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ABSTRACT: In this paper, we aim to investigate the ground motions in engineering interested
frequency range resulted from the 1994 Mw 6.7 Northridge Earthquake using SPECFEM3D. We
use Wald’s rupture process model by dividing the rupture plane into 4,900 source-points. Two 1D
velocity structure models are used in Wald’s inversion for rock stations and soil stations, respect-
ively. We use the same two models. The simulated results match well to the record data in the
frequency range of 0.1 Hz ~ 1.0 Hz. Particularly, as we are concerned about the ground motions
in the engineering interested frequency range at PDM, the nearest station to the Pacoima arch
dam site, is paid particular attention for reaching higher frequency. In the band of 1.0 Hz ~ 2.0
Hz, the synthetic seismogram matches not as well as the frequency range of 0.1 Hz ~ 1.0 Hz. In
the frequency range over 2.0 Hz, the results do not match well, which indicates that further studies
should be implemented to reach higher frequency (> 2.0 Hz) for engineering purposes. In add-
ition, some factors like topography and 3D velocity model are considered for comparative studies
at PDM station, in order that we can consider the effect of topography and provide nonuniform
seismic input along the canyon for dam dynamic analysis in future studies.

1 INTRODUCTION

Prediction of ground motions is a key issue for the seismic design and safety evaluation of struc-
tures. Numerical simulation, utilizing physics-based models of full 3D seismic propagation from
source to site, builds a bridge from the seismological results to the engineering seismic input so
that we can consider not only the rupture process of the source and the propagation process, but
also the specific site effect at the engineering site. In this interdisciplinary field, it is still a challenge
to balance the low-frequency synthetic seismogram in seismology (usually less or much less than
1.0 Hz) and the demand for well-matched high-frequency ground motions in engineering dynamic
analysis for structures, such as buildings and dams (usually over 1.0 Hz).
On one hand, for minor or light earthquakes, we can use a point source to describe the

focal mechanism in a ground motion simulation and the synthetic time histories can match
well to the records at high frequency (6~8 Hz, Chunhui He et al., 2015). However, minor or
light earthquakes hardly cause heavy damage nor observable structure vibration, so engin-
eers are not interested in these small earthquakes when they study on the structure dynamic
analysis. On the other hand, moderate or larger earthquakes can vibrate or damage the
structures in a certain region (usually within tens or hundreds of kilometers). In such a scale,
we cannot ignore the fault size or the rupture process when we evaluate the seismic safety of
the structures. In this case, engineers are trying to use the rupture models inverted by
seismologists to implement the simulation from source to engineering site. However, as we
mentioned previously, seismologists usually focus on the relative low frequency components
to explain the rupture process. To simplify the simulation, they usually use 1D velocity
model and ignore the topography, which are relatively important factors engineers are
interested in.
Because of the above contradictions between seismology and engineering, a series of

nature questions coming from engineers’ mind are: (1) if we use rupture process models
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based on low-frequency inversion, can we reach higher frequency for engineering purposes?
(2) if we use low-frequency rupture process models but consider the realistic topography and
3D velocity model, can we reach higher frequency? (3) if we can reach higher frequency in
(1) and/or (2), how higher is it? In this paper, we are trying to answer these questions by case
studies.
In this paper, we simulate the 1994 Northridge earthquake using SPECFEM3D_Cartesian

code (Komatitsch and Vilotte, 1998; D. Komatitsch et al., 1999; Tromp et al., 2008). We use
the Wald’s rupture process result (Wald, et al., 1996) and benchmark it via comparing the
record data and synthetic results at several selected stations (Figure 1). We especially focus
on the ground motions at PDM station, the nearest station to the Pacoima arch dam, which
was shaken by the Northridge earthquake (Stewart JP et al., 1994; Lv D. et al., 2013).
Furthermore, some factors like topography and 3D velocity model are considered for com-
parative studies.

2 SOURCE PARAMETERS

In this study, we use Wald’s rupture model to generate the ground motions (Wald, et al.,
19). Figure 1 shows the original slip distribution and triggering time of Wald’s model.
There are 14×14=196 sub-faults in this model. In each sub-fault, there are 5×5=25 point-
sources uniformly distributed over each sub-fault. The triggering time of every point is
calculated according to its distance to the hypocenter and the average rupture velocity 3.0
km/sec.
Based on this rupture model, the dislocation time history for each sub-fault is represented

by the integral of an isosceles triangle with a duration of 0.6 sec. Each sub-fault is also
allowed to slip in any of three identical 0.6-sec time windows following the passage of the
rupture front, with the initiations of each window separated by 0.4 sec. Since there are over-
laps between the isosceles triangles, the slip time is up to 1.4 sec for each point. In this study,
we use the Gaussian source time function, shown in Figure 2. The half-duration is set as 0.3
s, which is the same as Wald’s model. Figure 3 shows the distribution of the slip in each sub-
fault. Figure 4 shows the original triggering time distribution. Figure 5 shows the distribu-
tion of the slip in each point source over every sub-fault. According to the above informa-
tion for the source rupture model, with the addition of rake angle of each sub-fault, we
generate a CMTSOLUTION file, with 4,900 point-sources to describe the rupture process of
the 1994 Northridge Mw 6.7 earthquake.

Figure 1. The projection of the selected stations. The white triangle denotes rock stations and yellow

triangle denotes soil stations; red start denotes the hypocenter and the rectangle denotes the rupture

plane. The base map is the elevation distribution.
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Figure 3. The original slip distribution: the horizontal and vertical axis are the ID of the sub-fault along

strike and dip, respectively.

Figure 4. The original triggering time distribution: the white star denotes the hypocenter.

Figure 2. The source time function for each source point: the triangle source function is used in Wald’s

model (the black) and the Gaussian source time function (the red) is used in this study.

Figure 5. The distribution of the slip in each point source over every sub-fault: top-left, top-right,

bottom-left sub-figure respectively represent the slip distribution of the first, the second and the third tri-

angle in Figure 2; the bottom-right sub-figure represents the total slip distribution, which is the same as

Figure 3 but in higher resolution.
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3 BENCHMARKS FOR THE SOURCE MODEL: GROUND MOTION RESULTS
WITH 1D VELOCITY MODEL

In Wald’s model, the velocity structure is described as 1D models (see Table 1, the velocity
model is different for rock stations or soil stations). The topography is not considered in
Wald’s model. Here, we calculate the synthetic of some of the selected stations, using SPEC-
FEM3D_Cartesian. As benchmark calculation, we use the same velocity models (from here,
we call them 1D-rock model and 1D-soil model). To ignore the topography, we set all eleva-
tion as zero in SPECFEM3D_Cartesian.
In this study, we calculate 4 different cases. The model parameters and the computational costs

are listed in Table 2. Note that the quality of the mesh can be expressed in terms of the number of
grid points per wavelength, i.e., the resolution of the mesh in terms of how well it samples the
wave field (Komatitsch et al. 2005), the maximum frequency fmax can be calculated by

fmax ¼
ðv=ΔhÞmin

N � 1
ð1Þ

Here N is the number of GLL points within one element and ðv=ΔhÞmin denotes the min-
imum ratio of shear-wave or surface-wave speed v and grid spacing Δh within a given spectral
element in the mesh. In this study, we use the mesh with N ¼ 5. The shortest period in each
case can be calculated, which is the reciprocal of simulated frequency.
Figures 6 and 7 show the comparison of the record data and the synthetic time histories in

CASE 1 for stations on rock surface and CASE 2 for stations on soil surface, respectively.
The record data are resampled to a sample interval of 0.02 sec and then all data are filtered by
a band-pass filter to [0.1, 1.0] Hz, which is the frequency range used in Wald’s rupture model.
As shown in Figures 6 and 7, the record data and the synthetic time histories match well in the
frequency range of [0.1, 1.0] Hz at the selected stations, which demonstrates that the rupture
process is modeled appropriately in our study. From now on, we use this rupture model in all
the cases in this study.

4 FREQUENCY CHARACTERISTIC ANALYSIS AT PDM STATION

As we are concerned about the ground motions in the engineering interested frequency range
(0 ~ 5.0 Hz for high arch dam) near the Pacoima arch dam site in this earthquake, it is a nat-
ural idea to focus on the frequency characteristics of ground motions at the PDM station,
which is at the downstream of the dam, approximately 130 meters away from the dam.
As we listed in Table 2, we can maximally reach 4.0 Hz using the model in CASE 1. Here in

Figure 8, we show the results at PDM station, filtered to different frequency bands (0.1–1.0,
1.0–2.0 and 2.0–3.0 Hz). In the band of 1.0 Hz ~ 2.0 Hz, the synthetic seismogram matches
not as well as the frequency range of 0.1 Hz ~ 1.0 Hz. In the frequency range over 2.0 Hz, the

Table 1. Northridge Reginal Velocity Structure (Wald, et al., 1996)

Rock Stations Soil Stations

Thickness
(km)

Depth
(km)

Vp
(km/s)

Vs
(km/s)

Density (g/
cm3)

Thickness
(km)

Depth
(km)

Vp
(km/s)

Vs
(km/s)

Density (g/
cm3)

0.5 0.0 1.9 1.0 2.1 0.1 0.0 0.8 0.3 1.7

1.0 0.5 4.0 2.0 2.4 0.2 0.1 1.2 0.5 1.8

2.5 1.5 5.5 3.2 2.7 0.2 0.3 1.9 1.0 2.1

23.0 4.0 6.3 3.6 2.8 1.0 0.5 4.0 2.0 2.4

13.0 27.0 6.8 3.9 2.9 2.5 1.5 5.5 3.2 2.7

– 40.0 7.8 4.5 3.3 23.0 4.0 6.3 3.6 2.8

– – – – 13.0 27.0 6.8 3.9 2.9

– – – – – 40.0 7.8 4.5 3.3
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results do not match well, which indicates that further studies should be implemented to reach
higher frequency (> 2.0 Hz) for engineering purposes.

5 GROUND MOTION RESULTS WITH TOPOGRAPHY

As we pointed out in Section 4, for the PDM station, in the frequency range over 2.0 Hz, the
results do not match well. The reason that we cannot reach higher frequency (> 2.0 Hz) is
complicated. It could be caused by the frequency limitation of the source, the velocity model
or the near-site characteristics. In the previous simulations, the topography is flat by setting
the elevation to zero. One natural idea is to see what will be different if we calculate a new
case with topography. In this section, we focus on CASE 3, whose only difference to CASE 1
is the topography. Once the topography is involved, the size of the grid changes somewhere.
As a result, the simulated frequency decreases to 2.71 Hz from 4.00 Hz (Table 2).
Figure 9 shows the results of CASE 3 at PDM station, filtered to different frequency bands

(0.1–1.0, 1.0–2.0 and 2.0–3.0 Hz). Similarly, in the band of (0.1–1.0) Hz and (1.0–2.0) Hz, the
synthetic time histories match better than (2.0–3.0) Hz. Differently, the coda wave becomes
vibrating and hardly decays. Obviously, this is caused by the topography. Since Wald’s rup-
ture model did not consider the topography, it would be foreseeable that the synthetic results

Table 2. Case List and Model Parameters in this Study

# CASE 1 CASE 2 CASE 3 CASE 4

Purpose To benchmark Wald’s source model To consider

topography

To consider a 3d vel-

ocity model

Topography1 No No Yes Yes

Velocity Model 1D-rock 1D-Soil 1D-rock 3D-CVMS426

Min_Vs in the

model 2
1000 m/sec 300 m/sec 1000 m/sec 825 m/sec

Longitude range -118.9~-118.1 -118.9~-118.1 -118.9~-118.1 -118.9~-118.2

Latitude range 34.0~34.6 34.0~34.6 34.0~34.6 34.0~34.6

DisX 75km 75km 75km 65km

DisY 65km 65km 65km 65km

Npart (X×Y) 384×384 384×384 384×384 384×384

DisZ 50km 50km 50km 50km

Mesh type3 Transition in Z Transition in

Z

Transition in Z Transition in Z

Elements # 10,469,376 7,704,576 10,469,376 10,469,376

Points # 688,240,800 507,854,880 688,240,800 688,240,800

DOF # 2,064,722,400 1,523,564,640 2,064,722,400 2,064,722,400

Time step 0.0015 sec 0.0010 sec 0.0015 sec 0.0010 sec

Step # 20000 30000 20000 30000

Simulated

duration

30 sec 30 sec 30 sec 30 sec

Min period 0.250 sec 0.81 sec 0.369 sec 0.588 sec

Simulated

frequency4
4.00 Hz 1.23 Hz 2.71 Hz 1.70 Hz

CPU×hours 288×3.2 288×3.5 288×3.1 288×4.7

1 Topography: no topography denotes the topography is set as zero in the whole model;
2 Min_Vs in the model: the minimum S wave velocity in the entire model, usually at the surface, which is
an important parameter to determinate the simulated frequency that we can reach.

3 Mesh type: ‘Transition in Z’ denotes that the Z-direction size of the grids is fine in the surface zone and
rough in the deep zone, varying according to the velocity model, while the X- and Y-direction size is
constant; a new kind mesh type is being developed to generate mesh ‘Transition in X and Y’ to simu-
late the near-site ground motions in a better precision.

4 Simulated frequency: the frequency we can reach in CASE #, based on the mesh and velocity model.
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of CASE 3 cannot match as well as CASE 1 does. However, as we focus on the ground
motions near Pacoima dam site, it is necessary to consider the topography of the canyon.
From Figure 9, we know that topography contributes to the waveform, especially at the coda.

6 GROUND MOTION RESULTS WITH A 3D VELOCITY MODEL

Essentially, if we need to reach a higher frequency for engineering dynamic analysis in a “real
3D model”, the rupture process inversion should be based on a 3D model. Technically, Green’s
functions should be calculated in the real 3D model, which involves topography and 3D velocity
model. Here, we just show a case (CASE 4) in which a 3D velocity model CVMS4-26 is con-
sidered (Chen P et al., 2010). Figure 10 shows its shear wave distribution in this study.
Figure 11 shows the results of CASE 4 at PDM station, filtered to different frequency

bands (0.1–1.0, 1.0–2.0 and 2.0–3.0 Hz). Since this simulation is based on the CVMS4-26
model, which is different to the model the rupture inversion based on, the arriving time and
the waveform do not match as well as previous cases do.

7 CONCLUSIONS

To simulate ground motions in an engineering interested frequency range by numerical
method from the source to the engineering site, we use the Wald’s rupture process of the 1994

Figure 6. The comparison of the record data (black) and the synthetic time histories (red) in CASE 1

for stations on rock surface. The characters above the coda wave denotes the station name and the direc-

tion. For example, PDM(E-W) means the east-west component of PDM station (N-S means north-south,

U-D means up-down); the numbers under the coda wave denotes the peak velocity of the record data/

synthetic time histories (m/s).

Figure 7. The comparison of the record data (black) and the synthetic time histories (red) in CASE 2

for stations on soil surface. The characters above the coda wave denotes the station name and the direc-

tion. For example, ARL(E-W) means the east-west component of ARL station (N-S means north-south,

U-D means up-down); the numbers under the coda wave denotes the peak velocity of the record data/

synthetic time histories (m/s).
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Figure 8. the comparison of the record data (black) and the synthetic time histories (red) in CASE 1 at

PDM station. The characters above the coda wave denotes the band-pass filter range and the direction.

For example, 0.1–1.0(E-W) means that the east-west component record data and the synthetic time his-

tories are both band-pass filtered to [0.1,1.0] Hz (N-S means north-south, U-D means up-down); the

numbers under the coda wave denotes the peak velocity of the record data/synthetic time histories (m/s).

Figure 9. the comparison of the record data (black) and the synthetic time histories (red) in CASE 3 at

PDM station. The characters above the coda wave denotes the band-pass filter range and the direction.

For example, 0.1–1.0(E-W) means that the east-west component record data and the synthetic time his-

tories are both band-pass filtered to [0.1,1.0] Hz (N-S means north-south, U-D means up-down); the

numbers under the coda wave denotes the peak velocity of the record data/synthetic time histories (m/s).

Figure 10. CVMS4-26’s shear wave velocity (in m/s) distribution in this study.

Figure 11. the comparison of the record data (black) and the synthetic time histories (red) in CASE 4 at

PDM station. The characters above the coda wave denotes the band-pass filter range and the direction.

For example, 0.1–1.0(E-W) means that the east-west component record data and the synthetic time his-

tories are both band-pass filtered to [0.1,1.0] Hz (N-S means north-south, U-D means up-down); the

numbers under the coda wave denotes the peak velocity of the record data/synthetic time histories (m/s).
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Mw 6.7 Northridge Earthquake and then simulate this earthquake using SPECFEM3D.
According to the simulation results from a series of case studies, we get several conclusions as
follows:

1. as benchmarks works, we simulate the ground motions at rock stations (CASE 1) and soil
stations (CASE 2) using the two 1D velocity structure models in Wald’s inversion. The
simulated results match well to the record data in the frequency range of 0.1 Hz ~ 1.0 Hz.

2. from an engineering standpoint, we aim at feasible higher frequency synthetic results at the
PDM station, the nearest station from the Pacoima arch dam site. Based on the previous simu-
lation, we then consider the topography and/or a 3D velocity model to investigate their effects
on the synthetic seismogram. According to the results, the synthetic seismograms in the fre-
quency range of 1.0 Hz ~ 2.0 Hz match not as well as the range of 0.1 Hz ~ 1.0 Hz. In the
frequency range over 2.0 Hz, the results do not match well, which indicates that further studies
should be implemented to reach higher frequency (> 2.0 Hz) for engineering purposes.

3. for moderate or larger earthquakes, the seismological rupture model can be used to gener-
ate the ground motion if the engineering interested frequency is low (for the case study in
this paper, it is < 1.0 Hz); however, if the engineering interested frequency is high (for the
case study in this paper, it is > 1.0 Hz), the seismological rupture model inverted with 1D
model can hardly directly used for structure dynamic analysis, which answers the question
listed in the title. Broadband seismological models should be used to enrich the frequency
band of seismic source models (Archuleta and Crempien, 2014). To get the broadband
ground motion time histories for engineering applications, it can be generated starting
from results of physics-based simulation by means of hybrid methods.

As we can see in this paper, using Wald’s model, the results match well with 1D model but
perform worst with 3D model. Actually, Wald’s model is solid to analyze the rupture process
for seismological purpose. To reach high frequency for engineering purposes, the rupture pro-
cess model is expected be inverted with 3D models, which means that the Green’s functions are
supposed to be calculated in a 3D model with realistic topography and 3D velocity structure.
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