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Effects of single fractures on seismic wave propagation
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ABSTRACT: Detection and characterization of fractures, joints and faults remains an imporntant problem in mining and
geotechnical engineering, as well as in petroleum reservoir engineering. A theoretical model has been developed which,
from a single set of assumptions, predicts the amplitude and group time delay of the transmitted, reflected, and converted
waves resulting from a plane wave incident upon a single fracture. The theory represents a fracture as a zero-thickness,
non-welded interface of infinite areal extent between two elastic half-spaces. The elastic properties of the half-spaces
may be the same or different, and it is assumed that seismic stresses are continuous across the interface. Seismic particle
displacements, however, are assumed to be discontinuous. For completely dry conditions, the magnitude of the displace-
ment discontinuity is given by the ratio of the seismic stress to the stiffness, K, of the fracture. If a fluid is present in the
fracture, we postulate that, in addition to the displacement discontinuity, a velocity discontinuity exists which is equal to
the ratio of the seismic stress to specific viscosity, 7. The wave equation has been solved for two sets of boundary condi-
tions, with each set incorporating both specific stiffness and specific viscosity. Because of their similarity to well known
rtheological models, these boundary conditions have been designated as Kelvin and Maxwell models. Theoretical results
based on the models show that fractures cause both a frequency dependent loss of amplitude and a time delay in the
transmitted wave even for the completely elastic system in which only a displacement discontinuity is present. Results
of field measurements show qualitatively the same effects and results from laboratory seismic measurements on a single
fracture under dry conditions show that the effects of a fracture on seismic wave propagation can be quantitatively related
10 its specific stiffness. The effect of fluid viscosity is to add a dissipative factor, and to alter, depending on the assumed
model, the frequency dependent characteristics of the theory. Results indicate that this new approach to modelling of
fractures will lead to significant improvements in the use of seismic data for determination of the geotechnical properties

of fractures and joints.

INTRODUCTION being placed on the use of higher frequency seismic
energy to locate and characterize specific features at

Seismic waves propagated through a fractured rock smaller scales than those traditionally dealt with in

mass are both slowed and aticnuated. It is commonly
accepted that seismic velocities in fractured rock will
be lower than in unfractured rock because the fractures
reduce the effective elastic modulus of the rock. Pro-
posed mechanisms to explain observed attenuation
include frictional sliding (Walsh, 1966), fluid flow or
"pumping” (in partiaily or fully saturated media) (Biot,
1956; Mavko and Nur, 1979) and scattering (Hudson,
1981). An assumption in most models is that the frac-
tures are small in areal extent relative to the seismic
wavelength, resulting in effective media properties.

The probiem of detection and characterization of
fractures, joints and faults in geotechnical and
petroleum reservoir engineering has become of great
importance in recent years. Increasing emphasis is

seismology. In many cases it is difficult, if not inap-
propriate, to use models based on effective media pro-
perties because the features of interest are large in areal
extent, thin and sparsely spaced relative to the seismic
wavelength.

The purpose of this paper is to discuss, as an
altemnative to effective media models, the theory for
seismic wave propagation across a displacement
discontinuity. While we believe the theory to be of
general application to seismic wave propagation in
fractured rock we will limit discussion to the effects of
a single fracture, assuming it is of large areal extent
relative to wavelength and infinitesimal thickness. The
basic premise of the model is that seismic particle dis-
placements are discontinuous across a fracture while



the average seismic stresses remain continuous. From
a single set of assumptions, the theory predicts changes
in group time delay, and reflection and transmission
coefficients of seismic waves.

WAVE PROPAGATION ACROSS DRY FRAC-
TURES

To analytically predict the seismic responses of a single
fracture under dry conditions, the fracture is modelled
as a displacement discontinuity at the boundary
between two half-spaces. The ratio between the
seismic stress and the magnitude of the displacement
discontinuity produced across the boundary is defined
as the specific stiffness of the fracture. The specific
stiffness of a fracture is a mechanical property which is
determined, under pseudo-static conditions, from meas-
urement of fracture displacement as a function of load,
as described by Goodman 1976, Bandis et al., 1983
and others.

If the boundary between two elastic half-spaces
Les in the x-y plane, the boundary conditions for an
incident compressional (P-) wave or shear wave polar-
ized in the x-z plane (S,~ wave) are:

U =W =T o Tpd=Toarr » ¢)]

Uy = U =Tr/Xy » td = T

) o[ 2]
w3 3]

particle displacement

= Sstress )

specific stifness of the displacement
discontinuity in the x or z directions

Lame’s constants for media on either
side of displacement discontinuity
subscripts referring to media above and
below displacement discontinuity

where
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For an incident shear wave with polarization in the x-y
plane (S,-wave) the boundary conditions are:

L= Uyn=Ty/Ky » T =Tyn » @
where

f2)

The general solution of the wave equation for

arbitrary angles of incidence and materials of different
seismic impedance above and below the discontinuity
has been given by Schoenberg (1980), Pyrak, 1988 and
others. For seismic waves normal to the displacement
discontinuity with the same material properties in both
half-spaces, the reflection (R(w)) and transmission
(T(w)) coefficients for P, S, and S, waves are:

_ i® o 2AxJz)
Ry(@)= -0 +2(k,/z,) - Te@)= ~i0+2(k,/z,)
_ —iw _ Z(KX/Z,)
Rl )= 2007z T Sav 2tz O
- —-i@) - 2(‘:,/2:)
Ra@)= 0z Y= Sara)
where
o = angular frequency
z = pa for P-waves, or pp for S-waves
a = VA+2up :
B = Ywp
p = density

From the phase of T(@) a group time delay, t,;, can be
found. For nommally incident waves and the same
materials in both haif-spaces, the group time delay for
the transmitted wave, 7, is given by:

A7) @
8T 2+ @ “

These equations show that both the - reflection and
transmission coefficients, as well as the group time
delay are dependent upon the specific stiffness of the
displacement discontinuity and the frequency of the
propagating wave. In addition, for all angles of
incidence

IR(@)12+ IT(@)2=1 o)

Thus energy is conserved at a displacement discon-
tinuity.

Figure 1 presents a numerical example to illustrate
the effect of a single fracture in a homogeneous
medium on a normally incident wave. For a particular
incident pulse, (shown at extreme left) transmitied
pulses were calculated for a range of specific stiffness
values. Shown on the right in the figure are the ampli-
tude spectra of the transmitted pulses. For a high
specific stiffness, (w/z = 500 in this case) the
transmitted pulse is essentially identical to the incident
pulse, ie., ITI=1,
Eq. (5. Rl

Since energy is conserved from’
= 0. Thus, the case of infinite specific -
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Fig. 1. Numerical example illustrating the effect of a single displacement discontinuity on the
transmitted waveform ‘and corresponding amplitude spectra (after Majer et al., 1990).

stiffness corresponds to the "welded” boundary condi-
tions . normally assumed in seismologic analyses of
multilayer systems. As the specific stiffness decreases,
the transmitted wave is both slowed and attenuated.
The attenuation is characterized by both decreasing
amplitude and filtering of the high frequency com-
ponents of the pulse. This filtering is evidenced in the
amplitude spectra by a shift in the frequency of the
peak spectral amplitude. For zero specific stiffness no
energy is transmited; it is all reflected. Thus, in this
limit the fracture acts as a free surface.

The theoretically predicted changes in transmitted
pulses in response to a reduction in specific stiffness
are qualitatively similar to those observed in field data
such as those shown in Figure 2. The field data are
from a crosshole experiment conducted by King et al.
(1986) in which seismic waves were propagated
between four horizontal driltholes in the wall of a drift
in a basalt rock mass (see insent, Fig. 2) at a depth of
about 46 m in a test site above the water table. The
primary joint set, nearly vertical, was formed by the
basalt columns which ranged in thickness from about
02 m to 0.4 m. The propagation path of the top trace
in the fracture was vertical and paraliel to the predom-
inate jointing while the path of the bottom trace was
horizontal, across the predominant jointing.” The verti-
cal scale on the lower trace has been amplified by a
factor of 100, so the actual amplitides of the waves
propagating ‘across the joints (between boreholes A3-
Ad4) were much smaller than those propagating along
the intact columns (between Al-A2). The apparent

effect of the predominantly vertical fracturing was to
filter out the high frequencies, slow, and reduce the
amplitude of the waves propagating across the joints.
The difference between the two waveforms is qualita-
tively very similar to the differences in Figure 1
between a wave propagated across a stiff fracture and

- P-wave Mu 0 }‘W‘W WVMWW
A1-A2 P
P-wave / /\
Aviy
A3-Ad4
[} 10 20 0 40

Time (msec)

Fig. 2. Example of field data comparing P-waves pro-
pagated parallel to (Al1-A2) and across (A3-A4)
predominate jointing. Arrows indicate first arrival; no
difference in amplitude scales.



one which has propagated across a compliant fracture.
Because the wavelength of the P-waves was about 0.1
m, it is also apparent that the observed effects were
occurring at the fractures, rather than as a result of an
average or effective property of the medium.

Results of laboratory tests on specimens contain-
ing a single natural fracture provide a more quantitative
comparison between theory and observed data (Pyrak-
Nolte et al., 1990). In these tests the specimens were
uniaxially compressed between seismic transducers
such that a normal stress existed across the fracture. P-
and S-wave pulses were collected as a function of
stress under dry and saturated conditions. Reference
signals were also obtained under the same conditions
on specimens of intact rock cut from the same core in
close proximity to the fractured specimens. Frequency
spectra were obtained by performing a Fast Fourier
Transform on signals which had been tapered to isolate
the initial pulse.

Typical results shown in Figure 3 for two stress

levels under dry conditions show lower spectral ampli- .

tudes for the fractured specimen and also a slight shift
in the frequency of the peak spectral amplitude. The
behavior of the fractured specimen is interpreted to be
a consequence of the effect of the fracture on the
seismic displacements. These displacements, which are
a function of the specific stiffness of the fracture, are
additional to those which-would occur if the rock were
intact and are localized in the very near vicinity of the
fracture plane. Consequently they represent a discon-
tinuity in the seismic displacement field.

To obtain the predicted spectra shown in the
figure, the observed spectra for the companion intact
rock specimen were multiplied by IT(w)! obtained from
Eg. (3). Values of specific stiffness were determined
by trial and error to give the "best fit." Good agreement
between observed and predicted results is achieved
using values of specific stiffness of the same order of
magnitude, though somewhat higher than those meas-
ured on the same specimens under static loading condi-
tions (Pyrak-Nolte et al., 1987).

Fig. 3. Example results of laboratory tests showing
amplitude spectra for fractured and intact specimens at
the same stress level, and predicted curves.

Results of seismic measurements on the same
specimens under saturated conditions suggested that
fluid in a fracture may have two effects on seismic
wave propagation (Pyrak-Nolte, 1989). First, the rela-
tive (to air) incompressibility of a fluid in the fracture
void space will increase the specific stiffness of the
fracture, particularly for P-waves. Secondly, the fluid
may introduce viscous coupling between the surfaces
of the fracture. A viscous layer will cause dissipation
of energy in the propagating wave but, if thin, it can
also lead to enhanced transmission relative to dry con-
ditions. In order to study the effects of combining
specific stiffness with viscosity of a thin liquid layer, a
generalized theory, summarized below, has been
developed.

GENERALIZED SEISMIC THEORY

The analytic model of a single fracture filled with fluid
assumes a velocity discontinuity in addition to a
displacement discontinuity at the boundary between
two elastic half-spaces. The velocity discontinuity,
which accounts for viscous coupling between the frac-
ture surfaces, is equal to the ratio of the seismic stress
to specific viscosity, N, of the fracture. The units of 1
are viscosity per length.

The boundary conditions for the wave equation
are formulated in two ways, which, because of their
similarity to well known rheological models are
referred to as the Kelvin and Maxwell models. By
analogy, the boundary conditions in Egs. (1) represent
the elastic model.

Assuming the Kelvin model, for an incident P-
and S,-wave, the boundary conditions are:

Ky (Uar=U,p) + M, (U = U,0) =T, )
Ky Uy = Uyp) + 1, (uxl-ﬁxn)=tzx ,

Tl = Tzn )
a1 = Tan

o }+(1+2u) [%J .

2]

where

o

and the dot refers to time derivative. For an incident

Sy-wave the boundary conditions are:

Ky (Uy— Uy + Ny (U1 —Uyp) =1,y @®

Ty1=Tyn )



where
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Assuming the Maxwell model, Eqs. (6) for an incident
P- and §,-wave become:

(g~ 0 =1/ %, + TN, (10)
(U= ) = T/ % + T/

and for an incident Sy-wave, Eq. (8) becomes:
(yr=Bym) = Toy/%y +T5/My an

For waves normally incident upon the fracture
where the two half-spaces have the same elastic proper-
ties, the reflection and transmission coefficients for P-,
S, and Sy-waves are, for the Kelvin model:
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R ez
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For the Maxwell model the reflection and transmission
coefficients are:
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It should be noted that for both the Maxwell and Kel-
vin models, [R(@)!? + IT(@)> # 1 because of viscous
losses in the fluid layer. .

The magnitude of the transmission coefficient (of
similar form for P-, S,- and S,- waves) for the Kelvin
model is plotted in Figure 4. In the limit when either
x or i1 become very large, all energy is transmitted,
(ITI—1), while if both approach zero, none is
transmitted (IT!—= 0). If x = 0 but n remains non-
zero, ITI is independent of frequency. Thus, as seen in
the figure, curves for non-zero values of 1/z approach a
horizontal slope when the solution is dominated by
terms involving n. The curve for n/z=0 (specific
viscosity of zero) is equivalent to that which would be
obtained using Egs. (3) for the elastic model. Com-
pared to the solution for the elastic model, the effect of
finite values of specific viscosity is to reduce energy
transmitted at low frequencies and increase the energy
transmitted at high frequencies. For a given value of
specific stiffness and at a particular frequency, increas-
ing the specific viscosity results in larger values of ITI.

=
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02

Transmission Coefficient Magnitude, { T |

0.0

Fig. 4. Magnitude of the transmission coefficient as
predicted by the Kelvin model as a function of normal-
ized frequency for a range of nommalized specific
viscosities.
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For comparison with the Kelvin model the magni-
tude of the transmission coefficient as predicted by the
Maxwell model is plotted in Figure 5. In this case it is
seen that very high (1//Z— ) specific viscosity values
in combination with finite specific stiffness values yield
a curve similar to that for a the elastic model. Reduc-
ing the value of specific viscosity (while holding
specific stiffness constant) has the effect of reducing
energy transmitted at low frequencies relative to that
transmitted at high frequencies. When terms involving
N dominate the solution [T| becomes frequency
independent.

It is clear that these two models represent in a
sense, bounds on the effect of fluid filled fractures on
seismic wave propagation; in the Kelvin model the
effects of n dominate when it is large and in the the
Maxwell model when it is small. Laboratory work is
currently underway to evaluate and compare the models
with observations of the seismic behavior of interfaces
filled with fluids with different rheologies. From a
practical standpoint the significance of these models is
that they include, explicitly both the mechanical and
fluid properties of a fracture. Hence, there is the
potential not only to use seismic methods to locate
joints and fractures, but also to derive information
about the fluids present in them.

CONCLUSIONS

Extensive discontinuities, such as joints and fractures,
have effects on the strength, compliance and hydraulic
conductivity of rock masses that are important in
geotechnical mining, and petroleum engineering.
Whereas the effects of small cracks on seismic wave
transmission through rock have been studied exten-
sively, little has been done to analyze the seismic pro-
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Fig. 5. Magnitude of the transmission coefficient as
predicted by the Maxwell model as a function of nor-
malized frequency for a range of normalized specific
viscosities.

perties of extensive discontinuities. By treating discon-
tinuities as a boundary condition at an interface
between two half spaces, across which seismic stresses
are continuous but seismic particle displacements and
velocities are discontinuous, analytical expressions for
the conversion, reflection and transmission of seismic
waves at these discontinuities have been derived.
Three separate rheologies have been assumed to relate
seismic stresses to the discontinuities in seismic dis-
placement and velocity; elastic, Kelvin and Maxwell.
The elastic rheology results in frequency dependent
reflection and transmission coefficients, as well as a
frequency dependent group time delay, but no energy is
lost. The Kelvin and Maxwell rheologies yield
behavior in which viscous effects dominate when the
viscous term is large and small, respectively. Observa-
tions of the effects of dry natural fractures in the field
and in the laboratory show high frequency attenuation
and changes in travel times in accord with predictions
for a displacement discontinuity. Fluid filled joints or
fractures exhibit behaviors that can be modeled using
elastic and viscous components.

Reflection, conversion, transmission and group
delay occur at the discontinuity. In principle, the
measurement of frequency spectra and travel times of
reflected, converted or transmitted waves allow values
to be determined for the specific stiffness and viscosi-
ties of joints and fractures to be determined, providing
information about their mechanical and hydraulic
behavior. :
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