oood
Journal of Geography
1141 601 921-948 2005

ooooobog g
ooooobboogaooon

000 O oooo*®

Seismic Wave Velocities in Rocks I:

Modeling Heterogeneous Media and their Elastic Wave Velocities

Osamu NISHIZAWA®

Abstract

0O O On the basis of the viewpoint that rocks are typical random heterogeneous media consisting
of different minerals and micro-cracks, modeling techniques for predicting seismic wave veloci-
ties in crystalline rocks are reviewed. The term seismic velocity is sometimes unclear in its phys-
ical meaning in real media that contain heterogeneity and anisotropy. The physical meaning of
seismic velocity is first discussed on the basis of wave fields in heterogeneous media. Elastic con-
stants and phase velocity in an anisotropic medium are then introduced. Further, phase velocity
and group velocity in transverse isotropy are discussed because transverse isotropy is considered
to be a realistic case when we consider seismic wave propagation in the Earth's crust. In most
cases in actual field observations, rocks are considered to be homogeneous materials because the
wavelength of seismic velocity is always longer than the scale length of heterogeneity in rock.
It is thus important to understand techniques used to model the macroscopic elastic properties
of rocks, which are microscopically heterogeneous. Finally, modeling techniques are shown for
anisotropic rocks having lattice-preferred orientations and micro-cracks. These techniques are
useful for interpreting field seismic observations, as well as for interpreting experimental results
in the laboratory.

Key words[ seismic wave velocity, transverse isotropy, preferred orientation, cracks, elastic
constants
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Fig. 10 Common phases in seismic wave:[J allplane wave,] b0 spherical wave,] cO0waves in an

anisotropic medium.

Common phases of waves are shown by lines or curves in the sectional view. In non-dissi-
pative media, amplitudes are constant during propagation in plane waves, but attenuate
in spherical waves due to geometrical spreading. The surface formed by a common phase
is called the wave surface. In anisotropic media, the direction of a local plane wave is not
same as the direction a wave surface spreads.
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Fig. 20 Examples of the source time functionO Aki
and Richards, 2002 and another examplell
0 alramp function,J b0 Heaviside step func-
tion,d cOimpulse function,J dOburst of sine
waves. A discontinuity of the time derivative
appears at time 7. Theoretically, disconti-
nuities of the time derivative appear in far-
field displacements. However, waveforms
observed at the far field are not same as the
source time functions, but change during
propagation depending on elastic and inelas-
tic properties of the medium.
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Fig. 30 Wave fields in random heterogeneous media.

0 a-10£] a-301 Surface images of granitic rocks with different grain sizes.J b-108 b-3[1 Snapshots of a
wave field observed at the opposite surface of the PZT source: the source-receiver geometry is shown in

0 dO0 Wave motion is vertical to the surfaceJ c[t Zone of typical random fluctuations of wave field shown
with respect to the ka value: the product of wave number and scale length of random heterogeneity 1 d[t
Geometry of the sample and the source-receiver arrangement] e(t Schematic illustration of an equiva-
lent homogeneous medium. When mineral grains are sufficiently smaller than the wavelength, the me-
dium can be treated as an equivalent homogenous medium.0 f{T Schematic illustration of geometrical
optics. Ray theory can be applied for imaging the heterogeneity; the area of seismic ray tomography.

ODe00000D0O0OODODODODODODOO O000odooog, DoOdoo LoOookeRLOO
goooooboooobooooooooog, e doooooobooooobobooooa, o
00000 AO0DODOODOOODOODOO, 40000 k~£LLOO0O000O0O0O0O0OOOO
ka002ma/A0 00000 OO AKi and Rich- gooood, bobobobouoooooo
ards, 1980; Sato and Fehler, 199811 0 30 00O O Aki and Richards, 1980; O O, 1989; Sato and
000000000 kROOD 10000000 Fehler, 19980 00000000, ka<l, 30<
gobobobooooo, obobobooog RL<10000 00000000 OO I Nishizawa



01joo00o0000000000o00oooooo
e0de00000, POOODODOOOOO, O0ODODOODOODOODOOODOOODODOOOOOOODOO

oooooooopPOOODOOOOO, RODODODDOO, OODOODOOOOROOOOO

Table 10 Parameters of the random heterogeneity in rock.
€ and ¢ indicate the strength of P-velocity fluctuation and the scale length of random heterogeneity,
respectively. The wavelength A and the wave number % are given by the measured P-wave velocity for
the frequency 0.5 MHz. ka is the normalized parameter describing the relationship between random

heterogeneity andseismic wave.

Rock € a frequency  P-velocity A k ka
o¢ 0 mm0O 0 MHz0O 0 km/s0 mm Omm"!0
Westerly 0.085 0.22 0.5 4.78 9.6 0.66 0.14
Oshima 0.093 0.46 0.5 4.81 9.6 0.65 0.30
Inada 0.079 0.92 0.5 3.78 7.6 0.83 0.76
1000 —
thickness of the block 0 40kae—kL 0O O O O O 00 Aki and Richards, 19800
~ for 0.25-2 MHZ, P 0000000000000 0000000 ka-
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¥ 1 | _ Fig. 40 ka-kL diagram] Aki and Richards, 198001
[ pr
—g P'P" 0.5 MHz Problems of seismic wave propagation in hetero-
5 P0.5MHz geneous media are classified into several types and
g plotted on the ka—kL planes. The area of small ka
= corresponds to the case of an equivalent homogeneous
201 L ”76'[ %0 medium where the scale length of heterogeneity is
] 7 4 1025 - 2 MH s smaller than the seismic wavelength. The area of
“PP'P"0.25 - z large ka corresponds to the case of geometrical optics
Equivalent homogeneous body where ray theory 1s.app11(;able. The intermediate area
between two cases is an intractable problem because
0.01 | | | | of the scattering of seismic waves, which necessitates
1 10 100 1000 10000 the use of laboratory model experiments or numerical

kL (wave number * travel distance)
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Fig. 50 Internal stress state without external forces.
When temperature changes, an internal
stress state is realized in a composite me-
dium containing materials having different
thermal expansivities. Stress appears inside
the composite medium even free from exter-
nal forces. When the embedded material is
removed, both materials take on a stress-
free state. If the composite material is under
stress, internal stress also appears, and the
total elastic energy of the composite material
changes.
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Fig. 70 Definition of Euler angle. To specify the ori-
entation of crystal, three angles ¢, 0, ¥ are
necessary. Those angles correspond to the
following rotating operations:

1. ¢ around xs-axid] x1, x2, X3 — X1, X3, x3[1]

II. 0 around xi-axid] x1, x3, x5 — X1, x5, x50
III. ¥ around x'3-axid] x';, x', x's — X3, Xo, Xs[1J
There will be another definition in some
books and articles: 0 means the rotation
with respect to xj-axis. In such a case, the
tensor is different from equation’] 1601
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Fig. 80 Polarization directions of the waves propa-
gating through general anisotropic media.
The polarization direction of wave gP devi-
ates from the propagation direction( the
direction of phase velocity[l The polarization
of wave ¢S is not perpendicular to the propa-
gation direction of the wave, whereas the
polarization of wave SH is perpendicular to
the propagation direction.
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Fig. 90 Phase velocities of TI media calculated from
the Thomsen parameters projectd onto the
section including the symmetry axis. Only
one quarter of the curves are shown consid-
ering the symmetry of TI. Velocities are pro-
jected on the plane including the symmetric
axis. € and y describes the strength of an-
isotropy for P and S waves. 0 describes the
deviation from the ellipsoid in gP-wave ve-
locity. The velocity of wave ¢S deviates from
a circle, and the inflation near the direction
45° from the axis becomes remarkable when
the value of €-0 becomes large. The velocity
of wave SH is an ellipsoid.
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Fig. 100 k-w relation in dispersive media.

0 a-10and0 a-20show changes of phase velocity with respect to w , andd b-10and0 b-20show
the corresponding relationships in the 2-w plane, respectively. The phase velocity is given as
the gradient of the line connecting the origin with the pointl] 2, w[] whereas the group veloc-
ity is given as the gradient of the tangent atl] 2, w [l The gradient atl] & w,[] wois the veloc-
ity of a wave packet consisting of waves near w,. Inl] b-10] the group velocity V, decreases as
w increases, which is called the normal dispersion. The inverse dispersion appears when the
curve of the 2—w relation is downward convex, where the group velocity increases as w in-
creases, as shown in the low w portion] w 'O woOof] b-200 InJ a-20phase velocity increases in
the range between w'and w". The corresponding k- diagram] b-200shows downward-convex
and downward-concave parts, which produce inverse and normal dispersions. This is called

anomalous dispersion.
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Fig. 110 k- w relationship in an anisotropic medium.

In TI, & is two dimensional. The relation be-
tween w-k forms a curved surface, and the
gradient between the origin and the point &
gives the phase velocity. InJ al] phase veloc-
ity is dependent on the azimuth on the k1—%3
plane, but is linear for each azimuth bOis
the projection of contours on the k%3 plane.
The local gradient, which is perpendicular
to the contour, gives the group velocity, dw/
dk. The shape of the contour on the ki-%;
projection is identical to the slowness curve
with respect the angle 0. The vector per-
pendicular to the slowness curve gives the
direction of group velocity shown as small
arrows. The direction of arrows from the
axis is denoted as ©.
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Fig. 120 Phase velocity and group velocity for gen-
eral wavefront.
Phase velocity is given by the normal of the
surface of wave front, whereas group veloc-
ity is given by the normal of slowness. 0
and O are the angles between the axis of
TI and the directions of phase and group
velocities, respectively. In[] alJphase veloc-
ity shows an inflation at the direction 45°
from the axis. This corresponds to the de-
pression in the slowness curve, and most of
the group velocity vectors have orientations
toward 45° from the axis.
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Fig. 130 Group velocity of ¢S wave for strong TI an-
isotropy.
Triplication of group velocity forms a cusp.
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Fig. 140 Elastic waves in TeO4J strongly anisotropic medium, tetragonalll
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en on another surface and the vertical component was observed. Images were obtained
on the surface. A complicated wave field is observed due to strong anisotropy. Cusps are
observed in wave fronts. After Sugawara et al[] 200201
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Fig. 150 A method for treating stress state in a composite materiall Eshelby, 195701
0 aOInternal stress state due to an inclusion[] b0 The inclusion is removed and replaced
by a matrix material that has eigen strain e};[] c0The matrix material is embedded into
the void0 d0The same internal stress as] alis then reproduced. If the eigen strain e};
is determined, the same internal stress state of the composite material can be realized.
Then the elastic energy due to the inclusion can be calculated. The eigen strain can be

obtained by using Equation 3701
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Fig. 160 Elastic energy of cracked medium under stress.
Suppose that a material is under stress caused by weight m. If a crack appears inside the mate-
rial, the material deforms due to the change of elastic properties caused by the crack, as shown in
0 a® 20 InJ a[] the work done by the external force 0% is equal to the change of potential energy
between] all] 10and] al® 20t O mgAx. The potential energy change includes the change of elas-
tic energy between crack-free state and cracked state.J b[lH 20is the state with no deformation
but under external stress with the crack inside the material. InJ b[H 2[] the material is in an in-
ternal stress state because the elastic properties of the material have been changed. The change
of potential energy in(J allis also equal between] b[lH 200 and a[® 2[1 Considering the change
of potential energy between] b(E 20and] alF 2[] the energy of the cracked material AF should

equal to W/2.
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