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ABSTRACT

The characteristics of near source two-dimensional strong ground-
motion resulting from complex fault rupture processes and velocity struc-
tures have been examined based on two-dimensional wave field modeling.
To construct the two-dimensional surface seismic wave field, the synthetic
seismogram of each grid space was simulated by theoretical Green’s
functions. Numerical experiments were constructed by testing different
source parameters and velocity structures. The analysis undertaken in this
study can be considered as a two-dimensional seismic waveform analysis
and offered as a wider view for studying the wave propagation from a large
earthquake. Results of this study provide significant information about the
temporal and spatial wave field snapshots on the near source area. It is
found that the wave fields are strongly affected by the changes of fault
geometries, rupture velocities and near fault seismic velocity structures. In
this study, the newly developed wave field simulation procedure is applied
to analyze the near source ground motion characteristics of the 1999 Chi-
Chi, Taiwan earthquake. Summing up the modeling results and comparing
with the observed near source wave field of the Chi-Chi earthquake, we
find that the Chelungpu fault haslower seismic velocity in the footwall than
in the hanging wall, and seismic velocities of the footwall side, at least on its
surface, are lower than its apparent rupture velocities.
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1. INTRODUCTION

Near source ground-motion is the most significant factor bringing about large earthquake
disasters. Detailed analysis of the near source ground-motion characteristics of an earthquake
provides precious information about its source and seismic velocity structures. The deploy-
ment of strong motion instruments in many seismically active areas has provided an invalu-
able collection of near source data on the motion of the ground during earthquakes. However,
since these data yield absolute ground motion at discrete locations and usually the spacing
between recording sites is much larger than the wavelengths of the analyzed seismic waves,
the spatial information from nearby seismic records usually are not used. Otherwise, analyzed
results using different constraints can be different within the same data set. For example, wave-
form modeling for source rupture processes (Hartzell and Heaton 1983; Takeo 1987; Beroza
and Spudich 1988) and lateral variations in the earth crust (Wen and Helmberger 1997) have
been considered so as to minimize errors in the observed seismograms. However, due to spa-
tial aliasing of the data, uncertainties with regard to waveform fitting were difficult to evaluate
from seismograms with station spacing greater than the signal wavelengths of interest.

A major earthquake (M, = 7.6) occurred near the town of Chi-Chi in Nantou Country in
central Taiwan at 1:47 a.m. (local time), September 21, 1999 (UTC was 17:47, 20 September
1999). This was the largest inland earthquake in the past 100 years in Taiwan. This disastrous
earthquake was well recorded by more than 400 free field digital accelerometers operated by
the Central Weather Bureau (CWB) which has monitored earthquake activities in Taiwan
since 1990 (Shin 1993). The data set represents the most complete strong-motion records in
the world for studying the disaswous earthquake’s source rupture processes and ground motions.
Many important discoveries about this centurial earthquake have been studied and reported.
The location and source type have been examined by using seismic data (Shin et al. 2000;
Wang et al. 2000), waveform inversions (Kikuchi et al. 2000; Lee and Ma 2000; Ma et al.
2000), and forward simulations (Dalguer et al. 2001; Huang 2000; Huang et al. 2000; Oglesby
and Day 2001). Although, it is realized that the seismic data from the 1999 Chi-Chi, Taiwan
earthquake provided an unique opportunity to study the earthquake source properties based on
the spatial information between seismic records, nonetheless, till now, only a few reports have
discussed the source properties in using the this information.

In this study, a modeling procedure is developed to construct a two-dimensional (2-D)
wave field and to analyze the characteristics of near source strong ground motion resulting
from fault rupture processes and velocity structures. The temporal and spatial strong-motion
snapshots around the near fault region were established and analyzed to inquire how the fault
dip angle, velocity structure, and rupture. velocity influenced the ground-motion energy
distribution. Results of this study can be considered as a two-dimension seismic record analy-
sis and be offered as a wider view for studying the ground-motion as results of a large earthquake.
Employing these modeling results, the near source ground motion characteristics of the Chi-
Chi earthquake were examined based on its temporal and spatial variations. They indicate that
the Chelungpu fault had lower seismic velocity in the footwall than in the hanging wall, and
seismic velocities of the footwall side, at least on its surface, are lower than its apparent rup-
ture velocities.
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2. METHOD AND MODEL CONSTRUCTION

To construct the 2-D wave fields, the ground motion should be extracted from the 2-D
grid points of the study area. To consider the temporal variation of the wave field, the seismic
seismogram on each grid was required. In this study, the synthetic seismogram as displace-
ment record on each surface grid point was simulated by the summarized dislocation point
source rupture on the grid points of the fault plan. Herein, the point dislocation was con-
structed by a set of full waveform Green’s functions (Johnson 1974). Finally, to simulate a
finite fault source rupture, the seismogram on each surface grid point was obtained by summa-
rizing the point source seismogram over each grid point of fault plan. Herein, to convert syn-
thetic seismogram of an individual point to a 2-D wave field as a snapshot, a Green’s function
database was constructed. In detail, the procedure in obtaining a seismogram involves follow-
ing the flow chart as shown in Fig. 1. To learn the characteristics of the 2-D wave field from a

The simple flow chart to compute the 2-D synthetic wave field

Set up “Green’s function database™.

Y

s N
Use Green’s function database to calculate the synthetic ground motion trace of every

single station on the ground surface. There were 51 x 51 grid points, as the stations
were distributed equally on the ground surface. Then, build up the “ground motion

database™.

y

Cutting the snapshots from “ground motion database” per five

seconds or any time second needed, and plot the snapshot

Y

Calculate the peak value of every synthetic trace, and plot the

snapshot figures.

Y

Analyze the pattern of snapshots, and sum up the

characteristics that appear on the figures.

U

Compare the simulated results with the observation records.

Fig. 1. Simple flow chart to represent the computation procedure generating the
synthetic 2-D wave fields, etc.
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complex source rupture, numerical models, including several different dip angles and velocity
structures are examined. Finally, the spatial distribution snapshots of ground-motion at each
selected time were obtained for future studies.

According to numerical simulation, it is found that, in homogeneous medium, the main
features of near source ground motion were caused by its source rupture properties. In order to
model the influences from the source rupture, we designed several source models to simulate
the ground motion, and tried to summarize the characteristics from the simulated results. We
also found that the dip angle plays the major role in influencing the near source ground motion
characteristics. To demonstrate the effect of source dip angle, we first set the source models as
a line source and a plane source with a different dip angle: 15°, 30°, 45°, 60°, and 90°. All
source models had the same strike and slip angles that were 0° and 90°, and the rupture direc-
tion was from south to north with uniform rupture velocity that was 0.8 times the S wave
velocity. In the case of line source, the fault dimension was assigned as 90 km in length, and in
the case of the plane source, it was defined as 90 km and 25 km in length and width, respectively.
In both cases, a seismic velocity model with P-wave and S-wave velocity of 6.15 km s and
3.55 km s! were assumed, respectively.

In cases of a non-homogeneous medium, we examine the difference of velocity structure
on the hanging wall and on the footwall which may have the remarkable effect in influencing
the ground motion. We analyzed the ground motion effect induced by different wave veloci-
ties on the hanging wall and on the footwall side.

The rupture velocity of a finite fault was considered as another major factor to influencing
the ground motion characteristics. In the second step of this study, we try to test the non-
uniform rupture velocity case and sum up the influences from rupture velocity. Herein, the
rupture velocities are examined in different cases, which are from 0.8 times the S wave veloc-
ity to 0.6 times the S wave velocity, and the rupture direction is considered to propagate from
the southern end of fault to its northern end.

3. ANALYZED RESULTS

After the systematic modeling for cases of different source and velocity models, the data-
base of 2-D wave fields was constructed. Those simulated time-dependent 2-D ground mo-
tions may provide critical constraints to assist with waveform modeling in the study of source
rupture processes and seismic amplifications in different soil conditions. Herein, results of this
study will focus to the near source ground motion characteristics induced by different source
parameters. Sensitivity of some selected source and velocity parameters are closely examined
in the following section.

3.1 Influences of Fault Plane Dip Angle

Dip angle of a fault plane is an important factor influencing the ground-motion directivity
that was displayed on the ground-motion snapshots. Figure 2 shows the simulated ground-
motion snapshots in different dip angles of an underground rupture case. The simulated ground-
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Fig. 2. Simulated ground motion snapshots. These snapshots depict the surface
motion 35 sec after the initiation of the rupture process. The red rect-
angle shows the fault outline projected on the ground surface. The colors
and numbers on the scale bar indicate the ground motion of the wave
field. The positive numbers indicate the upward ground motion, and the
negative numbers indicate the downward ground motion.

motion snapshots demonstrated that the upper boundary of the fault plane could be identified
more clearly in the high dip angle case than in the lower dip angle case. Figure 3 presents the
snapshots of the peak value distribution of the simulated ground-motion with different dip
angles. The pattern of peak value snapshots displayed the directivity of source rupture direc-
tion more clearly with high dip angle then with lower dip angle. Examining the difference in
ground-motion peak value between the positions above the rupture start and the rupture end in
different dip angles, we found that the dip angle of rupture plane could be a remarkable factor
influencing the ground-motion and high dip angle induced high amplitude difference.

3.2 Influences of Velocity Structure

In testing for the influence of discrepant velocity structures, we assumed there was a
discrepancy of wave velocity in the hanging wall and in the footwall. Figure 4a shows the
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Fig. 3. Peak value snapshots of the simulate ground motion at different dip angles.
The yellow rectangle shows the fault outline projected on the ground
surface. ‘

ground-motion snapshots for a fault rupture with different seismic velocity on the footwall
side. The simulated results demonstrate that the ground-motion snapshots displayed the linear
phase wave front when wave propagation velocity was lower then rupture velocity. The tem-
poral evolution of those wave fields are clearly displayed in Fig. 4b.

3.3 Influences of Rupture Velocity

The rupture velocity is not uniform during fault fracture, and the rupture velocity of fault
fracture from south to north decreases by degrees from 0.8 times S wave velocity to 0.6 times
S wave velocity. The variation of rupture velocity of fault fracture from south to north is about
0.003 times S wave velocity per kilometer. Figure 5 shows the ground-motion peak value with
different dip angles. Comparing with Fig. 3, the directivity effect was estimated from the
snapshots of ground-motion peak value and it was found that this effect becomes weak, no
matter how low or high the dip angle is.

Figure 6 shows the simulated ground motion snapshots which are calculated with the
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Fig. 4. (a) Line source ground motion snapshots with different seismic velocities

on the hanging wall and the footwall. The red line shows the fault line
projected on the ground surface. These snapshots depict the surface mo-
tion 40 sec after the initiation of the rupture process. The snapshot, at the
bottom left, assuming that the S wave velocity on the footwall is 0.8
times the S wave velocity of the hanging wall and the rupture velocity is
equal to 0.8 times S wave velocity on the hanging wall. The snapshots,
on the right, have lower S wave velocities on the footwall than its rupture
velocity. The snapshot at the upper left has S wave velocities on the
footwall higher then its rupture velocities. (b) Ground motion snapshots
of the plane source model in different seismic velocities on the hanging
wall and the footwall. They are based on the assumptions that the S wave
velocity on the footwall is 0.6 times the S wave velocity of the hanging
wall, and the rupture velocity is equal to 0.8 times the S wave velocity on
the hanging wall. These snapshots depict the surface motion from 5 sec
to 40 sec after the initiation of the rupture process.
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Fig. 4. (continued)
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same rupture velocity set as Fig. 5. The numbers in the parentheses are the difference of ground-
motion peak value between the positions above the rupture start and the rupture end. Com-
pared with the uniform rupture velocity case (Fig. 2), when the rupture velocity was lower
than 0.8 times the S wave velocity, the difference of ground-motion peak value between the
positions above the rupture start and the rupture end had decreased.

4. DISCUSSION AND CONCLUSIONS

At 1:47 am. (local time) of 21 September 1999, an M, =7.6 earthquake struck central
Taiwan near the town of Chi-Chi. The source focal mechanism of the Chi-Chi earthquake was
a pure reverse type dipping 30 degrees to the east, at a shallow depth of less than 10 km. It
trigged an active fault (the Chelungpu fault), which was 90 km long, north-south trending, and
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Fig. 5. Peak value snapshots of the simulated ground motion at different dip
angles. The rupture velocity of fault fracture from south to north de-
creases from 0.8 times the S wave velocity to 0.6 times the S wave velocity.
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Fig. 6. Ground motion snapshots and the difference (the numbers in the
parentheses) of ground motion peak value between the positions above
the rupture start and the rupture end at different dip angles. These snap-
shots depict the surface motion 35 sec after the initiation of the rupture
process. The rupture velocity of fault fracture from south to north.de-
creases from 0.8 times the S wave velocity to 0.6 times the S wave velocity.

was mostly of the thrust type. The source rupture covers an area nearly 100 km x 40 km in
length and width, respectively. All the observations definitely indicated different responses of
ground motion on the hanging wall side and on the footwall side. Results from source rupture
inversion showed the fault ruptured from south to the north, and revealed the west movement
of the hanging wall to the footwall on the eastern dipping angle (Kikuchi et al. 2000; Lee and
Ma 2000; Ma et al. 2000). Figure 7 is the near source 2-D ground motion snapshots which
were reconstructed from the observation records of Chi-Chi earthquake (Huang 2000). In this
figure, the pattern of wave front propagation was very different between the western and east-
ern side of the earthquake fault. The source rupture propagated toward the northern end of the
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K Fig. 7. Ground motion snapshots
in the near-source area.
The first snapshot, at the
top left, is taken 26 sec
after the onset of the
source rupture. The suc-
ceeding panels are taken
0.5 sec apart. The last
snapshot depicts the sur-
face motion 29.5 sec after
the initiation of the rupture
process. The colors and
accomplished positive and
negative numbers on the
scale bar indicate the up-
ward and downward
ground motion of the
wavefields (Huang 2000).
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fault and displayed the sharp linear phase wave front propagation from the fault plane in the
northwest direction on the footwall. This phenomenon is similar to the modeling results of
Fig. 4 and its reason may be due to lower seismic velocity than its rupture velocity in the foot
wall side.

Based on the summary of the ground-motion snapshot characteristics that resulted from
several assumed cases, we proved that the source shape, dip angle, uniform or non-uniform
rupture velocity, and velocity structure could be very important factors influencing how a
ground-motion wave field develops. Herein, comparing with the observation records, we sup-
port that: The Chelungpu fault had lower velocity structure in the footwall than in the hanging
wall, and the seismic velocity on the foot wall side was lower than the rupture velocity of the
Chi-Chi earthquake.
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