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Strong Ground-Motion Prediction from Stochastic–Dynamic Source Models

by Mariagiovanna Guatteri, P. Martin Mai, Gregory C. Beroza, and John Boatwright

Abstract In the absence of sufficient data in the very near source, predictions of
the intensity and variability of ground motions from future large earthquakes depend
strongly on our ability to develop realistic models of the earthquake source. In this
article we simulate near-fault strong ground motion using dynamic source models.
We use a boundary integral method to simulate dynamic rupture of earthquakes by
specifying dynamic source parameters (fracture energy and stress drop) as spatial
random fields. We choose these quantities such that they are consistent with the
statistical properties of slip heterogeneity found in finite-source models of past earth-
quakes. From these rupture models we compute theoretical strong-motion seismo-
grams up to a frequency of 2 Hz for several realizations of a scenario strike-slip Mw

7.0 earthquake and compare empirical response spectra, spectra obtained from our
dynamic models, and spectra determined from corresponding kinematic simulations.
We find that spatial and temporal variations in slip, slip rise time, and rupture prop-
agation consistent with dynamic rupture models exert a strong influence on near-
source ground motion. Our results lead to a feasible approach to specify the vari-
ability in the rupture time distribution in kinematic models through a generalization
of Andrews’ (1976) result relating rupture speed to apparent fracture energy, stress
drop, and crack length to 3D dynamic models. This suggests that a simplified rep-
resentation of dynamic rupture may be obtained to approximate the effects of dy-
namic rupture without having to do full dynamic simulations.

Introduction

In this article we consider the prediction of strong
ground motion in the near-fault region, by which we mean
the area within about 10 km of the rupture, where the direc-
tivity effect, the rise time, and the time dependence of slip
after rupture lead to ground motion that may be dominated
by large pulses of short duration (e.g., Heaton et al., 1995;
Sommerville et al., 1997). Parametric scaling relations for
strong ground motion, often referred to as “attenuation
laws,” have been used extensively to predict simple param-
eters characterizing ground-motion intensity, such as peak
ground acceleration or the spectral acceleration (Sa), as a
function of earthquake size and distance (e.g., Abrahamson
and Silva, 1997). The utility of such attenuation relations in
the near-fault region, within about 10 km of the fault, is
uncertain for several reasons.

One limitation for the application of such parametric
scaling relations so close to a fault arises from the scarcity
of strong-motion data at those distances, particularly for
large earthquakes. The ground motion in the near-fault re-
gion is greatly affected by the complexity in the slip distri-
bution and rupture propagation as all dislocation models of
past earthquakes reveal. Therefore, there is reason to believe
that there will be important differences in the character of
strong ground motion in the near-fault region compared with

that farther from the fault. Thus, simply extrapolating
ground-motion intensity measures, such as Sa, from more
distant locations to the near-fault region might not lead to
reliable predictions of ground motion. Moreover, while
strong-motion attenuation relations can be modified to take
factors such as directivity into account (Sommerville et al.,
1997), it is also likely that standard measures of ground-
motion intensity may not capture the damage potential of
strong ground motion (e.g., Hall and Heaton, 1995).

There is another, more general, reason to take an alter-
native approach to predicting strong ground motion. The
challenges of performance-based engineering will increas-
ingly require that structures be modeled as complex, dy-
namic, nonlinear multi-degree-of-freedom systems. This
task requires the entire time series of strong ground motion
as input, rather than any single, simple intensity measure
such as the spectral acceleration. Given all of these factors
we are forced to use our limited understanding of earthquake
behavior to try to predict the nature of ground motion in the
near-fault region.

In this article we present a methodology (inspired by
the work of Andrews and Boatwright [1998]) that has the
potential to make these simulations more accurate. We
model the slip distribution in earthquakes as a spatial random
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field using the method developed by Mai and Beroza (2002).
Using spontaneous rupture modeling, we develop a corre-
sponding description of the temporal evolution of slip, that
is, the rupture velocity, the rise time, and the slip-velocity
function. Although those parameters could be specified in-
dependently, there is no guarantee that the resulting model
of earthquake rupture would be physically plausible. In our
stochastic–dynamic approach we specify the dynamic pa-
rameters of the source, that is, the fracture energy and stress
drop, as spatial random fields. A spontaneous dynamic rup-
ture once nucleated under these initial conditions provides a
self-consistent model of the entire spatiotemporal evolution
of slip in an earthquake. Although previous studies have
applied dynamic source modeling for near-source strong
ground motion prediction (e.g., Inoue and Miyatake, 1998),
our procedure provides the capability of generating physi-
cally consistent scenario earthquake models. By simulating
multiple realizations of a scenario earthquake it should be
possible to use seismograms calculated for such dynamic
source models to improve predictions of source effects on
strong ground motion.

Stochastic–Dynamic Rupture Modeling: Method

Dynamic descriptions of the earthquake source are typ-
ically based on models that satisfy elastodynamic equations
with a prescribed fracture criterion on a predetermined fault
plane (e.g., Andrews, 1976; Mikumo and Miyatake, 1978;
Day, 1982a,b; Das and Kostrov, 1987; Harris et al., 1991,
Ben-Zion and Rice, 1997). An earthquake is modeled as a
dynamically running shear crack that radiates seismic waves.
The slipping fault is associated with a drop in shear stress,
and the evolution of rupture depends on the initial conditions
and the failure criterion. Kinematic descriptions of the earth-
quake source, on the other hand, specify the slip as a function
of space and time without explicit consideration of a physi-
cal model for the rupture process. We model spontaneous
rupture using a boundary integral method (Boatwright and
Quin, 1986; Das and Kostrov, 1987; Quin and Das, 1989)
modified to include approximately the effect of the free sur-
face reflection and the effect of vertical heterogeneity (Spu-
dich et al., 1998).

Stress Drop

In all our rupture models we assume a homogeneous
distribution of high initial stress so over the fault plane. We
constrain the rupture models to be consistent with the slip
heterogeneity found in finite-source models of past earth-
quakes. This is accomplished by imposing the static stress
drop distributions derived from slip realizations that are gen-
erated using a random-field model of earthquake slip (Mai
and Beroza, 2002), in which slip is characterized by a von
Karman autocorrelation function with magnitude-dependent
correlation length. We generate spatially variable slip distribu-
tions using the spectral synthesis method (Pardo-Igùzquiza
and Chica-Olmo, 1993), in which the power spectral density

of the random field is ascribed, but the phase is random
(under the constraint of hermitian symmetry to ensure that
the resulting random field is real). The correlation lengths
for each slip realization are obtained from the scaling of the
correlation length with source parameters. Thus, slip and
stress each have a power-law spectrum (with random phase)
at wavelengths smaller than the overall source dimensions.
The static stress drop distributions are then calculated di-
rectly from the slip distributions using the method of An-
drews (1980).

Failure Law

We assume that the fault responds to imposed stress
following a slip-weakening model in which friction drops
from a static level so to a lower dynamic level sf over a
characteristic distance, Dc, the slip-weakening displacement.
The slip-weakening model can be considered to be an ap-
proximation of more general fault-constitutive behavior
(e.g., Guatteri et al., 2001). Given the initial shear stress, so,
the slip-weakening model is described by the stress drop,
so � sf, the strength excess, sp � so, and the slip-weakening
displacement, Dc, the displacement over which the stress
drops from its peak value, sp, to its dynamic level, sf. The
slip-weakening model eliminates the singularity in stress and
slip velocity at the crack tip, which is present in elastic-brittle
models.

Because in our dynamic modeling we allow only a slip-
weakening behavior, we artificially set the very few regions
of negative stress drop to act like barriers (Das and Aki,
1977a,b) with zero stress drop and high strength excess (up
to 30 MPa). Future work will address this issue by including
different constitutive behaviors on the fault that would result
in regions with a net sink of energy.

Fracture Energy

Guatteri and Spudich (2000) showed that for a given
stress drop distribution the slip-weakening displacement and
the strength excess control the rupture velocity and trade-off
strongly with one another. The analysis of high-frequency
ground-motion data (�2Hz) might help resolve this ambi-
guity. Andrews (1999) showed that this trade-off does not
exist for supershear rupture propagation.

A less ambiguous parameter that can be used to deter-
mine the rupture velocity is the fracture energy, Gc, which
represents the energy per unit area that is required to extend
the crack. Fracture energy is simply the area under the slip-
weakening displacement curve above sf and, for a given
stress drop distribution, may be representative of the resis-
tance of the fault to failure.

In the fully dynamic simulations of this study we de-
scribe our dynamic input parameters in terms of stress drop
and fracture energy alone. For each model, we initially pre-
scribe the fracture energy distribution obtained from the re-
spective stress drop distribution and spatially homogeneous
values of strength excess and slip-weakening distance. Then,
by trial and error we perturb the distribution of sp � so and
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Figure 1. Fault and receiver locations in map
view. The fault stretches from 0 to 36 km. Triangles
mark receiver locations, and stars mark epicenters for
different scenario earthquakes.

Table 1
Velocity Structure

Depth Vp Vs Density
(km) (km/sec) (km/sec) (g/cm3)

0.0 2.40 1.50 2.61
0.5 4.40 2.00 2.66
0.8 4.80 2.40 2.70
1.5 5.30 2.70 2.73
2.2 5.50 2.90 2.74
4.0 5.70 3.30 2.78
8.0 6.06 3.50 2.80

14.0 6.79 3.92 2.80
16.6 7.10 4.10 2.90
27.0 8.00 4.62 3.20

216.0 8.20 4.65 3.20

Dc on a few selected portions of the fault plane, in order to
obtain the fracture energy distribution that results in a sub-
shear rupture speed over most part of the fault. The resulting
distribution is nonunique. In our modeling the average rup-
ture velocity is about 85% of the shear-wave velocity, which
is chosen to be consistent with observations of the average
rupture velocity in previous earthquakes. The range of val-
ues over which we vary the strength excess and Dc over all
models are 2–10 MPa and 0.5–1.1 m, respectively. Our val-
ues of fracture energy are also in agreement with fracture
energy estimates for past earthquakes (e.g. Aki, 1979; Be-
roza and Spudich, 1988; Guatteri et al., 2001; J. R. Rice,
personal comm.). Ide and Takeo (1997) and Olsen et al.
(1997) provided estimates of Dc and stress parameters for
the 1995 Kobe and Landers earthquakes, respectively, that
are also consistent with our fracture energy values.

It is important to note that assuming homogeneous ini-
tial stress, variable stress drop, and variable fracture energy
is somewhat arbitrary. Other dynamic simulation studies
have instead assigned a variable initial stress distribution and
uniform frictional and yield stress distributions (Olsen et al.,
1997; Peyrat et al., 2001). As barrier models (Das and Aki,
1977a,b; Papageorgiou and Aki, 1983a,b) and asperity mod-
els (Lay and Kanamori, 1981) differ in the high-frequency
radiation (Madariaga, 1979), so our models may also have
a different high-frequency radiation from those having ho-
mogeneous resistance and variable initial stress. However,
in this study we focus mainly on source effects at relatively
low frequencies (�1 Hz).

Specifying the stress drop distribution, the friction law,
and the fracture energy distribution is sufficient to specify
the dynamic rupture model, with the only additional param-
eter being the hypocenter where we force the rupture to ini-
tiate by lowering the fault strength. We now illustrate the
procedure with some simple examples of dynamic rupture
modeling.

Source Models

The realizations of the scenario earthquake we consider
are designed to be representative of strike-slip, Mw 7.0
events in California. We assign a fault length L � 36 km
and a fault width W � 16 km determined from recent
source-scaling relations for our selected magnitude (Mai and
Beroza, 2000). The fault plane is discretized into 960 sub-
faults (each 0.75 � 0.75 km). Extrapolating from Andrews
and Boatwright (1998) tests based on a finite-difference
code, this grid size should result in accurate slip-velocity
spectra up to about 1 Hz. We compute ground velocity at
the observer locations shown in Figure 1 using the discrete-
wavenumber/finite-element method of Olson et al. (1984)
and Spudich and Archuleta (1987) using a generic rock ve-
locity structure for California (Table 1) derived from Boore
and Joyner (1997). We calculate seismograms in the fre-
quency band 0–2.3 Hz and lowpass filter them with a cosine
taper between 2 and 2.3 Hz. The ground-velocity time series
were sampled at a rate of 0.1 sec.

Although our calculations are accurate only at about
20% at a period of 0.7 sec (Andrews and Boatwright, 1998),
in this article we show the respective simulated spectra for
the sake of comparison with the corresponding kinematic
results. Future work will address accurate high-frequency
ground-motion simulations by reducing the fault grid size
and by introducing an attenuation factor Q.

We consider three rupture models, A, B, and C, based
on three different slip realizations of an earthquake of the
same seismic moment, having the same hypocenter at a
depth of 11 km and 10 km along-strike. Figure 2 shows the
distribution of source parameters for the three models. The
top panel shows the spatial distribution of slip on the fault
plane (the horizontal axis has been shifted to place the hy-
pocenter at 0 km). The next panel displays the corresponding
distribution of static stress drop on the fault plane, followed
by the modeled distribution of apparent fracture energy on
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the fault (third panel). These are the input parameters for
dynamic rupture modeling.

Contours of rupture time on the fault plane that arise
from the spontaneous rupture calculation, and the local rise
time (defined as the time required to accumulate from 10%
to 90% of the total slip at a point on the fault), are displayed
in panels 4 and 5, respectively. It is important to notice that
the variability in the rupture time and rise time distributions
is a derived rather than an assumed characteristic of the rup-
ture model. It depends, however, on the assumptions used
to obtain the distribution of fracture energy. The result of
this exercise is that we now have a complete description of
the temporal behavior of the slip during an earthquake that
is consistent with the kinematic slip distribution, which is in
turn based on the character of slip variation in past earth-
quakes and represents a plausible approximation to the rup-
ture process.

Same Slip Distribution with Different Hypocenters. As an-
other demonstration, we adopt the slip distribution of model
B, but specify three different hypocentral locations at 15, 20,
and 25 km along strike and derive a dynamic rupture model
as before (shown in Fig. 3). The first two panels (not shown)
are the same for all three cases, because they only depend
on the static slip (see Fig. 2). The lower three panels are
different. The distribution of fracture energy is altered in
order to maintain subshear rupture propagation over areas of
high slip. In each case, the peak fracture energy is located
away from the hypocenter because the rupture will tend to
accelerate as it grows due to the increase of the dynamic
stress concentration (Andrews, 1976; Day, 1982b). Shifting
the hypocenter accounts for the main difference in the rup-
ture time. Figure 4a–c shows the contours of depth-averaged
slip-velocity as a function of distance along strike and time
for the three new examples, together with reference lines
having slopes of 2, 3, and 4 km/sec. These plots show that
the average rupture velocity over the fault plane is subshear,
as it is locally for main parts of the fault. The width of the
contour is indicative of the local slip duration (rise time).
Moving the hypocenter position affects the relative time at
which different parts of the fault radiate and how waves
radiated during slip will interfere with each other. In the
following section we also discuss how the location of the
hypocenter affects the shape of the slip-velocity function on
different parts of the fault.

Source Parameters

Rupture Velocity. To help develop realistic source char-
acterizations, it is important to discuss how rupture velocity
is expected to vary over the fault plane for a given slip
model. Irregularities in rupture velocity are likely to be the
predominant source of high-frequency radiation from prop-
agating faults (Madariaga, 1977; Spudich and Frazer, 1984).

Andrews (1976) obtained an analytical relationship be-
tween rupture velocity and fracture energy, stress drop, and
crack length valid in simple antiplane strain with uniform
stress drop and frictional properties. Even though his relation

does not directly apply to 3D heterogenous dynamic simu-
lations, Guatteri and Spudich (2000) have generalized his
result to more realistic dynamic models through numerical
simulations. In this study we assume that rupture propaga-
tion occurs at subshear speed over most parts of the fault, as
inferred for the majority of instrumentally recorded earth-
quakes.

As the crack grows, the rupture tends to accelerate (An-
drews, 1976, 1985; Day, 1982a,b) due to the effect of dy-
namic loading coming from the ruptured area of the fault.
Areas of local high stress drop also promote fast rupture
propagation. In these areas, relatively large values of fracture
energy, corresponding to high fault resistance, are needed to
slow down the accelerating rupture growth. The variability
in the rupture time distribution is a result both of heteroge-
nous stress drop and fracture energy distributions.

The second set of models (same slip model, varying
hypocenter) allows us to study the variability of the rupture
velocity. The median values of Gc are comparable (Table 2);
however, the locations of area with large values of fracture
energy depend on the respective hypocenter locations. As
discussed previously, local large values of Gc are necessary
as soon as the crack has extended over large distances. From
a physical point of view this requirement may seem arbi-
trary. However, for antiplane rupture, Andrews (1976)
showed that energy lost in off-fault microcracking increases
with rupture propagation distance. This idea is supported by
experimental studies of propagation of single fractures in
rocks (Peck et al., 1985) reporting measures of fracture en-
ergies typically increasing with crack length until a steady
state is reached.

Figure 5a shows the depth-averaged fracture energy for
model B (continuous line) and model D3 (dashed line) that
represent the two extremes with regard to the effect of hy-
pocenter position on the local rupture velocity. We rewrite
equation (23) from Andrews (1976) (notice that in Andrews’
equation 23G � Gc/2) as follows:

2 2 21 � m /b � C(R /2) , (1)c

where Rc is the dimensionless parameter:

2R � lG /(Dr L ), (2)c c h

where � is the rupture speed, b is the shear speed, l is the
shear modulus, Dr is the stress drop, and Lh is the crack
length, which we take to be the distance from the hypocenter.
For the case of simple antiplane strain, the constant C is

Table 2
Source Models

Model
A

Model
B

Model
C

Model
D1

Model
D2

Model
D3

Mean Slip (m) 3.6 3.75 3.6 3.9 3.9 3.8

Median Gc (106 J/m2) 4.1 5.1 5 5.6 5.7 5.7
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Figure 4. Contours of depth-averaged slip velocity as function of distance along
strike and time for models D1, D2, and D3. Three reference rupture velocity lines are
shown. The contour lines are at intervals of about 0.3 m/sec.

Figure 5. Shown at left is the depth-averaged frac-
ture energy for dynamic rupture models that share the
same slip distribution, but with different hypocenters
(indicated by stars). Xh is the hypocenter position.
Large values of fracture energy are present where it
is necessary to slow down rupture propagation.
Shown at right is the dimensionless parameter of An-
drews (1976) that depends on the fracture energy, G,
the stress drop, Dr, and the distance from the hypo-
center (crack length), Lh (note this differs from the
along-strike distance). The similarities of this param-
eter for the two different models suggests that this
parameter, which is derived for simple antiplane
strain with uniform stress drop, controls the rupture
velocity in a 3D, heterogeneous model.

about p2. Even though model B and model D3 have different
hypocenter positions, their rupture speeds are very similar,
especially away from the hypocenter (Lh � 7 km). In Figure
5b the similarity between the parameter Rc for these two
models suggests that Andrews’ (1976) relation applies ap-
proximately to 3D heterogenous dynamic models. We as-
sume that on average the rupture speed should be approxi-
mately 85% of the shear velocity. The median value of Rc

for model B is about 0.4, from which we can empirically
determine C � 7, comparable to Andrews’ result. This re-
lation may be used to generate realistic rupture time distri-
butions that are consistent with corresponding stress drop

distributions in order to design generalized source models
for strong ground motion prediction. To test this idea, Mai
et al. (2001) assumed a homogeneous fracture energy dis-
tribution over the fault plane, and based on stress drop and
hypocenter location, derived the distribution of the param-
eter Rc (equation 2), from which they obtained the rupture-
velocity distribution (equation 1). Current research addresses
the issue of generating nonuniform fracture energy distri-
butions that are physically consistent with a given slip dis-
tribution and hypocenter location (Guatteri et al., 2002a,b).

Rise Time and Slip Velocity Function

It is also interesting to compare the slip-velocity func-
tions (SVFs) for the four cases that share the same slip dis-
tribution. Figure 6 shows that the slip-velocity functions for
the four models (B, D1–D3) are substantially changed when
the hypocenter is shifted. Thus, the location of the hypocen-
ter, which has a strong effect on directivity, also has a strong
effect on the rise time and the shape of the slip-velocity
function (Day, 1982b). It is worth noting that the complex
3D rupture process results in a slip-velocity function that
largely resembles the theoretical t�1/2-dependence for ho-
mogeneous 2D rupture. The spatial variability in the slip-
velocity function is not usually considered in kinematic
source characterizations for strong-motion prediction; how-
ever, it is a reasonable and expected property of a complex
rupture model. Large dynamic loading (at points distant
from the hypocenter) has the effect of narrowing the SVF,
which results in large peak slip velocities. The effect of a
local large stress drop is also identifiable and causes similar
effects on the slip-velocity function. These examples give
some indication of the degree of variability of the SVF over
the fault for a relatively complex dynamic rupture model.

In our dynamic simulations, the pattern of variation in
the distribution of rise time over the fault (Fig. 2e,j,o and
3c,f,i) is typical for a crack model governed by a slip-
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Figure 6. Slip-velocity functions for identical
points (each column) on the fault for models B, D1–
D3 at a depth of about 9.5 km

weakening law (e.g., Day, 1982b). The rise time is large
around the hypocenter and shortens toward the edges of the
fault, with values that depend on the total rupture duration.
Heterogeneity in the stress parameters adds additional vari-
ability in the typical rise time distribution. It is likely that
the rise time is being influenced also by scale lengths in the
slip and stress drop distribution that vary locally and are
substantially smaller than the overall dimensions of the fault.
This was shown by Beroza and Mikumo (1996) to be ca-
pable of explaining the short rise times inferred for the 1984
Morgan Hill, California, earthquake.

Contrary to simple kinematic parameterizations, be-
cause of the more complicated shape of the SVF (Fig. 6), our
measured values of rise time might not provide a good quan-
titative estimate of the time over which the most energetic
radiation is released from a given point on the fault. For
example, in Figure 6 the SVF of model D1 at 10 km on the
left, away from the hypocenter, has a rise time of about 3.5
sec, whereas the most energetic radiation is released in about
1.2 sec, corresponding to the width of the initial slip-velocity
pulse. Shortening Dc and increasing the strength excess
would have the effect of concentrating the most energetic
radiation in a shorter time (Guatteri and Spudich, 2000).
However, in this study we mainly concentrate on the inter-
mediate to low frequency range, where these differences are
less important, and we chose relatively large values of Dc

(0.5–1.1 m) in order to minimize the discretization noise of
the dynamic calculation. Later we will discuss how using a
shorter Dc affects the simulated response spectra at short
periods.

Strong Ground Motion Simulation

The main purpose of this study is to determine what
degree of complexity must be included in source models to

improve strong ground motion prediction with respect to
traditional simple kinematic approaches. Although advanced
kinematic procedures have been developed for realistic
strong-motion simulations (e.g., Zeng and Anderson, 1994;
Saikia and Somerville, 1997; Hisada, 2000, 2001), the as-
sumed source complexity may not be physically plausible.
We demonstrate the advantages of a dynamically consistent
source characterization over a simple kinematic approach
that does not include variability in temporal source param-
eters by calculating synthetic seismograms for both sets of
source models. The choice of the station distribution (Fig.
1) was motivated by the need to simulate strong ground mo-
tion in the near-fault region (R � 10 km), where the sparsity
of recordings affects the reliability of current parametric
scaling relations. At intermediate to large distances, the den-
sity of available recordings allows model validation. We
compare calculated- and empirical-response spectra (rock
sites, 5% damped) using the Abrahamson and Silva (1997)
model for strike-slip earthquakes of Mw 7.

Corresponding to each dynamic model, we develop two
kinematic source characterizations: the first is based on a
hybrid kinematic-dynamic parameterization, and the second
is based on a simple kinematic parameterization. For both
parameterizations, we assign the original kinematic slip dis-
tribution and a boxcar SVF with a rise time of 1 sec over the
entire fault plane. In the hybrid parameterization we assign
the rupture time distribution derived from the respective dy-
namic model, whereas in the kinematic model the rupture
propagates at a uniform rupture velocity equal to 85% of the
local shear speed. Table 3 summarizes the parameterizations
and parameter values of the three modeling approaches.

The empirical attenuation relations for crustal earth-
quakes were derived using a worldwide data set of shallow
events (Abrahamson and Silva, 1997). However, only very
few recordings from Mw 7 earthquakes constrain these re-
lations at short distances from the fault (R � 10 km) where
ground motions are potentially the most damaging. Figure 7
shows the comparisons of empirical and simulated spectral
acceleration attenuation at several periods for the three dif-
ferent modeling approaches: dynamic, hybrid, and kine-
matic. For each approach we plot the geometric mean of the
two simulated horizontal components of spectral accelera-
tion for all slip models and at all stations excluding those
along the fault strike (stations 16–30). These locations are
along a nodal plane where only the fault-normal component
of motion is different from zero (shown in Fig. 8). We stress
that no attempt was made to optimize any of the models. It
is interesting to note, however, that near-fault locations show
much more variability in the dynamic models than they do
in the hybrid or kinematic models. This is attributable to
variations in the slip-velocity function arising from rupture
dynamics effects and underscores the importance of under-
standing the slip velocity behavior for predicting strong
ground motion in the very near-fault region. In general, the
simulations from the kinematic approach underperform
those obtained from the dynamic and hybrid modeling. At
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Table 3
Summary of Modeling Approaches

Dynamic Hybrid Kinematic

Slip Dynamic Kinematic Kinematic
Rupture Velocity, V Variable Variable (from dynamic

model)
Uniform, 85% shear wave

Rise Time, T Variable, mean
(T) � 3 sec

Uniform, T � 1 sec Uniform, T � 1 sec

SVF Variable Boxcar Boxcar

Figure 7. Comparison of simulated (cir-
cles) and empirical average horizontal spectral
acceleration attenuation (solid line) of Abra-
hamson and Silva (1997) for a M 7 strike-slip
earthquake. Dashed line is the standard devia-
tion of the empirical relation. The simulated
values were obtained using the dynamic mod-
els: A–C and D1–D3. The hybrid and kine-
matic simulations were obtained as explained
in Table 2. The spectral acceleration for the
nodal stations (16–30 in Fig. 1) is not shown
here. Hybrid models were obtained by assum-
ing the rupture velocities in the dynamic
model, using a constant rise time of 1 sec.

short periods (T � 0.7 sec) all the simulated spectral accel-
erations are depleted in high frequency with respect to the
empirical values. This is probably due to the relatively
coarse model discretization and the limited frequency band
of the Green’s functions used in our ground-motion simu-
lation. In general, the hybrid model predicts larger spectral
acceleration amplitudes with respect to the other two ap-
proaches, especially in the very near-fault region. Although
these larger amplitudes correspond to a better agreement
with the empirical relation at short periods, they overesti-
mate the long-period values. The dynamic simulations over-
all follow the slope of the empirical relation better than both
the kinematic and hybrid approaches, especially at inter-
mediate distances, where sufficient data exist to provide ad-
equate constraints for the empirical relation.

Directivity Effects

We now discuss directivity effects that cause the ground
motions to be strongest on the fault-normal component of
motion, particularly in the near-fault region. Strong forward

directivity effects occur when the rupture front propagates
toward the site. Therefore, among our models, we expect
model D3 to result in the smallest forward directivity effects
at the nodal stations 16–30.

In Figure 8 we show the fault-normal horizontal com-
ponent of spectral accelerations calculated at the nodal sta-
tions 16–30 for various periods. The values simulated from
the three models—D1, D2, and D3—are plotted with dif-
ferent symbols to compare the variations of directivity ef-
fects. At all periods, the dynamic simulations capture the
variability of directivity effects among the models having
different hypocenter positions, showing that model D3 (di-
amonds) results in the smallest amplitudes, especially in the
very near-source region. Surprisingly, the hybrid simulations
show these systematic differences only at larger distances
(R � 10 km), whereas the analysis of the kinematic results
does not reveal any substantial difference among the differ-
ent models. The differences between the dynamic and hybrid
simulations are due solely to the different slip-velocity func-
tions, showing that the use of physically consistent slip-
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Figure 8. Comparison of simulated fault-
normal horizontal component (circles) and em-
pirical attenuation (solid line) of Abrahamson
and Silva (1997) for a M 7 strike-slip earth-
quake. Only the simulated values at the nodal
stations 16–30, for which the directivity effects
are the largest, are shown.

velocity functions might improve near-source strong ground
motion predictions. The comparison with the empirical re-
lation is not straightforward because these fault-normal com-
ponent amplitudes are not averaged values as are those
shown in Figure 7. Nevertheless, we notice that the fall-off
of the empirical relation is matched by both the dynamic and
hybrid simulated values at intermediate to large distances.

Waveforms and Amplitude Spectra

In Figure 9 we compare ground-velocity seismograms
calculated at a near-fault location (Rrup � 3.2 km) from the
dynamic and kinematic simulations for all five slip models.
The higher degree of complexity characteristic of dynamic
source models with respect to kinematic models is evident
in the resulting waveforms. The kinematic simulations pro-
duce very simple waveforms with big similarities between
the five different slip models. On the other hand, the dy-
namic modeling produces complex waveforms with high
variability between the five models, presumably providing a
more realistic characterization of near-fault ground motion.
Notice that the kinematic waveforms have larger peak am-
plitudes than the dynamic seismograms in which the energy
is more spread over the entire signal. Such difference is
probably due to the higher degree of coherency in the ki-
nematic source models caused by homogeneity in the rupture
velocity, rise time, and slip-velocity function.

We also compare amplitude spectra calculated using the
two modeling approaches. Notice that, in general, compared
to the kinematic spectra, the dynamic spectra are smoother,
having less spectral holes over the high-frequency range

(above 1 Hz). Again, this is a result of the higher degree of
complexity captured in dynamic simulations.

Discussion

The comparison among the three modeling approaches
allows us to infer how specific source characteristics affect
the predicted response at various periods, with particular em-
phasis on the low-frequency range. The systematic large
spectral amplitude of kinematic and hybrid simulated re-
sponses at long periods reflect the strong coherency of en-
ergy release as the rupture propagates along the fault.
Among our three classes of models, the kinematic models
have the largest degree of coherence due to homogeneous
rupture velocity and uniform SVF, whereas the variability in
both these parameters in the dynamic models greatly dimin-
ishes the coherent energy release during rupture. One pe-
culiarity in the kinematic response spectra at large periods
is the lack of decay over distances between 2 and 6 km. We
investigated this effect and found that this occurs only for
the stations at 45� from the fault line, likely due to enhanced
directivity effects caused by source-receiver geometry and
homogeneous rupture velocity.

The introduction of spatial and temporal heterogeneity
tends to increase peak ground motion amplitudes at short
periods. This behavior is manifest in the larger spectral am-
plitudes simulated from the hybrid and dynamic models with
respect to those calculated from the kinematic models at
short periods (T � 2 sec) in the near-source region. Although
the dynamic models are the most complex, the hybrid ap-
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Figure 9. Comparison of simulated ground-velocity at observer 3 (Rrup � 3.2 km)
from the dynamic models (first column) and kinematic models (second column). The
comparison of amplitude spectra is shown in the third column.

proach results in larger high-frequency responses. We inter-
pret this as a consequence of the spectral characteristics of
the SVF assumed in the hybrid models (box-car with a rise
time of 1 sec). We checked this by calculating ground mo-
tions from the hybrid models assuming a rise time of 2 sec
and observe a systematic decrease especially in the high-
frequency amplitudes. This suggests that the SVF obtained
from our dynamic modeling might be too smooth to cor-
rectly predict the short-period response.

An interesting feature of the dynamic response spectra
is the large range of amplitude variation in the very near-
fault region (0.3 and 1 km). Understanding this behavior is
important because it occurs in the region where the scarcity
of observations requires simulations to complement the
available data set. The stations located at these short dis-
tances from the source are distributed along the fault, where

the ground motion is mainly affected by the local rupture
behavior rather than by the whole source. The high degree
of heterogeneity and complexity of the dynamic source mod-
els, especially in the SVF, accentuates the different charac-
teristics of the seismic radiation affecting each of these near-
fault stations for a given source model. The 1999 Chi-Chi,
Taiwan, earthquake provides an example of low near-fault
observed spectral accelerations with respect to the empirical
relations (Boore, 2001). This might be related to the specific
local source behavior. Areas with local low stress drop and/
or large Dc, which may characterize shallow source regions
(e.g., Ide and Takeo, 1997), correspond to areas of local low
peak slip-velocity and smooth SVF that, in turn, may result
in low amplitude near-fault ground accelerations. On the
other hand, kinematic models that do not include such vari-
ability in the SVF behavior corresponding to local source



312 M. Guatteri, P. M. Mai, G. C. Beroza, and J. Boatwright

properties result in homogeneous ground motions even at
different locations along the fault.

The high variability in spectral amplitudes very close to
the fault as results from dynamic simulations implies that
prediction of ground-motion intensity in the near-source re-
gion is subject to a high degree of uncertainty and is highly
event specific. Recently, distance-dependent errors have
been associated with ground-motion empirical relationships,
showing larger prediction errors in the near-fault region
(N.A. Abrahamson, personal comm.).

Guatteri and Spudich (2000) showed that a dynamic
model having a short slip-weakening distance exhibits more
sharply peaked SVFs compared to a corresponding model
with a longer Dc. A more strongly peaked SVF results in
larger high-frequency ground-motion amplitudes. To test
this idea, we have computed response spectra from a dy-
namic model having the same slip, static stress drop, and
fracture energy distributions as in model B, but with a
shorter Dc (about a half of the original value). We found that
at a period of 0.7 sec, the short Dc model results in system-
atically larger response spectral amplitudes, particularly at
the medium to large distances. An even shorter Dc would
result in larger high-frequency amplitudes. Although it is
beyond the scope of this study, these results suggest that the
analysis of high-frequency spectra may help to constrain
rupture dynamics.

Conclusions

This study shows that including variability in all the
relevant source parameters, such as slip, rupture velocity,
and SVF, has a great effect on the simulated ground motion.
The improvement provided by including heterogeneity in the
rupture velocity is evident from the comparison between the
hybrid and kinematic simulations. An important result of this
article is the derivation of a methodology to include vari-
ability in the rupture time distribution in kinematic models
through a generalization of Andrews’ (1976) result relating
rupture speed to apparent fracture energy, stress drop, and
crack length. Preliminary results of such a pseudodynamic
source characterization are very encouraging (Mai et al.,
2001; Guatteri et al., 2002). The additional effects of vari-
able SVF in the dynamic models are subtler and probably
less evident because of our specific choice of rise time values
in the kinematic and hybrid parameterizations. Figure 6 sug-
gests that the assumption that a boxcar describes the time
dependence of slip after rupture is inadequate to realistically
characterize the fault behavior. A truncated Kostrov function
(e.g., Beroza and Spudich, 1988), overlapping triangles (e.g.,
Wald et al., 1991), or a cosine slip function (Cotton and
Campillo, 1995) better describe the fault-particle motion of
a complex source. Nakamura and Miyatake (2000) have de-
veloped a time-domain parameterization of a dynamically
consistent SVF that has great potential for applications to
near-field strong ground motion simulations. The empirical
relation between slip rise time and magnitude proposed by
Somerville et al. (1999) determines a median rise time of

about 1.5 sec for a Mw 7 earthquake. Our results suggest that
this value might be appropriate for the median value of a
spatially variable width of the slip-velocity function pulse
(Fig. 6).

A weakness of the procedure we have developed is that
the fracture energy is specified by trial-and-error modeling.
Guatteri et al. (2002) addressed this problem through the
development of an empirical relationship between fracture
energy and known source parameters, such as stress drop
and hypocenter location. The results of this study can be
applied to develop more physically constrained kinematic
source models for deterministic near-fault strong ground
motion simulations. A more realistic and robust character-
ization of the rupture process, in combination with stochastic
high-frequency simulations, has the potential to improve the
modeling of near-fault ground motions. Physically consis-
tent source characterization of scenario earthquakes should
lead to more realistic ground-motion time histories, which
in turn should improve our ability to predict the dynamic
response of structures to near-fault ground motions.
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