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Abstract. A methodology is proposed for estimating strong ground motions from
scenario carthquakes caused by active faults. We summarize the procedure that is
currently used to characterize earthquake rupture models for the prediction of ground
motions, based on geological investigations of capable earthquake faults and seismological
studies of source models. Total fault lengths of the scenario earthquakes are evaluated
from geological and geophysical survey of segmentation and grouping of active faults for
a long-term prediction of seismic activity. Fault widths are proportional to fault lengths
for earthquakes less than Mw 6.5 but almost constant for larger earthquakes (>Mw 6.5)
being saturated with the thickness of seismogenic zones. The seismic moments of the
source faults are estimated by the empirical relationship between the fault area and
seismic moment, and then average slips are automatically constrained from the seismic
moment and source area. The scaling relations of modeling slip heterogeneity are
constructed based on a systematic analysis of the source inversion results of crustal
earthquakes ranging from 5.8 to 7.2 in moment magnitude (Mw). For strong motion
estimation we adopt a asperity model satisfying scaling relations for the heterogeneity of
slip on the fault surface in a deterministic manner. The validity and applicability of strong
ground prediction are examined in comparison with the observed records and actual
damage during the 1995 Hyogo-ken Nanbu (Kobe) earthquake (Mw 6.9) and the 1994
Northridge earthquake (Mw 6.7).

I. INTRODUCTION

Recent large earthquakes, such as the 1995 Hyogo-ken Nanbu (Kobe, Japan)
earthquake. the 1999 Kacaeli (Turkey) earthquake, and the Chi-chi earthquake
occurred on well-mapped active faults. However, no obvious precursory evidences
appeared even near the faults before the events. Damage caused by the events
showed characteristic distributions depending on rupture process as well as
geological conditions. For example, heavy damage in Kobe area larger than in the
Awaji area during the 1995 Hyogo-ken Nanbu earthquake is explained by a
synergistic effect between source effects, such as slip heterogeneity and forward
rupture directivity. and basin-edge effects due to basin structures. In the Awaji
area there was less damage although surface breaks appeared along the Nojima
faults. This means the importance of predicting ground motion from possible
earthquake faults to mitigate disaster for future earthquakes.

Scenario earthquakes for subject areas have gradually been popular to make
seismic disaster prevention measures by some governmental agencies and
municipalities. However, most of strong motion estimations in earthquake hazard
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analysis are still inclined to empirical methods. Peak ground acceleration, peak
ground velocity and response spectrum for earthquake-resistant design are given
by the empirical methods as a function of magnitude. fault distance, and ground
condition. They have not been taken into account yet developments in seismology,
such as source processes in earthquake faults and 3-D simulation in complex
structures.

We attempted to make a recipe to popularize the prediction of ground
motions for engineering purpose based on seismological fruits. Most of the
uncertainties in predicting strong ground motion result from modeling source
processes of future earthquakes. There are two main aspects of characterizing the
earthquake sources, outer and inner source parameters.

The outer parameters are total fault length. width, seismic momentand so on,
which are estimated from geological investigations of active faults and empirical
relationships between source areas and seismic moment for past earthquakes due
to the active faults.

The inner source parameters are slip heterogeneities inside the fault area.
which are determined from the source inversion of crustal earthquakes. Based on
the statistical analysis of the inverted results. we have studied the scaling
relations of asperities satisfying the spatial heterogeneity of slip on the fault
surface. Source modeling considering heterogeneous slip in the earthquake fault
is given on the self-similar scaling relations of asperities with respect to seimic
moments.

The validity and applicability of strong ground prediction are examined in
comparison with the observed records and actual damage during the 1995 Hyogo-
ken Nanbu (Kobe) earthquake and the 1994 Northridge earthquake.

2. SOURCE CHARACTERIZATION

2.1 Characreristic earthquakes

One of the most important issues for strong motion prediction is source
characterization for a future earthquake. We take into account earthquakes
caused by active faults. A question is “Do earthquakes due to specific active fault
have repeatedly similar source process 7. If yes. it is possible to make source
modeling for future earthquakes. One answer would be obtained from geological
and geographical investigations so far done. Recently extensive researches of
segmentation and grouping of active faults have been made for studying earthquake
histories. They found that slip distributions along fault segments have similar
features to the results from the source inversion using seismic data. e.g. slip is
largest in the middle of the segment and decreases towards the edge as shown in
Fig. | (Nakataeral., 1998). The other possible answer comes from faultdynamics
estimated by the waveform inversion of strong motion records. Bouchon er al.
(1998) studied the characteristics of stress field before and after the 1995 Hyogo-
ken Nanbu earthquake based on the results of the source inversion using near-
field recordings. There is a good correlation between the initial and final stress
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Fig. 1. Spatial distribution of fault traces, average slip velocity, and accumulated slip (Nakataeral.,
1998).

distribution, which suggests that intrinsic fault properties, not modified by the
earthquake. control the spatial distribution of tectonic stress over fault. Those
results suggest that earthquakes originating in the same active faults have a
similar source process repeatedly. i.e. the validity of the idea of “characteristic
earthquakes™.

2.2 Characterized source model

For characterizing source model to estimate strong ground motions in a
deterministic approach, we need to have two kinds of source parameters, outer
ones and inner ones.

2.2.1 Outer source parameters

The outer source parameters are total fault length and width, average slip and
slip duration. average rupture velocity, and so on, which are to characterize the
macroscopic pictures ot given source faults. They are estimated on the bases of
geological investigations on possible earthquake faults and seismological studies
on rupture processes of earthquake source.

Total fault lengths (L) of scenario earthquakes are be evaluated as the sum
of fault segments that are simultaneously activated. Some attempts have been
making to estimate segmentation and grouping of active faults based on branching
features of seismic surface ruptures (Matsuda, 1998). Strike (¢) and slip type of
every segment are estimated from geological surveys such as trenching. Dip
angle (§) is inferred from seismic reflection profile.
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Fig. 2. Relation of fault width versus fault length for inland crustal earthquakes. @: strike-slip and
high-angle reverse fault and O: oblique fault by Somerville et al. (1999). is compiled by
Wells and Coppersmith (1994).

Fault width (W) cannot be directly determined from the geological survey,
but mostly from source modeling for waveform simulations using observed
records. We made a plot (Fig. 2) to show the relation of fault width (W) vs. length
(L), from source characterization by Somerville er al. (1999) using the results of
the source inversion and compiled source models for 87 inland earthquakes by
Wells and Coppersmith (1994) (Irikura and Miyake, 2000). The saturation of the
width yields for events larger than Mw 6.5, corresponding to the thickness of
seismogenic zones. The seismogenic zones are infered from the depth-frequency
distribution of small earthquakes (Ito, 1990). Recent study by Ito (1999) shows
that the seismogenic zones have shallow limits as well as deep limits derived from
the seimic-aseismic boundary in the mid-crust.

Seismic moment (Mo) of the possible earthquake faults are estimated by the
empirical relationship between the source areas (A = LW) and seismic moment,
then average slips are calculated by the seismic moment and source area (e.g.
Somerville et al., 1999).

It is also very important source parameters where rupture starts on the fault,
to which directions it propagates, and where it terminates. In most of inland
earthquakes rupture nucleates at the bottom of the seismogenic zones because of
stress concentration in the seismic-aseismic boundary (Sibson, 1992). The
starting point and propagation direction of the source rupture are identified from
the patterns of surface traces from geographical investigations and theoretical
modeling. Nakata er al. (1998) proposed a method to identify the direction of
rupture propagation, the termination of rupture and in some cases. the epicenter
location based on the branching features of active faults as shown in Fig. 3. Such
ideas were examined by the dynamic theory of earthquake faulting. Kame and
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Fig. 3. Illustrative models of fault branching and rupture propagation (after Nakata er al., 1998).

Yamashita (1999) numerically studied the effect of medium fracturing on the
dynamic growth of earthquake rupture. It is suggesed that the faulting is needed
to bend in the arresting of rupture or to make branching for its termination.

2.2.2 Inner source parameters—Fault heterogeneity or roughness—

The slip and slip velocity have been found not to be uniform in the source
areas, in particular for large earthquakes with magnitude more than 7 as clarified
from the waveform inversion of rupture process (Wald, 1996). We need to know
slip and slip velocity distribution in the source area as well as the average slip to
estimate strong ground motions. We here define inner source parameters that
express fault heterogeneity or roughness. So far most of slip models have been
derived from longer period ground motions using the forward modeling and the
waveform inversion. Direct application of such long-period source models to
strong ground motion estimation is not always available because higher-frequency
ground motions than | Hz cannot be obtained. Nevertheless, we found that the
asperity models are available for estimating broad-band ground motions of
engineering interest (e.g. Kamae and Irikura, 1998). That is, the source models
even for high-frequency motions are derived from the heterogeneous slip
distribution using the waveform inversion of longer-period ground-motion
recordings.
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Fig. 4. Slip model of the 1989 Loma Pricta carthquake and identification of asperities (Somerville
etal., 1999).

Somerville et al. (1999) analyzed the characteristics of slip models of totally
fifteen crustal earthquakes ranging from about 6 to 7 in moment magnitude (Mw)
for use in the prediction of strong ground motion. They define fault asperities in
a deterministic manner to quantify the properties of heterogeneous slip models.
The asperities are areas on the fault surface that have large slip relative to the
average slip on the fault. An asperity is defined to enclose fault elements whose
slipis 1.5 or more times larger than the average slip in the fault as shown in Fig.
4 (in detail refer to Somerville er al., 1999). The number of asperities in the slip
models of those events is 2.6 on average. The slip contrast. the average slip on the
asperities over average slip is about 2. The combined area of asperities on the
average occupies about 22% of the total rupture area.
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Total rupture area (A), combined area of asperities (Aa). and area of largest
asperity (Am) scale in a self-similar manner with increasing seismic moment.

A (km?) =2.23 x 107"% x Mo™* (dyne-cm), (1)
Aa (km?) =5.00 x 107" x Mo*® (dyne-cm), (2)
Am (km?) = 3.64 x 107" x Mo** (dyne-cm). (3)

Other parameters such as average asperity slip, hypocentral distance to closest
asperities, slip duration are also scaled with seismic moment in the self-similar
way.

The validity and applicability of strong ground motion prediction and the
relation between strong ground motions and structure damage were examined in
comparison with the observed records and actual damage during the 1995 Hyogo-
ken Nanbu (Kobe) earthquake.

3. SIMULATION OF STRONG GROUND MOTION BASED ON
HETEROGENEOUS SOURCE MODEL

3.1 The 1995 Hyogo-ken Nanbu earthquake (Mw = 6.9)

The source slip model of this earthquake was determined from the inversion
of strong ground motion records by several authors (e.g. Sekiguchi et al., 1996:
Wald et al., 1996: Yoshida et al., 1996). The slip distribution on the fault plane
is roughly similar each other, although there are minor differences depending on
frequency ranges of the data, smoothing techniques used there and etc. However.
those inversion analyses were done using only low frequency motions less than
| Hz, therefore they might not be useful for higher frequency motions of
engineering interest. Fortunately, recent studies from high frequency envelop
inversion of source process suggests that variable slip models derived from low-
frequency ground motions are related to the radiation of high frequency motions
from inland earthquakes (Kakehi er al., 1996: Hartzell er al., 1996).

We then attempted to make up the source model for broadband ground
motions from the 1995 Hyogo-ken Nanbu earthquake taking into account
heterogeneous source model, i.e. asperity model using the empirical Green’s
function model (Kamae and Irikura, 1998). The initial source model were
assumed with three asperities based on the rupture process obtained from the
inversion of strong ground motion records by Sekiguchi er al. (1996). For
simplicity, we consider each asperity as a subevent with uniform stress drop in a
finite extent. The ground motion from each asperity is synthesized using the
empirical Green’s function method (Irikura, 1986). Then, the initial model was
revised by the forward modeling. i.e. comparison between the synthetic and
observed ground motions. The final model consists of three subevents
corresponding to those three asperities as shown in Kamae and Irikura (1998).
Asperity 1 with stress drop ot 163 bars lies under the Akashi Strait around the
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Fig. 5. Locations of the stations and epicenters of the mainshock of the 1994 Northridge earthquake
(%) and its aftershock (A) used as the empirical Green's function,

rupture starting point, Asperity 2 with stress drop of 86 bars. under the Nojima
Faultin Awaji Island, and Asperity 3 with stress drop of 86 bars, under Kobe. The
synthesized motions at KBU and MOT very close to the causative faults agreed
well with the observed ones.

The total area of the asperities in the best-fitting model occupies about 25%
of the total rupture area, coinciding well with the averaged slip model of compiled
15 earthquakes by Somerville et al. (1999).

3.2 The 1994 Northridge earthquake (Mw = 6.7)

Strong ground motions from the 1994 Northridge earthquake were widely
recorded in the San Fernando valley and the Los Angeles basin. The locations of
stations near the source area and the epicenters of the mainshock and an
aftershock used as the empirical Green’s function are shown in Fig. 5. The rupture
process of the Northridge earthquake was determined from the inversion of strong
motion data by Wald er al. (1996) as shown in Fig. 6(A). Simplifying the slip
distribution, we assume two initial source models, one with two asperities and the
other with three asperities. The best-fit model to observed recordsisshownin Fig.
6(B) consisting of three asperities. The stress drop in each asperity is assumed to
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Fig. 6. (A) Slip distribution on the fault plane inverted from strong motion data for the 1994
Northridge earthquake. (B) Source model for simulating strong ground motions with three
asperities. The starting point is indicated by %. The rupture extends radially from the starting
point with rupture velocity of 2.8 km/s. The rise time is assumed to be 0.6 sec for No. | and 3
and 1.0 sec for No. 2.

be 300 bars in Asperity 1 and 3 and 400 bars in Asperity. The synthesized motions,
acceleration, velocity and displacement, at SPVA and NEWH are compared with
the observed in Fig. 7. We found that the velocity and displacement agree well
even in individual phases between the synthesized and observed, and the
accelerationdoes in amplitude level and duration. The combined area of asperities
in the best source model is about 14% of the total ruptured area, a little less than
the average by Somerville et al. (1999). It means that some variance should be
taken into account in characterizing such source parameters.

4. CONCLUSION

We summarized the procedure for predicting strong ground motions from
future earthquakes caused by inland active faults as a recipe. The source
characterizations for the future earthquakes are made by the statistical analysis of
the slip distributions obtained from the waveform inversion using strong motion
and teleseismic data. Referring to Somerville et al. (1999) we find that the
combined area of asperities as well as total rupture area follows the self-similar
scaling. It means that the characterized source models even with asperities are
predictable. The validity and applicability of the source characterization for
strong ground prediction are examined in comparison with the observed records
and actual damage from recent large earthquakes such as the 1995 Hyogo-ken
Nanbu (Kobe) earthquake and the 1994 Northridge earthquake. We conclude that
the recipe proposed in this study is very successful for predicting strong ground
motion from active fault earthquakes.



cm/a~2 cmin—2
1000 008 & 1000 MO0

cmis
w00

cmVs*e2

em

cm/a=2
1000 2000

SPVA (EW Component)

Obeerved

MAX= 739.8
Synthetic

MAXs 840.8
0

MAXs T8.9
s
W
Obaerved

MAXs 14.0
Synitvete

MAXs 11.2

N —————————————
¢ 2 4 ¢ & e 12 14 1§ 8 N 1 N N UM N

3EC

code cava™2
0w 4 1000 3000 &

we

SPVA (NS Companent)

Otrserved

MAXs 7747
Synthetic

MAX= 1077.0
Obesrved

MAXs T1.3
Syn

MAX= T1l4
Cbeerved
V\f\JJ\WAﬁL
Synthetie

MAXs 218

cm/a™l

NEWH (EW Component)

Obesrved
’ MAX= 3863

Synthetia
MAX= T90.5

Qbeerved
MAX= T2.7

Synihetic
MAX= 2.3

Obteerved

co/a2
00 1200 9

o

cm/s
L]

cvs

"

W %

¢ 2 4 § 4 & 1 6 I8
SEC

1 W N1 N M 23 B

d 1 4 & & 190 12 16 18 8 W A 4 ¥ B B
S&C

NEWH (NS Component)
Observed
MAXs 584.0
Symhetia
MAXs 8341
Obuerved
MAXe 94.3
\/W\/Wi
Oveerved
o MAX= 10.8

Fig. 7. Comparison between the synthetics by the empirical Green’s function method and the

observed records of the mainshock of the 1994 Northridge earthquake at SPVA and NEWH.



A L R L O R o R b ,

Acknowledgements. This study was partially supported by a Grant-in-Aid for Scientific
Research, Number 11792026. from the Ministry of Education. Science, Sports. and
Culture.

REFERENCES

Bouchon, M., H. Sekiguchi, K. Irikura, and T. Iwata (1998), “Some characteristics of the stress field
of the 1995 Hyogo-ken Nanbu (Kobe) carthquake™, J. Geophys. Res., 103, 24,271-24,282.
Hartzell, S. H., P. Liu, and C. Mendoza (1996), “The 1994 Northridge California earthquake:
Investigation of rupture velocity, rise time. and high-frequency radiation”, J. Geophyvs. Res..

101, 20,091-20.108.

Irikura, K. (1986), “Prediction of strong acceleration motion using empirical Green's function™,
Proc. 7th Jupan Earthq. Eng. Symp., pp. 151-156.

Irikura, K. and H. Miyake (2000), “Procedure of source characterization for predicting strong ground
motion”, Report of Research Grant (No. 0824811) for Strong Motion Estimation for Active
Faulls with High Earthquake Potencial by the Ministry of Education, Science, Sports. and
Culture, pp. 128-145 (in Japanese).

Ito, K. (1990), “Regional variations of the cutoff depth of seismicity in the crust and their relation
to heat flow and large inland-earthquakes”. J. Phys. Earth. 38, 223-250.

Ito, K. (1999), “Seismogenic layer, reflective lower crust, surface heat flow and large inland-
earthquakes™, Tectonophysics, 306, 423-433,

Kakehi. Y., K. Irikura, and M. Hoshiba (1996), “Estimation of high-frequency wave radiation areas
on the fault plane of the 1995 Hyogo-ken Nanbu earthquake by the envelope inversion of
acceleration scismograms’, J. Phys. Earth, 44, 505-517.

Kamae, K. and K. Irikura (1998). “Source model of the 1995 Hyogo-ken Nanbu carthquake and
simulation of near-source ground motion™, Bull. Seism. Soc. Am.. 88, 400-412.

Kame, N. and T. Yamashita (1999). “Simulation of spontaneous groeth of dynamic crack without
constraints on the crack tip”, Geophys. J. Int., 139, 345-358.

Matsuda, T. (1998), “Present state of long-term prediction of earthquakes based on active fault data
in Japan”. Zisin (J. Seism. Soc. Japan), 50, 23-34 (in Japanese).

Nakata, T.. K. Shimazaki, Y. Suzuki, and E. Tsukuda (1998), “Fault branching and directivity of
rupture propagation™, J. Geography, 107, 512-528 (in Japanese).

Sekiguchi, H.. K. Irikura, T. Iwata, Y. Kakehi, and M. Hoshiba (1996), “Minute locating of faulting
benecath Kobe and the waveform inversion of the source process during the Hyogo-ken Nanbu,
Japan, earthquake using strong ground motion records”, J. Phys. Earth, 44, 473-488.

Sibson, R. H. (1992), “Implications of fault-valve behaviour for rupture nucleation and recurrence”.
Tectonophysics, 211, 283-293.

Somerville, P., K. Irikura, R. Graves, S. Sawada, D. Wald. N. Abrahamson, Y. Iwasaki. T. Kagawa.
N. Smith, and A. Kowada (1999), “Characterizing earthquake slip models for the prediction of
strong ground motion”, Seism. Res. Lett., 70, 59-80.

Wald, D. J. (1996), “Slip history of the 1995 Kobe. Japan, earthquake determined from strong
motion, teleseismic, and geodetic data”™, J. Phys. Earth. 44, 489-503.

Wald. D. J., T. H. Heaton, and K. W. Hudnut (1996), “The slip history of the 1994 Northridge,
California earthquake determined from strong-motion, teleseismic, GPS and leveling data™,
Bull. Seism. Soc. Am., 86, S49-570.,

Wells, D. L. and K. L. Coppersmith (1994), New empirical relationships among magnitude, rupture
width, rupture area, and surface displacement”, Bull. Seism. Soc. Am., 84, 974-1002.

Yoshida, S., K. Koketsu, B. Shibazaki, T. Sagiya, T. Kato, and Y. Yoshida (1996), “Joint inversion
of near- and far-field waveforms and deodetic data for the rupture process of the 1995 Kobe
earthquake™, J. Phys. Earth, 44, 437-454.



