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Reply to Comments 

of Shear-Wave 

by 

on "Crustal Anisotropy from Local Observations 

Splitting in West Bohemia, Czech Republic" 

G. H. R. Bokelmann and J. Kawahara: Can the Hudson Crack 

Model Describe Behavior of Real Cracks? 

b y  V~iclav V a v r y ~ u k  1 

Bokelmann (1995) disagrees with my conclusion that 
Hudson's model of  dry or water-filled parallel cracks does 
not fit shear-wave splitting data observed in the West 
Bohemia region and that the real crack behavior is not 
adequately described by these models (Vavryruk,  1993). 
He argues that the orientation of the symmetry axis (hor- 
izontal axis with azimuth 31 ° ) may not be appropriate, 
since it is derived from the fast shear-wave polarizations 
without dense ray coverage. He states that in particular 
the dip of  the symmetry axis is not well constrained and 
proposes an alternative m o d e l - - t h e  Hudson crack model 
with an inclined symmetry axis; claiming that this model 
is in coincidence with the observed data. In this article, 
I shall demonstrate that neither the alternative model 
proposed by Bokelmann nor other models of dry or water- 
filled cracks with an inclined symmetry axis fit the West- 
Bohemian shear-wave splitting data. Finally, I will dis- 
cuss a modification of Hudson's  model suggested by 
Kawahara (1995), who proposes not to interpret an over- 
all anisotropy of cracked media by standard crack pa- 
rameters (aspect ratio of  ellipsoidal cracks, elastic pa- 
rameters of  an infilling material) but to consider the 
response U~j of  a crack to the stress field as a phenom- 
enological quantity. Only after this modification can a 
fit with the shear-wave splitting data be obtained. I will 
present opt imum values of  Ut~ and U33 for such a model 
involving the Hudson second-order perturbation theory. 

Bokelmann (1995) is right that the axis direction is 
not determined precisely. The uncertainty arises from in- 
accuracy in the measurement of  polarization directions 
of  split S waves and because the focal sphere is not suf- 
ficiently covered with rays. Moreover, the fast shear- 
wave polarization for rays inside the shear-wave window 
is not much sensitive to a dip of  the symmetry axis, par- 
ticularly for values in the range of 0 ° to 30 ° (e.g., Cram- 
pin and Booth, 1985). Therefore, the actual symmetry 
axis can really differ from the proposed one, deviating 
somewhat from the horizontal direction. For these rea- 
sons, other directions of  axis should also be taken into 
account, but for simplicity, only the strictly horizontal 
case is treated in Vavryruk (1993). 
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Models with horizontal and inclined symmetry axes 

a) b) 
1 

[ 

? 

c)  d) 

Figure 1. Comparison of proposed anisotropy 
models. Lower-hemisphere, equal-area projec- 
tions of the Sl-wave polarization predicted by (a), 
(c), (d) model with an inclined symmetry axis 
(Bokelmann's model) and (b) model with a hor- 
izontal symmetry axis (Vavry~uk's model). The 
Bokelmann model is shown (c) with the data for 
which a directional variation of the delay time was 
observed (station VAC) and (d) with the data for 
which polarization directions of split S waves were 
measured (stations VAC, TIS, SEL, HOH, and KOS). 
The line defines rays with no shear-wave splitting 
("line shear-wave singularity") and separates re- 
gions with faster SP or SR wave. In (c) we do not 
consider a steepening of rays beneath the station, 
thus approximating an averaged ray direction, since 
the delay time is integrated along a whole ray. In 
(d) we use dynamic incidence angles taking into 
account that the polarization direction is a local 
property reflecting anisotropy rather beneath the 
station. The effects of a free surface on the S-wave 
polarization are not considered. 
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Let me now discuss crack models with an inclined 
symmetry axis and examine if they can fit the shear- 
wave splitting data. Vavry~uk (1993) shows that under 
an assumption of a horizontal symmetry axis no shear- 
wave splitting is observed for rays approximately per- 
pendicular to the axis. This is in strong disagreement 
with the Hudson model of  dry or water-filled parallel 
cracks (Hudson, 1980, 1981). The model of dry cracks 
predicts no splitting only for rays parallel to the sym- 
metry axis and the model of saturated water-filled cracks 
also for rays inclining 60 ° from the ax i s .  In contrast, 
both models predict maximum delay times between SI 
and $2 for rays 90 ° from the axis (see Crampin, 1984). 
A fit cannot be obtained for the dry cracks even with an 
inclined symmetry axis because the axis would have to 
be parallel to the rays with no splitting. These rays come 
very steeply to a station, implying that the axis should 
deviate 60 ° to 70 ° from the horizontal. The fast shear- 
wave polarization would have to be strongly dependent 
on a ray direction in such a case, thus resulting in S-wave 
polarizations quite contradictory to our observations. For 
saturated water-filled cracks, a fit can be obtained by 
inclining the symmetry axis, as proposed by Bokelmann, 
by 40 ° to 50 ° from the horizontal (strike of  the symmetry 
plane 114 °, dip 50 °, crack density 0.05, background P- 

wave velocity 5.8 km/sec ,  velocity ratio 1.73). As a 
consequence of such a large deviation of the symmetry 
axis from the horizontal direction, the Sl-wave polariza- 
tion would depend on the ray direction (see Fig. la, lb). 
As regards the VAC station, we cannot see such a prom- 
inent dependence, and a satisfactory fit of  polarizations 
both measured and predicted by Bokelmann as well as 
of  the delay time variations is achieved (Fig. lc): the 
rays from the south almost touch the line singularity, and 
the polarizations essentially are consistent with the ob- 
servations. The model predicts, however, the SP wave 
to be the faster wave for rays deviating from the axis up 
to 60 °. Figure ld shows the data used in Vavry~uk (1993) 
together with additional 1991 to 1993 S-wave polariza- 
tion data from the local station KOS. From this figure, 
a reverse order of  split S waves should be observed for 
a large number of events, but we detected no such cases 
in the entire data set of  more than 500 events. Only the 
$1 wave could be measured for many events, and always 
it was the SR wave (relative to the axis with azimuth 
31°). This fact is also demonstrated by Figure 2, which 
shows examples of splitting for rays with different azi- 
muths and incidence angles. This figure brings clear evi- 
dence that the $1 wave is always the SR wave and that 
the directions of  polarization do not depend on the ray! 

Shear-wave splitting in West Bohemia 

Figure 2. Examples of shear-wave split- 
ting observed in the West Bohemia region. 
S-wave polarizations are shown for events 
(clockwise, from the top): 23 January 1986 
at 07:09:16 (HOH, MD = 1.6); 20 January 
1986 at 23:43:21 (VAC, ME = 1.2); 30 De- 
cember 1985 at 21:49:56 (SEL, ML = 2.6); 
5 September 1991 at 12:28:56 (KOS, ME = 
1.3); 6 September 1991 at 23:17:55 (KOS, 
ML = 2.4); 6 February 1986 at 09:17:15 (TIS, 
ML = 2.6); 30 August 1991 at 02:33:26 
(KOS, ME = 1.5); 23 December 1989 at 
22:07:53 (KOS, ME = 0.4); 23 September 
1991 at 19:21:51 (KOS, ME = 0.6); 4 May 
1986 at 15:41:55 (KOS, ME = 1.3). 
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It must be said, however, that Bokelmann cannot be 
blamed for neglecting this fact because this evidence is 
missing in Vavry~uk (1993). 

Similar to parallel cracks, the shear-wave splitting 
data cannot be explained even by the model of dry or 
water-filled cracks with a random distribution of normals 
about the axis direction (Peacock and Hudson, 1990), 
by cracks with coplanar normals (Peacock and Hudson, 
1990), or by cracks with nonzero aspect ratios (Douma, 
1988; Douma and Crampin, 1990). As was shown in 
Vavry~uk (1993), the successful fracture model exhibits 
almost no response of fractures to shear stress. It implies 
the existence of remarkably high friction or another shear 
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Figure 3. Comparison of observed delay time 
data (solid line) with Hudson's crack models 
(dashed line). (a) Model 1: dry cracks (U11 = 2.0, 
U33 = 2.3); model 2: water-filled cracks (Ull = 
0, U33 = 2.3). (b) Model of cracks with friction 
(U~l = 2.0, U33 = 0.34). Elasticity tensor for model 
(b) exactly coincides with that for the Schoen- 
berg-Douma fracture model for values EN = 0.40 
and Er = 0.02. In all crack models, vertical par- 
allel cracks are assumed with azimuth of normal 
31 o, crack density 0.058, background velocity 5.8 
km/sec, and velocity ratio 1.73. The delay time 
is normalized to 1 km of the propagation distance. 
Note that an incorrect notation tsR-se instead of 
tse-sR is used in Vavry6uk (1993). 

interaction between both sides of cracks. This interaction 
can be interpreted, for example, by irregular shapes of 
cracks as is suggested by Vavry~uk (1993). In all the 
crack models mentioned above, however, no friction and 
smooth-faced ellipsoidal cracks are assumed just be- 
cause of mathematical reasons but without any experi- 
mental justification. Note that the "no friction" condi- 
tion ("stress-free" crack) is not applied only by Hudson 
but is used quite standardly, even in earlier theoretical 
articles on cracks (e.g., Garbin and Knopoff, 1973, 1975a, 
1975b; Anderson et al., 1974; O'Connell and Budi- 
ansky, 1974). Obviously, such a restrictive assumption 
affects overall properties of the model considerably and 
can lead to discrepancies with data. 

Peacock and Hudson (1990) pointed out an enor- 
mous mathematical simplification done in crack models, 
realizing that the real cracks are far from being smooth- 
faced ellipsoids and presumably have a great variety of 
sizes, shapes, and orientations. Nevertheless, they ad- 
vocate the concept of simplified cracks, since crack shapes 
more complicated than oblate spheroids are analytically 
intractable and reconciling of the Hudson model any fur- 
ther with real cracks would lead to sacrificing its sim- 
plicity. This difficulty seems to be overcome by Ka- 
wahara (1995), who proposes the quantities Un and/-]33 
(Hudson, 1988, 1991) as independent and pure phenom- 
enological, reflecting a real crack behavior in the stress 
field. The quantities Uu and U33 are no longer connected 
to a response of mathematically well defined but geo- 
logically absurd empty or saturated ellipsoidal cracks. In 
this aspect, his approach is similar to that in fracture 
models (Schoenberg and Douma, 1988), where fracture 
parameters are not assumed to be calculated theoreti- 
cally, but evaluated by an experiment. Adopting this idea 
and assuming a weak response of a crack to the shear 
stress by a small value of U33 (crack normal is in the xl 
direction), a good fit with the data is indeed obtained 
(see Fig. 3). Applying Hudson's second-order pertur- 
bation formulas, we get an optimum crack model with 
values eUll= 11.6- 1 0  - 2  and eU33 = 2.0" 10 -2. It im- 
plies that in crack models an actual crack behavior shouM 
be investigated in experimental studies but not assumed 
a priori by applying such mathematical notions as the 
"dry" (s tress-free)or  "water-filled" (shear-stress-free) 
cracks. Although so far these models have been consid- 
ered as relevant models describing overall properties of 
real cracked media properly, they should be viewed as 
theoretical examples whose practical use is questionable. 
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