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Abstract.3

In fractured rocks, the amplitudes of propagating seismic waves decay due4

to various mechanisms, such as geometrical spreading, solid friction, displace-5

ment of pore fluid relative to the solid frame, and transmission losses due6

to energy conversion to reflected and transmitted waves at the fracture in-7

terfaces. In this work, we characterize the mechanical properties of individ-8

ual fractures from P-wave velocity changes and transmission losses inferred9

from static full-waveform sonic (FWS) log data. The methodology is vali-10

dated using synthetic FWS logs and applied to data acquired in a borehole11

penetrating multiple fractures embedded in a granodioritic rock. To extract12

the transmission losses from attenuation estimates, we remove the contribu-13

tions associated with other loss mechanisms. The geometrical spreading cor-14

rection is inferred from a joint analysis of numerical simulations that emu-15

late the borehole environment and the redundancy of attenuation contribu-16

tions other than geometrical spreading in multiple acquisitions with differ-17

ent source-receiver spacing configurations. The intrinsic background atten-18

uation is estimated from measurements acquired in the intact zones. In the19

fractured zones, the variations with respect to the background attenuation20

are attributed to transmission losses. Once we have estimated the transmis-21

sion losses associated with a given fracture, we compute the transmission co-22

efficient, which, on the basis of the linear slip theory, can then be related to23

the mechanical normal compliance of the fracture. Our results indicate that24

the estimated mechanical normal compliance ranges from 1×10−13 m/Pa to25

D R A F T February 27, 2019, 11:38am D R A F T



BARBOSA ET AL.: FRACTURE CHARACTERIZATION FROM FWS LOG DATA X - 3

1×10−12 m/Pa, which, for the size of the considered fractures, is consistent26

with the experimental evidence available.27
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1. Introduction

Fractures have a predominant influence on the mechanical behavior of a rock mass as28

they provide planes of weakness which decrease the overall stiffness of an otherwise intact29

medium [e.g. Schoenberg and Douma, 1988]. Fractures also often constitute the major30

conduits through which fluids can flow. This makes their characterization an important31

task for many important applications, such as, for example, the development of oil and32

gas reservoirs, the production of geothermal energy, the understanding and prediction of33

the performance of underground radioactive-waste repositories, and the geological storage34

of CO2 [Zimmerman and Main, 2004; Bakku et al., 2013]. Given that seismic waves prop-35

agating through fractured rocks are known to be slowed down and attenuated, seismic36

methods are valuable for characterizing the hydromechanical behavior of these environ-37

ments.38

The effects of fractures on seismic wave propagation strongly depend on the relation39

between the characteristic size of the fractures, their separation, and the prevailing seismic40

wavelengths [e.g. Fang et al., 2017]. Many analytical and numerical models have been41

proposed to study seismic wave propagation in rocks containing cracks or fractures that42

are much smaller than the wavelengths [e.g. Hudson, 1980; Schoenberg and Douma, 1988;43

Chapman, 2003; Gurevich, 2003; Rubino et al., 2013; Sil , 2013]. In that case, an effective44

stiffness tensor, which, in the most general case, is anisotropic with complex-valued and45

frequency-dependent elements, allows for describing seismic wave propagation through the46

fractured medium. However, when the distance between fractures as well as their size are47

large relative to the seismic wavelength, effective medium approaches are not appropriate48
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[Schoenberg and Douma, 1988]. Instead fractures must be treated as distinct features.49

Such sparsely spaced individual fractures can have significant effects on the amplitudes and50

velocities of seismic waves as shown through laboratory experiments [Pyrak-Nolte et al.,51

1990; Pyrak-Nolte and Nolte, 1992; Lubbe et al., 2008], numerical simulations [Barbosa52

et al., 2016], field seismic measurements [Worthington and Hudson, 2000], or combined53

approaches [Morris et al., 1964; Minato and Ghose, 2016]. The corresponding evidence54

suggests that the two most likely mechanisms for explaining the effects of fluid-saturated55

single fractures on seismic wave propagation are wave-induced fluid flow (WIFF) and56

energy conversion to reflected and transmitted waves [Baird et al., 2013].57

An inherent problem associated with the interpretation of seismic attenuation and veloc-58

ity dispersion in terms of mechanical and hydraulic properties is the necessity to separate59

the contributions of the various extrinsic (e.g., scattering, geometrical spreading) and in-60

trinsic (e.g., solid friction, WIFF) physical mechanisms involved. In the particular case61

of sonic wave propagation in a borehole, this issue has been adressed for layered for-62

mations [Sams , 1991; Parra et al., 2007], lithologically and hydraulically heterogeneous63

formations [Sun et al., 2000], gas hydrate-bearing sediments [Guerin and Goldberg , 2002],64

water-saturated alluvial sediments [Milani et al., 2015], and partially saturated gas shales65

[Qi et al., 2017], among others. For all these environments, it has been found that a66

critical aspect for extracting information on the intrinsic attenuation of the probed for-67

mation is to adequately compensate for the effects of geometrical spreading. Indeed, Sams68

[1991] found negative Q-values in a sequence of weakly consolidated turbiditic sediments,69

which he attributed to inaccurate compensation for geometrical spreading. Milani et al.70

[2015] pointed out that the inconsistency between the sonic P-wave velocity dispersion71
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and attenuation estimates of Baron and Holliger [2010] was due to an incorrect estima-72

tion of the geometrical spreading correction. In the case of fractured environments, only73

qualitative correlations between anomalously high sonic attenuation and the presence of74

fractures have been reported [e.g. Sun et al., 2000]. Hence, identifying and separating75

the effects related to the different contributions to the energy dissipation of sonic waves76

in the presence of fractures is the first step for a quantitative interpretation of fracture77

properties.78

So far, quantitative fracture characterization from seismic data in general and from79

sonic log data in particular has been mostly limited to the modelling of the decrease in80

the phase velocity due to the presence of fractures [Moos and Zoback , 1983; Lubbe and81

Worthington, 2006; Prioul and Jocker , 2009]. In this context, fractures are often charac-82

terized based on the linear slip model, in which fractures are represented as boundaries83

across which the seismic stress is continuous but the displacements are not. The link84

between the magnitude of the displacement discontinuity across the fracture and the im-85

posed seismic stress is given by the effective mechanical compliance of the fracture. From86

this effective property other fracture properties, such as, the aperture, the contact area87

distribution, the stress field, and the infill material of the voids between the fracture in-88

terfaces, can be inferred through different mechanical models [Hudson et al., 1996; Liu89

et al., 2000; Zimmerman and Main, 2004; Prioul and Jocker , 2009; Minato and Ghose,90

2016]. Given that scattered seismic wave fields depend on the fracture compliance, the91

use of the reflection or transmission response of a fracture for its characterization is very92

common [e.g. Pyrak-Nolte et al., 1990; Yoshioka and Kikuchi , 1993; Minato and Ghose,93

2016]. Exploiting this idea, fracture compliances have been extensively computed based94
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on laboratory measurements on real and synthetic samples. However, almost all rock95

masses contain fractures on scales larger than that of core samples, with typical fracture96

spacings that range from tens of centimeters to tens of meters. Estimating fracture com-97

pliances from sonic log or seismic data can therefore not only provide information of larger98

fractures, but also at in situ conditions, which can, for example, be directly utilized for99

planning and monitoring hydraulic fracturing operations [Bakku et al., 2013] or for as-100

sessing fracture hydraulic transmissivity [Pyrak-Nolte and Morris , 2000; Rutqvist , 2015;101

Kang et al., 2016]. Moreover, given that a medium containing a large number of small102

cracks or a few large fractures can yield the same effective anisotropy [Schoenberg and103

Douma, 1988], unraveling the relation between the size of fractures and their mechanical104

compliance may help to constrain the interpretation of seismic anisotropy. Despite its105

importance, estimations of fracture compliance are quite scarce as documented by the106

reviews of Worthington and Lubbe [2007] and Hobday and Worthington [2012].107

In this work, we analyze full-waveform sonic (FWS) log data from a borehole penetrating108

a granodioritic rock mass intersected by distinct individual fractures to infer the different109

contributions to the attenuation and to assess the possibility of estimating fracture normal110

compliances. The paper is structured as follows. We begin with a brief presentation of111

the geological setting and an overview of the FWS measurements. Then, we compute112

the sonic P-wave phase velocity profiles and describe the effects that fractures have on113

the velocities. The subsequent analysis of the contributions to the P-wave attenuation114

is split into three sections. We first estimate and analyze the contribution related to115

geometrical spreading by using numerical simulations and the amplitude decays observed116

from the FWS data for different pairs of source-receiver offsets. Second, we quantify the117
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intrinsic attenuation of the host rock, which is assumed to be independent of the presence118

of fractures, from the corrected attenuation in the intact zones. Lastly, the remaining119

attenuation, which is associated with the presence of the individual fractures, is analyzed120

in terms of wave energy conversion at the fractures. These so-called transmission losses,121

combined with phase velocity measurements, are then used to estimate the mechanical122

normal compliances of the fractures.123

2. Experimental background

The Grimsel Test Site (GTS) is an underground facility located in the Swiss Alps124

that was originally established for supporting research projects related to the geological125

disposal of radioactive waste. To date, another major focus of the experimental activities126

is related to deep enhanced geothermal systems. A primary goal of these geothermal127

research projects is to improve the understanding of geomechanical processes associated128

with permeability creation during hydraulic stimulations of preexisting fractures and faults129

as well as by the creation of new fractures in the intact rock. Recently, a series of boreholes130

penetrating fracture systems of interest have been drilled in the framework of the In Situ131

Stimulation and Circulation (ISC) experiment (www.grimsel.com). These boreholes have132

been used for many purposes such as, for example, geophysical investigation, strain and133

pore pressure monitoring, stress measurements, petrophysical property characterization,134

and as injection boreholes for hydraulic stimulation of the shear zones [e.g. Krietsch et al.,135

2017; Jalali et al., 2018; Wenning et al., 2018]. A detailed review of the ISC experiment136

is given in Amann et al. [2018].137

For this work, FWS logs were acquired at one of the ISC injection boreholes, referred138

to as INJ2 (Fig. 3 in Amann et al. [2018]). INJ2 is a ∼45 m deep borehole of 146 mm139
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nominal diameter that penetrates heavily deformed crystalline rocks dissected by brittle140

overprint shear zones and discrete fractures [Keusen et al., 1989; Delay et al., 2014]. The141

well trajectory has an azimuth and dip of 332◦ and 43.6◦, respectively. The shear zones142

are often associated with lamprophyre dykes [Jalali et al., 2018]. The meta-granodiorite143

host rock, which, in accordance with local geological literature, we refer to as the Grimsel144

granodiorite, is foliated due to aligned grains of biotite and bands of mylonite [Majer145

et al., 1990] and shows no signs of pervasive weathering. On average, the foliation has146

an azimuth and dip angles of 142◦ and 77◦, respectively [Jalali et al., 2018]. Recently,147

Wenning et al. [2018] measured seismic P- and S-wave velocities and permeability on core148

samples in the laboratory to characterize the granodiorite rock mass and the transition149

zone into a mylonitic shear zone. They found that the ductile history of granodiorite150

rock mass is frozen in controlling its elastic and hydraulic properties. In the transition151

to the shear zones, an increase in foliation is observed which, in turn, is associated with152

an increase in foliation-parallel velocity and a decrease in permeability. The more recent153

stages of brittle deformation are characterized by the presence of macroscopic fractures154

and microfractures surrounding the mylonitic cores.155

For the FWS data acquisition, we used a MSI 2SAA-1000-F modular multi-frequency156

sonic logging tool. This consisted of a monopole source at the lower part of the tool157

separated 91.4 cm (3 ft) from an array of 3 receivers spaced at 30.48 cm (1 ft) intervals158

(Fig. 1). The nominal central source frequencies considered are 15 and 25 kHz. In order to159

increase the signal-to-noise ratio of the data, we performed multiple static measurements160

and subsequently stacked ∼50 traces at each stationary position. At some positions of the161

borehole, we also acquired sonic log data with a second tool configuration, in which the162

D R A F T February 27, 2019, 11:38am D R A F T



X - 10 BARBOSA ET AL.: FRACTURE CHARACTERIZATION FROM FWS LOG DATA

offset between the source and the first receiver is 182.8 cm (6 ft) (Fig. 1). In the following,163

we refer to the tool configurations with offsets of 91.4 cm and 182.8 cm between the first164

receiver and the source as “short” and “long”, respectively. The temporal sampling rates165

were 4 and 8 µs for the short and long tool configurations, respectively.166

In order to optimize the survey, we have used acoustic and optical televiewer images167

[Krietsch et al., 2018], which provide an estimation of the location, orientation, spacing168

and aperture of the features intersecting the borehole, to identify the zones characterized169

by the presence of individual fractures. As a result, static measurements were acquired170

at 33 different source depths using the short tool configuration. From this data set, we171

compute the velocity and attenuation as a function of depth and nominal source frequency.172

For the long tool configuration, only 6 source positions were recorded.173

Due to the discontinuous depth sampling of the static FWS data, we have separated the174

data set into three subsets depending on the borehole section in which the measurements175

were taken. These sections are referred to as the upper, central, and lower sections.176

The upper section contains 9 short configuration and 6 long configuration measurement177

points with a spatial sampling of 60 cm. The central section contains 13 measurement178

points for the short configuration with a spatial sampling rate of 60 cm. And lastly,179

the lower section contains 11 short configuration measurements with a spatial sampling180

rate of 30 cm. Table 1 summarizes the transmitter depths and spatial sampling for both181

tool configurations. Notice that, for the upper section, the receiver positions for the182

long and short configurations overlap. The long configuration measurements have been183

used to verify the robustness of the attenuation estimates and to obtain information on184
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the geometrical spreading correction. The corresponding procedure will be described in185

Section 3.3.1.186

3. Analysis of phase velocity and attenuation estimations from FWS data

In this section, we first compute the sonic P-wave phase velocity and attenuation profiles187

from FWS data. We then analyze the different contributions to the observed amplitude188

decay of the direct P-wave, with particular focus on quantifying those that are independent189

of the presence of fractures. This will allow us to extract the attenuation exclusively due190

to single fractures which, in turn, can be used to determine their mechanical compliances.191

3.1. Isolation of first-arriving P-wave

In order to perform an analysis of the P-wave phase velocity and attenuation, the mea-192

sured arrivals must represent the critically refracted P-wave traveling along the borehole.193

We have separated such P-wave first-arrivals from later arrivals, such as, for example, P-194

waves reflected at fractures, using a time window tapered at both ends with a half-cosine195

to reduce ringing effects. As the results can be quite sensitive to the time window utilized196

[Parra et al., 2007], we have tested two different time window lengths, comprising one and197

two cycles of the first P-wave arrival. Fig. 2 shows the static FWS data for the upper198

section of the borehole. The P-wave arrival is isolated using a window centered around199

the first (red line) and second (blue lines) cycles. For a time window centered at the first200

cycle of the first-arriving P-wave, the amplitudes are expected to be less affected by later201

arrivals, and hence, provide more stable estimates of the P-wave attenuation and phase202

velocity [Dasios et al., 2001]. However, for larger source-receiver offsets, such as for the203

long tool configuration, the signal-to-noise ratio of this first cycle might be poor. In that204
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case, as a result of the large offsets, the separation between the P-wave first-arrival and205

later arrivals increases, further reducing the interference and a time window around the206

second cycle becomes more reliable. Given that the results shown in this work correspond207

to the short tool configuration, we have used a time window that captures the first cycle208

of the first-arriving P-wave. However, we have verified that both window lengths pro-209

duce similar velocity and attenuation estimates. A corresponding comparison between210

the attenuation estimates for different time windows will be presented in Section 3.3.2.211

3.2. Velocity analysis

Following Molyneux and Schmitt [2000], we compute the P-wave phase velocity vp(ω)212

from the difference of the phase spectra ∆ϕ of the signals recorded at two receivers as213

vp(ω) =
ω∆r

∆ϕ(ω)
, (1)

214

where ∆r is the distance between the two receivers and ω the angular frequency. The215

phase difference is chosen so that the condition |∆ϕ− ω∆r/v0| < π is fulfilled. Based on216

ultrasonic and continuous FWS measurements we used v0= 5000 m/s.217

Fig. 3 shows the P-wave velocity for nominal source frequencies of 15 and 25 kHz at218

depths corresponding to the three sections of the borehole. The frequency considered in219

each case corresponds to the peak of the amplitude spectrum at the first receiver. As220

vp(ω) computed using Eq. 1 is the interval velocity between the two receivers, each step221

of the velocity profile corresponds to the distance between consecutive receivers Rx(i) and222

Rx(i+1). The black dots in Fig. 3 indicate the velocity computed from the phase difference223

between the signals at Rx1 and Rx3. Although it represents the interval velocity between224

Rx1 and Rx3, for illustration purposes, it has been plotted as a single value located at225
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the depth of Rx2. As the receivers are equally spaced, it is equal to the harmonic average226

of the velocities measured between Rx1 and Rx2 and between Rx2 and Rx3. Given that227

the nominal source frequencies considered are quite close to each other and due to the228

uncertainties of the measurements, the computation of velocities at both frequencies is229

performed primarily to assure the reliability of the measurements rather than to quantify230

any velocity dispersion effects. That said, we observe that velocities at 15 kHz are, in231

general, systematically lower than at 25 kHz.232

Notice that Figs. 3a and b show continuous step velocity profiles as a result of combining233

the velocity estimations for pairs of receivers Rx1-Rx2 and Rx2-Rx3. Fig. 3c, on the other234

hand, shows the P-wave velocity profile considering only receivers Rx2 and Rx3, which235

is continuous due to the shorter spacing between source positions (Table 1). Overall, the236

P-wave velocity in the intact background rock ranges between 5100 and 5200 m/s, which237

was found to be consistent with the velocities estimated from independent continuous238

FWS log data acquired in this borehole [Krietsch et al., 2018].239

3.2.1. Geological features240

In the following, we analyze the correlation between changes in the P-wave velocity and241

the presence of prominent geological features, such as fractures, ductile shear zones, and242

lamprophyre dykes, observed in the televiewer images (Fig. 3). The two lamprophyre243

dykes in the central section constitute the boundaries of a brittle overprint shear zone244

characterized by a higher fracture density compared to the rest of the rock mass [Wen-245

ning et al., 2018]. The majority of these brittle fractures are orientated parallel to the246

boundaries of the dykes [Jalali et al., 2017]. The shear zone located around 20 m depth in247

Fig. 3b has been hydraulically and mechanically characterized by Wenning et al. [2018]248
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using core samples from a nearby borehole. In general, we observe a significant reduc-249

tion in P-wave velocity in the presence of lamprophyre dykes. However, notice that in250

the central section, the dyke thicknesses are of the order of 10 cm and, hence, they are251

comparable to the prevailing wavelengths of ∼25 cm for a frequency of ∼20 kHz and252

a representative P-wave velocity of ∼5200 m/s (Fig. 3). This, in turn, can affect the253

accuracy of the velocity estimations in the vicinity of these structures.254

As illustrated by Fig. 3a, the intervals with fractures exhibit a less obvious correlation255

with velocity changes than dykes. In some cases, the presence of fractures does not256

produce a significant change in velocity compared to that of the surrounding background.257

As pointed out by Zimmerman and Main [2004], fractures may be open or may filled258

with (i) fault gouge that has been produced by shearing mechanisms, (ii) clay minerals,259

or (iii) mineral coatings that have been precipitated from pore fluids. Indeed, fractures260

corresponding to relatively high phase velocities are likely to be mineralized [Keusen261

et al., 1989; Majer et al., 1990]. Conversely, Figs. 3b) and c) show examples of fractures262

that produce a clear decrease in the P-wave velocity, thus acting as planes of mechanical263

weakness. Fractures allowing for enhanced mechanical deformation are also expected to264

be more hydraulically open [e.g. Pyrak-Nolte and Nolte, 2016].265

3.3. Attenuation analysis

Using the P-wave velocity profile and its correlation with the geological features observed266

in the televiewer images, we can identify zones where physical property contrasts may267

potentially influence seismic wave attenuation. In the following, we first describe the268

spectral ratio method employed to compute attenuation which is commonly used for269

both laboratory and field measurements [e.g. Cheng et al., 1982; Pyrak-Nolte et al., 1990;270
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Molyneux and Schmitt , 2000; Milani et al., 2015]. Subsequently, we analyze the different271

contributions to the measured attenuation.272

According to Sun et al. [2000] the frequency spectrum of the critically refracted first-273

arriving P-wave can be modelled as274

A(ω, r) = S(ω)Cs(ω, rs)R(ω)Cr(ω, r)G(ω, rs, r) exp(−ω
2
Q−1
p ∆tr), (2)

275

where S and R are the spectra of the source and the instrument response of the receiver,276

respectively; rs and r are the depths of the source and the receiver, respectively; ∆tr277

is the travel time of the P-wave in the formation; and Q−1
p is an effective attenuation278

over the source-receiver offset (r− rs) that includes all intrinsic and extrinsic attenuation279

mechanisms except for geometrical spreading. The geometrical spreading G is a function280

of frequency, depth, and source-receiver offset. The coupling terms of the source Cs and281

of the receiver Cr to the borehole are frequency-dependent. They include the attenuation282

of the P-wave during transmission through the fluid between the tool and the borehole283

wall.284

Based on the expression given in Eq. 2, the effective attenuation Q−1
p at each frequency285

and for the travel path between two receivers can be computed as [e.g. Dasios et al., 2001;286

Baron and Holliger , 2010; Milani et al., 2015]287

Q−1
p (ω) = ln

(
A(ω, ri)Gi+1

A(ω, ri+1)Gi

)
vp(ω)

πf∆r
, (3)

288

where vp is the P-wave phase velocity in the formation between the i-th and (i + 1)-th289

receivers, ∆r = |ri−ri+1|, and f = ω/2π. Eq. 3 is based on the assumptions that R is the290

same for the two receivers and that the borehole wall is sufficiently uniform to consider291

Cr as being independent of depth [Liang et al., 2017].292
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Eq. 3 implies that, in order to extract the effective attenuation Q−1
p from the recorded293

spectral amplitudes, we must correct for the losses associated with geometrical spreading.294

Moreover, in the case of an interval containing an individual fracture, we assume that the295

effective attenuation is a result of the intrinsic background attenuation and transmission296

losses across the fracture. The latter is the decrease in the transmitted P-wave amplitude297

caused by the energy conversion into reflected and transmitted waves at the fracture298

interfaces. The effective attenuation can therefore be quantified as299

Q−1
p (ω) = Q−1

raw(ω)−Q−1
sprd(ω) = Q−1

0 (ω) +Q−1
transm(ω), (4)300

where Q−1
raw(ω) = ln

(
A(ω,ri)
A(ω,ri+1)

) vp(ω)

πf∆r
is the attenuation computed directly from the recorded301

amplitudes at two receivers, Q−1
sprd(ω) = ln

(
Gi

Gi+1

) vp(ω)

πf∆r
is the attenuation due to geomet-302

rical spreading, Q−1
0 (ω) is the intrinsic attenuation of the background formation, and303

Q−1
transm(ω) is the attenuation associated with transmission losses due to the presence of304

mesoscopic fractures, that is, fractures that are larger than the grain size but smaller than305

the prevailing sonic wavelengths. We are particularly interested in the last contribution306

to attenuation because it is related to the interaction of the sonic wave with the fractures307

and, hence, can be linked to their mechanical properties. In the following, we separate308

and remove the other contributions to the attenuation according to the relations given in309

Eq. 4 in order to estimate Q−1
transm.310

3.3.1. Geometrical spreading correction311

One of the reasons for the decrease in amplitude of acoustic waves propagating along a312

borehole is geometrical spreading, which is represented in Eq. 3 by the symbols Gi and313

Gi+1. Critically refracted compressional waves in boreholes are more complicated than314

analogous waves travelling along an interface between two half-spaces [Paillet and Cheng ,315
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1986]. Aki and Richards [2002] state that at sufficiently long offsets the amplitude decay316

of critically refracted waves travelling along a plane interface is proportional to r−2, while317

a number of topical studies [e. g., Quan et al., 1994; Parra et al., 2007; Milani et al.,318

2015] have shown that the corresponding spreading characteristics along a borehole can319

be represented by a generic parametric function of the form320

Gi =

(
1

ri

)γ

, (5)
321

where γ is an empirical dimensionless parameter. This implies that the ratio of the spectral322

amplitudes of the signals recorded at two receivers located at distances ri and ri+1 from323

the source in a homogeneous non-dissipative formation can be modelled as324

A(ω, ri)

A(ω, ri+1)
=

(
ri+1

ri

)γ

. (6)
325

We explore two ways to estimate γ and, consequently, the geometrical spreading correc-326

tion. First, by performing numerical simulations and, second, from the FWS data using327

the overlap between short- and long-configuration measurements.328

3.3.1.1. Geometrical spreading correction estimated from synthetic data329

Following Milani et al. [2015], we perform numerical simulations of poroelastic seismic330

wave propagation in cylindrical coordinates based on Biot’s (1962) dynamic equations for331

a rotationally symmetric medium [Sidler et al., 2013, 2014] to estimate the geometrical332

spreading correction factor γ in Eq. 6. We assume an axisymmetric fluid-filled borehole333

surrounded by an isotropic porous formation. By doing so, we aim at modelling the334

geometrical spreading of the critically refracted P-wave travelling through the host rock335

under open borehole conditions. For this work, anisotropy effects on the modelling of the336

geometrical spreading characteristics are neglected.337
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The considered borehole has a radius of 7.3 cm, which corresponds to the nominal338

radius of the INJ2 borehole. We assume that the fluid saturating the borehole is water339

with a density ρf of 1000 kg/m3, a viscosity ηf of 0.01 Poise, and a bulk modulus Kf of340

2.25 GPa. The physical properties of the formation are chosen based on ultrasonic (f =1341

MHz) velocity measurements reported in Wenning et al. [2018] made on dry core samples342

from a nearby borehole characterizing the granodiorite host rock. They measured P- and343

S-wave velocities and the sample’s bulk density, porosity, and permeability. The shear344

and bulk moduli of the dry frame, µ and Km, respectively, can be obtained using their345

relations with the P- and S-wave velocities346

µ = v2
sρb,

Km = v2
pρb −

4µ

3
,

(7)

347

where ρb is the bulk density given by348

ρb = ρfφ+ ρs(1− φ), (8)349

with ρf and ρs being the fluid and grain densities, respectively, and φ the porosity. A350

strong foliation produces a pronounced velocity anisotropy, which Wenning et al. [2018]351

quantified by measuring velocities in two mutually orthogonal directions, one parallel and352

one perpendicular to the foliation (Table 2).353

Notice that, in the less damaged zones of the borehole, the P-wave velocity computed354

from FWS logs lies between the laboratory estimates but is closer to that perpendicular355

to the foliation (Fig. 3). As we cannot account for the anisotropy of the rock in our356

numerical simulations, we consider the two sets of velocity measurements of Wenning357

et al. [2018] to compute the elastic moduli of the dry frame for the numerical simulations358

(Cases 1 and 2 in Table 3). The measured bulk density of the granodiorite is 2730 kg/m3
359
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while the measured porosity lies between 0.003 and 0.004. Due to the low porosity of the360

granodiorite, we chose a value for the solid grain bulk modulus higher but close to the361

bulk modulus of the dry frame. Table 3 summarizes the physical properties considered362

for the numerical simulations.363

Lastly, permeability is assumed to be low (0.1 mD) and, hence, Biot’s characteristic364

frequency is above 1 MHz for both scenarios. For numerical convenience, the permeability365

chosen is higher than the values measured from core samples (lower than 1 µD). However,366

given that Biot’s characteristic frequency is inversely proportional to the permeability of367

the formation [Biot , 1956], Biot’s intrinsic attenuation is negligible at sonic frequencies368

in both cases and, hence, the results are expected to be the same as for a formation with369

very low permeability, which essentially behaves as a non-dissipative elastic medium.370

Once the synthetic traces of fluid pressure amplitude at the center of the borehole are371

computed, we calculate the spectral amplitudes of the critically refracted first-arriving372

P-wave at different source-receiver offsets. To estimate γ, we fit the computed amplitude373

ratios with respect to a fixed reference receiver located 1.35 m from the source with Eq.374

6. Fig. 4 shows the resulting fits as functions of the distance between receivers ranging375

from 0 m to 0.9 m for a dominant source frequency of 20 kHz and the different formation376

properties considered. The very good agreement between the numerical and analytical377

amplitude decays further validates the use of Eq. 5 to represent the geometrical spreading378

function. Depending on the combination of physical properties chosen, the estimated379

values for γ lie between 0.36 and 0.38 (Fig. 4). Although, both sets of properties yield380

similar results, there may be additional effects related to the anisotropy of the rock that381

the numerical simulations cannot account for. Moreover, the assumption regarding the382
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bulk modulus of the solid grains of the rock as well as the differences between the numerical383

and real experiment conditions may produce additional deviations in the inferred γ. For384

these reasons, we propose a complementary procedure to validate the estimations using385

the FWS data itself. This will provide an independent and self-consistent estimation of γ386

at in situ conditions.387

3.3.1.2. Geometrical spreading correction estimated from FWS data388

In the upper section of the borehole, where the two data sets of different source-receiver389

offsets were acquired (Table 1), the overlap in the position of the three receivers for both390

tool configurations allows us to estimate γ directly from the FWS data by exploiting391

the redundancy of attenuation information in both measurements. Using the expression392

given in Eq. 4 and assuming a homogeneous formation over the length of the tool, the393

two different raw attenuation measurements can be approximated by394

Q−1
raw,S(ω) = Q−1

p (ω) +Q−1
sprd,S(ω),

Q−1
raw,L(ω) = Q−1

p (ω) +Q−1
sprd,L(ω),

(9)

395

where the subscripts S and L refer to the short and long configurations and Q−1
p is the396

effective attenuation in the interval between the receivers that is not due to geometrical397

spreading. When the surveyed intervals [rS1−rS2] and [rL1−rL2] coincide, we can assume398

that Q−1
p and vp(ω) for the long and short configurations are the same. In this case, Eqs.399

3 to 6 and 9 lead to400

ln

(
A(ω, rS2)

A(ω, rS1)

)
+ γ ln

(
rS2

rS1

)
= ln

(
A(ω, rL2)

A(ω, rL1)

)
+ γ ln

(
rL2

rL1

)
, (10)

401

and we can compute γ as402

γ =

[
− ln

(
A(ω,rS2)
A(ω,rS1)

)
+ ln

(
A(ω,rL2)
A(ω,rL1)

)]
[

ln

(
rS2

rS1

)
− ln

(
rL2

rL1

)] . (11)

403
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It is important to mention that we have verified the validity of Eq. 11 by performing404

numerical simulations in a homogeneous borehole. In the following, we only apply this405

procedure to the real data. Fig. 5a shows γ computed from Eq. 11 as a function of406

depth (dots) in the upper section. For robustness, for each depth position, we compute407

the mean γ from the values obtained for nominal source frequencies of 15 and 25 kHz.408

We observe that γ is larger in the damaged zones, that is, in the presence of fractures.409

In these zones, Eq. 5, which assumes homogeneity, and, hence, the methodology given410

by Eqs. 9 to 11, are not valid to describe the geometrical spreading. Correspondingly,411

the obtained values are not strictly comparable with those inferred from the numerical412

simulations as the latter assume a homogeneous formation. Conversely, in the intervals413

where the formation is less damaged, γ is smaller and approaches the range of values414

obtained from numerical simulations (blue dashed lines).415

In the lower section of the borehole, we do not have a combination of long- and short-416

configuration measurements, but the shorter distance between consecutive source loca-417

tions, results in an overlap in the receivers positions for different pairs of offsets to the418

source. That is, as the tool moves upwards along the borehole, the interval surveyed by419

Rx2 and Rx3 for the i-th source location will be surveyed also by Rx1 and Rx2 for the420

(i + 1)-th source location but with different source-receiver offsets. Using this, we can421

estimate γ in the same way as for the upper section. Fig. 5b shows a mean value of422

γ computed using the data for nominal source frequencies of 15 and 25 kHz (dots). We423

observe that, as before, γ increases in the vicinity of fracture zones and decreases to values424

similar to those predicted by the numerical model in the less damaged zones.425
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From the comparison of the results of synthetic and real data shown in Fig. 5, we can426

conclude that despite the velocity anisotropy of the granodiorite host rock, the numerically427

estimated values of γ are reasonably consistent with those inferred from the borehole data.428

Overall, the intact granodiorite rock surrounding the borehole exhibits a low γ-value.429

Based on this analysis, to correct the data we use a γ exponent of 0.5, which corresponds430

to a mean value of the estimates in the less damaged zones. Interestingly, the numerical431

simulations performed by Quan et al. [1994] also predicted that γ < 1 for high-velocity432

formations surrounding an open borehole.433

3.3.2. Intrinsic background attenuation434

Following the results of the previous section, Fig. 6 to 8 show the P-wave attenuation435

estimations for the three different sections in the borehole before (Eq. 3, grey curve) and436

after (Eq. 4, black curve) correcting for geometrical spreading. For each section, we have437

computed the attenuation-depth profiles at the peak frequency of the amplitude spectrum,438

which is indeed close to the nominal source frequency. The depth range associated with439

a given attenuation value corresponds to that covered by the two receivers used for the440

computation of the attenuation. In the upper and central sections, we have used Rx1 and441

Rx3, while for the lower section, we show the results for the attenuation between receivers442

Rx2 and Rx3.443

As mentioned before, we have performed a windowing of the corresponding wave mode444

to estimate the attenuation of the first-arriving P-wave. In Fig. 6, we show the results445

considering one- or two-cycle time windows for the P-wave extraction in the upper section446

of the borehole (Fig. 2) to validate the attenuation estimates. Overall, we observe that,447

although there are small differences, the estimates are consistent and similar in magnitude.448
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Small discrepancies are indeed expected due to the effects of interfering wave modes in the449

spectrum of the two-cycle wavelet. From this comparison, we conclude that the inferred450

attenuation profiles are robust with respect to the isolation of the critically refracted451

P-wave.452

In general, Figs. 6 to 8 show that the depth dependence of the attenuation is similar453

for both frequencies and that attenuation slightly decreases with frequency. Although γ454

is relatively low, the geometrical spreading represents a significant contribution to the455

overall attenuation. Given that the nominal source frequencies are very close to each456

other, we use a constant value of 0.5 for γ.457

From the televiewer images, the velocity and γ profiles, we can identify zones with in-458

tact background granodiorite rock. Assuming that the intrinsic background attenuation459

Q−1
0 (Eq. 4) is independent of depth in each of the analyzed sections, we can estimate it460

by defining a mean value for the corrected attenuation in the less damaged zones. Figs.461

6 to 8 show that this attenuation baseline lies between 0.069 and 0.082, corresponding to462

Q0-values between 12 and 14.5, depending on the depth. We observe that the intrinsic463

background attenuation tends to decrease with depth. Given that the degree of inelastic-464

ity depends on the composition of the rock (matrix minerals, porosity, pore fluids) and465

the in situ pressure and temperature [Dasios et al., 2001], one possible explanation for the466

lower attenuation values in the lower section of the borehole may be the differences be-467

tween the properties of the ductile shear zone (green shadow zone) and the less deformed468

granodioritic host rock.469

Lastly, it is important to mention that the high attenuation values resulting from our470

analysis are in agreement with previously reported estimates. Cosma and Enescu [2001]471
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suggested that, due to heavy deformation during the Alpine orogeny, relatively high values472

for Q−1
p of 0.05 to 0.1 are to be expected for the Palaeozoic granodiorite at the GTS.473

Majer et al. [1990] performed a tomographic analysis of crosshole data from multiple474

offsets and azimuths at the GTS and estimated a Q−1
0 value of 0.083 for the background475

rock at 6 kHz. Holliger and Bühnemann [1996] reported Q−1
p values acquired at the476

GTS using high-quality seismic data in a frequency range between 50 and 1500 Hz. The477

corresponding estimates lie between 0.016 and 0.05 with a median value of 0.029, which478

are again consistent with our estimates.479

4. Effect of individual fractures on the attenuation and phase velocity of sonic

waves

In the previous section, we have shown that the geometrical spreading and inelasticity480

in the background can have a significant impact on the observed attenuation between481

two receivers. However, Figs. 6 to 8 show that attenuation also increases in zones with482

fractures or dykes with respect to the background attenuation. In this case, the observed483

increase of attenuation is expected to be related to transmission losses across these hetero-484

geneities. This is the case, for example, for the extremely high attenuation value observed485

at 25 m depth in Fig. 7, which is associated with the presence of a fractured lamprophyre486

dyke (Fig. 9a). On the other hand, the peak attenuation observed at a depth of ∼8 m is487

related to the presence of a fracture (Fig. 9b). Based on the results of the previous section,488

we can isolate the attenuation due to transmission losses by removing the effects due to489

geometrical spreading and intrinsic background attenuation (Eq. 4). In this section, we490

use the transmission losses due to the presence of fractures as well as the corresponding491

phase velocity changes to infer the fracture mechanical normal compliance.492
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4.1. Transmission losses and fracture compliance

Previous laboratory and numerical works have shown that the P-wave transmission493

coefficient of a fracture can be linked to its mechanical compliance through the linear slip494

theory [Schoenberg , 1980; Pyrak-Nolte and Nolte, 1992; Möllhoff et al., 2010]. That is,495

fractures are modelled as non-welded interfaces, across which traction is continuous but496

seismic displacement is not. In this context, the transmission coefficient can be written as497

a function of the effective compliance of the fracture ZN [Pyrak-Nolte et al., 1990; Jaeger498

et al., 2009]499

T (ω) =
1

1 + iωIbZN

2

, (12)
500

with T denoting the P-wave transmission coefficient at normal incidence and I = ρvp the501

impedance. The subscript b refers to background rock properties. Given that Eq. 12 is502

strictly valid for normal incidence, ZN corresponds to the so-called normal compliance503

of the fracture. The effective compliance of the fracture can then be estimated from the504

transmission coefficient as505

ZN =
(1− T )

iT

2

ωIb
. (13)

506

Note that Eq. 12 corresponds to the transmission coefficient associated with an interface507

that represents a plane of weakness in the rock [Schoenberg , 1980]. In the limit of ZN → 0,508

the case of a welded interface is approached and T → 1. In the following, we therefore focus509

on fractures that are more compliant than the embedding background, which are identified510

by a decrease in the P-wave velocity (Fig. 3). Moreover, Eq. 13 allows the compliance511

to be complex-valued [Schoenberg , 1980]. The imaginary and real components of the512

compliance can be used not only to determine the weakening effect of the fracture on the513

rock but also to get information about possible mechanisms of energy dissipation occurring514
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in the fracture or at its immediate vicinity. An example of a dissipation mechanism515

that can produce a complex-valued fracture compliance in fluid-saturated rocks is WIFF516

between the fracture and the embedding background [Barbosa et al., 2017]. As a result,517

the stiffening effect of the fluid saturating the fractures can exhibit a frequency-dependent518

behavior. This, in turn, affects the effective mechanical compliance of the fracture and,519

hence, the corresponding transmission losses.520

In order to estimate the complex-valued mechanical compliance of the fractures from

Eq. 13, we must first obtain the P-wave transmission coefficient. Given that Eq. 13

was derived to model the effect of a fracture on the propagation of plane seismic waves

[Pyrak-Nolte et al., 1990], we perform numerical simulations to demonstrate that the

attenuation corrected for geometrical spreading and the phase velocity computed from

sonic logs are similar to those obtained for a plane-wave propagating through a medium

containing a planar fracture of infinite horizontal extent (Appendix A). As a consequence

of their similarity, the complex-valued P-wave transmission coefficient T associated with

the presence of a fracture can be computed as

T = ei(k
b
p−k

eff
p )∆r, (14)

where kbp and keffp correspond to the wavenumber of the background rock and the

wavenumber of an effective viscoelastic medium representing the fractured section be-

tween two receivers, respectively, and ∆r is the separation between the receivers. Both

wavenumbers can be obtained from the velocity and attenuation computed from the FWS

data as

kp =
ω

vp

[
1− i

Q−1
p

2

]
, (15)

where we have approximated the attenuation as Q−1
p ≈ −2=[kp]

<[kp]
[Pride, 2005].521
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The wavenumber of the background kbp is obtained from the reference attenuation and522

velocity in the intact zones (Section 3) while the effective wavenumber keffp is obtained523

from the velocity and attenuation measurements in the zones where both the televiewer524

and velocity profiles suggest the presence of fractures between two receivers that can525

be modelled as linear slip discontinuities. Lastly, given that the geometrical spreading526

correction affects both kbp and keffp , it is interesting to analyze the impact of this correction527

on the fracture compliance estimates. In Appendix A, we show that the use of attenuation528

values that have or have not been corrected for geometrical spreading in Eq. 15 yields529

similar results in terms of fracture compliance.530

The main assumptions of the methodology described above can be summarized as (i)531

time windowing direct waves sufficiently separates the first arriving critically refracted532

P-wave from later arrivals; (ii) homogeneous background properties; (iii) P-wave normal533

incidence at an individual fracture; (iv) the validity of the linear slip theory to represent534

the seismic response of an individual fracture. In the following section, we use Eqs. 13 to535

15 to estimate the P-wave transmission coefficient and mechanical compliance of fractures536

from the FWS data.537

4.2. Estimated fracture compliances

From televiewer images, the P-wave velocity, and attenuation profiles, we have identified538

5 fractures fulfilling the conditions necessary to apply Eqs. 13 to 15. These fractures are539

indicated in Figs. 9b and 10, where we show the interpreted televiewer images. Table 4540

shows the estimates of transmission coefficients as well as the real component and the ratio541

between the imaginary and real components of the normal compliances for these fractures.542

In agreement with the numerical results shown in Appendix A, we have found similar543

D R A F T February 27, 2019, 11:38am D R A F T



X - 28 BARBOSA ET AL.: FRACTURE CHARACTERIZATION FROM FWS LOG DATA

results for both nominal frequencies as well as applying or not applying the geometrical544

spreading correction to the attenuation values when computing the wavenumbers in Eq.545

15. In Table 4, we therefore simply present an average of all those estimates.546

The real component of the mechanical compliance of the analyzed fractures was found547

to lie in the range between ∼ 1×10−13 m/Pa and ∼ 1×10−12 m/Pa. Figs. 9b and 10 show548

that the fractures intersect the borehole at different angles. In Table 4, we approximate549

the dip angle θD of the fractures as the arctangent of the ratio between the fracture’s peak550

to trough height observed on the televiewer image and the diameter of the borehole. As551

a consequence of the inclination of the fractures with respect to the borehole trajectory,552

the estimated P-wave transmission coefficient corresponds to oblique incidence, which is553

expected to be lower than at normal incidence [Gu et al., 1996; Worthington and Lubbe,554

2007]. According to Eq. 13, this underestimation of the transmission coefficient results555

in an overestimation of the fracture compliances. Hence, the compliance values given in556

Table 4 are expected to represent an upper limit.557

In order to illustrate the overestimation of the compliance, we have used the “thin-558

layer model” described in Appendix A to compute the P-wave transmission coefficient559

associated with the presence of a very thin and compliant layer at incidence angles ranging560

from 0◦ to 89◦. Then, we compute the complex-valued compliance from Eq. 13 but561

considering the P-wave transmission coefficient for oblique incidence. Fig. 11 shows the562

corresponding real and imaginary components of the thin layer’s compliance as functions563

of incidence angle. The correct normal compliance of the fracture is the one computed564

for normal incidence. Overall, we observe that the real component of the compliance565

is overestimated when the transmission coefficient used in Eq. 13 does not correspond566
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to normal incidence. For incidence angles lower than 60◦, both the real and imaginary567

components of the compliance are not particularly sensitive to the incidence angle at568

which the transmission coefficient was computed. However, for larger incidence angles,569

which correspond to the case of steeply dipping fractures with respect to the borehole570

trajectory, the imaginary component of the estimated compliance becomes comparable571

to the real component and both are less representative of the correct normal compliance.572

From this analysis, we expect that the overestimation of the compliances may be more573

important for the fractures at ∼21.8 and ∼23.1 m.574

Furthermore, notice that the imaginary components of the estimated fracture com-575

pliances are not negligible (Table 4). As discussed above, one possible reason for the576

relatively high imaginary component of the compliance is due to steep dips θD. However,577

we observe a large imaginary component for all of the fractures and not only for those578

with associated large value of θD. Hence, the importance of the imaginary component of579

the compliance is more likely to be related to damping effects occurring in the fracture.580

One possible damping mechanism is WIFF between the fracture and the background.581

Due to the very low permeability of the background rock of the order of tens of µDarcy,582

the characteristic frequency, at which WIFF effects arise, is expected to be significantly583

below the nominal frequencies of the FWS logs. Therefore, the contribution of mesoscopic584

WIFF should be negligible. However, these effects cannot be completely ruled out as, for585

example, the presence of microcracks in the vicinity of the fractures can effectively in-586

crease the permeability of the rock surrounding the fracture. This in turn, may enhance587

the effects due to mesoscopic WIFF and shift their characteristic frequency towards the588
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sonic range as well as produce additional energy dissipation due to squirt-flow effects at589

the microscale [e.g. Müller et al., 2010].590

Regarding the relative variation of the compliance estimates for different sections of591

the borehole, we found that fractures exhibit compliance values that are almost an order-592

of-magnitude larger in the central section than in the other sections. Fig. 12 shows a593

zero-offset hydrophone vertical seismic profile (VSP) section composed of traces registered594

at depths ranging from 11.5 to 44 m depth along the INJ2 borehole. When an external595

wave field is incident on a fluid-filled open fracture intersecting a borehole, it squeezes596

the fracture and expels fluid into the borehole thus generating a so-called tube wave597

[Bakku et al., 2013]. We have found two typical chevron-type patterns associated with598

the propagation of tube waves (red dashed lines). These two strong tube wave signatures599

intersect the borehole at ∼23.5 and ∼25 m depth, which coincide with fractures observed600

in the televiewer images. We have not computed the compliance for the fracture located601

at ∼25 m depth as the velocity and attenuation are strongly affected by the presence of602

a lamprophyre dyke (Fig. 9a). However, the fact that the highest estimated compliance603

inferred for the fracture intersecting the borehole at ∼23.5 m depth (Table 4) coincides604

with strong tube wave generation points to the sensitivity of the estimations to the implicit605

relation between fracture compliance and its hydraulic transmissivity [e.g. Pyrak-Nolte and606

Morris , 2000]. In this regard, heat dilution tests performed by Jalali et al. [2018] in the607

injection boreholes of GTS revealed a zone of enhanced cooling at 23.5 m borehole depth608

in the INJ2 indicating the presence of hydraulically highly conductive fractures.609

4.2.1. Comparison with literature values610
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It is interesting to compare the estimated fracture compliances with those previously611

reported in the literature. Fig. 13 shows fracture compliances compiled from laboratory612

and seismic field experiments by Worthington and Lubbe [2007] and in Table 1 of Hobday613

and Worthington [2012] and references therein. The blue and red colours indicate labo-614

ratory and field measurements, respectively, after Zangerl et al. [2008]. For completeness,615

we also include in Fig. 13 the compliance estimates reported by Baird et al. [2013], Bakku616

et al. [2013], Verdon and Wüstefeld [2013], Nakagawa [2013], and Minato et al. [2017]617

after the publication of Hobday and Worthington [2012]. The estimations of Bakku et al.618

[2013] for meter-scale fractures, which are represented with a dotted line, were computed619

using tube wave amplitudes and correspond to the same fractures studied by Hardin et al.620

[1987] (red solid line at 1 m fracture size). However, Hardin et al. [1987] considered a low-621

frequency approximation for the flow in the fractures, which leads to an underestimation622

of the compliance. Nevertheless, it is insightful to note the range of variability that frac-623

ture compliances can assume depending on the model used. Moreover, we have computed624

the effective compliances of the cracks composing the synthetic sample of Rathore et al.625

[1995] by using their velocity anisotropy measurements after Barbosa et al. [2018] (green626

dot in Fig. 13).627

The real and absolute values of the compliance estimates obtained in this work (Ta-628

ble 4) are indicated in Fig. 13 with black and grey ellipses, which, in turn, reflect the629

uncertainties with regard to the sizes of the fractures. Gischig et al. [2018] carried out hy-630

drofracturing tests in a nearby borehole in GTS as part of a stress characterization survey.631

The resulting seismicity clouds have diameters of the order of 5 m. Jalali et al. [2018] per-632

formed a series of geophysical and hydrological tests on the injection boreholes of GTS for633
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the intervals considered in this study. Both the crosshole ground-penetrating radar (GPR)634

traveltime tomography and the constant head injection tests point to fracture sizes in the635

meter range. Based on these results and direct geological evidence reported by Keusen636

et al. [1989], we infer that lengths of the fractures intersecting the INJ2 borehole are of637

the order of meters (Fig. 13). Overall, our estimates are in agreement with previously638

reported fracture compliances in literature and support a direct relation between the size639

and the mechanical compliance of the fractures.640

5. Discussion and conclusions

In this work, we have analyzed the mechanisms contributing to the sonic P-wave at-641

tenuation observed from static FWS log data from a borehole penetrating granodiorite642

rocks cut by several discrete fractures. We found that the geometrical spreading cor-643

rection plays a major role in the observed attenuation from sonic log data. In order to644

estimate the corresponding correction for the critically refracted P-wave travelling along645

the borehole wall, we performed numerical simulations of wave propagation in a homo-646

geneous formation that emulate the borehole environment. Additionally, we presented a647

procedure to obtain a depth profile of the geometrical spreading exponent γ directly from648

the FWS data. Both methods yield consistent results for the geometrical spreading cor-649

rection in the intact zones of the borehole. The intrinsic background attenuation, on the650

other hand, was estimated by identifying the intact zones of the borehole from televiewer651

images and the phase velocity and γ profiles. We found attenuation values corresponding652

to low quality factors Q between 12 and 14.5, which are in agreement with previously653

reported estimates at the GTS and further validates the geometrical spreading correction654

applied to the data. The mechanism behind this high intrinsic background attenuation is655
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as of yet unknown and beyond the scope of this work. However, corresponding laboratory656

experiments on intact rock samples and the associated modelling will be part of our future657

research.658

The remaining attenuation, which was only significant in the presence of lamprophyre659

dykes or individual fractures, has been attributed to transmission losses across such het-660

erogeneities. We have shown that it is possible to compute the P-wave transmission661

coefficient associated with the presence of a given fracture from the sonic P-wave at-662

tenuation due to transmission losses and the corresponding phase velocity between two663

receivers. Assuming P-wave normal incidence to an individual fracture and homogeneous664

background properties, the complex-valued mechanical compliance of the fracture can be665

readily estimated from the transmission coefficient using a linear slip formulation. We666

have computed the mechanical compliance of those fractures that are visible in the tele-667

viewer images and produce a clear reduction in the P-wave velocity as well as significant668

attenuation due to transmission losses.669

Our results indicate that the mechanical compliance of the fractures are likely to lie670

in the range between ∼ 1 × 10−13 m/Pa and ∼ 1 × 10−12 m/Pa which is in the order671

of values reported by previous works. The highest values are associated with zones of672

hydraulically open fractures as suggested by the presence of tube waves that are excited673

in the borehole in a VSP setting. For simplicity, we assumed P-wave normal incidence674

at the fractures. In the case of oblique incidence, the transmission coefficient depends675

on both the normal and tangential compliance. Hence, information on the orientation676

of the fractures as well as on S-wave velocity and attenuation is necessary in order to677

invert for both of these fracture compliances. However, we showed that the transmission678
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coefficient at normal and oblique incidence are expected to be similar for a large range of679

incidence angles which, in turn, implies that, in the worst case scenario, our mechanical680

compliances estimates represent a reasonable upper limit. It is also important to note that681

the compliances estimated from FWS logs are representative of the behavior at the vicinity682

of the borehole. Nevertheless, this kind of estimation can be valuable for the interpretation683

of hydraulic jacking tests in boreholes which strongly depend on the normal compliance of684

the fracture in the vicinity of the borehole where the flow resistance and pressure gradient685

are the highest [Rutqvist , 2015]. Finally, we have found that the interference between the686

direct critically refracted P-wave and other wave modes, such as, for example, reflected687

P-waves originated at the fracture can degrade the mechanical compliance estimations.688

To avoid this issue, a minimum distance between receivers and the fracture is necessary689

for a correct time-windowing of the first P-wave arrival.690

Previous works on the estimation of fracture compliances rely on the computation of691

the time delays experienced by a seismic wave when travelling across the fracture. This,692

in turn, assumes that the compliance of the fracture is real-valued. Quantitative mea-693

surements of complex-valued fracture compliances are scarce [e.g. Yoshioka and Kikuchi ,694

1993; Nakagawa, 2013]. Here, we use both attenuation and velocity measurements to695

account for potential damping effects at the fracture. We have found that the imaginary696

component of the mechanical compliance can be large, which may be an indication of697

damping effects in the fracture response. One possible reason for this is the presence of698

microcracks in the vicinity of the fractures that either enhance the effects associated to699

WIFF between the host rock and the fracture or produce additional attenuation due to700

flow at the microscale, also known as squirt-flow. Furthermore, squirt-flow effects can be701
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associated to changes on the shape, compliance, and orientation of contact areas along the702

fracture that produce compressibility contrasts at the microscale of the fracture. Another703

explanation for the viscoelastic behavior of fractures to the transmission of seismic waves704

has been proposed by Yoshioka and Kikuchi [1993] for ultrasonic frequencies. In that case,705

the authors argued that the deviation of the response of a fracture from purely elastic706

can be associated to plastic behavior at the asperities of the fracture caused by high local707

pressure. However, as the imaginary component of the fracture compliance is generally708

smaller than its real counterpart, it is also expected to be more affected by uncertainties709

in the attenuation and phase velocity estimations as well as by the dipping angle of the710

fracture (Fig. 11). Further investigation needs to be done in order to elucidate the origin711

of the complex nature of the fracture compliance and its relation to the hydraulic and712

elastic properties of the fractured rock.713
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6. Appendix A: Methodology to estimate the complex-valued transmission

coefficient from attenuation and velocity measurements

In this section, we outline the procedure to compute the complex-valued P-wave trans-724

mission coefficient due to the presence of a thin layer using the transmission losses and725

the velocity of the P-wave measured between two receivers.726

Let us first illustrate how the effective attenuation and velocity between two receivers727

change due to the presence of a thin layer. To do so, we perform numerical simulations728

of wave propagation in a borehole in a similar way as for the study of the geometrical729

spreading exponent (Section 3.3.1.1) but including a thin layer of infinite horizontal extent730

embedded within the isotropic background rock. In the experiment, the thin horizontal731

layer is located at a distance of 1.85 m from the source. We fix one of the receivers at a732

distance of 1.5 m from the source and compute the attenuation and velocity with respect733

to different positions of the second receiver. By changing the second receiver’s position734

from 1.65 m to 2.3 m, we can analyze the changes in the characteristics of the wave735

propagation due to the offset between receivers. The background properties are the same736

as case 2 in Table 3. The properties of the layer, on the other hand, are Km=0.56 GPa,737

µm=0.33 Gpa, φ=0.5, κ=10 D, and its thickness is 1 cm. This means that the layer is738

assumed to be more compliant, more porous and, more permeable than the background.739

The numerical experiment results are depicted in Fig. 14, where we plot P-wave at-740

tenuation (Eq. 4) and phase velocity (Eq. 1) as functions of the distance between the741

two receivers (blue dots). The attenuation values have been corrected for geometrical742

spreading using γ = 0.38 obtained in the absence of the layer. For illustration purposes,743

we also include the results for the case of an intact background rock (red dots). In the744
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absence of heterogeneity, the estimated velocity is, as expected, close to the background745

velocity (black line) and the attenuation is negligible. Notice that the velocities computed746

from numerical simulations for the intact rock model (vp ∼ 5150 m/s) underestimate the747

velocity of the background (vp = 5220 m/s). However, the maximum relative difference748

between them is ∼ 1.3%, which is small and similar to uncertainties commonly associated749

with phase velocity estimations [Moos and Zoback , 1983; Molyneux and Schmitt , 2000;750

McCann and Sothcott , 2009].751

In the presence of a compliant layer between receivers, the effective velocity measured is752

lower than the background velocity and gets closer to the latter as the distance between re-753

ceivers increases. The attenuation shows low values when both receivers are located before754

the layer. Some attenuation values are negative, which may be due to strong scattering755

effects close to the thin layer and, to a lesser degree, to an incorrect geometrical spreading756

correction. As the distance between receivers increases, the attenuation describes a more757

predictable and decreasing behavior. The reason for the decrease in attenuation is that758

the transmission losses remain the same but the total distance covered by the P-wave is759

larger and, hence, the effective attenuation is lower.760

The numerical results show a significant impact of the presence of thin layers on both761

the attenuation and velocity estimates. Hence, they suggest that it may be possible to762

extract information about the thin layer properties from transmission losses and effective763

velocities. In the following, we will show that the attenuation and velocity behavior764

depicted in Fig. 14 can be modelled with the solution of a plane-wave propagating in765

a fluid-saturated poroelastic medium containing a single porous layer. We refer to this766
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model as the thin-layer model. For details regarding this plane-wave solution, we refer767

the reader to Barbosa et al. [2016].768

The thin-layer model allows us to compute any poroelastic field in frequency-space do-769

main resulting from the contributions of all the wave modes generated from the incidence770

of a seismic wave on a thin layer. For a normally incident P-wave, the incident (ui) and771

transmitted (ut) solid displacement fields are given by772

uiy1 = −ikp exp[−ikp(−y1)],

uty2 = −ikpT exp[−ikp(y2)],

(16)

773

where y1 > 0 and y2 > 0 are the offsets of receivers 1 and 2, respectively, from the upper774

interface of the layer (y = 0). We assume that receivers 1 and 2 are located before and775

after the layer, respectively. T is the P-wave transmission coefficient and kp is the P-wave776

number in the background medium (Eq. 15). The sign of the real part of kp is positive for777

waves traveling in the direction of increasing y as in Barbosa et al. [2016]. By using Eq.778

16 we exclude the displacements associated with the slow P-wave as well as the reflections779

from the layer, assuming that only the incident and transmitted fields contribute to the780

signals recorded at the two receivers.781

In order to obtain the effective attenuation, we assume that the decay in the P-wave solid782

displacement fields in the interval between y1 and y2 can be explained by a homogeneous783

viscoelastic medium. By doing so, we can obtain an effective P-wave number as a function784

of the background properties and the transmission coefficient T785

keffp =
−ikpdy + ln[T ]

−idy
. (17)

786
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where dy = y2 + y1 is the distance between receivers. Lastly, Eq. 17 can be used to787

compute the effective attenuation and velocity for different intervals dy788

Q−1
p = −

=[(keffp )2]

<[(keffp )2]
,

vp =
ω

<[keffp ]
.

(18)

789

Notice that the solution of the plane-wave propagation across a single layer does not790

only account for the scattering effects but also for the WIFF effects resulting from the791

poroelastic representation of the model.792

Fig. 14 shows the velocity and attenuation for the thin-layer model (solid blue curves)793

computed using Eqs. 17 and 18 and the transmission coefficient obtained from the plane-794

wave analysis performed by Barbosa et al. [2016]. Although the results for the thin-layer795

model only depend on the distance between the receivers located before and after the layer796

(dy) we assume, for illustration purposes, that y1=0.35m (before the layer) and y2 ranges797

from 0.05 to 0.45 m (after the layer). We observe that the overall agreement between798

the attenuation and velocity from the numerical simulations and the thin-layer model is799

very good at relatively large offsets between receivers where the influence of the scattered800

waves from the layer on the critically refracted P-wave decreases and the numerical results801

stabilize. It can be shown that the interference between the direct critically refracted P-802

wave and that reflected at the fracture is negligible for a distance between the receiver and803

the fracture larger than T ∗ vp/2, where T is the wave period. Lastly, it is important to804

remark that we have used the geometrical spreading coefficient of the intact background805

to correct the attenuation estimates from the borehole code. These results imply that at806

large distances between receivers, the impact of the fracture properties on the geometrical807

spreading correction is negligible.808
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The comparison shown in Fig. 14 indicates that we can use the thin-layer model to esti-809

mate the effects of a thin-layer intersecting the borehole on the attenuation and velocities810

estimated from FWS data. Thus, we can use Eq. 17 to compute the P-wave transmission811

coefficient T as shown in Eq. 14 in Section 4.1.812

7. Appendix B: Validation of the methodology to estimate the complex-valued

transmission coefficient from attenuation and velocity measurements

Fig. 15 shows the transmission coefficients computed using Eq. 14 as well as the813

corresponding mechanical compliance of the thin layer (Eq. 13) as functions of the distance814

between receivers (blue dots). The fracture is located at a distance of 0.35 m from the815

first receiver. We observe that the behavior of the absolute value of the transmission816

coefficient and compliance stabilize at large offsets between receivers. This is related to817

the large variability of the attenuation and velocity observed in the vicinity of the fracture818

(Fig. 14).819

Fig. 15 also shows the transmission coefficient and normal compliance computed from820

the attenuation and velocity predicted by the thin-layer model. We observe that at large821

spacings between receivers, the agreement between the values obtained from the numerical822

borehole model and the thin-layer model is remarkably good. Moreover, using the thin-823

layer model, it is straightforward to compute the normal compliance using its classical824

definition [Schoenberg , 1980], that is, ZN = ∆un
τn

, where ∆un and τn are the jump in normal825

displacement and the average normal stress across the layer, respectively (blue dashed826

line). Due to the low permeability of the background rock, this compliance estimate is,827

in turn, similar to that computed as the ratio between the fracture thickness h and its828

undrained P-wave modulus Cf as suggested by Barbosa et al. [2017] (green symbols).829
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Notice that by using the classical definition of the normal compliance and the thin-layer830

model, we can account for the effects associated to the finite size of the layer, which a831

linear slip model ignores. This, in turn, explains the small discrepancies with respect to the832

estimations based on Eq. 13. This effect can be particularly significant for the imaginary833

component of the normal compliance as it is is generally much smaller than the real834

component. However, as we can see in Fig. 15 the magnitude of all the complex-valued835

compliances are reasonably similar, despite the different models and ways to compute836

them.837

Finally, given that the geometrical spreading correction in real data is highly variable838

and rather difficult to estimate, we are also interested in analysing the sensitivity of the839

normal compliance to this correction. To do so, we have considered the raw attenuation840

values instead of those corrected by geometrical spreading. Fig. 15 shows that applying or841

not applying the correction to the attenuation, does not influence significantly the results842

(red dots). This suggests that the estimation of the transmission coefficient and the843

normal compliance mainly depends on the excess attenuation resulting from transmission844

losses with respect to the background attenuation rather than on the absolute attenuation845

values.846
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Figure 1. Schematic illustration of the used sonic logging tool with one transmitter

(Tx) and three receivers (Rx1, Rx2, Rx3). The offset to the source of the first receiver is

3 and 6 ft for the short and long tool configurations, respectively.

Table 1. Transmitter positions along the borehole. SC and LC refer to short and long

tool configurations, respectively.

SC depth range LC depth range Spatial sampling rate

Upper section 4.89-9.69 [m] 7.60-10.60 [m] 0.60 [m]

Central section 19.49-26.69 [m] — 0.60 [m]

Lower section 39.69-42.69 [m] — 0.30 [m]
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Figure 2. Static FWS data recorded in the upper section of the borehole for receivers

(a) Rx1, (b) Rx2, and (c) Rx3. The offset to the source of the first receiver corresponds

to the short tool configuration. The red and blue vertical lines illustrate the central time

of the time windows employed to isolate one and two cycles of the first P-wave arrival,

respectively.
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Figure 3. P-wave velocity computed for the nominal source frequencies 15 kHz and 25

kHz in the upper (a), central (b), and lower (c) sections of the borehole. Regions colored

in green correspond to shear zones. Black lines and red layers correspond to fractures and

dykes identified in televiewer images, respectively. Dots illustrate the interval velocity

between first and third receivers at the corresponding mid-point.
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Table 2. Summary of measurements performed by Wenning et al. [2018] to characterize

the granodiorite host rock.

Measurement Parallel to foliation Perpendicular to foliation

P-wave velocity Vp 5500 m s−1 5100 m s−1

S-wave velocity Vs 3430 m s−1 3280 m s−1

Permeability κ 0.85 µD 0.42 µD

Porosity φ < 1% < 1%

Table 3. Physical properties of the granodiorite host rock.

Physical parameter Case 1 Case 2

Dry frame bulk modulus Km 40 GPa 33 GPa

Dry frame shear modulus µm 32 GPa 29 GPa

Solid grain bulk modulus Ks 41 GPa 37 GPa
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Figure 4. Geometrical spreading exponent γ computed from spectral ratios at f=20

kHz obtained using numerical simulations of wave propagation (dots) for cases 1 (a) and

2 (b) in Table 3. The dashed curve shows the spectral ratios obtained with Eq. 6 using

the γ-value indicated in plot.
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Figure 5. Geometrical spreading exponent γ computed for the upper (a), and lower

(b) sections. The depth of the dots indicates the mid point of the interval between two

corresponding receivers. The blue dashed lines show the range of values of γ computed

using the numerical borehole model. Regions colored in green correspond to shear zones.

Black lines and red layers correspond to fractures and dykes, respectively.
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Figure 6. Attenuation as a function of depth in the upper section computed from

measurements corresponding to nominal source frequencies of (a, c) 15 and (b, d) 25

kHz considering (a, b) one- and (c, d) two-cycle window lengths for the isolation of the

first-arriving P-wave. Black and grey solid curves correspond to attenuation estimates

with and without geometrical spreading correction, respectively. The blue vertical line

illustrates a mean background intrinsic attenuation Q−1
0 . Horizontal black lines and green

zones correspond to fractures and shear zones, respectively.
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Figure 7. Attenuation as a function of depth in the central section computed from

measurements corresponding to nominal source frequencies of (a) 15 and (b) 25 kHz. Black

and grey solid curves correspond to attenuation estimates with and without geometrical

spreading correction, respectively. The blue vertical line illustrates a mean background

intrinsic attenuation Q−1
0 . The green zone corresponds to the shear zone. Horizontal

black lines and red layers correspond to fractures and dykes, respectively, identified from

televiewer images.
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Figure 8. Attenuation as a function of depth in the lower section computed from

measurements corresponding to nominal source frequencies of (a) 15 and (b) 25 kHz. Black

and grey solid curves correspond to attenuation estimates with and without geometrical

spreading correction, respectively. The blue vertical line illustrates a mean background

intrinsic attenuation Q−1
0 . The green zone corresponds to the shear zone. Horizontal

black lines and red layers correspond to fractures and dykes, respectively, identified from

televiewer images.
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Figure 9. Televiewer images [Krietsch et al., 2018] of (a) a dyke (red layer) and (a, b)

fractures (dark lines) in different sections of the borehole.

D R A F T February 27, 2019, 11:38am D R A F T



BARBOSA ET AL.: FRACTURE CHARACTERIZATION FROM FWS LOG DATA X - 61

Table 4. Transmission coefficients T and fracture compliances ZN estimated from

FWS data. Dip angles θD of the fractures with respect to the borehole trajectory were

inferred from televiewer images.

Fracture depth |T | <[ZN ] =[ZN ]/<[ZN ] θD

∼8.0 m 0.85 1.6e−13 m/Pa 1.2 50◦

∼21.8 m 0.78 3.3e−13 m/Pa 1.1 69◦

∼23.1 m 0.64 8.4e−13 m/Pa 0.7 71◦

∼23.55 m 0.58 9.9e−13 m/Pa 0.5 31◦

∼40.40 m 0.85 3.9e−13 m/Pa 0.4 37◦
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Figure 10. Televiewer image and its interpretation for the fractures in the central and

lower sections given in Table 4. Shear zones are identified with diagonal blue lines.
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Figure 11. Real and imaginary components of the fracture compliance computed using

Eq. 13 and considering the P-wave transmission coefficient at different incidence angles.
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Figure 12. Zero-offset hydrophone VSP data collected with sensors located at depths

ranging from 11.5 to 44 m along the INJ2 borehole. The green lines denote the arrivals

of the P- and S-waves propagating along the borehole wall. Red lines correspond to the

arrivals of tube wave generated at the fractures.

D R A F T February 27, 2019, 11:38am D R A F T



BARBOSA ET AL.: FRACTURE CHARACTERIZATION FROM FWS LOG DATA X - 65

Figure 13. Static (blue) and dynamic (red) fracture compliance values as function

of fracture size compiled from the literature. The black and grey ellipses indicate the

range of the real component and absolute value of the compliances reported in this work,

respectively. The green dot corresponds to the compliance estimated from the laboratory

measurements on synthetic samples by Rathore et al. [1995].
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Figure 14. Effective attenuation and velocity as functions of the distance to the first

receiver for a frequency of 20 kHz. Blue and red dots correspond to the results of numerical

simulations of wave propagation in a borehole with and without a thin layer, respectively.

Solid blue lines represent the results of a simpler theoretical model that performs plane-

wave propagation across a single layer. Grey vertical line marks the position of the

thin layer. Black curve in the right panel corresponds to the velocity of the background

formation.
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Figure 15. Magnitude of the transmission coefficient and normal compliance as func-

tions of the distance between receivers for 20 kHz. Dots correspond to the results of the

numerical simulation of wave propagation in a borehole. Solid lines represent the results

of the simpler numerical model that performs plane wave propagation across a single thin

layer. Dashed blue line shows the normal compliance computed from the thin-layer model

following its classical definition as the ratio between the jump in normal displacement ∆un

and the average normal stress τn across the fracture. Green symbols show the compliance

estimated as the ratio between the fracture thickness h and its undrained P-wave modulus

Cf .
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