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Abstract 

The nucleation and arresting mechanisms of large shallow earthquakes are investigated from both observational and 
theoretical viewpoints. We show that two distinct phases are commonly observed at the initial part of seismograms of large 
shallow earthquakes. The first phase denotes the onset of the P wave, which shows a very gradual increase in amplitude 
with time. This gradual change is interrupted by the arrival of the second phase, which causes an abrupt change in the 
amplitude. Our seismological observation shows that the time interval between the onset of the two phases is strongly 
correlated with the magnitude of the earthquake. 

It is probable that the above two phases are related to some aspect of inhomogeneities in the earth's crust. One of 
the important sources of such inhomogeneifies is known to be preexisting cracks and their interactions. We theoretically 
show in this paper that a rupture occurring in a zone of densely distributed cracks radiates elastic waves that can simulate 
the features of the above two phases; note that such a rupture is considerably affected by crack interactions. Theoretical 
calculation is also carried out to investigate the effect of crack interactions on the arresting of rupture propagation. A 
propagating crack can excite subsidiary cracks ahead of its crack tip, which gives rise to crack interactions. We show that 
these interactions sometimes facilitate the arresting of rupture propagation. 

I. Introduction 

One of  the empirical relations well established 
in seismology is the Gutenberg-Richter relation, 
a power law that relates frequency distribution of  
earthquake sizes with the seismic moment. This rela- 
tion implies that a nucleated event very rarely grows 
into a large one. In recent years, there has been much 
effort to try to understand the underlying mechanism 
of the Gutenberg-Richter relation on the basis of  
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the concept of  self-organized criticality (e.g., Bak 
and Tang, 1989; Carlson and Langer, 1989; Rice, 
1993; Yamashita, 1993). However, it is not yet un- 
derstood why only few events grow into large ones 
and whether the growth into a large event is pre- 
determined at the nucleation stage of  the event. To 
challenge the problem of the difference in the growth 
process of  large and small earthquakes, we have to 
study not only the nucleation mechanism, but also 
the arresting mechanism of earthquake faulting. 

It has recently become possible to detect a phase 
in seismograms associated with the dynamic nucle- 
ation of  large shallow earthquakes due to the instal- 
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lation of seismographs with sufficient dynamic range 
and bandwidth (Umeda, 1990, 1992; Ellsworth and 
Beroza, 1995). We will show in this paper on the basis 
of our seismological observations of such nucleation 
phase (Umeda, 1990, 1992) that it is likely that slow 
preliminary rupture growth commonly takes place at 
the dynamic nucleation stage of large shallow earth- 
quakes. We will also show that the growth into a large 
event seems to be predetermined during the dynamic 
nucleation process of an earthquake. 

We will investigate in this paper the nucleation and 
arresting mechanisms of large shallow earthquakes 
on both theoretical and observational grounds. We 
will show that crack interactions play a crucial role 
in earthquake ruptures from their nucleation to arrest- 
ing; the slow preliminary rupture process can also be 
understood as a manifestation of the crack interac- 
tions. It seems that crack interaction provides a key to 
understand in a unified way many seemingly diverse 
aspects of shallow earthquake ruptures. 

2. Dynamic nucleation process of large shallow 
earthquakes 

According to our classification based on seismo- 
logical observations, it seems that the rupture process 
of a large shallow earthquake is generally composed 
of the following three stages in the order of time 
(Umeda, 1990, 1992; Yamashita and Umeda, 1994): 
(1) a relatively slow and smooth preliminary rupture 
process; (2) a relatively large event characterized 
by the radiation of seismic waves enriched with 
high-frequency components; and (3) formation of 
the entire fault and the arresting of rupture propaga- 
tion. The first two stages have been identified in the 
seismograms owing mainly to the recent installation 
of seismographs with sufficient dynamic range and 
bandwidth. 

The initial part of vertical seismograms of the 
main shock of the 1984 Western Nagano earthquake 
is shown in Fig. 1 as an example. We can observe 
the low-frequency, low-amplitude waves marked by 
the symbol Pl, and high-frequency, high-amplitude 
waves marked as P2; these two phases are identified 
for this earthquake on the seismograms recorded at 
various stations at different epicentral distances and 
azimuths (Fig. 1). It was confirmed that these two 
phases have their origin at the earthquake source 
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Fig. 1. Vertical seismograms near the arrival times of P waves 
emitted from the main shock (M = 6.8) of the 1984 Western 
Nagano earthquake (after Umeda, 1990). AGC denotes auto- 
gain control. Epicentral distance and azimuth of each station are 
shown by A and ¢, respectively. 

(Umeda, 1990). These two distinct phases have also 
been found for many large shallow earthquakes by 
Umeda (1990, 1992). 

The existence of the second phase, P2, is also 
supported for large shallow inland earthquakes, by 
conspicuous field evidences such as dense distribu- 
tion of surface cracks and high acceleration occa- 
sionally exceeding the earth's gravity (Umeda, 1981, 
1992; Umeda et al., 1987). An evidence of such 
high acceleration comes from the observation of a 
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number of boulders thrown up by severe shaking; 
for example, it was observed in the 1990 Philippine 
earthquake that a boulder with dimensions of 40 × 
27 × 18 cm 3 had been tossed up and landed up- 
side down at a distance of 45 cm from its original 
socket (Umeda, 1992). Under a simple assumption, 
the ground movements can be estimated from the 
dislodgment distance of this boulder; in the fre- 
quency range of 1-5 Hz, the ground velocity and 
acceleration were estimated to be 1.3-3.0 m/s and 
1.6-4.7 g, respectively, by Umeda et al. (1991). The 
region characterized by such features as densely dis- 
tributed cracks and high acceleration is found to 
be fairly small in comparison with the total rup- 
ture area. Umeda (1990) termed this small region 
the earthquake bright spot; an example of the earth- 
quake bright spot is shown in Fig. 2 observed in the 
1989 Loma Prieta earthquake. It is noteworthy that 
this bright spot is located precisely above the source 
of the strongest high-frequency radiation that was 
determined by Zeng et al. (1993) using the strong 
motion data. 

It is likely that the two phases, P1 and P2, repre- 
sent two qualitatively different rupture stages during 
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Fig. 2. The earthquake bright spot found for the 1989 Loma Pri- 
eta, California, earthquake (the zone surrounded by the broken 
curve), which is characterized as a zone of high ground accelera- 
tion and densely distributed surface cracks. The upper and lower 
figures show the distributions of dislodged boulders and surface 
cracks, respectively. The star stands for the epicenter of the main 
shock. 
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Fig. 3. Relation between the duration time of the preliminary 
rupture phase and the earthquake magnitude. 

the dynamic nucleation of a larger shallow earth- 
quake. Here, the term dynamic nucleation of earth- 
quake rupture stands for the initial growth stage of 
earthquake rupture that radiates seismic waves. We 
define the time interval between the onset of the 
two phases PI and P2 as the preliminary rupture 
phase, and denote its duration as t,; the phase begin- 
ning with P2 is termed the bright spot phase since 
it seems to be closely related to the formation of 
the earthquake bright spot. We have found a strong 
correlation between the duration time of the prelimi- 
nary rupture phase, t, (in seconds), and the eventual 
magnitude M of the earthquake in the form: 

M = 1.921ogt~ +6 .18  (1) 

by analyzing seismograms of many shallow earth- 
quakes (Fig. 3); five new data are now added to the 
data set compiled by Umeda (1992). It is found that 
relation (1) is valid over a fairly wide magnitude 
range. This relation gives important implications for 
the growth process of large shallow earthquakes. It 
is inferred from Eq. (1) that the final rupture size 
is not predetermined at the very inception of dy- 
namic earthquake rupture; the future rupture size is 
determined only after the advent of the bright spot 
phase. 

3. The fundamental mechanisms of crack 
interactions 

It is probable that the two phases, the preliminary 
rupture phase and bright spot phase, are related to 
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some aspect of the irregularity of the earthquake rup- 
tures. One of the major sources of the irregularities 
is preexisting defects in the earth's crust such as 
cracks and faults (Yamashita and Umeda, 1994; Ya- 
mashita and Fukuyama, 1996). If cracks are densely 
distributed near an earthquake source, intense crack 
interactions are expected to occur in the earthquake 
rupture. These interactions give rise to a complex 
rupture process as will be discussed below in this 
section. In fact, the active part of a fault is known 
to form a fault zone, and it is generally considered 
as a region of increased crack density compared 
to the nearby crust (e.g., Rice, 1992; Leary et al., 
1987). Leary et al. (1987) analyzed borehole seismo- 
grams recorded in the vicinity of an active fault in 
California, and showed that cracks are aligned pre- 
dominantly parallel to the fault plane and the crack 
density increases with approaching the fault plane. 
Hence it is likely that the crack interaction plays a 
crucial role in an earthquake rupture from its nu- 
cleation to arresting. Yamashita and Umeda (1994), 
in fact, showed in their numerical analysis that the 
crack interactions give rise to irregular dynamic rup- 
ture propagation. 

The crack interactions mainly depend on the geo- 
metrical configuration of the cracks. The fundamen- 
tal mechanisms of the dynamic crack interactions can 
be inferred to some extent from the static analysis of 
two interactive cracks and of an isolated crack. It is 
known from the static analysis of an isolated shear 
crack that the shear stress is enhanced outside the 
crack near the tips, whereas it is lowered to the resid- 
ual stress level near the crack trace. The stress field 
around two interactive cracks can be inferred from 
the stress change observed for the isolated crack. 
When the two cracks are coplanar and close to each 
other as illustrated in Fig. 4a, much higher stress 
should be observed in the narrow zone between the 
inner tips of the two cracks than in the absence 
of the interactions because the inner crack tips are 
located in the stress increase zone formed by each 
other crack. Hence catastrophic rupture is expected 
to take place at the inner crack tips. On the other 
hand, when two nearby cracks are non-coplanar and 
overlapped as illustrated in Fig. 4b, the stress near 
the inner crack tips should be much lower than in the 
absence of the interactions: the inner tips are located 
in the stress decrease zone formed by each other 

(a) 

(b) 

Fig. 4. Two close parallel cracks. (a) coplanar cracks, (b) non- 
coplanar cracks. 

crack. The stress decrease zone near a crack trace is 
referred to as the stress shadow in this paper after the 
terminology of Yamashita and Umeda (1994). Hence 
the occurrence of catastrophic rupture at the inner 
tips tends to be suppressed in the configuration such 
as illustrated in Fig. 4b. If one of the two cracks lies 
entirely in the stress shadow of the other, the growth 
of the former is almost entirely suppressed and the 
interaction is almost unilateral from the latter to the 
former. Rigorous static analysis of two interactive 
cracks shows that the above qualitative consideration 
is fundamentally correct (e.g., Yamashita, 1995). 

The above consideration on the modes of crack 
interactions qualitatively holds true even in the dy- 
namic interactions among parallel cracks. Yamashita 
and Umeda (1994) numerically studied the dynamic 
interactions among propagating parallel antiplane 
cracks, and showed that if a propagating tip of a 
crack enters the stress shadow of a neighboring non- 
coplanar crack, the propagation is decelerated; the 
arresting of propagation may occur if the dimension 
of the stress shadow is large enough and/or the stress 
level is sufficiently low in the stress shadow. Hence 
the existence of neighboring non-coplanar cracks 
can be a cause of deceleration of the dynamic crack 
growth. On the other hand, if a crack exists ahead of 
a propagating crack tip on the same plane, then the 
growth rate is accelerated as both cracks approach 
each other, and coalescence occurs. Hence the copla- 
nar interaction can be a cause of acceleration of 
dynamic crack propagation. If cracks are densely 
distributed in a zone, the above-stated two conflict- 
ing modes of interaction coexist, which makes the 
dynamic rupture process highly complex. 



Y Umeda et al./Tectonophysics 261 (1996) 179-192 183 

4. A theoretical model for the dynamic nucleation 
of earthquakes in a fault zone 

As stated before, the active part of a fault is gener- 
ally considered as a region of increased crack density 
compared to the nearby crust. It is therefore expected 
that the crack interactions play a crucial role in 
the nucleation stage of an earthquake. Yamashita and 
Knopoff (1989, 1992), in fact, successfully explained 
the seismic quiescence and foreshock occurrence on 
the basis of multiple interactions among densely dis- 
tributed cracks. It will be shown in this section that 
the crack interactions play an important role in the 
dynamic nucleation of earthquake rupture as well. 

In this section we review the study of Kame 
(1995), who proposed a new model for the dynamic 
nucleation of earthquake rupture. He theoretically 
analyzed the dynamic rupture nucleation in a zone 
where parallel preexisting antiplane Griffith cracks 
are densely distributed; the medium is assumed to 
be elastic, homogeneous, isotropic, and infinite. The 
details of the analysis and the results of the calcu- 
lations shall be described in a forthcoming paper by 
Kame and Yamashita (1996). A typical example of 
the assumed cracked zone is illustrated in Fig. 5. The 
use of such a cracked zone model is justified because 
densely distributed small cracks are expected in fault 
zones as stated before, and the cracks are known to 
be aligned predominantly parallel to the fault plane; 
in addition, it is expected that the preexisting cracks 
have quasistatically grown up into larger ones, due 
to stress corrosion cracking, at the epicentral area of 
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Fig. 5. An example of the assumed cracked zone, which is a 
model of a fault zone; each line segment denotes a crack. All the 
cracks are assumed to have the same length 7.0. In this example, 
we fix the spacing of the crack centers at 25.0 on each crack 
array, and the crack array spacing at 3.0. However, the relative 
location of the cracks in the X-direction on different arrays, 
such as xl or x2, is assumed to obey a homogeneous random 
distribution. The first dynamic growth occurs at the crack whose 
center is at X = 0 and Y = 0. 

the eventual earthquake immediately before its oc- 
currence (Yamashita and Knopoff, 1992). Note that 
the effect of non-coplanar interactions is relatively 
dominant in the crack distribution assumed in the 
example shown in Fig. 5: the crack spacing is much 
smaller in the Y-direction than in the X-direction, 
where X and Y are the nondimensional coordinates 
given by X = x/L and Y = y/L, respectively (see 
Appendix A). Kame (1995) rigorously treated the 
dynamic multiple interactions among the cracks, us- 
ing the boundary integral equation method originally 
developed by Cochard and Madariaga (1994) for the 
analysis of an isolated crack and later extended by 
Yamashita and Fukuyama (1996) to incorporate the 
case of multiply interactive cracks. The boundary 
integral equation method used therein is reviewed in 
Appendix A. 

Kame (1995) assumed the critical stress fracture 
criterion for the analysis of spontaneous crack prop- 
agation as in Yamashita and Umeda (1994). In other 
words, a crack is assumed to begin dynamic exten- 
sion if the stress at the crack tip exceeds the assumed 
critical threshold. The critical threshold stress is as- 
sumed to be constant everywhere except near the 
tips of one of the cracks where slightly lower critical 
stress is assumed so as to enable the initiation of dy- 
namic crack propagation there. The remotely applied 
load is assumed to be constant. The residual stress 
is also assumed to be constant on all the cracks, so 
that relative slip can occur freely due to the crack in- 
teractions so as to satisfy the constant residual stress 
boundary condition. 

A typical example of the velocity seismogram due 
to rupture propagation in the cracked zone shown in 
Fig. 5 is plotted in Fig. 6; the velocity is recorded 
outside the cracked zone. It is observed in the cal- 
culation that the rupture initiated at the crack whose 
center is located at X = 0 and Y -- 0 propagates on 
its plane, so that the rupture growth occurs in the 
form of dynamic coalescence of coplanar cracks (see 
Fig. 7). We also plot in Fig. 6 the velocity seismo- 
gram for the case when no non-coplanar interaction 
is taken into account; in other words, as the model 
for distributed cracks, we pick up only the array 
of coplanar cracks at Y = 0 out of those shown in 
Fig. 5. We find a remarkable contrast between the 
two velocity seismograms in Fig. 6; the onset of the 
velocity wave is much more gradual when the cracks 



184 Y. Umeda et al./Tectonophysics 261 (1996) 179-192 

0.6 

0.45 

0.3 

0,15 

100  120  140  I 6 0  180 200  
T 

Fig. 6. Velocity seismograms recorded outside the cracked zone 
at X = 20 and Y = 100. The ordinate denotes the nondimen- 
sional velocity dU/dT, where U and T are the nondimensional 
displacement and time, respectively (see Appendix A). The solid 
curve stands for the velocity radiated by the rupture in the 
cracked zone shown in Fig. 5. Only the coplanar crack array at 
Y = 0 is taken into account in the calculation of the velocity 
illustrated by the broken curve. High-frequency oscillation is due 
to numerical errors. 

are zonal ly  distributed. Hence, it would be possible 
to attribute the prel iminary rupture phase shown in 
Fig. 1 to the effect of  the non-coplanar  interactions 

in a fault zone. 
We now consider  in detail  the mechanism of  the 

gradual onset of  the velocity wave such as shown 
in Fig. 6, fol lowing the studies of  Kame (1995) and 
Kame and Yamashita (1996). For  this purpose, the 
qualitative considerat ion of  the two interactive static 
cracks, which were made in the preceding section, 
is helpful. As stated before, the crack interactions 
exert two conflicting effects: one tends to accelerate 
the crack growth, and the other to decelerate it. The 
accelerat ing and decelerat ing effects are general ly 
ascribable to the coplanar  and non-coplanar  interac- 
tions, respectively. Thus the gradual buildup at the 
onset of  the veloci ty wave shown by the solid curve 
in Fig. 6 can be c la imed to be due to the relative 
predominance of  the non-coplanar  interactions at the 
initial stage of  the rupture. The correctness of  this 
inference is ascertained in comparison between the 
solid and broken curves because no gradual phase 
is observed at the onset of  velocity wave when the 
crack distribution is only coplanar. This view is also 
just if ied by the ray theoretical  calculation of  the ar- 
rival t ime of  elastic wave radiated by the rupture. It 
can be shown in this calculat ion that the abrupt in- 
crease in the t ime derivative of  velocity (solid curve) 

at t ime T(=- f i t~L)  ~ 123 is emit ted by the accel- 
eration in crack growth rate due to the approach of  
the first nucleated crack to the neighboring cracks 
on both sides and their coalescence at T = 25-27 
(see Fig. 7); note that crack growth is accelerated 
when two cracks come close to each other because 
coplanar interaction begins to prevail. Hence the 
abrupt change at T ~ 123 is interpreted to be due 
to the transition from the state of  non-coptanar inter- 
action predominance to that of  coplanar interaction 
predominance.  

The above considerations suggest that the gradual 
onset of  the velocity waves will  not be observed 
when coplanar interactions are dominant  in the pre- 
existing cracks even i f  the cracks are distributed in 
a zone. This expectation turned out to be in fact 
the case in the model  calculations of  Kame (1995). 
However, from the seismological  viewpoint,  it seems 
more reasonable to assume that non-coplanar  crack 
interactions are dominant before the occurrence of  
a large shallow earthquake. The existence of  a pe- 
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Fig. 7. Snap shot of rupture propagation in the cracked zone 
shown in Fig. 5. The propagating and stationary cracks are 
shown by the thick and thin line segments. The first coalescence 
is done with the neighboring crack on the left at T ~ 25.0. 
The growth rate of the right tip of the propagating crack can be 
estimated from the slope of the broken line, which stands for 
the spatio-temporal growth of the right crack tip. We note that 
the growth rate v is very low at the inception of the rupture: v 

0.5fl and ~ 0.9fl for 0 < T < 20 and for 30 < T < 50, 
respectively. 
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riod of seismic quiescence before the occurrence 
of a large shallow earthquake in its epicentral re- 
gion (Allen et al., 1965; Fedotov, 1965; Mogi, 1969; 
Ohtake, 1976; Ohtake et al., 1977) suggests that 
the rupture occurrence is totally suppressed in the 
future epicentral area in this time period. We can 
therefore infer that non-coplanar crack interactions 
are dominant in the period of seismic quiescence 
as long as the cracked zone model is appropriate. 
In fact, Yamashita and Knopoff (1992) showed in 
their simulations that the dominance of non-coplanar 
crack interactions causes seismic quiescence before 
the occurrence of a large event. 

Umeda (1990) showed that the preliminary rup- 
ture phase is not observed for aftershocks even if 
they are large enough (Fig. 8). This observation is 
consistent with our interpretation. Since a predomi- 
nantly large fault appears with the occurrence of a 
main shock, the coplanar interactions will be domi- 
nant in the aftershock sequence. This does not cause 
the preliminary rupture phase in a seismogram of 
an aftershock according to our modeling results: in 
our model, non-coplanar interactions have to prevail 
before the occurrence of rupture for the appearance 
of the preliminary rupture phase. 

Later abrupt changes in the velocity seismograms 
in Fig. 6 are associated with crack coalescence. For 
example, the abrupt increase at T ,~ 145 on the solid 
curve is due to the coalescence of the propagating 
crack with the cracks whose centers are at X -- 
- 5 2  and X -- 55 on the line Y = 0: it is theo- 
retically known that the dynamic crack coalescence 
can be a source of high-frequency elastic wave ra- 
diation (Madariaga, 1983). The decrease beginning 
at T ~ 134 in the solid curve is caused by the 
temporary deceleration of crack growth just after 
the coalescence of the first nucleated crack with the 
neighboring cracks on both sides at T---- 25-27 (see 
Fig. 7): abrupt change in crack propagation velocity 
is known to be another source of high-frequency 
radiation (Madariaga, 1977; Yamashita, 1983). This 
deceleration will occur since the effect of coplanar 
crack interactions becomes temporarily less domi- 
nant just after the completion of crack coalescence. 

The crack tip velocity generally accelerates with 
its growth and soon gets close to the S wave velocity, 
which is the maximum allowable velocity for an an- 
tiplane crack (Kostrov, 1966). Hence a larger change 
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Fig. 8. Vertical seismograms emitted from an aftershock (M 
= 6.2) of the 1984 Western Nagano earthquake (after Umeda, 
1990). Note that the magnitude of this event is comparable to 
that of the main shock, whose seismograms are shown in Fig. 1. 

in the crack tip velocity can occur due to crack co- 
alescence at earlier stage of growth. This suggests 
that high-frequency acceleration can be efficiently 
radiated at the beginning stage of crack propagation 
since radiated energy of high-frequency acceleration 
is generally larger for a larger change in crack tip 
velocity (Madariaga, 1977; Yamashita, 1983). The 
accelerogram corresponding to the velocity seismo- 
gram shown in Fig. 6 is illustrated in Fig. 9 as 
an example; the highest acceleration is radiated by 



1 8 6  Y Umeda et al./Tectonophysics 261 (1996) 179-192 

0.05 

Z 0.025 
0 

0 
d 
0 
o 

-0.025 

-0 .05 i 

100 120 140 160 180 200 
T 

Fig. 9. Accelerogram corresponding to the velocity seismogram 
shown by the solid curve in Fig. 6. 

the coalescence of the first nucleated crack with the 
neighboring cracks on both sides at T = 25-27 in 
this example (see also Fig. 7). The above considera- 
tion implies that an earthquake bright spot tends to 
be formed relatively close to the hypocenter, which 
is consistent with the seismological observations of 
Umeda (1990, 1992). This model for the earthquake 
bright spot marks an improvement over the model 
proposed by Yamashita and Umeda (1994), who ar- 
gued that an earthquake bright spot can be formed 
when nucleation and propagation arresting of several 
cracks occur in any localized area, which does not 
necessarily have to be formed close to the hypocen- 
ter. 

In summary, it is essential for the appearance of 
the slow preliminary rupture phase that non-coplanar 
interactions are dominant in zonally distributed pre- 
existing cracks. On the other hand, what is essential 
for the appearance of the bright spot phase is the 
excitation of dynamic slips, due to interactions, on 
cracks ahead of the crack where the first dynamic 
growth occurs. If  no slips are excited on these cracks, 
the bright spot phase will not be observed because 
large sudden energy release does not occur at the 
coalescence with such cracks. 

5. An arresting mechanism of dynamic 
propagation of earthquake ruptures 

If  the stress drop is positive over a propagating 
fault plane, the shear stress at the fault tip monotoni- 
cally increases with the growth of the fault. Hence a 
large discontinuous increase in the fracture strength 
is inevitably required for the abrupt arresting of 

fault propagation. Although many researchers have a 
priori assumed unbreakable barriers at the point of 
arresting, it is highly questionable that arresting of 
fault propagation occurs in such a way in the ordi- 
nary earth's crust materials once the fault has grown 
up to a significantly large size. 

Once a crack begins dynamic propagation, its size 
soon becomes far larger than those of the preexisting 
cracks in the fault zone, thus being little affected 
by the latter. Hence it appears that a propagating 
crack can practically be treated as an isolated crack 
after the growth to a sufficiently large size. However, 
this is not necessarily the case since the propagating 
crack may dynamically excite cracks ahead of the 
propagating tip (e.g., Yamashita and Umeda, 1994). 
This dynamic crack excitation gives rise to a new 
kind of interaction. We now briefly investigate how 
these interactions affect the dynamic crack propaga- 
tion on the basis of simple examples. The analysis 
in this section is developed originally in this paper. 
The boundary integral equation method summarized 
in the Appendix is used again in the calculations. 

Suppose an infinite homogeneous isotropic elastic 
medium, which is at rest in static equilibrium for T < 
0. The deformation is assumed to be antiplane strain 
as in the preceding section, and we assume that an 
isolated crack is first formed at T = +0  in response 
to a remotely applied load. In this section, we do not 
take account of preexisting interactive cracks, which 
are irrelevant to the main concern of the present 
modeling. The stress drop is assumed to be positive 
and constant on each crack; in addition, the crack 
nucleated first at T = +0  is assumed to propagate 
with a constant velocity v/fl = 0.8 for simplicity. 
All the cracks are the Griffith type cracks as in the 
preceding section. 

First, a reference model with an isolated crack is 
considered; the crack is assumed to be nucleated at 
the origin on the X-Y plane, and to propagate bilat- 
erally on the X-axis (Fig. 10). We assume discon- 
tinuous increase in fracture strength at X = - 8 A X  
and 16AX. Here, AX is the size of the discretized 
elements on the crack trace, and it is assumed to 
be unity (see Appendix A). The strength barrier at 
X ----- - 8 A X  is assumed to be infinitely large, so 
that the crack can never propagate beyond this point; 
this means that we concentrate our attention only on 
rupture arresting at X = 16AX. We can calculate the 
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Fig. 10. (a) Spatio-temporal plot of the propagation path of 
the isolated crack with velocity v = 0.8~ (solid line). The 
broken line denotes the front of S waves emitted by the dynamic 
nucleation of the crack. (b) The geometry of the crack at the 
instant when the propagation is arrested. 

value of the minimum fracture strength required to 
arrest the propagation of this crack at X -- 16AX. 
Our main concern in the following calculations is 
about the effect of  crack interactions on the mini- 
mum fracture strength required to arrest the rupture 
growth relative to this value, which is now defined as 
the relative minimum fracture strength. 

We next consider the effect of  excited subsidiary 
cracks on the arresting of rupture propagation. The 
crack first nucleated at T ---- + 0  is now referred to 
as the main crack. The main crack is assumed to 
be nucleated at the same location and to propagate 
with the same velocity as the isolated crack treated 
in Fig. 10. The main crack propagates as an isolated 
crack for a while until it excites subsidiary cracks. 
Let us first assume that the subsidiary cracks stop 
propagation soon after the nucleation, and the main 
crack continues to grow up to the discontinuity point 
X -- 16AX. This corresponds to a situation where 
the fracture strength is, on the average, higher on the 
planes of  the subsidiary cracks than on the plane of 
the main crack (Yamashita and Umeda, 1994). Since 
the propagation velocity of  the subsidiary cracks is 
generally smaller than that of  main crack in such a 

~ A (b) 

0.99 it X 
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Fig. 1 l .  (a) Spatio-temporal plot of the propagation paths of 
the main and subsidiary cracks (solid line). The broken line 
denotes the front of S waves emitted by the dynamic nucleation 
of the main crack. (b) The geometry of the cracks at the instant 
when the propagation of the main crack is arrested. The relative 
minimum fracture strength required to arrest the propagation of 
the main crack at X = 1 6 A X  is 0 .99.  

situation (Yamashita and Umeda, 1994), we assume 
a lower rupture velocity of  v/[3 --- 0.4 for them. 
All the subsidiary cracks are assumed to be excited 
at location X -- 10AX and at time T = 22.5AT ---- 
11.25 soon after the arrival of  the S waves emitted 
by the dynamic nucleation of the main crack (see 
Fig. l la), where AT is the nondimensional time 
increment, and AT = 0.5 is assumed (see Appendix 
A). We now consider two models for the distribution 
of  the subsidiary cracks. A single subsidiary crack 
is excited in one of the models (Fig. 11), while two 
cracks are assumed in the other (Fig. 12); all the 
subsidiary cracks are assumed to be only 2AX apart 

~2[ 0.98 X II 
-5 0 5 10 15 

Fig. 12. The geometry of the cracks at the instant when the 
propagation of the main crack is arrested. The relative minimum 
fracture strength required to arrest the propagation of the main 
crack at X = 16AX is 0.98. See Fig. 1 lb as to the spatio-temporal 
growth paths of the cracks. 
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from the main crack. The growths of the subsidiary 
cracks are assumed to be arrested at X -- 8AX 
and 13AX because the subsidiary cracks are entirely 
contained in the stress shadow formed by the main 
crack once the propagating tip of the main crack goes 
ahead of those of the subsidiary cracks. The results 
of the calculations show that the arresting of the main 
crack is more facilitated when the subsidiary cracks 
are excited; though the difference is not large. When 
the single subsidiary crack is excited, the relative 
minimum fracture strength required to arrest the 
propagation of the main crack is 0.99. The minimum 
strength is even smaller when the two subsidiary 
cracks are excited; the difference from the case of the 
isolated main crack is 2%. The facts observed above 
can be explained in terms of the decelerating effects 
of the non-coplanar crack interactions discussed in 
the preceding section. The strain energy released by 
the main crack in the range 8AX _< X _< 13AX is 
smaller than when the main crack is isolated. This 
reduces the stress at the tips of the main crack. 
Hence we expect that the minimum fracture strength 
required to arrest the main crack propagation is lower 
if even more subsidiary cracks are excited. 

We assumed in the calculations of Figs. 11 and 
12 that the subsidiary cracks stop propagating soon 
after the nucleation. However, there is another pos- 
sibility of the transfer of propagation from the main 
crack onto some of subsidiary cracks (Yamashita and 
Umeda, 1994). In other words, the main crack stops 
propagating soon after exciting subsidiary cracks, 
and some of the subsidiary cracks continue to prop- 
agate up to the discontinuity point X = 16AX. This 
occurs when the fracture strength is, on the aver- 
age, smaller on the planes of the subsidiary cracks 
than on the plane of the main crack (Yamashita and 
Umeda, 1994). We now treat this case, and investi- 
gate its effects on the arresting of rupture process. 
A single subsidiary crack is assumed to be excited 
in Fig. 13, while two such cracks are assumed in 
Fig. 14; all the subsidiary cracks in Figs. 13 and 14 
are nucleated at the same location and time as in 
Figs. 11 and 12, respectively. Since the growth rates 
of the subsidiary cracks are expected to be larger in 
the present case than in the cases of Figs. 11 and 
12, we assume the propagation velocity v/fl = 0.8 
for both the subsidiary and main cracks. The growth 
of the right tip of the main crack is assumed to be 
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Fig. 13. (a) Spatio-temporal plot of the propagation paths of the 
main and subsidiary cracks (solid line). The broken line denotes 
the front of S waves emitted by the dynamic nucleation of the 
main crack. (b) The geometry of the cracks at the instant when 
the propagation of the subsidiary crack is arrested. The relative 
minimum fracture strength required to arrest the propagation of 
the subsidiary crack at X = 16AX is 0.88. 

arrested at T = 25AT and X = 10AX soon after 
entering the stress shadow formed by the subsidiary 
cracks on the basis of the findings by Yamashita and 
Umeda (1994) (see Fig. 13a): at the instance when 
the tip of the main crack enters the stress shadow 
formed by the subsidiary cracks, the dimension of 
the stress shadow is much larger in this situation 
than in the cases in Figs. 11 and 12. The propa- 
gation of the left tips of the subsidiary cracks are 
more easily arrested in this situation than that of 
the right tips if the other conditions are the same 
for the left and right tips because the left tips enter 
the stress shadow of the main crack (Yamashita and 

~[  $ X 
0.67 
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0.67 

Fig. 14. The geometry of the cracks at the instant when the 
growths of the subsidiary cracks are arrested at X --- 16AX. 
The relative minimum fracture strength required to arrest the 
propagation of the subsidiary cracks is 0.67. See Fig. 13b as to 
the spatio-temporal growth paths of the cracks. 
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Umeda, 1994). Hence we assume in Figs. 13 and 
14 that the left tips of the subsidiary cracks stop 
propagating at X = 2AX in the stress shadow of 
the main crack. We now investigate the propagation 
behavior of the right tips of the subsidiary cracks 
at the discontinuity point X = 16AX: note that the 
right tip of the main crack does not propagate up 
to this point. Our calculation shows that the relative 
minimum fracture strengths required to arrest the 
rupture propagation are 0.88 and 0.67, respectively, 
for the models in Figs. 13 and 14. The above simple 
calculation shows that the discontinuous transfer of 
the propagation (i.e., dynamic formation of a fault 
step) is much more effective for the arresting of 
rupture propagation than the cases when no transfer 
occurs. It is also observed that the arresting is much 
easier where more subsidiary cracks are excited. We 
assumed two subsidiary cracks at most. However, 
the minimum fracture strength will be even lower if 
more subsidiary cracks are assumed. Here, we have 
to note the stress at the right tips of the subsidiary 
cracks in Fig. 13 or 14 is much larger than when it is 
isolated because of the interaction between the main 
and subsidiary cracks. For example, our calculation 
shows that the relative minimum fracture strength re- 
quired to arrest the rupture propagation at X -- 16AX 
is only 0.67 when the subsidiary crack in Fig. 13 is 
isolated. 

In summary, the arresting of the rupture propa- 
gation is more facilitated if more subsidiary cracks 
are excited. A discontinuous transfer of the rupture 
further facilitates the arresting. Since the mechanical 
property of the shallow part of the earth's crust is 
thought to be very inhomogeneous, the excitation of 
subsidiary cracks is likely to occur. 

6. What determines the size of shallow 
earthquakes? 

The eventual size of an earthquake depends on 
how the fault propagation is arrested. The analysis 
in the preceding section shows that both excited sub- 
sidiary cracks and spatial inhomogeneity in fracture 
strength contribute to the arresting of rupture propa- 
gation. Hence fault propagation will be more easily 
arrested when it occurs in a region where the den- 
sity of preexisting cracks is higher and/or the spatial 
inhomogeneity of fracture strength is higher. 

The above interpretation is supported by the fol- 
lowing seismological observations. It is known that 
mechanical heterogeneity is generally higher in vol- 
canic regions and earthquakes occurring there are 
much smaller in size than tectonic earthquakes such 
as those at plate boundaries (e.g., Mogi, 1963). In 
addition, earthquake swarms tend to occur in re- 
gions where mechanical heterogeneity is high (Mogi, 
1963); predominantly large events do not generally 
occur in earthquake swarms. High mechanical het- 
erogeneity will be characterized by both high crack 
density and high inhomogeneity in the spatial distri- 
bution of fracture strength, so that the above obser- 
vations are consistent with our interpretation. 

7. Discussion and conclusions 

We investigated in this paper the nucleation and 
arresting mechanisms of shallow earthquake faulting 
from both theoretical and observational viewpoints. 
We have found in our elaborate seismological ob- 
servation the common existence of the preliminary 
rupture phase in many large shallow earthquakes. It 
was theoretically shown that crack interaction plays 
a certain role in the dynamic nucleation of shallow 
earthquake faulting. The preliminary rupture phase 
was explained in terms of non-coplanar crack in- 
teractions that tend to suppress the dynamic crack 
propagation. However, further study is required to 
quantitatively explain the relation (1). 

Theoretical calculation is carried out to examine 
the effects of the crack interactions on the arrest- 
ing of the rupture propagation. A propagating crack 
can excite subsidiary cracks ahead of the propa- 
gating tip after the crack has grown up to some 
extent, which complicates the overall rupture process 
through intense interactions (Yamashita and Umeda, 
1994). It was shown that the rupture propagation 
can be arrested by a smaller discontinuity in frac- 
ture strength when subsidiary cracks are excited than 
when no subsidiary cracks are excited. The arresting 
of rupture propagation is generally easier when more 
subsidiary cracks are excited. 

We assumed in the theoretical calculations that 
all the cracks are parallel and disconnected. This is 
a highly simplified assumption. For example, if two 
parallel cracks are close to each other and the inner 
crack tips are located outside the stress shadow of 
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Fig. 15. Two non-coplanar cracks. Secondary fractures may 
occur in the shaded zone (a), or the two cracks may be connected 
as shown by the broken line (b). 

each other crack as in Fig. 15, then connection of the 
two cracks, or the formation of many secondary frac- 
tures (Segall and Pollard, 1980) is very likely in the 
narrow zone between the inner crack tips. The effects 
of such phenomena will also have to be examined 
in future studies. Although we assumed only straight 
cracks in the present study, there is also a possibil- 
ity of crack bifurcation. It is known from a static 
analysis that bifurcation can also reduce the stress 
singularity at crack tips (e.g., Sih, 1965), so that 
the bifurcation will also facilitate the fault propaga- 
tion arresting. Crack configuration more complicated 
than treated in the present paper will be necessary 
for more realistic application of our concepts and for 
the understanding of the underlying mechanism of 
Eq. (1). 

Consider an infinite homogeneous elastic medium, 
which is at rest in static equilibrium for t < 0, and the 
deformation is assumed to be antiplane strain. When 
preexisting cracks are treated, we first assume instan- 
taneous appearance of the cracks, and carry out the 
calculations in advance so that a stationary state has 
been reached by time t = 0. 

The analysis is carried out in the time domain, 
and all the cracks are assumed to be aligned parallel. 
The dynamic displacement u is related to the relative 
slip on each crack by the convolution (Cochard and 
Madariaga, 1994): 

u (x, y, t) = 

N t 

f r  L A u j ( ~ , r ) F ( x , y - Y j , ~ , t - r ) d ~ d r ,  
J (A1) 

where N is the number of cracks, Au/ = u(x, yj + 
O, t) -- u(x, yj -- O, t) is the relative slip across the 
jth crack Fj (j = 1 ..... N), yj is the y coordinate 
of the location of the jth crack, and F is the yz 
component of the stress tensor associated with the 
2D displacement Green function: 

1 H(t - r/r) 
G(x, y, ~, t) -- - -  (A2) 

2re# ~/t 2 - r2 / f12 ' 

where H(.) is a unit step function, 15 is the shear wave 
ve loc i ty , ,  is the rigidity, and r = x/(x - ~)2 + y2. 
The stress component Cry z is assumed to be given on 
each crack Fj ( j  = 1 ..... N) in the form: 

ayz(X, y j, t) = - a 0  (A3) 
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Appendix A. Numerical analysis of dynamical 
growths of interactive cracks 

We briefly review the method of analysis used by 
Yamashita and Fukuyama (1996), and Kame (1995), 
which is mostly based on the analysis of Cochard 
and Madariaga (1994). 

as the boundary condition. We obtain the following 
integral equation on each crack by transforming Eq. 
(A1) (Cochard and Madariaga, 1994): 

%z(x, y, t) = 

# £ ( f r  x - ~  YJ) id~ 27r j=l j ( x -  ~)2 + ( y _  

f 
t 0 . t - r  

x -==Auj(~, r) d r  
e~  

v l ( t  _ z ) 2  _ r ~ / f l 2  
\ 

1 t dr J 

(A4) 
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where r~ = x/(x - ~ ) 2  .~_ (y _ yj)2, and the dot de- 
notes the partial differentiation with respect to time 
r. The physical quantities are normalized by an arbi- 
trary unit of length L and the rigidity of the medium 
tz in the following calculations. The nondimensional 
coordinates are therefore given by X = x / L ,  Y = 
y / L ,  and T = f i t~L; the stress and displacement 
by S = O y z / ! d  and U = u / L .  Eq. (A4) is dis- 
cretized, using the technique developed by Cochard 
and Madariaga (1994). In this discretization, the 
nondimensional slip velocity is assumed to be uni- 
form on a rectangular element on the X T  plane with 
uniform spacing AX in space and AT in time. The 
stress S on the element Xi < X < Xi+L = Xi + A X  
and Tk _< T < Tk+l = T~ + AT is evaluated at 
X = Xi + A X / 2  and T = Tk + AT. We set 
2AT = A X  = 1 in the calculations. We then get 
the discretized nondimensional integral equation: 

S j 1 N+I ~-'~ n ~  V l I-I j - I  
- -  Z , ,m  i - , , k - m  (A5) 

i,k 2rr 1=1 m=0 

on the crack surfaces after carrying out the integra- 
tions in Eq. (A4), where the summation wit h respect 
to n is done over the slipped area. Here S~, k is the 
nondimensional stress at X = (i + I/2)AX, Y = j A X  
and T = (k + I/2)AX and V~, m is the nondimensional 
slip velocity on the/th crack defined on the element 
X,  <_ X < X,+1 and Tm <_ T < Tm+ 1 . When the 
element X = (i + I/2)AX and T = (k + I/2)AX lies 
within the wave cone, the expression for H~. k is given 
by: 

Flig, k R j - R j J RJi_,,k , = i,k+l i.k - -  Ri-l ,k+l  q- (A6) 

where 

R j i,k = 

i +  1 /2  
j i x / k 2 / 4  - ( i  + 1/2)  2 - j2  

(i + 

+ s i n -  1 i + 1/2 (A7) 
x /k2 /4  _ j2" 

If an element is crossed by the wave cone boundary, 
the integrations in Eq. (A4) must be carried out only 
inside the wave cone. When S~, k is given on each 
crack surface as the boundary condition, the slip 
velocity is obtained from Eq. (A5) at any time step k 

in the form: 

u j 2:r j 
g-6- Sik i , k - -  
I-lo, o , 

N+I k-I 

17 0 - -  - -  - '~- n ,m i - n , k - m  
0,0 /---1 m=O 

where I-I ° 0.0 = rr. Once the slip velocity V/, k is 
obtained, the emitted stress wave can be calculated 
from Eq. (A5). 
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