functions of frequency
are shown in Figure 8. The characteristics of the velocity dispersion curves are similar
to those for the constant fracture length scenario (Figures 6 and 8). Each fracture den-
sity shows the manifestations of FPD effects described in section 2, with a constant ve-
locity plateau for the frequencies of interest between ~0.01 and ~3 Hz. We note that
velocities for P-waves (Figures 8a to 8c) and S-waves (Figures 8d to 8f) decrease for in-
creasing fracture density. As observed previously the difference in body wave velocities
between connected and unconnected fracture distributions increases for larger fracture
densities and is more prominent for S-waves than for P-waves. This indicates that, re-
gardless of the fracture length distribution, velocity variations associated with changes
in fracture connectivity are strongly affected by the fracture density. The resulting ef-
fective velocities for each scenario are listed in Table 3.

Figure 9 illustrates the Rayleigh wave velocity dispersion for the variable fracture
length case. Phase and group velocities present limiting values at high and low frequen-

cies corresponding to the values of sandstone and intact granite, respectively. Sensitiv-
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(a, b, c) Effective P- and (d, e, f) S-wave velocities for connected (solid lines) and
unconnected (dashed lines) fractures of variable lengths (Figure 7). We illustrate the results
for fracture densities of 0.25%, 0.50%, and 0.75%. The curves are obtained by averaging the re-

sponses of 50 fracture network realizations.
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ity to the fractured layer prevails at frequencies between ~0.1 Hz and ~1 Hz. For Rayleigh
wave phase velocities (Figures 9a to 9c¢), the maximum of the relative difference between
connected and unconnected cases occurs near 0.3 Hz with values of 0.7%, 1.4%, and 2.3%
for fracture densities of 0.25%, 0.50%, and 0.75%, respectively. For Rayleigh wave group
velocities, maximum relative differences occur for a frequency close to 0.25 Hz with val-
ues of 1.5%, 2.9%, and 4.8% for fracture densities of 0.25%, 0.50%, and 0.75%, respec-
tively. A comparison of Rayleigh wave velocities for the variable length case with the cor-
responding results obtained for the constant length fracture distributions show that the
relative differences for the latter case are approximately 25% higher. However, the rel-
ative effect of changing fracture density or connectivity is the same for both variable and
constant length fracture distributions. This implies that for the fracture length varia-
tions considered in this work, the controlling factors regarding FPD effects on Rayleigh
waves are the fracture density and fracture connectivity rather than the length distri-
bution of the fractures.

In order to obtain a clearer idea on the impact of FPD effects on Rayleigh wave
dispersion, we repeat the analysis for additional values of fracture density ranging be-

tween 0.25% and 0.90% (Figure 10). Figures 10a and 10b show the results of the effec-

tive body wave velocities for a frequency of 1 Hz, which is representative of the non-dispersive

plateau (dashed lines). In addition to the connected and unconnected scenarios, we also
consider samples which have not been subjected to the previously outlined control of con-
nectivity and, hence, have not undergone any fracture substitution. We refer to this case
as randomly connected. As the end-member-type cases of fully connected and fully un-
connected distributions are not likely to occur in real formations, the randomly connected
scenario is expected to be more representative of the naturally-occurring degree of con-
nectivity for a given fracture density. We again observe a clear trend of decreasing P-

and S-wave velocities with increasing fracture density (Figures 10a and 10b). In partic-
ular, we observe that for a given fracture density, connected fracture distributions have

the lowest velocities, unconnected fracture distributions have the highest velocities, and
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phase and (d, e, f), group velocities for connected (blue

solid lines) and unconnected (orange solid lines) fractures whose length distribution obey the

power law given in Equation 12 (Figure 7). Dashed black lines indicate the relative velocity

difference, computed as the ratio between the differences and the average of the connected and

unconnected case for each frequency.
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randomly connected fracture distributions (red dashed lines) have intermediate veloc-
ities. The velocities of the randomly connected fracture distributions are closer to those
of the unconnected fracture distributions for lower fracture densities and closer to those
of connected fracture network for higher fracture densities. This is expected as the prob-
ability of interconnections increases with the fracture density.

Figures 10a and 10b also show the velocities in the high-frequency or no-flow limit
at 10% Hz, which corresponds to the elastic behaviour of the samples (solid lines). We
observe that, while the trend of decreasing velocity with increasing fracture density is
still present, the effect of fracture connectivity is largely negligible. This is consistent with
works based on elastic approximations of fractured media (e.g., Grechka & Kachanov,
2006), where FPD effects are neglected and, thus, suggest that fracture connectivity has
no impact on the mechanical properties. Interestingly, P- and S-wave velocities for the
randomly connected case considering FPD effects (red dashed lines) decreases more dras-
tically with the fracture density than the corresponding high frequency estimates (red
solid lines). Figures 10c and 10d show the maximum relative Rayleigh wave velocity dif-
ference between connected and unconnected fractures for a given fracture density in the
presence and absence of FPD. For the cases considering FPD effects, this corresponds

to the analysis shown in Figure 9 extended for additional fracture densities. For the cases

disregarding FPD effects, the relative difference corresponds to velocities in the high-frequency

no-flow limit (10% Hz). Figure 10c corresponds to the maximum relative difference be-
tween connected and unconnected fracture distributions for Rayleigh wave group veloc-
ity, at a frequency of ~0.2 Hz, and Figure 10d shows the maximum relative difference
for Rayleigh wave phase velocity, at a frequency of ~0.3 Hz. We note that, when con-
sidering FPD effects, the difference between connected and unconnected cases is already
significant for lower fracture densities and increases progressively with increasing frac-
ture density. Conversely, in the absence of FPD effects, the difference between the con-
nected and unconnected cases remains largely negligible for all fracture densities con-

sidered. Overall, these results suggest that disregarding FPD effects in a velocity anal-
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ysis, that is, considering the high frequency elastic representation, may lead to an over-
estimation of the fracture density changes required to explain a given velocity change.
Finally, we consider variations in the thickness and the depth of the fractured gran-
ite layer in our canonical model (Figure 2, Table 2) in order to assess whether and to what
extent such changes affect the sensitivity to variations in fracture connectivity. Figure
11 shows the effects of varying the depth and thickness of the fractured layer for a frac-
ture density of 0.50% (Table 3). Figures 11a and 11d document the Rayleigh wave phase
and group velocities after increasing the thickness of the surficial sandstone layer from
2500 m to 3500 m, while keeping the thickness of the fractured layer unchanged. Fig-
ures 11b and 11e show the results for reference model without modifications. For a deeper
location of the fractured layer (Figures 11a and 11d), we observe that the maximum rel-
ative differences between the connected and unconnected cases shift towards lower fre-
quencies, as longer wavelengths are sensitive to greater depths. We also see that the mag-
nitude of the relative difference decreases, as the increase of the thickness of the over-
laying formation diminishes the impact of the reservoir on the Rayleigh wave dispersion.
Figures 11c and 11f show the results after reducing the thickness of the fractured layer
from 700 m to 350 m. We observe no appreciable frequency shift but there is, as expected,
an important decrease of the relative differences, which, nevertheless, remain relevant
when compared to corresponding field evidence (e.g., Obermann et al., 2015; Taira et

al., 2018).

4 Discussion

We employed a numerical upscaling procedure based on the assumption of quasi-
static poroelasticity, which does not account for inertial effects to obtain the effective body
wave velocities of fractured samples. The transition frequency, at which inertial effects
become relevant, depends on the material properties. For all scenarios of practical in-
terest in the given context, this frequency is much higher than the frequency range used

in passive seismic exploration in general and Rayleigh wave studies in particular and,
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Figure 10. (a) Effective P- and (b) S-wave velocities as functions of fracture density for dif-
ferent degrees of fracture connectivity considering a stochastic distribution of the fracture lengths
(Equation 12, Figure 7). Dashed lines correspond to a frequency of 1 Hz, which is representative
for passive seismic studies, while solid lines are computed using a frequency of 10° Hz, thus re-
sulting in elastic behaviour of the probed samples. Maximum relative difference for (c) Rayleigh
wave group and (d) phase velocities between the connected and unconnected distributions com-

puted for the elastic and poroelastic scenarios.
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Figure 11. Effects of variations in the depth and thickness of the fractured layer in our

canonical model (Figure 2, Table 2) for a fracture density of 0.50% and considering a stochastic

distribution of lengths (Equation 12, Figure 7). (b, e) Phase and group velocities for the refer-

ence case (Table 3). Phase and group velocities (a, d) when the fractured layer is located 1000 m

deeper and (c, f) for fractured layer with a thickness of 350 m as compared to one of 700 m used

for the reference model.
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hence, the poroelastic upscaling procedure used in this study is valid as long as fracture
sizes remain much smaller than the predominant wavelength.

The observed fracture connectivity effects on Rayleigh wave velocities are signif-
icantly higher than the velocity variations reported from passive seismic monitoring of
geothermal sites (Obermann et al., 2015; Taira et al., 2018). This is likely due to the fact
that in a natural environment, changes of fracture connectivity are likely to be small and
gradual, while we are considering the end-member scenarios of entirely unconnected and
connected fracture networks. Moreover, 2D simulations tend to overestimate FPD ef-
fects on the seismic response of the samples (Hunziker et al., 2018). Another point of
discrepancy may be the thickness of the fractured reservoir of our model, as natural and
enhanced fractured reservoirs are likely to be thinner than 700 m. In addition, to com-
pute Rayleigh wave dispersion curves, we adopted a model consisting of isotropic and
homogeneous layers. It is known that in the case of fractures with preferential orienta-
tions, FPD effects have significant impact on the velocity anisotropy of the probed sam-
ples (Rubino et al., 2017). The corresponding effects in surface wave dispersion, in ad-
dition to more complex model geometries including lateral variations of the material prop-
erties and layer thicknesses should be addressed in future works.

We also considered distributions of fractures with constant aperture and material
properties, and while the resulting aspect ratio distribution of the fractures is realistic
(e.g., Vermilye & Scholz, 1995), the length variation ranges and sample sizes are governed
by computational constraints. This raises the question regarding the scalability and rel-
evance of our results for realistic fractures, which can be several orders-of-magnitude larger
than the ones considered in our samples. Following the work of Guo et al. (2017), which
considers fracture networks composed by two sets of orthogonal equal fractures, the char-

acteristic frequency of FB-FPD, Fy;,, can be expressed as

8Dy

Fpy = —22 13
=g (13)
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where ay denotes the length of the fractures and D, the diffusivity of the background

medium. Dy is expressed as

D, = Luler,
an

(14)
where M, corresponds to the fluid storage coefficient of the background material, L; and
L5 are the P-wave moduli for the dry and saturated cases, respectively, x; is the per-
meability and 7 is the fluid viscosity. As background properties are not affected by changes
in fracture size, Fy, is expected to decrease for increasing fracture size (Equation 13).

On the other hand, the characteristic frequency of FF-FPD effects, Ft¢, corresponding

to the maximum attenuation and dispersion due to this process, is given by (Guo et al.,

2017)

8D,

Frp= 7 (15)

where D, denotes the diffusivity of an effective medium, which considers the fractures

as the pore space and the background as the solid phase. D, is expressed as

_ MeLerrfd

D,
nLget

; (16)

where M, corresponds to the effective medium fluid storage coefficient, L. and L are
the P-wave moduli for the dry and saturated effective medium, respectively, k¢, is the
permeability of the fractures and f, is the fracture density. As can be seen in Equations
15 and 16, Fy; depends on the effective medium diffusivity and the fracture size. Ne-
glecting possible changes in elastic properties of the fractures and considering that an
increase in fracture length is associated with an increase in aperture (e.g., Vermilye &
Scholz, 1995) and, therefore, in permeability (e.g., Brown, 1987), it can be shown that
the impact of fracture size on Fy; tends to be counteracted by the associated increase
in permeability. For this reason, we expect that the FF-FPD characteristic frequency
will not be significantly affected by the scale of the fractures. This, together with the
fact that Fy, decreases with increasing fracture size implies that the frequencies typi-
cally employed in ambient seismic noise studies are likely to remain in the non-dispersive

plateau. This, in turn, suggests that the effects of connectivity are expected to remain
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significant regardless of the scale of the fractures considered. However, further work is
required in this direction to assess associated scaling characteristics for complex fracture
distributions and possible fracture compliance changes with scale. This would allow to
evaluate the corresponding impact not only on the characteristic frequencies but also on

the magnitude of the fracture connectivity effects.

5 Conclusions

We have employed a numerical upscaling procedure together with a Monte Carlo
approach to obtain effective body wave velocities of a fractured formation. This approach
allows to account for FPD effects between fractures and their embedding background
as well as between connected fractures. For the frequency range typical of ambient seis-
mic noise analysis, we have found that there is no body wave velocity dispersion or at-
tenuation due to FPD effects for our models. However, the presence of interconnections

between fractures produces a significant drop of the body wave velocities in comparison

with the corresponding unconnected scenario. This is an important poroelastic phenomenon,

which is generally referred to as pore fluid softening/stiffening and which cannot be ex-
plained from a purely elastic perspective. The effective body wave velocities we obtained
were employed to determine the effects of fracture connectivity on Rayleigh wave phase
and group velocities. Based on the prevailing elastic models, changes in Rayleigh veloc-
ities in fractured environments were so far largely attributed to changes in fracture den-
sity or aperture. Our results indicate that fracture connectivity plays an important role
in the seismic response of fractured formations due to FPD effects and that these effects
are appreciable when performing Rayleigh wave dispersion analysis.

We compared the results from distributions with constant fracture lengths and frac-
ture lengths drawn from a power law distribution. We found that, for the range of length
variations employed, fracture length distribution seems to be of subordinate importance
with respect to changes in connectivity or fracture density. Our results demonstrate the

importance of FPD effects for Rayleigh waves in fractured media, and notably, that ne-
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glecting FPD effects between connected fractures may lead to an overestimation of frac-

ture density.
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