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Krauklis wave initiation in fluid-filled fractures by seismic body waves

Marcel Frehner!

ABSTRACT

Krauklis waves are a special wave mode that is bound to and
propagates along fluid-filled fractures. They can repeatedly
propagate back and forth along a fracture and eventually fall
into resonance emitting a seismic signal with a dominant char-
acteristic frequency. They are of great interest because this
resonant behavior can lead to strongly frequency-dependent
propagation effects for seismic body waves and may explain
seismic tremor generation in volcanic areas or affect microseis-
mic signals in fractured fluid reservoirs. It has been demon-
strated that Krauklis waves can be initiated by a seismic
source inside the fracture, for example by hydrofracturing.
Here, the aim is to study Krauklis wave initiation by an inci-
dent plane P- or S-wave in numerical simulations. Both seis-
mic body waves are reflected and scattered at the fracture,
but also, two Krauklis waves are initiated with significant

amplitude, one at each fracture tip (i.e., at the diffraction-points
of the fracture). Generally, the incident S-wave initiates larger-
amplitude Krauklis waves compared to the incident P-wave
case. For both incident wave modes, the initiation of Krauklis
waves strongly depends on the fracture orientation. In the case
of an incident P-wave, large-amplitude Krauklis waves are
initiated at moderate (12°-40°) and high (>65°) inclination
angles of the fracture with a distinct gap at approximately 50°.
The dependency of Krauklis wave initiation on fracture orien-
tation is almost inversed in the case of an incident S-wave
and the largest-amplitude Krauklis waves are initiated at an
S-wave incidence angle of approximately 50°. The initiation
of large-amplitude Krauklis waves by both P- and S-waves
has important implications for earthquake signals propagating
through fluid-bearing fractured rocks (volcanic areas, fluid-
reservoirs) or for seismic exploration surveys in fractured res-
ervoir situations.

INTRODUCTION

The presence of fluids in reservoir rocks has a major effect on
seismic wave propagation behavior; for example, dispersion and
frequency-dependent attenuation (Biot, 1962; White, 1975; Bour-
bie et al., 1987; Carcione, 2001; Quintal et al., 2011). Research on
fluid-related seismic effects faces some scientific challenges and is
significant for various industrial applications. One particular chal-
lenge is the interaction of simultaneous physical processes on dif-
ferent length scales. Because not all scales can be modeled at once,
microscale processes have to be upscaled and their macroscale ef-
fects are described in effective medium models (e.g., Lambert
et al., 2013). For the case of porous rocks such as sandstone, this
is done successfully, for example in the Biot theory (Biot, 1962),
the squirt-flow theory (Mavko and Jizba, 1991; Dvorkin et al.,
1995), or the patchy-saturation model (White, 1975; White
et al., 1975).

Despite including many effects in porous rocks, existing effective
medium models have more difficulties describing fracture-related
phenomena. One such phenomenon of particular interest is the
so-called Krauklis wave, which is a special wave mode that is bound
to and propagates along fluid-filled fractures. They are highly dis-
persive with a very low-phase velocity at low frequencies (Ferraz-
zini and Aki, 1987; Ashour, 2000; Korneev, 2008). There has been
some confusion about the terminology because they have been re-
ferred to as Krauklis waves in Korneev (2011) and Frehner (2013),
Stoneley-guided waves in Korneev et al. (2009), Frehner and
Schmalholz (2010), and Korneev (2010), crack waves in Chouet
(1986) and Yamamoto and Kawakatsu (2008), slow Stoneley waves
in Ferrazzini and Aki (1987), or Stoneley waves in a fracture in
Ashour (2000). Strictly speaking, a Stoneley wave is an interface
wave propagating along an interface between two solid (elastic)
half-spaces (Stoneley, 1924) and a Scholte wave is an interface
wave propagating along an interface between a solid (elastic)
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and a fluid (viscous) half-space (Scholte, 1942a, 1942b). On the
other hand, a Krauklis wave is a guided wave propagating along
a fluid-filled fracture. In other words, a Krauklis wave is the inter-
ference between two Scholte waves (one along each fracture wall)
propagating very close together. This also explains the high-fre-
quency limit of the Krauklis wave phase velocity, which approaches
the Scholte wave phase velocity when the wavelength is much
smaller than the fracture thickness (Carcione and Helle, 2004).
Krauklis (1962), Lloyd and Redwood (1965), and Paillet and White
(1982) are among the first to study Krauklis waves. After Maksi-
mov et al. (2011) and Korneev (2011) already used this terminol-
ogy, several active researchers in this area have recently suggested
(Korneev et al., 2012) to consistently name this wave mode the
Krauklis wave, after its first investigator.

Krauklis waves are of great interest because they may fall into
resonance and emit a seismic signal with a characteristic frequency.
Because they are reflected at the fracture tip (Frehner and Schmal-
holz, 2010), they may propagate back and forth along a fracture of
finite length. This resonance effect was used by Aki et al. (1977)
and Chouet (1988, 1996) to explain long-period volcanic tremors
recorded prior to volcanic eruptions, which can potentially be used
for eruption forecasting. The Krauklis waves themselves cannot be
detected at a relatively short distance from the fracture due to the
spatially exponential decay of their amplitude (Ferrazzini and Aki,
1987). However, Frehner and Schmalholz (2010) investigated the
reflection process of Krauklis waves at the tip of a fracture. They
find that a part of the Krauklis wave is reflected and a part is scat-
tered at the fracture tip and seismic body waves are radiated into the
surrounding rock. This radiation eventually makes the detection of
Krauklis wave-related signals (i.e., the tremor signal) possible.

Similar to volcanic areas, Krauklis waves may be of great impor-
tance in any other fluid-bearing rock containing fractures, for ex-
ample, in fractured hydrocarbon reservoirs, geothermal systems,
or for CO,-sequestration in subsurface reservoirs, where they
may be responsible for generating nonvolcanic seismic tremor sig-
nals. In particular, Krauklis waves are relevant for hydrofracturing
and microseismicity applications. Fracture opening events triggered
by fluid overpressure (i.e., hydrofracturing; Ferrazzini et al., 1990)
represent a seismic source inside the fracture, which can initiate
Krauklis waves with particularly high amplitude (Chouet, 1986;
Frehner and Schmalholz, 2010). Therefore, Ferrazzini et al. (1990),
Groenenboom and Falk (2000), and Groenenboom and van Dam
(2000) used Krauklis waves for monitoring hydrofracturing.

The dispersion behavior of Krauklis waves is described in detail
by various analytical studies (Ferrazzini and Aki, 1987; Ashour,
2000; Korneev, 2008, 2010, 2011) but only for simple geometries
(infinitely long fractures with straight walls or a layered medium in
the case of Korneev, 2011). At the same time, the few existing
numerical studies (Chouet, 1986; Yamamoto and Kawakatsu,
2008; Frehner and Schmalholz, 2010) also do not include complex
geometries. Common to all of these studies is that they assume that
a Krauklis wave is initiated within the fracture, for example, by a
fracture opening event due to hydrofracturing. However, it remains
unstudied if Krauklis waves can be initiated by a body wave passing
a fluid-filled fracture. Korneev (2008) speculates that the initiation
of Krauklis waves by an incident body wave “should lead to
strongly frequency dependent propagation effects for seismic
waves” and Korneev et al. (2009) adds: “It is likely that Stoneley
guided wave [i.e., Krauklis wave] is a key phenomenon which

might explain observed frequency-dependent and nonlinear behav-
ior of fluid reservoirs.” Such behavior has major implications, for
example, for earthquake signals propagating through fluid-bearing
fractured rocks (e.g., volcanic areas, fluid reservoirs) or for active
seismic surveys in hydrocarbon or geothermal reservoir applica-
tions. Korneev (2010) emphasizes “the importance of including
these wave effects into poroelastic theories” and Frehner and
Schmalholz (2010) predict that “future studies will help to include
SGW [i.e., Krauklis wave]-related effects into more realistic models
for fractured rocks.”

Whether or not, and with which amplitude, Krauklis waves can
be initiated by body waves is the main scope of the presented work.
Previous analytical and numerical studies by Derov et al. (2008) and
Maksimov et al. (2011) suggest that such an initiation is possible.
Yet, these studies had several limitations: (1) a peculiar model
geometry with a ring-shaped fracture and a source on the symmetry
axis had to be chosen due to the used cylindrical symmetry, (2) a
pressure point source was used emitting only P-waves, (3) the point
source was in a finite distance allowing neither for a true incident
plane wave nor for an incident angle of 0°, (4) rectangular fracture
edges were used to ease the finite-difference calculation using a rec-
tangular grid, and (5) an inviscid fluid was used. The present study
extends and generalizes the previous learning from Derov et al.
(2008) and Maksimov et al. (2011), as well as from Frehner
(2013), by using true plane P- and S-waves as a seismic source
and by using a more natural model consisting of a single water-filled
(viscous) fracture with smooth (elliptical) fracture tips and any ori-
entation with respect to the incident wave. In addition, the initiated
Krauklis wave amplitudes are quantified as a function of the inci-
dent wave mode (P- or S-wave) and incident angle.

NUMERICAL METHOD AND SETUP

Krauklis waves are a truly multiscale phenomenon. The fracture
thickness, the wavelength of the Krauklis wave or of seismic body
waves, and the size of the fractured reservoir correspond to three
length scales with entirely different orders of magnitude. For
numerical simulations, this “presents a major computational chal-
lenge” (Korneev, 2008). However, Frehner and Schmalholz (2010)
presented a finite-element (FE) study demonstrating the capability
of numerical simulations to deal with this multiscale challenge. The
same FE method as in Frehner et al. (2008) and Frehner and
Schmalholz (2010) is adapted here to study the initiation of Krau-
klis waves by a passing body wave and is only briefly summarized
here. The employed FE algorithm solves the viscoelastic wave
equation in two dimensions:
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where p, K, u, and 5 are the density, elastic bulk modulus, elastic
shear modulus, and dynamic viscosity, respectively; oy, oy, and
o,y are the two normal components and the shear component of
the stress tensor, respectively; and u, and u, are the two compo-
nents of the displacement vector field. One and two dots above
the displacements represent the first and second time derivative,
respectively.

The governing equations 1 and 2 are discretized in space using
the spatial FE method. Triangular isoparametric elements are em-
ployed having seven nodes and biquadratic continuous shape func-
tions (Cuvelier et al., 1986). The unstructured triangular mesh is
generated by the software triangle (Shewchuck, 2002), which pro-
duces high-quality, Delaunay-type meshes. This allows accurately
resolving and discretizing the fracture (Frehner and Schmalholz,
2010) without the need of a very fine resolution away from the frac-
ture. Kriiger et al. (2005) demonstrate that scattering and diffraction
of seismic body waves at a dry fracture may be accurately modeled
with a relatively low resolution of the fracture. However, describing
the fluid filling the fracture with a more realistic viscoelastic rheol-
ogy (equation 2) allows for a viscous shear motion in the fluid,
which is of a diffusive type. The corresponding diffusion length,
L,, can be calculated as

In 1
L, =2,/——, 3
¢ Pffd .

where p; and f, are the density of the fluid and the dominant fre-
quency of the incident wave. The triangular mesh used inside the
fracture accurately resolves the diffusion length. For example, close
to the fracture tip, the minimum node-to-node distance is approx-
imately 50 times smaller than the diffusion length and the total num-
ber of elements inside the fracture is approximately 43,000. Such
high resolution of the fracture allows for a very accurate modeling
of the Krauklis wave motion. At the same time, the maximum node-
to-node distance in the surrounding elastic medium far away from
the fracture is more than four orders of magnitude larger than inside
the fracture, but it still sufficiently resolves the propagating
body waves.
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Figure 1. Model setup for studying Krauklis wave initiation by an
incident plane body wave. The boundaries are far enough away
from the central fracture not have any reflections from the bounda-
ries polluting the analyzed seismograms. Boundary and initial con-
ditions are explained in the text.

The discretization in time is done by an implicit finite-difference
scheme (Newmark, 1959; Zienkiewicz and Taylor, 2000). The
implicit scheme is unconditionally stable and is therefore favorable
over explicit schemes because the time increment can be chosen
independently of the extremely fine spatial resolution at the fracture
tips (Frehner et al., 2008) and independently of the applied viscosity
of the fluid. The standard direct solver provided by MATLAB is
used for solving the resulting linear system of equations.

The numerical setup is shown in Figure 1, and the applied
material parameters are listed in Table 1. A thin water-filled ellip-
tical fracture with a length of 2 m and an aspect ratio of 333 is em-
bedded in a homogeneous purely elastic surrounding medium. The
water in the fracture is viscoelastic, modeled as purely elastic in the
bulk (volume) deformation behavior and purely viscous in the de-
viatoric (shear) deformation behavior. At the fracture walls, there is
no relative movement between the water and the surrounding solid
(i.e., continuous displacement field across fracture wall). The frac-
ture is inclined with respect to the incident plane body wave by an
angle a. The incident plane body (P- or S-) wave’s initial particle
displacement is the second derivative of a Gaussian (i.e., Ricker
wavelet) with a dominant wavelength of 1; = 1.26 m. Because
the P- and S-wave velocities are different, the dominant frequency
of the incident P- and S-wave is different and is f,;, = 1815 Hz
(incident P-wave) and f,; = 1233 Hz (incident S-wave). The boun-
dary conditions are a free surface (zero traction) at the bottom,
which facilitates initiating the incident plane body wave, and a rigid
boundary (zero displacement) at the top. The boundary conditions
on the left and right side of the model are chosen depending on the
incident wave mode:

e For incident P-wave simulations: P-wave boundary condi-
tions
The P-wave boundary conditions correspond to an immobile
free slip wall, which is defined as zero boundary-parallel

Table 1. Material and model parameters for numerical
simulations.

Material parameter Solid (rock) Fluid (water)

Elastic bulk modulus K 5 GPa 2.2 GPa
Elastic shear modulus u 6 GPa 0 Pa
Dynamic viscosity 1 0Pas 1x 1073 Pas
Density p 2500 kg/m? 1000 kg/m?
P-wave velocity Vp 2280 m/s 1483 m/s
S-wave velocity Vg 1549 m/s —

4.7 %1073 m (for
incident P-wave);
57%x103 m
(for incident S-wave)

552 m/s (at f; = 1815 Hz for
incident P-wave); 495 m/s (at
fa = 1233 Hz for incident S-wave)

Diffusion length L, —
(equation 3)

Krauklis wave velocity
Vi (Korneev, 2008)

Crack stiffness C 122
(Chouet, 1986)
Viscous damping

loss F (Chouet, 1986)

29x107*




T30

shear stress and zero boundary-perpendicular displacement.
The plane P-wave can propagate along this boundary with-
out being disturbed.

e For incident S-wave simulations: S-wave boundary condi-
tions
The S-wave boundary conditions are defined as zero boun-
dary-perpendicular normal stress and zero boundary-parallel
displacement. The plane S-wave can propagate along this
boundary without being disturbed.

A virtual receiver line running parallel to the long axis of the frac-
ture records the seismic signal (particle displacement). The receiver
line is centered in the fracture and therefore also records the seismic
signals inside the fracture (Figure 1).

RESULTS

The analysis of the numerical simulations is divided into two
parts. First, the wavefield and the recorded seismograms are shown
and analyzed. Second, the initiation of Krauklis waves by the pass-
ing plane body wave is quantified.

Time = 1.5050 ms

Time = 2.0052 ms

Frehner

Wavefield and seismograms

Figure 2 shows five snapshots of the simulation with an incident
P-wave and an inclination angle of 45°. The theoretical incident
P-wavefield is subtracted from the total wavefield. Therefore, only
secondary waves (i.e., reflected, scattered, diffracted, and mode-
converted) are visible. The predominant secondary waves are body
waves, which are reflected and scattered at the fracture and dif-
fracted at the two fracture tips. These secondary body waves pro-
duce a complex interference pattern as they radiate away from both
fracture tips (e.g., Figure 2d). However, initiated Krauklis waves
cannot be identified in Figure 2. Figure 3 shows five snapshots
of the simulation with an incident S-wave and an inclination angle
of 45°. As in Figure 2, the wavefield of the incident S-wave is sub-
tracted from the total wavefield to enhance the secondary waves.
Also in this case, secondary body waves reflected and scattered
at the fracture are well visible. In addition, two Krauklis waves
are clearly initiated at each of the two fracture tips. They are char-
acterized by high amplitudes close to the fracture, which rapidly
decrease away from the fracture. Their slow propagation compared
to the body waves is evident by comparing the propagation distance
between two snapshots in Figure 3.
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Figure 2. Simulation snapshots of a plane P-wave passing a water-filled fracture with an inclination angle of @ = 45°. The incident P-wave
consisting of a single Ricker wavelet is propagating from the bottom of the model toward the top, and its profile is shown in the gray sidebars of
each subfigure. Gray shades display the differential absolute particle displacement of the wavefield (i.e., the difference between the total

wavefield and the incident P-wave).
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Because the fracture is too thin, Figures 2 and 3 do not conclu-
sively reveal the wavefield inside the fracture. Therefore, Figures 4
and 5 display seismic time sections along the receiver line shown in
Figure 1 for different inclination angles a and for incident
P- (Figure 4) and S-waves (Figure 5). In both figures, only the frac-
ture-parallel displacement is shown because the Krauklis waves are
not visible in the fracture-perpendicular direction. As in the pre-
vious snapshots (Figures 2 and 3), the wavefield of the incident
body wave is subtracted from the total wavefield to highlight the
secondary waves. In all seismic sections in Figures 4 and 5, only
the incident body wave and two Krauklis waves can be identified.
All other possible wave types are not initiated. A similar observa-
tion is made by Derov et al. (2008) and Maksimov et al. (2011), who
also only identify the incident and the Krauklis wave. This indicates
that the Krauklis wave is indeed the predominant wave mode in
fractures, as Korneev (2010) suggests.

For incident P-waves, the largest Krauklis wave amplitudes are
initiated for an inclination angle of 75° (Figure 4c) and the smallest
for an inclination angle of 45° (Figure 4b). This is also the reason
why the Krauklis wave cannot be identified in Figure 2. In the case
of an incident S-wave, the largest Krauklis wave amplitudes are
initiated at a 45° inclination angle (Figure 5b), whereas the other
inclination angles show smaller Krauklis wave amplitudes. In
all cases, two Krauklis waves are initiated by the incident body
wave, one at each fracture tip, which corresponds to the two

diffraction points of the fracture. For P- and S-wave incidence,
the two initiated Krauklis waves exhibit opposite polarity, which
can be best seen at low inclination angles (Figures 4a and 5a). From
the slope in the seismic sections, it is evident that the Krauklis
waves propagate along the fracture with a very low velocity
(Table 1). The strong dispersion of the Krauklis waves can also
be observed in Figures 4 and 5. The group velocity is considerably
higher than the phase velocity, whereas the latter is well predicted
by the analytical value. In other words, the envelope of the Krauklis
wave signal propagates faster than the individual peaks and troughs.
The strong dispersion also leads to a stretching of the Krauklis wave
signal with increasing propagation distance (i.e., toward the bottom
of each panel in Figures 4 and 5).

Initiated Krauklis wave amplitude

Close to the fracture tips, the Krauklis waves interfere with the
incident body wave (Figures 4 and 5). However, in the central part
of the fracture, it is straightforward to isolate the Krauklis waves
because they are the only initiated secondary waves and have a dis-
tinctively different propagation velocity compared to the incident
wave. Figures 6 (incident P-wave) and 7 (incident S-wave) display
the amplitude of the initiated Krauklis waves along the central part
of the fracture for all possible inclination angles. For both incident
wave modes, a distinct interference pattern occurs when the two
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initiated Krauklis waves pass each other (Figures 6a and 7a). It con-
sists of a central low, which is due to the opposite polarity of the two
interfering Krauklis waves, flanked by two high-amplitude values.
Because of the strong Krauklis wave dispersion, this interference
pattern occurs slightly on the far side of the intersection between
the theoretical Krauklis wave phase velocities drawn from the
two fracture tips (white line in Figures 6a and 7a).

In the case of an incident P-wave, Figure 6 demonstrates that the
initiation of Krauklis waves strongly depends on the fracture orien-
tation. Large amplitude Krauklis waves are initiated for inclination
angles of the fracture a between 12° and 40° or larger than 65°. For
inclination angles smaller than approximately 12° and between ap-
proximately 40° and 65°, the mean Krauklis wave amplitude
(Figure 6b) is more than one order of magnitude smaller than
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Figure 4. Seismic time sections of the receiver line passing through
the center of the fracture (Figure 1) displaying the fracture-parallel
component of the differential particle displacement (i.e., difference
between total wavefield and incident P-wave). Subfigures (a-c)
show results for different inclination angles, a = [15°,45°,75°].
Straight lines depict theoretical phase velocities of different wave
modes for the particular frequency of 1815 Hz. Gray shaded areas
correspond to receivers outside the fracture; the white central area
corresponds to receivers within the fracture.

the incident P-wave amplitude and can therefore be considered neg-
ligible for these angles. The largest-amplitude Krauklis waves are
initiated when the propagation direction of the P-wave is parallel to
the fracture (i.e., a = 90°).

In the case of an incident S-wave, Figure 7 shows an equally
strong dependency of the initiated Krauklis wave amplitude on
the fracture orientation. However, there are two major differences
to the incident P-wave case. First, the initiated Krauklis waves gen-
erally have considerably larger mean amplitude for all inclination
angles smaller than 80° (Figure 7b). Within this angular range,
large-amplitude Krauklis waves are initiated by the incident S-wave
and must be considered significant. Second, the dependency of the
initiated Krauklis wave amplitude on fracture orientation for the in-
cident S-wave case (Figure 7) is almost inverse to that in the case of
an incident P-wave (Figure 6). For example, the largest-amplitude
Krauklis waves are initiated at an inclination angle of approximately
50° (Figure 7), which is the inclination angle with the smallest-
amplitude Krauklis waves in the case of an incident P-wave
(Figure 6).
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DISCUSSION

Both incident P- and S-waves are capable of initiating Krauklis
waves at the two fracture tips. In the studied case of a single smooth
fracture, the initiation points correspond to the two diffraction
points of the fracture. Real fractures may have rough surfaces or
different fracture sets may intersect each other, which leads to more
diffraction points along a fracture in natural rocks. The case of in-
tersecting fractures may be comparable to a fracture intersecting a
borehole, for which it is well known that Krauklis waves are ini-
tiated at the intersection point (e.g., Ionov, 2007; Maksimov et al.,
2011). Therefore, it can be expected that the potential for Krauklis
wave initiation of a body wave passing through a natural fractured
rock is much higher than in the studied simplified case. S-waves
initiate significantly larger-amplitude Krauklis waves than P-waves.
Therefore, it is expected that S-waves propagating through fractured
fluid-saturated reservoir rocks carry more information about the
fractures (for example, fracture density, orientation, or fluid content)
than P-waves.
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Figure 6. (a) Krauklis wave amplitude in the fracture-parallel direc-
tion, normalized by the incident P-wave amplitude, as a function of
the recording position along the fracture and the inclination angle of
the fracture a. The white line corresponds to the location where the
analytical Krauklis wave phase velocities drawn from the two frac-
ture tips cross each other (Figure 4). (b) All recordings of (a) along
the fracture plotted on top of each other as a function of inclination
angle a together with the mean value and standard deviation.

It is more intuitive that Krauklis waves can be initiated by a seis-
mic source within the fracture (Chouet, 1986; Frehner and Schmal-
holz, 2010). Such sources may represent fracture opening or
propagation events due to fluid migration, for example, in volcanic
areas (Chouet, 1986), or due to hydrofracturing of a hydrocarbon
reservoir. However, Krauklis wave initiation by a body wave propa-
gating through a fractured fluid reservoir has some severe implica-
tions. For example, seismic earthquake signals may initiate Krauklis
waves in volcanic areas, where magmatic dykes and sills act as
waveguides, or active exploration seismic sources may excite Krau-
klis waves in fractured hydrocarbon or geothermal reservoirs. Be-
cause the Krauklis wave initiation is a function of the fracture
orientation (Figures 6 and 7), the modified body waves propagating
through a fractured fluid-saturated rock are expected to carry infor-
mation about the fracture orientation. In particular, the combined
analysis of P- and S-waves should help extract this information
from seismic signals because their sensitivity to fracture orientation
is quite different (Figures 6 and 7). It is the aim of future studies to
develop strategies for extracting fracture orientation-information
from seismic recordings.

The present study only considers incident body waves with a
given wavelength (1.26 m). Because the initiated Krauklis waves
are strongly dispersive (Korneev, 2008), the initiation process is ex-
pected to be frequency dependent and the presented results may not
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Figure 7. Same as Figure 6, but for an incident S-wave. Note the
different color scale values in (a) compared to Figure 6.
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be generalized to frequencies much different than the used ones.
Derov et al. (2008) and Maksimov et al. (2011) observe that Krau-
klis waves are also initiated with large amplitude at a frequency of
700 Hz, which is roughly half the frequency used here. However,
the Krauklis wave initiation at frequencies much larger (e.g., MHz
range) or much smaller (e.g., 1 Hz range) still remains to be studied
in future investigations.

Once initiated, Krauklis waves can propagate back and forth
along a fracture several times. The repeated back-and-forth propa-
gation corresponds to a rock-internal oscillatory behavior. Each
time the Krauklis wave reaches a fracture tip or an intersection with
another fracture, part of the Krauklis wave is mode-converted into
body waves and emitted into the surrounding rock (Frehner and
Schmalholz, 2010). Therefore, Krauklis wave-related seismic sig-
nals may also be detected further away from the fractures. The in-
teraction between seismic body-wave propagation and rock-internal
oscillatory behavior has been studied by Frehner et al. (2009, 2010),
Huang et al. (2009), and Steeb et al. (2010, 2012). If the oscillatory
behavior can be described by a narrow distribution of resonance
frequencies, the body waves exhibit a strong dispersion. Therefore,
Krauklis wave effects in a rock with a narrow distribution of fracture
lengths should lead to a strongly frequency-dependent wave propa-
gation behavior for body waves, as Korneev (2008) speculates. On
the other hand, if the resonance frequencies are widely distributed,
the model of Steeb et al. (2012) predicts that the rock’s dispersion
behavior stays the same, but the peak dispersion and attenuation are
shifted to higher frequencies. Therefore, Krauklis wave effects in a
rock with strongly varying fracture lengths should not lead to such a
pronounced frequency dependency for body-wave propagation, but
the dependency on fracture orientation may still remain.

The above-mentioned effective medium models (Frehner et al.,
2009, 2010; Huang et al., 2009; Steeb et al., 2010, 2012), incorpo-
rating a rock-internal oscillatory behavior into wave propagation
models, are isotropic. However, Figures 6 and 7 demonstrate that
Krauklis wave initiation strongly depends on fracture orientation,
reflecting an anisotropy effect. Such effects need to be considered
in the future when developing effective medium theories for frac-
tured rocks.

The presented study is based on a 2D (plane strain) problem de-
scription assuming an infinite model extension in the out-of-plane
dimension. Therefore, the results and interpretations are valid for
fractures substantially elongated in this third direction, such as ob-
late or penny-shaped fractures. For fractures with a more prolate
(cigar) shape, fully 3D numerical simulations are necessary and
the results and interpretations may slightly deviate from the pre-
sented ones.

CONCLUSIONS

Seismic body waves propagating through a fractured fluid-filled
rock can initiate Krauklis waves of significant amplitude. The ini-
tiation strongly depends on the incident wave mode (P- or S-wave)
and fracture orientation. Generally, S-waves initiate significantly
larger-amplitude Krauklis waves than P-waves, and S-waves are
therefore expected to carry more information about the fractures.
In the case of an incident P-wave, almost no Krauklis waves are
initiated for small inclination angles and for inclination angles be-
tween 40° and 65°; the strongest initiation occurs when the P-wave
propagates parallel to the length of the fracture. In the case of an
incident S-wave, the dependency of Krauklis wave initiation on

fracture orientation is almost inverse to the case of an incident
P-wave; the largest-amplitude Krauklis waves are initiated at an in-
clination angle of approximately 50°. Initiating Krauklis waves
should lead to a strongly frequency-dependent and anisotropic
propagation behavior for body waves, particularly in the case of
a single fracture set with constant orientation and length.
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