BULLETIN OF THE EARTHQUAKE
REsEarcH INSTITUTE
UnNiversity oF Tokvyo

Vol. 61 (1986) pp. 97-127

Strong Ground Motion Simulation of the 1976
Ninghe, China Earthquake

Yifan YUAN* Shizuyo YosHizAWA and Yutaka OSAWA

Earthquake Research Institute
(Received January 31, 1986)

Abstract

The strong ground motions observed during the Nov. 15, 1976
Ninghe, China earthquake (M=6.9) have been simulated by the finite
difference method. By analyzing observed accelerograms, an accelera-
tion source function of impulsive shape is assumed for synthesizing
observed accelerograms. The effects of lateral heterogeneity of ground
structures are taken into account in this study. The simulated results
show that the energy was released in a small region surrounding the
hypocenter in the Ninghe earthquake, the strike slip was predominant
on the fault and the maximum acceleration might be over 1g at the
hypocenter. Even with a relatively simple rupture process, ground
motions become complicated due to reflection and scattering of seismic
waves, especially in laterally heterogeneous ground structure.

1. Introduction

In order to prevent and mitigate earthquake disasters, it is necessary
to assess hazards caused by future earthquakes. An estimation of strong
ground motions is important for the hazard assessment. Great efforts
have been made for investigating strong ground motions in recent years.
The time histories of ground displacement or/and velocity have success-
fully been simulated for some particular earthquakes by assuming simple
models of source mechanisms and ground structures (Axi, 1968; HASKELL,
1969; MIKUMO, 1973; TRIFUNAC, 1974; HEATON et al., 1979; BOUCHON, 1982;
OLSON et al., 1982; IMAKAWA et al., 1984; ARCHULETA, 1984). These results
were limited, however, to long period components of ground motions
(say, greater than one second). Recent studies have shown that it is
possible to analyze near-field seismic ground motions in a short period
range considering a more complex rupture process on the fault, such as
barrier or asperity model (AKI, 1982; Boorg, 1983). On the other hand,
the short period strong ground motions that may produce major damage
to ordinary structures is considered as having resulted from multi-
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reflection of seismic waves in shallow sediment layers or scattering waves
propagating in the heterogeneous ground. If the wavelength investigated
is in the range of the same order as the characteristic dimension of the
heterogeneous structure, such as the radius of sediment basin, the effects
of heterogeneity should be taken into account (WONG et al., 1977). It
brings on, however, much more difficulty in analyses, so that only a few
cases can be solved analytically. Numerical methods have been success-
fully used for calculating near-field seismograms and other dynamic
problems, especially when the wave fields in the vicinity of heterogeneous
ground structures or sources are taken under consideration (BOORE, 1972;
ALTERMAN et al., 1972; LiA0 et al., 1980; FUYUKI et al., 1980; ZAMA, 1981,
YUAN et al., 1984).

Seismic ground motions may depend on complex dynamic rupture
processes on the fault, crustal and recording site ground structures. In
order to study their effects on seismic ground motions, an effective ap-
proach was introduced by investigating observed seismograms at a parti-
cular region, where the crustal and ground structures are well known.
Therefore the effects of source, crust and site may be estimated indivi-
dually. In most cases, however, the site conditions, crustal structure
and earthquake rupture process are not well known and effects of these
factors are not well separated. In this study, particular characteristies
of the strong ground motions observed for the 1976 Ninghe earthquake
are used to constrain fault parameters in advance. Moreover, the lateral
inhomogeneity of underground structure at observation stations is taken
into account in the simulation to interpret the complexity of strong
seismic ground motions.

At first, the time histories of ground acceleration observed during
the Ninghe earthquake were investigated. Based on the investigation,
we propose an acceleration source function of impulsive shape to describe
faulting process at the source. According to the available data, three
ground models were constructed for different observation stations. A
vertical interface was introduced to study the effects of lateral hetero-
geneity of observation sites. Then synthetic accelerograms were com-
puted by the finite difference method. The unified transmitting method
was used to deal with transmitting boundaries in numerical caleulation.
With explanation about the computational models, we present some
measures for saving the memory storage and CPU time of computers.
In the last part we describe what parameters affect synthetic accelero-
grams sensitively and compare synthetic accelerograms and their response
spectra with observed ones. Meanwhile the character of the Ninghe
earthquake is discussed briefly.
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2. Description of the Earthquake

The Ninghe earthquake was the second strongest aftershock of the
Tangshan, China earthquake. The Tangshan earthquake brought about a
great loss of life and caused extensive damage. Fig. 1 shows a map of
the Beijing-Tianjin-Tangshan area with earthquake epicenters and the loca-
tions of accelerographs. Cross 1 shows the epicenter of the main shock
of the Tangshan earthquake, crosses 2 and 3 show the strongest after-
shocks. Cross 3 shows the epicenter of the Ninghe earthquake of mag-
nitude M=6.9, which occured on Nov. 15, 1976 at a depth of 15 km.
These parameters are shown in Table 1. Fig. 2 illustrates data on P-
wave first-motions and a possible fault plane solution of the earthquake
(ZHANG et al., 1980; ZHAO et al., 1984). The distribution of aftershocks,
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Fig. 1. Map view of the Beijing-Tianjin-Tangshan area showing
epicenters of Tanshan earthquakes (the main shock and the two strongest
aftershocks) by crosses and locations of accelerographs used in this study
by squares. Outline of China within the frame shows the approximate
location of this area.
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Table 1. Parameters of the Tangshan earthquakes. The number of each
earthquake is shown in Fig. 1.

Occurence Date Origin time Latitude | Longitude D(%)SI Magnitude

July 27, 1976 19h 42m UT 39°36’N | 118°00'E 22 7.8
July 28, 1976 10h 45m UT 39°40'N | 118°34'E 23 7.1
Nov. 15, 1976 13h 583m UT 39°24’'N | 117°38’E 15 6.9
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Fig. 2. The first P motions and fault plane solution of the Ninghe earth-
quake. The solid and empty circles indicate local (on the left, ZHAo et al., 1984)
and global (on the right, from ZHANG et al., 1980) compressional and dilatational
projects, respectively. According to analyses of rupture mechanism and distri-
bution of aftershocks, the plane of strike N30°W is determined as the fault
plane of the Ninghe earthquake.

Table 2. Fault plane solution of the Nov. 15, 1976 Ninghe earthquake.

Strike |Dip angle

Plane 1 l Plane 2 ‘ P-axis ! T-axis
| !
|

Strike ‘Dip angle Direction j Dip angle - Direction i;Dip angle

i |
i i

*60 SE 80 149 NE 70 ] 105 ‘ 20

##60 SE | 90 15 NE = 60 289
| i

* from ZHAO et al., 1984,
** from ZHANG et al., 1980.

whose magnitudes were greater than 5.0 and occurred after the main
shock is shown in Fig. 3a (ZHANG et al., 1980). The distribution of after-
shocks occurred in one day after the Ninghe earthquake, while some
aftershocks of the main shock are also shown in Fig. 3b (ISHIKAWA et
al., 1983). The aftershocks of the Ninghe earthquake seem to be distri-
buted along a line in a NNW direction which is nearly perpendicular to
the line of aftershock distribution of the main shock, and they are
located in a narrow band within a segment of about 20 km. Because
there is no trace of faults on the ground surface in the Ninghe region,
we will assume that the fault of the Ninghe earthquake runs N30°W
according to the aftershock distribution. The length and width of the
fault are assumed to be 20 km and 12.5 km, respectively. As will be
explained later, the length and width of the fault are not significant for
simulating ground motions of the Ninghe earthquake. Since the dip
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Fig. 8. The aftershock distribution of the Tangshan earthquake for magnitudes
greater than 5.0 until Aug., 1978, is shown in Fig. 8a. Aftershocks of the main shock
are distributed along direction NNE while aftershocks of the two strongest aftershocks
seem to be distributed on the line perpendicular to that line. In Fig. 8b, large circles
show aftershocks during the one day after the Ninghe earthquake, while small circles
show aftershocks of the main shock with magnitudes greater than 2.0.

angle of the fault is greater than 60° or 70° (Table 2), we assume the
fault is vertical for simplification. With these assumptions a satisfactory
simulation of strong ground motion was obtained for the Ninghe earth-
quake as shown in the following.

3. Strong Ground Motion Records

Accelerograms of the Ninghe earthquake were recorded at several
observation stations in northern China. The accelerograms recorded at
the four stations shown in Fig. 1 are suitable for study. The four sta-
tions are: Tianjin (4=52km), Beijing (4=128 km), Tongxian-1 (4=99
km) and Tongxian-2 (4=102km). The Tongxian-1 and Tongxian-2 are
near each other.

Fig. 4 illustrates the accelerograms at the four stations, among
which the maximum acceleration of 146 gal was recorded in the NS
component of Tianjin records. These observed records suggest the fol-
lowing features.

(1) There is a noticeable pulse-shaped waveform in all the horizontal
components of observed accelerograms, particularly in the Tianjin records,
in which large pulse waveforms arrived at the same time in the two
horizontal components. LIN et al. (1979) have corrected the location of
the epicenter taking this pulse wave as the arrival of the first S-wave
in their study. The redetermined epicenter is closer to the region with
the most serious damage than that determined by the seismograph net-
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Fig. 4. Accelerograms of the Ninghe earthquake (Nov. 15, 1976, M=6.9)
recorded at Tianjin, Beijing and Tongxian (see Fig. 1) with the maximum ac-
celeration of 146 gal at the NS component the Tianjin records. There are two
stations in Tongxian (1 and 2). It is noticeable that a relatively long period
wave (period about 1 second) is predominant in all of the accelerograms recorded
at the different stations.

work located in northern China. We adopt this assumption that the
large pulse waveforms are the first direct S-waves in the following
analyses. In fact, if we assume the source function has an impulsive
shape, the seismic waves radiated by the source will also have an impul-
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sive shape (YUAN et al., 1984). According to this property, we assume
an acceleration source function of an impulsive shape (Fig. 10) for synthe-
sizing accelerograms.

(2) All of these accelerograms contain a relatively long period wave,
although these stations are located in different places. From Fig. 5,
which shows the Fourier spectra of these records, we can conclude with
confidence that a predominant component of a period of about 1 second
exists in all of these records.
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Fig. 5. The Fourier spectra of observed acceleration records during the
Ninghe earthquake. The component of a period of about 1 sec is predominant
in all of these spectra.
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In fact, in accelerograms observed in Tianjin during the other earth-
quakes, which also occured in northern China, any component of period
about 1 second is not predominant (PENG, personal communication, 1985).
It may prove that the component does not reflect the local site property,
in other words, it may come from the source mechanism of this parti-
cular earthquake. According to this assumption, we assume the duration
of the acceleration impulse is 1 second in the source function (Fig. 10).
That is, the source radiates the wave of a period of about 1 second pre-
dominately.

(3) The difference of epicentral distance between the stations Tong-
xian-1 and Tongxian-2 is only about 3 km, but their time histories of
ground acceleration are fairly different from each other. A horizontal
layer model can not explain this phenomenon, because there is no obvious
difference between ground acceleration waveforms when seismic waves
propagate in a horizontal layer model (Fig. 16, Fig. 17). A reasonable
explanation is that it may have resulted from lateral heterogeneity of
ground structures between the two stations.

Since the EW component of records in Tongxian-1 is very small
having abundant high frequency components as compared with the NS
one, the accelerograph may have been involved with some trouble.

(4) Another interesting aspect appears in their acceleration response
spectra (Fig. 6). For example, in the spectrum of the NS component of
Tianjin, if the damping factor is changed, peak values at the period of
about 1 second do not change so significantly as the other peak values,
say, at the period of about 0.3 second. It might be explained as follows:
the response of a single freedom system being applied by an impulse
will be different from the case of succesive impulses. Obviously, if
damping of the system is changed, the response of the former will not
change so remarkably as that of the latter. Similarly, in the spectrum
mentioned above, the peak values at about 0.3 second might be caused
by succesive impulses, which are produced by multi-reflecting waves in
sediment layers. Therefore, the peak values may reflect the property
of the ground structure. In contrast, the peak values at about 1 second
might be caused by an impulsive wave which came from the source
directly.

() The vertical components were not recorded except at Tianjin.
We can not use, then, vertical components as a measure checking the
validity of our simulation.

For the purpose of comparing more clearly between the observed
and the synthetic accelerograms we filtered the observed records using
a low-pass filter with the cut-off frequency of 2 Hz (Fig. 7). Comparing
Fig. 7 with Fig. 4, one can find that the filtered accelerograms keep the
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Fig. 6. The acceleration response spectra of observed records during the
Ninghe earthquake. H is damping factor.

principal features of the original ones. The large pulse-shaped wave-
forms appear in all the accelerograms, thus indicating they may be pro-
duced at the source.
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Fig. 7. Filtered accelerograms of the Ninghe earthquake by a low-pass
filter with eut-off frequency of 2 Hz. Principal features of the observed records

are retained.
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4. Faulting Model

The representation theory of dislocation (MARUYAMA, 1963) is used
to synthesize theoretical accelerograms. The source fault model drawn
in the Cartesian coodinates with the origin located at the source point
is shown in Fig. 8. v is the normal unit vector of the fault plane. 6

1
|
4
X3

Fig. 8. The source coodinate system. D is the dislocation
vector on the fault. v is the normal vector of the fault plane.
6 is equal to the dip angle of the fault. ¢ is the angle between
the dislocation vector and the axis Xj.

is equal to the dip angle of the fault, D is the dislocation vector and
D=D,F(t), where D, is the peak value and F'(t) is the source time func-
tion. ¢ is the angle between the dislocation vector and the axis X.
The original representation formula may be rewritten, after some deduc-
tion and rearrangement, in the cylindrical coodinates (r, ¢, z) as follows:

u,=ul(r, ¢, 2) sin ¢ cos 20+ u}‘(r, go—izr—, z) cos ¢ cos 26

—u(r, ¢, 2) cos ¢ sin 0 —[u,M(r, ¢, 2) +u,”V (r, 0, 2)] sin Y sin20 (1)

where u, may represent displacement, velocity or acceleration depending
on the type of source function. For J=I, ¢g=1 and J=II, ¢=2, it reads,
Bs(,ry Z) Sin qSD
u’(r, ¢, 2)=|C,(r, z) cos gp (2)
F,(r,2) sin gp

and for J=III, ¢g=2 and J=IV, ¢=0,
A,(r, z)cos gp

u’(r, o, 2)=|D,(r, 2) sin qp (3)
E,(r, z) cos qp

where ¢ is the azimuth angle factor, which depends on types of simple




108 Y. YuaN, S. YosHizawa and Y. Osawa

source, B, A,; C,, D,; E,, F, are radial, transverse and vertical com-
ponents, respectively, and

A,=B,=Il(r)
C.=D,=1llg) (4)
E=F.=II()
where
Amy= Do 3 B P m)f =)+ Pufm)f =), m=r. .z

(5)

where t,=Rla, t;=R/B, R*=7r'+2"; a=+v(A+2p)lo and B=+'p/p are
longitudinal and transversal wave velocities, respectively. 1 and p are
Lamé constants. In this paper we let A=pg. The radiant factors P, (m)
for 2=p are shown in the appendix. &, »,', u,” and u,)V express four

basic simple point sources. They are:

Source I the dip slip on a vertical fault plane.

Source II  the strike slip on a vertical fault plane.

Source III asymmetrical component of horizontal tensile fracture on a
vertical fault plane.

Source IV the sum of symmetric component of horizontal tensile frac-
ture on a vertical fault plane and vertical tensﬂe fracture
on a herizontal fault plane.

The seismic waves radiated from any point source with arbitrary slip
angle and arbitrary dip angle of the fault can be obtained by combining
those of the four simple sources. In our analyses, the source III and IV
are neglected by assuming a vertical fault plane of the Ninghe earth-
quake.

Another important virtue of the rewritten representation formulas
is the reduction of three dimensional problems into two dimensional ones
by separating coodinate ¢ from » and z. Obviously, this can save memory
and computational time, since only two dimensional functions need to be
computed, although there still remain three components in the whole
problem (see Eq. 10).

A vertical rectangular plane fault is assumed as the source of the
Ninghe earthquake. Fig. 9 shows a schematic display of fault geometry
as well as observation stations. The fault is divided into square sub-
faults with equal side lengths of 2,56 km. A point source is placed at
the center of each subfault. The rupture starts from the hypocenter
located at the center of the fault plane, then spreads radiantly. The
rupture speed is assumed to be constant. Synthetic accelerograms from
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Fig. 9. Schematic picture of the fault model and observation station.
The fault is divided into equal subfaults and a point source is placed at the
center of each subfault. In computing synthetic accelerograms due to a point
source, the origin of source coodinates is located at the center of each subfault.

both the strike and dip slips are computed. The total accelerograms
have been obtained by superposing the contributions from each point
source. Some other rupture processes, such as unidirectional or bilateral
ruptures, have been adopted to find the most suitable source process.
No significant difference has been found among them for simulating
ground motions of the Ninghe earthquake.

Instead of displacement or velocity, we simulate time histories of
ground acceleration using an acceleration source function. The accelera-
tion source function is shown in Fig. 10 as well as the corresponding
displacement and velocity waveforms. It may be expressed by the fol-
lowing formulas:

F.(t)=F(t)—F(t—T,)

Fit)=16# 0<t<0.25T,
2
=1—48< —g_) ¢ 0.25 T,<t<05T,
2
=1+48(t—_";9> (E—T) 05T,<t<0.75T, ( (6)
= —‘16(t‘— 7%)3 0.75 Qwoégtiggjw
::() t<::0, t:>'1w0

Where T, is the duration of acceleration or deceleration impulse, and T
is the delay time of deceleration impulse. In fact, it consists of accele-
ration and deceleration impulses, Generally speaking, 7T, is not equal to
T;, the height and duration of acceleration impulse is not equal to
that of deceleration impulse. Moreover, the whole process may include
several subfaulting processes (SATO, R., 1984), namely, the whole process
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Fig. 10. An acceleration time source function used in this paper. The
function consists of a acceleration and a deceleration impulse. The 7T, is the
duration of the impulse and the T, is the delay time of the deceleration impulse.
For simplifying analyses, the height and the period of acceleration and decele-
ration impulses are assumed to be equal. The corresponding velocity and
displacement waveforms are also shown in this figure.

may include several acceleration and deceleration processes with different
heights and durations. For ease in computation, however, we assume
that both the acceleration and deceleration impulses have the same height
and duration at each subfault. The time interval between the peak
values has the same order as the rise time of the ramp displacement
source function usually used in many studies.

5. Medium Model

The crustal structure the of Beijing-Tianjin-Tangshan area has been
studied from several industry explosions and some data of earthquake
observation (TENG et al., 1979). The results are shown in Table 3. The
hypocenter of the Ninghe earthquake is located in the second layer and
the fault may extend into the third layer, but we assume the second
layer extends into infinity in the simulation. As will be shown later,
this approximation does not affect accelerograms significantly.

Fig. 11 shows the bottom surface bathymetric lines of the Quater-
nary system in the Beijing-Tianjin-Tangshan area (L1, 1982). According
to the figure, it is difficult to conclude that the upper ground structure
of this area is laterally homogeneous. The depths of base rock are not

Table 8. Velocity structure of the Beijing-Tianjin-Tangshan-
Zhangjiakou area.

Thickness P-velocity S-velocity
(km) (km/sec) (km/sec)
5.3 4.52 2.61
14.4 5.91 3.44
16.7 6.83 3.87
oS 7.99 4.60
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Fig. 11. The bottom surface bathymetric lines of the Quaternary system
in the Beijing-Tianjin-Tangshan area (from Li, 1982). It shows that the depths
of base rock under the observation stations are all different. The two Tongxian
stations are located in the region, where the depth of base rock changes rapidly.

uniform. It may be about 100 m at the Beijing station and about 500 m
at the Tianjin station. The two Tongxian stations are situated in the
region where the depth of base rock changes rapidly from 200 m to 400 m.
Therefore lateral heterogeneity of ground structure should be taken into
account within the frequency range under consideration in simulating
ground motions of Tongxian stations. On the other hand, it is not neces-
sary to take a laterally heterogeneous ground structure model for all
stations, because these stations are quite far from each other except for
the two Tongxian stations. The secattering waves on the interface of
the base rock at one station will arrive in later accelerograms at another
station. As indicated earlier, it is satisfactory to simulate only the direct
path S wave and its reflecting, refracting or scattering waves due to
discontinued interfaces of ground structures near the stations. In fact,
the unified ground structure model requires too heavy computational work
to complete in an acceptable CPU time. A suitable approach to over-
come the difficulty is to provide different ground structure model for
different stations considering the local site condition. Therefore, three
medium models are proposed for the four stations in this paper (Fig. 12).
The model-1 is for Tianjin, the model-3 is for Beijing and the model-2
is for the Tongxian stations. In fact, the base rock under the Tongxian
stations does not dip vertically, but for the sake of simplifying the
analysis we assume a vertical interface as the first approximation to
interpret the principal features of the observed ground motions.

Only shallow boring data (2<70 m) near the stations and some results
of seismic prospecting tests are available for understanding the velocity
structure of the upper sediment layers (PENG, personal communiecation,
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Fig. 12, Ground structure models of observation stations. The model-1 is
for the Tianjin station, the model-3 is for the Beijing station and the model-2
is for the Tongxian stations, in which a vertical interface is introduced to study
effects of lateral heterogeneity of ground stucture. Elastic parameters and
thickness of each layer are shown in Table 4. Different mesh sizes between
slow and high velocity layers are to guarantee computational accuracy and save
cost of computation.
Table 4. Elastic parameters of the ground structure models.
} Model 1 Model 2 Model 3
H1 | 0.5 HL1 0.5 0.1
HR1 0.2
Depth (km) H2 4.8 HL?2 4.8 5.2
HR2 5.1
H3 o [es) fee
ol | 2.0 2.0 2.0
Density
(kg/m?) 02 2.6 2.6 2.6
03 2.8 2.8 2.8
Vol 1038.0 692.0 346.0
P-wave
velocity (m/s) Vo2 4520.0 4520.0 4520.0
V3 5960.0 5960.0 5960.0
Vel 600.0 400.0 200.0
S-wave
velocity (m/s) V2 2610.0 2610.0 2610.0
V.3 3440.0 3440.0 3440.0
1985). To save computational labour we use a simple sediment soil

sitting on the base rock. Since the soil includes many soil layers, we
have to assume average values of elastic parameters for the layers.
Then they are adjusted by fitting synthetic accelerograms to the observed

ones.

The final results are shown in Table 4.
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6. Finite Difference Method

In the following parts, we call all of waves reflected or refracted by
discontinued interfaces and scattered at heterogeneous region of mediums
as scattering waves and are denoted by u. The total seismic ground
waves denoted by u, are the sum of the waves radiated by the source,
which are denoted by u,, and u.

u,=u,+‘u (7)

The scattering waves » may also be written by separating the co-
ordinates as follows:
for source I (¢=1) and source II (g=2),
B(r, z) sin q¢
u(r, @, 2)=|C(r, 2) cos qp (8)
F(r, z) sin qp
for source III (¢=2) and source IV (¢=0),

A(r, z) cos qp
u(r, ¢, 2)=| D(r, 2) sin qp (9)
E(r, z) cos qp

where two dimensional functions satisfy the following equatlons of motion
for source I (g=1) and source II (¢g=2)

2 2 2
8£:a2[6B+1 oB_B 4 - g oC aF]

ot or*  r or 12 @ 1* r* or @ oroz
| 4 0y 90C_ ¢ B _ o°F ]
+h [ r? Ct+ r or 1 028 oroz
azc_z[i@ B_ % ¢ 121'1]
ot? « r or T 7? 7’ + r oz

(10)

| °C L °C | 19C_C _q0dF _q 0B _q_B]
+‘8[ arz ror r  r 9z rar+r2
2 2 2
aag'=a2[aB+l§§_l aC aF]

09z r 0z r 02 02°

o°F 1@4_1@2_‘121? 9°B laB]
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For source III (¢=2) and source IV (¢=0), it is necessary only to change
functions B, C, F to A, —D, E in the above equations.
By substituting central difference formulas for every differential
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term of Eq. (10), and with proper boundary conditions on symmetric axis
and interfaces, the whole problem can be solved by the finite difference
method. References of algorithm formulas corresponding to each type
of grids used in this paper are shown in Table 5.

Table 5. Reference to finite difference algorithms.

Part of model Equations used
interior points ALTERMAN et al., 1972
conner points FuYuk: et al., 1980
horizontal interfaces ALTERMAN et al., 1972
vertical interface this paper
transmitting boundaries Liao et al., 1984a
symmetric axis YUAN et al., 1984

As shown in Eq. (7), total waves can be divided into two parts, that
is waves radiated by the source and waves scattered at interfaces, so that
we may divide a whole computational region into two parts: interior
region A-B-B’-A’ and boundary region C-D-D’-C’ (Fig. 13). Assuming
the total waves of the interior region and the secattering waves of the
boundary region are known at (p—1)4¢ and pdt, for obtaining waves of
the interior region at the next instant (p+1)4¢, it is necessary to add
incident waves radiated by the source on the line C-C’. Similarly, it is
necessary to subtract incident waves radiated by the source from those
on the line B-B’ for computing the scattering waves of the boundary
region C-D-D’-C’. In terms of this scheme we do not have to compute
seismic waves from the source, which costs too much and sometimes
leads to dispersion.

The broken lines in Fig. 12 indicate the transmitting boundaries,

A A’
£

E

F F!

Bl-— — — —=— B

cpF——————1 ¢

D D’

Fig. 18. The computational model. A-A’ is the surface
ground. E-E/ and F-F/ are layer interfaces. B-C-C’-B’ is
input region, D-D’ is a transmitting boundary at bottom.
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introduced for modeling the radiation conditions of an infinite region at
fictitious boundaries. The unified transmitting boundary method (LiAO et
al. 1984a, 1984b) is applied to deal with the boundaries in this paper.
This method can transmit elastic waves with any incident angle out of
the transmitting boundary under the accuracy required and can be easily
incooperated with the numerical method of transient wave analyses.

In the above model, the whole computational region must include the
symmetric axis, on which the source is located, and the observation
stations. If the epicentral distance is very long and the size of mesh is
small for ensuring a certain accuracy, it will require tremendous compu-
tational work, even if for a point source. A modified method is to divide
the whole region into several subregions (Fig. 14). At first, the subregion
including the symmetric axis is computed for sufficient duration, while
values on the right boundary (transmitting boundary) are stored at every

GROUND SURFACE OBSERVAT\I7ON POINT

w
—
>
<<
(=]
—
o
—
[EN)
=
=
>
%]

4

1
TRANSMITTING BOUNDARY

—

SYMMETRIC AXIS

TRANSMITTING
BOUNDARY

|

N -
l |

| !

1
OBSERVATION POINT

Fig. 14. Schematic picture of computational model, in which
the total computational region is divided into several small regions.
Computation is conducted region by region sequentially. The out-
put values of the right boundary are put to memory as the input
of the left boundary for the next region.
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time step. Then the second subregion is computed, while those values
stored in the computation of the left subregion are taken as the input
at corresponding grids of the left side boundary, and those values of
grids in the right boundary are also stored again for the input of the
next subregion. Sequentially, computation is continued until the necess-
ary results are obtained. This method can save memory storage and
omit unnecessary computational labour, on the waves which have not
arrived or have passed out of the region. Another approach is to com-
pute only one region which includes the observation station. The left
side boundary is treated, say, as a transmitting boundary. By compar-
ing the resulted waves with those of exact resolution obtaining by the
full computation in the whole region, we can find a column of grids,
whose peak value and waveform approximate the exact resolution with
accuracy required. So only those synthetic accelerograms of grids being.
located right of the selected grid are acceptable for simulation.

Another important factor to guarantee successful computation is to
select space and time increment (4r and 4t) (SATO, Y. et al., 1983). After
some numerical tests, we have found Sat6’s result of two dimensional
analyses is still suitable for our problem. Since the small mesh size will
bring computational costs too high, one compromise between saving com-
putational cost and getting better accuracy is to use the small size for
slow velocity layers and the large size for high velocity layers (Fig. 12).
The values of small grids at the interface are obtained by linear inter-
polation from those of large grids. In our computation 4r=50m and
200 m, At=0.01sec are selected for model-1, 4r=25m and 100 m, dit=
0.005 sec are for model-2 and model-3.

7. Results and Discussion

1. Character of synthetic accelerograms.

Fig. 15 illustrates an example of synthetic acceleration time histories
derived for a strike slip point source with only an acceleration impulse
source function at the hypocenter for Tianjin. In this figure, A-A’ is
the ground surface, E-E’ and F-F/ are layer interfaces. It can be seen
from this figure that the first interface gives rise to stronger reflecting
waves than the second interface, since the impedance ratio between the
upper two layers is greater than that between the two lower layers.
Therefore, it may not produce considerable error if deep crustal layers
are neglected in the simulation.

A strike slip source produces quite different ground motions than
that of a dip slip source, if the epicentral distance is about 50 kilometers.
The transverse component of ground acceleration is more predominant
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Fig. 15. An example of synthetic acceleration time histories at different
depths. The source is a strike slip point source at the hypocenter with only
acceleration impulse source function. A-A’ is the ground surface, E-E/, F-F’
are layer interfaces. Waves on C-D-D’-C’ are scattered waves. The mesh sizes
are different actually between A-E-E/-A’ and E-D-D’-E’ (Fig. 12), although they

are the same in this figure.

than radial and vertical ones and its waveform is a rather simple like
pulse shape for strike slip sources (Fig. 16). On the contrary, for dip
slips the transverse component is weaker than radial and vertical ones,
which have more complicated waveforms (Fig. 17). To harmonize with
the observed records, it must be assumed that strike slips are more
predominant than dip slips on the fault of the Ninghe earthquake. Mean-
while, the parameter 7T, and T, of soarce function should be selected
suitably in order to produce the large pulse shaped waves which appear

in the observed records.
The other sensitive parameter affecting synthetic accelerograms is
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Fig. 16. An example of synthetic time histories of ground acceleration in
epicentral distances of about 50km for a strike slip point source with only

acceleration impulse source function. The transverse component is greater than
radial and vertical ones.
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Fig. 17. An example of synthetic time histories of ground acceleration in
epicentral distances of about 50 km for a dip slip point source with only ac-
celeration impulse source function. The transverse component is smaller than
radial and vertical ones.

the rupture speed. Although the final results show the Ninghe earth-
quake to be like a large point source, a slight change of rupture speed
gives rise to a considerable variety of synthetic acceleration waveforms.

2. Comparison of acceleration time histories

Synthetic accelerograms resulting from the above simulating process
are compared with cooresponding observed waveforms in Fig. 18. All of
these accelerograms are aligned according to the arrival time of the first
S-wave. The amplitude scale is so adjusted as to make the peak value
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in synthetic accelerogram of the NS component equal to that observed
at Tianjin station.

There is no universal method for assigning a quantitative measure
of goodness of fit between synthetic and observed data (ARCHULETA,
1984). The criterion for measuring goodness of fit may depend on the
purpose of the individual research. We have also used visual comparison
and physical reasoning in time domain.

The large pulse shaped waveforms in all of these accelerograms are
successfully simulated, except for the EW component of Tongxian-2, and
the maximum amplitudes observed are also successfully simulated, except
for the EW component of the Tongxian-1. It is difficult to duplicate
all the aspects of recorded accelerograms, since the fault and medium
models are not sufficiant in detail. But waveforms following the large
pulse are similar in a gross sense, so general aspects of the synthetic
accelerograms may agree well with the observed data. At the Tianjin
station, the duration of synthetic accelerograms is shorter than that of
observed ones, since we did not compute them for sufficient duration.

The vertical interface in model-2 (Fig. 12) does bring out a large
difference between the synthetic accelerograms of the two Tongxian
stations, which can not be expected from a laterally homogeneous layer
model. Synthetic aceelerograms and observed ones are very similar, es-
pecially in NS components, which indicates that model-2 reflects the
principal property of ground structure at the Tongxian stations.

3. Faulting process ,

After trying more than hundreds of fault models, the most appro-
priate fault parameters, that is, the delay time of the deceleration im-
pulse, T;, the maximum acceleration, A, the ratio of dip slip to strike
slip and rupture speed, V, are shown in Table 6. Fig. 19 illustrates the
distribution of maximum acceleration on the fault, that is, the peak value
of source function in each subfault.

Fig. 19 indicates that the energy was released in a small region
surrounding the hypocenter, like the Coyote Lake earthquake of Aug.
1979, US.A. (L1U et al., 1983). The simulation of the Ninghe earthquake
shows that seismic waves radiated by a simple mechanism of source will
become very complicated due to reflection and scattering of waves in
ground structure at the recording site. For simulating strong ground
motions in a short period range, not only the rupture process on the
fault must be considered, but also the effects of ground structures, parti-
cularly lateral heterogeneity of the recording site ground structure, should
be studied in detail. ’

As mentioned earlier, the strike slips were more predominant than
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Fig. 19. The distribution of maximum acceleration of every source on the
fault. It shows that the energy may be released in a small region surrounding
the hypocenter.

Table 6. Fault parameters of the Nov. 15, 1976 Ninghe earthquake.

fault length, L 22.5km

fault width, W 12.5km
period of acceleration impulse, T, 1.0sec
delay time of deceleration impulse, Tq 0.25 sec
maximum acceleration, Amax 3.38¢g

dip slip/ strike slip 0.1
rupture speed, V. 2.8 km/sec

the dip slips on the fault of the Ninghe earthquake, since the ratio of
the former to the latter is only 0.1.

Although several observed data in earthquake areas show that the
maximum ground acceleration exceeds 1 g, up to now there is no observed
data to tell how large the maximum acceleration is on the fault. Some

. studies of simple dynamic rupture models propose that the maximum

acceleration on the fault may become 1g or 2g under certain assump-
tions (BRUNE, 1970; Ipa, 1973). We estimated the maximum acceleration
on the fault at about 3g, by fitting the synthetic peak value to the
observed records in Tianjin. This value will be corrected by further
studies, since the model used in our simulation is simple and the non-
linearity of source region is not considered.

4. Comparison of response spectra

From the comparison of acceleration response spectra (Fig. 20), it may
be concluded that most response spectra fit well in peak values and
spectral shapes. In the spectra of NS component at Beijing, there are
peak values at about a period of 2 seconds. It isidentical to the predo-
minant period of ground being calculated from the formula 7T'=4 H/v
(KANAT, 1969). The T is the predominant period of a layer under the
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normal impinging of the SH wave, H is the thickness of the layer and
v is the S wave velocity. It also indicates that strike slips were pre-
dominant in the Ninghe earthquake, because strike slips produce a large
transverse component of ground motions (Fig. 16), which are SH motions.
Similar to the discussions in the time domain, some disagreement between
synthetic and observed spectra of Tongxian records is found. More rea-
listic ground structure models are necessary to give a better fit.

8. Summary

Based on a close investigation of observed accelerograms of the 1976
Ninghe, China earthquake, some assumptions on the source function and
rupture process are proposed. With several measures of saving compu-
tational labour and memory storage, synthetic accelerograms are computed
by the finite difference method and compared with the low-passed ob-
served accelerograms. By the trial and error process, parameters of the
fault and distribution of peak acceleration on the fault are deduced.

According to our simulation of seismic ground motions, the construc-
tion of suitable medium models is found to be a key problem for success-
ful simulation. In some cases, the lateral heterogeneity of the recording
site ground structure should not be neglected in the short period range.
As shown in the Ninghe earthquake, complex seismic ground motions
will be produced due to ground structure, although the rupture process
is simple.

Our method for synthesizing theoretical seismograms may be useful
for analyzing near-field strong ground motions in the region close to the
epicenter, since it can compute both near- and far-field terms, as well
as all types of waves. But the effects of dissipation in wave propaga-
tion should be taken into account in the short period range (SaTo, R.,
1984). This effect is neglected in our simulation.
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Appendix

Azimuth radiant factor P,.(m) of Eq. (5)
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