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Estimation of Stress Drop for Some Large
Shallow Earthquakes Using Stochastic

Point Source and Finite Fault Modeling

H. Moghaddam1, N. Fanaie2;� and D. Motazedian3

Abstract. Using stochastic point source and �nite fault modeling, the stochastic stress drop is
estimated for 52 large shallow earthquakes listed in the `Paci�c Earthquake Engineering Research Center
(PEER) Next Generation Attenuation of Ground Motions (NGA)' database. The Pseudo Spectral
Acceleration (PSA) of 541 accelerograms, recorded at National Earthquake Hazards Reduction Program
(NEHRP) C-class sites from 52 earthquakes are simulated and compared with the PSA listed in the PEER
NGA database. The magnitude of the analyzed earthquakes ranged from M4:4 to M7:6. The stress drop
is calibrated by trial and error and based on the analysis of residuals where the residual is de�ned as
the log of the observed PSA minus the log of the predicted PSA by stochastic methods. The symmetric
distribution of residuals around the zero line is considered as an indicator of good agreement between the
simulated and observed PSAs. The calculated stress drops based on stochastic point source and �nite fault
modeling are di�erent from the static stress drops that are currently listed in the PEER NGA database.
It seems that there is no clear relation between stress drop and earthquake magnitude, but there is a good
linear relation between estimated stress drops based on stochastic point source and �nite fault modeling.
The sensitivity of the estimated stress drop values on the Kappa factor and geometric speeding factor
(b value) is also investigated.

Keywords: Large shallow earthquakes; Stress drop; Stochastic point source modeling; Stochastic �nite
fault modeling.

INTRODUCTION

Earthquake simulation is a powerful tool in earth-
quake engineering and engineering seismology. In
this research, stochastic point source and �nite fault
modeling are used to simulate the acceleration time
series for large shallow earthquakes listed in the PEER
NGA database. One of the main input parameters
in stochastic simulation methods is stress drop, which
controls the levels of the spectrum at high frequencies
being usually more than 1 Hz.

The purpose of this article is to apply stochastic
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point source and �nite fault modeling, estimate the
average stress drops for the PEER NGA database and
compare them with the current static stress drops
currently given in that database. These results can
be used in future application of stochastic methods
in cases where there is no information on the stress
drop value. Using stochastic �nite fault modeling to
estimate the stress drop has been done for di�erent
regions [1-5].

There are three commonly used approaches in
stochastic modeling:

i) Point source with a single corner, !2, source
spectrum [6,7].

ii) Point source with a two-corner source spec-
trum [8,9].

iii) Finite fault approaches [2,3,10-14].

The �rst method, point source modeling, has been
widely used and provides good results for small to
moderate earthquakes, but it overestimates lower fre-
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quencies for larger earthquakes [15]. The e�ects of
a large earthquake fault including fault geometry,
heterogeneity of slip on the fault plane and directivity
can in
uence the amplitudes, frequency content and
duration of the ground motion.

To overcome the overestimation of low frequen-
cies by stochastic point source modeling, the second
method, which is point source modeling with a two-
corner source, was introduced to model �nite fault
e�ects on ground motion radiation [8,9]. However,
the two-corner frequency model is directly independent
of the stress drop; the input parameter that we are
interested in for this study.

The third method, �nite fault modeling using
both stochastic and other approaches, has been an
important tool for the prediction of near-source ground
motion of large earthquakes [1,2,10-13,16-21]. In this
article, both stochastic point source [6] and �nite fault
modeling based on a dynamic corner frequency [3] are
applied using the EXSIM (EXtended fault SIMulation)
program for ground motion simulation.

DATABASE

In this study, the response spectra of 541 horizontal-
component time series recorded at NEHRP C-class
sites from the PEER NGA database were analyzed.
The NEHRP C-class site (rock site) was chosen to
minimize the e�ects of site response and Kappa fac-
tor (rapid spectral decay at high frequencies) in the
calibration of stress drop. These records are from 52
large shallow earthquakes that occurred all over the
world. Since the geometric spreading factor (b value
� see Equation 1) is also a very important factor in
the simulation of far-�eld earthquakes, the maximum
distance of 60 km was chosen to minimize the post-
critical re
ection e�ects from Moho discontinuity. The
studied earthquakes are presented in Table 1. Five
abbreviations are used in Table 1 for di�erent types
of earthquake: SS for strike slip, N for normal, R for
reverse, RO for reverse oblique and NO for normal
oblique.

STOCHASTIC MODELING

Point Source Modeling Approach

Stochastic point source modeling is a widely used tool
for the simulation of acceleration time series. The goal
of this method is the generation of a transient time
series that has a stochastic character and where the
spectrum matches a speci�ed desired amplitude [6,22].
First, a window is applied to a time series of Gaussian
noise with zero mean and unit variance. The windowed
time series is transformed to the frequency domain, and
the amplitude spectrum of the random time series is

multiplied by the desired spectrum. Transformation
back to the time domain results in a stochastic time
series, where the amplitude spectrum is the same, on
average, as the desired spectrum. The application of
this method clearly requires speci�cation of the target
amplitude spectrum of the earthquake to be simulated;
therefore, the stochastic method needs a model that
speci�es the Fourier spectrum of ground motion as
a function of magnitude and distance. Often, the
acceleration spectrum is modeled by a spectrum with
a !2 shape, where ! is the angular frequency [6,23,24].
The acceleration spectrum of the shear waves, A(f), at
hypocentral distance, R, from an earthquake is given
by:

A(f) = (CM0(2�f)2=[1 + (f=f0)2])

exp(��fR=Q�) exp(��f�)D(f)=Rb; (1)

where M0 is seismic moment and f0 is corner frequency,
which is given by f0 = 4:9 � 106�:(��=M0)1=3, where
�� is stress drop in bars, M0 is in dyne-cm and
�: is shear wave velocity in km/s. Constant C =
R�'FV=(4���3), where R�' is the radiation pattern
(average value of 0.55 for shear waves), F is the free
surface ampli�cation (2.0), V is the partition into two
horizontal components (0.71), � is the density and R is
the hypocentral distance [6]. The term exp(��f�) is a
high cut �lter to model zero distance Kappa e�ects,
which are commonly observed rapid spectral decays
at high frequencies [25]. The quality factor, Q(f), is
inversely related to anelastic attenuation. The term,
1=Rb, shows geometrical spreading. If b = 1, the
term of 1=R is appropriate for body wave spreading
in a whole space. 1=R can be changed as needed, in
order to account for the presence of the post-critical
re
ections from Moho discontinuity. D(f) is the site
ampli�cation term, which is a function of frequency
and depends on soil type. It should be noted that in
this model the spectrum is derived for an instantaneous
shear dislocation at a point.

Finite Fault Modeling Approach

To extend point source modeling to �nite fault mod-
eling, a large fault is divided into N subfaults, and
each subfault is considered as a point source [16].
In this model, the rupture spreads radially from the
hypocenter. The ground motion of each subfault is
calculated by stochastic point source modeling. The
ground motions of subfaults are then summed in the
time domain with a proper delay time, which depends
on the distance between each subfault and the obser-
vation point.

There are di�erent programs for stochastic �nite
fault modeling; and, in this research, we used the
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Table 1. PEER NGA database earthquakes recorded at NEHRP C-class sites (continued).

Earthquake Name Date Magnitude # of NEHRP
C Records

Quality
Factor

Park�eldSS 1966/06/28 6.2 2 1180f0:45

Coyote LakeSS 1979/08/06 5.7 5 180f0:45

Livermore-01SS 1980/01/24 5.8 2 180f0:45

Livermore-02SS 1980/01/27 5.8 3 180f0:45

Anza (Horse Canyon)-01SS 1980/02/25 5.6 3 180f0:45

Mammoth Lakes-02SS 1980/05/25 6.0 1 180f0:45

Mammoth Lakes-08SS 1980/05/31 4.9 2 180f0:45

WestmorlandSS 1981/04/26 5.9 1 180f0:45

Morgan HillSS 1984/04/24 6.1 9 180f0:45

Hollister-04SS 1986/01/26 5.4 1 180f0:45

Superstition Hills-02SS 1987/11/24 6.5 1 180f0:45

LandersSS 1992/06/28 7.3 4 180f0:45

Big Bear-01SS 1992/06/28 6.5 2 180f0:45

Hector MineSS 1999/10/16 7.1 2 180f0:45

YountvilleSS 2000/09/03 5.2 3 180f0:45

Big Bear-02SS 2001/02/10 5.3 9 180f0:45

GilroySS 2002/05/14 5.2 7 180f0:45

Chi-Chi, Taiwan-04SS 1999/09/20 6.4 1 2117f0:77

Oroville-02N 1975/08/02 4.8 2 180f0:45

Oroville-03N 1975/08/08 4.7 8 180f0:45

Irpinia, Italy-01N 1980/11/23 6.9 3 3130f0:1

Irpinia, Italy-02N 1980/11/23 6.2 2 130f0:1

Lazio-Abruzzo, ItalyN 1984/05/07 5.9 1 130f0:1

Kozani, Greece-01N 1995/05/13 6.5 1 485f0:91

Little Skull Mtn, NVN 1992/06/29 5.7 1 180f0:45

Kern CountyR 1952/07/21 7.4 1 180f0:45

San FernandoR 1971/02/09 6.6 10 180f0:45

Tabas, IranR 1978/09/16 7.3 1 587f1:46

Coalinga-01R 1983/05/02 6.3 24 180f0:45

Coalinga-02R 1983/05/09 5.2 13 180f0:45

Coalinga-04R 1983/07/09 5.1 9 180f0:45

Coalinga-05R 1983/07/22 5.7 7 180f0:45

Coalinga-07R 1983/07/25 5.2 1 180f0:45

Nahanni, CanadaR 1985/12/23 6.7 3 668f1:0

Cape MendocinoR 1992/04/25 7.2 3 180f0:45

Northridge-01R 1994/01/17 6.6 63 180f0:45

Sierra MadreR 1991/06/28 5.6 5 180f0:45

Northridge-06R 1994/03/20 5.3 20 180f0:45

1: Corresponded to [26]; 2: Corresponded to [27]; 3: Corresponded to [28]; 4: Corresponded to [29];

5: Corresponded to [5]; 6: Corresponded to [30].
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Table 1. Continued.

Earthquake Name Date Magnitude # of NEHRP
C Records

Quality
Factor

Chi-Chi, Taiwan-02R 1999/09/20 6.3 46 117f0:77

Chi-Chi, Taiwan-03R 1999/09/20 6.6 45 117f0:77

Chi-Chi, Taiwan-05R 1999/09/22 6.4 26 117f0:77

Chi-Chi, Taiwan-06R 1999/09/25 6.5 42 117f0:77

Lytle CreekRO 1970/09/12 5.3 5 180f0:45

Santa BarbaraRO 1978/08/13 5.8 2 180f0:45

Whittier Narrows-01RO 1987/10/01 5.9 48 180f0:45

Loma PrietaRO 1989/10/18 6.9 20 180f0:45

Chi-Chi, TaiwanRO 1999/09/20 7.6 50 117f0:77

Northridge-04RO 1994/01/17 5.8 5 180f0:45

Northridge-05RO 1994/01/17 5.1 6 180f0:45

Oroville-04NO 1975/08/02 4.4 3 180f0:45

Mammoth Lakes-01NO 1980/05/25 6.2 1 180f0:45

Anza-02NO 2001/10/31 5.2 6 180f0:45

EXSIM program [3]. In EXSIM, the acceleration
spectrum of a subfault at a distance, Rij , is modeled
as a point source with a !2 shape. The acceleration
spectrum of the shear waves of the ijth subfault,
Aij(f), is described by Motazedian and Atkinson [3]
as:
Aij(f) = (CM0ijHij(2�f)2=[1 + (f=f0ij)2])

exp(��fRij=Q�)RbijD(f) exp(��f�); (2)

where M0ij , f0ij and Rij are the ijth subfault seismic
moment, corner frequency and distance from the obser-
vation point, respectively. Hij is a scaling factor that
is applied to conserve the square of the high-frequency
spectral level of the subfaults as the corner frequency
decreases with time [3]. The corner frequency is treated
as a dynamic parameter that decreases with time as the
rupture grows larger [3]. The corner frequency of the
ijth subfault, f0ij(t), is de�ned as a function of NR(t),
which is the cumulative number of ruptured subfaults
at time t:

f0ij(t) =
4:9� 106�
NR(T ) 1

3

�
��
M0ave

� 1
3

; (3)

where M0ave = M0=N is the average seismic moment
of the subfaults in dyne-cm, �� is the stress drop in
bars and � is in km/s.

For t = tend, the number of ruptured subfaults is
NR(t)�1=3 = N�1=3. Thus, the corner frequency at the
end of the rupture is:

f0ij(tend) = N�1=34:9e+ 6�(��=M0=N)1=3;

which leads us to f0ij(tend) = f0, which is the corner
frequency of the entire fault. Thus, the lower limit of
the dynamic corner frequency is the corner frequency
of the entire fault. The scaling factor, Hij , which
conserves the square of the spectrum amplitude of
subfaults at high frequencies, is given by:

Hij =
�
N
Xff2=[1 + (f=f0)2]g2=Xff2=[1 + (f=f0ij)2]g2� 1

2
: (4)

The ground motions of the subfaults are summed in the
time domain to obtain the ground motion acceleration
of the entire fault, a(t):

a(t) =
nlX
i=1

nwX
j=1

aij(t+ �tij); (5)

where �tij is the relative delay time for the radiated
wave from the ijth subfault to reach the observation
point; and, nl and nw are the numbers of subfaults
along the length and width of the fault, respectively
(N = nl � nw).

The EXSIM method, with the application of
dynamic corner frequency and the inclusion of the ana-
lytical method [31], o�ers several signi�cant advantages
over previous stochastic �nite fault models [3]:

� The most frequent criticism of previous stochastic
�nite fault models, including those by Schneider
et al. [11], Silva and Darragh [32] and Beresnev
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and Atkinson [20,33,34], has been that the results
depend on the selected subfault size. This constraint
appears physically unrealistic and places constraints
on the subfault sizes that may be used (e.g. the
results will only match observations for a limited
range of subfault size choices). On the other hand,
the EXSIM model is not dependent on subfault
size. There is a slight subfault size dependency in
the near source, due to the di�erent distribution of
distances between the observation point and each
subfault. This subfault dependency on a near source
is much smaller than the subfault size dependency
observed in other approaches, while the subfault size
dependency at larger distances is zero.

� In previous approaches, the minimum magnitude
that could be simulated as a �nite fault was about
M5 [35]. The methods broke down at smaller
magnitudes, because the prescribed subfault size
approached the fault size. EXSIM is able to
consider much smaller magnitudes. This has major
advantages for applications in some regions.

� Another conceptual advantage of the EXSIM model
is that it eliminates the need, as in previous ap-
proaches [11,20,32], to trigger each subfault a num-
ber of times in order to conserve seismic moment.

� Simulations based on the EXSIM approach produce
more realistic time series than those based on the
previous stochastic �nite fault models [20], because
in previous approaches, a large subfault size is
required to model very large earthquakes (e.g. M8),
often producing arti�cial gaps in the simulated
acceleration time series. With EXSIM, a small
subfault size is chosen to eliminate any such artifacts
in the time series.

� Finally, the combination of analytical and stochastic
methods proposed by Mavroeidis and Papageor-
giou [31] is included in EXSIM, in order to provide
a tool to describe the impulsive behavior of near-
fault velocity pulses and their in
uence on long-
period ground motions, which are observed in many
earthquakes. Thus, it provides a range of tools
that cover the stochastic spectrum of �nite fault
modeling and can be used to investigate the param-
eters that in
uence the characteristics of earthquake
ground motion.

INPUT PARAMETERS

Stochastic �nite fault modeling requires some region
speci�c attenuation and generic site parameters, which
are described below:

� Attenuation of Fourier amplitudes with distance.
This is the geometric attenuation versus distance,
R, for subfaults or point sources. In this research,

to avoid the complexity of geometric spreading
(b value) for earthquakes in di�erent regions, only
time series with distances less than 60 km with
R�1 were considered, which was valid for all point
sources, as well as all subfaults. The sensitivity of
stress drop on this parameter was also investigated.

� Site ampli�cation. Only PEER NGA time series
recorded at NHERP C-class sites were modeled in
this research, in order to minimize the site e�ects
on the estimation of stress drop. Calibration and
simulation were performed for a generic rock site
that was equivalent to NEHRP C-class.

� Generic crustal ampli�cation. The California based
generic crustal ampli�cation for the rock site pro-
posed by Boore and Joyner [36] was applied for all
stations in this research.

� Kappa factor. A generic value of 0.035 was consid-
ered for all PEER NGA NEHRP C-class site records.
The sensitivity of stress drop on this parameter was
also investigated.

� Duration of ground motion. The generic T (R) =
T0 + 0:1R from Boatwright and Choy [37] was
adopted in this study, where T0 is the source
duration (T0 = 1=(2fa) and log fa = 2:41� 0:533M
after Atkinson and Boore [8]).

� Crustal shear wave velocity. A generic value of 3.7
(km/s) was chosen for this parameter, which does
not have a signi�cant in
uence on the stress drop.

� Crustal density. A generic value of 2.8 (g/cm3) was
chosen for this parameter, which does not have a
signi�cant in
uence on the stress drop.

� Slip distribution. A random slip distribution was
assumed, since the focus was a general calibration
of the model parameters.

� Fault geometry. The fault geometry of each fault
was obtained from the PEER NGA database and
literature.

� Location of hypocenter. This location was deter-
mined on the fault plane, based on the fault geome-
try and the reported coordinate for the hypocenter.

� Pulsing percentage. This parameter which controls
the level of spectrum at low frequencies was �xed
on 100% for all simulations, but it did not play an
important role in this research, since the focus was
on stress drop; a high-frequency parameter.

� Rupture velocity. It was assumed that the rupture
velocity is 80% of the shear wave velocity, and the
Saragoni-Hart function was used as the windowing
function in our simulation.

� Subfault size. In near source where there is a slight
subfault size, dl, dependency, the Beresnev and
Atkinson (1999) equation (log dl = �2:0 + 0:4M)
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was used for the calculation of the size of sub-
faults [35].

� Q value. This parameter is inversely related to the
anelastic attenuation of seismic waves and deter-
mines the shape of the high-frequency spectrum.
Although Q values, listed in Table 1, were obtained
from literature for each region, this parameter does
not play a signi�cant role at distances less than
60 km, which is the maximum distance limit in this
research.

� Stress drop. This parameter controls the level of
spectrum at high frequencies. The main goal of
this research was to determine the average of this
parameter using trial and error, as described in the
next section.

CALIBRATION RESULTS

Using the above-mentioned input parameters, EXSIM
was applied to simulate the acceleration time series for
each NEHRP C record located at a distance less than
60 km. The geometry of each fault and the location of
each site were considered in each simulation. The PSA
of the simulated time series is compared with the PSA
given by the PEER NGA database. The stress drop
is estimated by trial and error, based on matching the
observed PSA with the simulation results. A suitable
value for stress drop produces a good distribution
of residuals at high frequencies where the residual is
de�ned as the log of the observed PSA minus the log
of the predicted PSA (where PSA is the horizontal
component of 5% damped pseudo acceleration). The
symmetric distribution of residuals around the zero
line without any speci�c trend at high frequencies can
be considered an indicator of good agreement between
the simulated and observed time series. It should be
added that there are some minor to moderate trends
at lower frequencies that do not have any e�ect on
our conclusions and the estimation of stress drop.
These low-frequency trends can be corrected using the
analytical modeling in EXSIM, which is not within the
scope of this research.

The level of high frequencies, mainly above 1Hz,
is controlled by three factors: the stress drop, Kappa
factor and Q value. The variation of the Kappa
factor is not signi�cant for NHERP C-class sites and is
considered to be 0.035 in this research. Some sensitivity
analysis was also done on this parameter. The Q value
is a known parameter (from the literature) and does not
play a signi�cant role at short distances (less than 60
km, which is the maximum distance considered in this
research). Thus, the stress drop is the main parameter
controlling the level of spectrum at high frequencies for
the chosen subset of the PEER NGA database, and can
be estimated with iteration over a wide range of values.

The EXSIM program, using the above-mentioned
input parameters, was applied over a wide range of
stress drops to minimize the residuals for each earth-
quake in the selected database. Table 2 includes the
estimated stress drops based on stochastic �nite fault
modeling, as well as the current PEERNGA static
stress drops.

In addition, stress drop values were also calculated
for all earthquakes based on point source modeling.
The EXSIM program can be used for point source
modeling, and its results are identical to the SMSIM
program [7]. Motions from EXSIM are in close
agreement with those from SMSIM, far from small
earthquakes [38]. The input parameters for point
source modeling were the same as those for �nite fault
modeling, except that the number of subfaults was 1
and the hypocenter was located at the middle of the
only subfault.

Static stress drops which have been presented by
the NGA database are used in this article. Static stress
drop is the di�erence between the stresses before and
after an earthquake. Small static stress drop shows
that the strain energy is not released in the crust and
probably the region will experience some aftershocks.
Brune stress drop can be used in stochastic point source
simulation applying the SMSIM developed by David
Boore [7]. Another kind of stress drop is the �nite
fault stress drop, which was regarded in this research
as well. Table 2 also includes the estimated stress drops
based on point source modeling.

Stress drop does not actually have the same
meaning in EXSIM and SMSIM. In SMSIM, it comes
directly from the Brune source model for a given stress
parameter in which the stress drop, corner frequency
and seismic moment control the spectral amplitudes,
however, in EXSIM, it has this meaning only for a
particular subsource [39].

In order to separate results of di�erent qualities, a
simulation quality parameter was de�ned, based on the
visual inspection of the goodness of the average distri-
bution of residual versus frequency. This parameter has
3 grades: A, B and C. If residuals were very close to
the zero line over the frequency range of 1Hz to 10 Hz,
this parameter was considered grade A, which shows
the simulation results were very good (as an example,
see residuals for the Livermore earthquake in Figure 1).
In cases where the residuals were not close to the zero
line for a short range of frequencies, the simulation
quality was B (see Table 2 and Figure 1). Simulation
quality C was chosen for the worst case where residuals
deviated from the zero line in a relatively wide range
of frequencies.

In order to compare the estimated stress drop
values of di�erent methods, the stress drop based on
stochastic �nite fault modeling was considered as a
reference, and the percentage di�erence between the
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Table 2. Estimated stress drops based on stochastic modeling for the PEER NGA database.

Earthquake Name Magnitude
PEER-NGA
Static Stress
Drop (bars)

Stress Drop
Based on

Point Source
Modeling (bars)

Stress Drop
Based on

Finite Fault
Modeling (bars)

No. of
Records

Simulation
Quality

Park�eld 6.2 10.2 120 50 2 B
Coyote Lake 5.7 35.5 75 50 5 B
Livermore-01 5.8 - 120 80 2 A
Livermore-02 5.8 - 135 100 3 A
Anza (Horse Canyon)-01 5.6 - 125 100 3 B
Mammoth Lakes-02 6.0 20.2 290 200 1 C
Mammoth Lakes-08 4.9 - 210 140 2 B
Westmorland 5.9 33.0 120 100 1 A
Morgan Hill 6.1 9.6 130 70 9 A
Hollister-04 5.4 - 45 40 1 B
Superstition Hills-02 6.5 47.5 95 85 1 A
Landers 7.3 64.5 75 40 4 A
Big Bear-01 6.5 - 115 100 2 A
Hector Mine 7.1 36.2 125 80 2 A
Yountville 5.2 - 45 40 3 B
Big Bear-02 5.3 - 55 40 9 C
Gilroy 5.2 - 100 65 7 A
Chi-Chi, Taiwan-04 6.4 7.5 60 30 1 B
Oroville-02 4.8 - 30 25 2 B
Oroville-03 4.7 - 100 80 8 C
Irpinia, Italy-01 6.9 32.7 210 150 3 A
Irpinia, Italy-02 6.2 29.2 120 90 2 A
Lazio-Abruzzo, Italy 5.9 40.4 120 100 1 B
Kozani, Greece-01 6.5 12.5 110 100 1 B
Little Skull Mtn, NV 5.7 37.8 180 110 1 C
Kern County 7.4 82.3 100 90 1 A
San Fernando 6.6 24.5 185 160 10 A
Tabas, Iran 7.3 16.4 400 250 1 A
Coalinga-01 6.3 40.6 115 90 24 C
Coalinga-02 5.2 - 210 150 13 A
Coalinga-04 5.1 - 245 170 9 A
Coalinga-05 5.7 - 200 155 7 A
Coalinga-07 5.2 - 270 230 1 A
Nahanni, Canada 6.7 26.2 45 40 3 A
Cape Mendocino 7.2 67.6 150 120 3 A
Northridge-01 6.6 33.0 200 165 63 A
Sierra Madre 5.6 103.2 400 290 5 B
Northridge-06 5.3 - 205 130 20 A
Chi-Chi, Taiwan-02 6.3 5.0 55 40 46 A
Chi-Chi, Taiwan-03 6.6 47.3 30 20 45 C
Chi-Chi, Taiwan-05 6.4 9.0 180 155 26 A
Chi-Chi, Taiwan-06 6.5 5.5 70 50 42 C
Lytle Creek 5.3 - 250 160 5 A
Santa Barbara 5.8 58.6 80 60 2 C
Whittier Narrows-01 5.9 56.8 285 235 48 A
Loma Prieta 6.9 35.1 140 100 20 A
Chi-Chi, Taiwan 7.6 34.9 55 30 50 C
Northridge-04 5.8 - 110 75 5 B
Northridge-05 5.1 - 160 90 6 B
Oroville-04 4.4 - 115 100 3 B
Mammoth Lakes-01 6.2 18.3 70 50 1 B
Anza-02 5.2 - 260 180 6 C
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Figure 1. Average of residuals versus frequency for all analyzed earthquakes (continued).
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Figure 1. Continued.
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Figure 1. Continued.
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Figure 1. Continued.
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Figure 1. Continued.

stress drop values from other methods and the reference
method was calculated. Two distributions were plotted
versus the reference stress drop, as shown in Figure 2.
The �rst distribution (solid circle) shows (Point Source
Stress Drop - Finite Fault Stress Drop)/(Finite Fault
Stress Drop)*100; and the second distribution shows
(PEER-NGA Static Stress Drop - Finite Fault Stress
Drop)/(Finite Fault Stress Drop)*100. As shown in
Figure 2, for all earthquakes, stress drops based on
stochastic point source modeling were generally greater
than the corresponding values based on stochastic �nite
fault modeling. This subject is discussed below.

In case of considering the whole fault as a sub-
fault, the fault is modeled as a point source. If the
�nite fault modeling is used and the fault is divided
into several subfaults, then the seismic moments of
subfaults will reduce and their corresponding corner
frequencies will increase. Consequently, the content
of high frequencies is greater in �nite fault modeling,
in comparison with that of point source modeling.
As such high frequencies are not attenuated at near
distances, it is concluded that �nite fault modeling
produces larger spectral accelerations in comparison to
point modeling, assuming the same stress drop values
in both cases. Therefore, if the modeled accelerations
at high frequencies are to be �tted to the spectral
accelerations of real records by changing the stress
drop, then the stress drop obtained by �nite fault
modeling is lower in comparison with that of point
source modeling.

For most earthquakes, the PEER-NGA static
stress drops were typically smaller than the calculated
stress drops based on �nite fault modeling and point
source modeling.

Calculated stress drops based on stochastic point
source and �nite fault modeling versus magnitude are

also shown in Figure 3. It is clear that there was no
relation between the stochastic stress drops and the
magnitude of the earthquakes.

For all the studied earthquakes, Table 2 shows the
lowest stress drop values for the Chi-Chi, Taiwan-03
earthquake. For this earthquake, the calculated stress
drops were 30 and 20 bars, based on stochastic point
source and �nite fault modeling, respectively. The
highest stress drop values were obtained for the Sierra
Madre earthquake, which were 400 and 290 bars, based
on stochastic point source and �nite fault modeling,
respectively. The PEER NGA database presents a
high stress drop (103.2 bars) for that earthquake as
well.

Figure 2. Comparison between static PEER NGA and
stochastic stress drops. Solid circles shows (Point Source
Stress Drop - Finite Fault Stress Drop)/(Finite Fault
Stress Drop)*100. Diamonds show (PEER NGA Static
Stress Drop - Finite Fault Stress Drop)/(Finite Fault
Stress Drop)*100.



Estimation of Stress Drop Using Stochastic Modeling 229

Figure 3. Calculated stress drops based on stochastic
point source (solid circles) and �nite fault modeling
(diamonds) versus magnitude.

In order to evaluate the utilized generic geometric
spreading factors, the distribution of residuals (ob-
tained from stochastic �nite fault modeling) versus
distance for two earthquakes (Northridge-01 and Whit-
tier Narrows-01), as examples, were plotted for the
frequency of 5 Hz, and are shown in Figures 4 and 5,
which indicate no obvious trends.

DEPENDENCY OF STRESS DROP ON
KAPPA FACTOR AND B VALUE

Both the Kappa factor and b value were changed by
�10% (based on comments made by Gail Atkinson)
in both stochastic point source and �nite fault sim-

Figure 4. Distribution of residuals versus distance for
5Hz frequency for the Northridge-01 earthquake.

Figure 5. Distribution of residuals versus distance for
5Hz frequency for the Whittier Narrows-01 earthquake.

ulations, which resulted in 9 scenarios for each type
of stochastic simulation (three values for the Kappa
factor and three values for the b value). First, as
a base, the simulation was done for the typical and
generic values of these parameters (Kappa = 0:035
and b = 1:0). These parameters were then changed
individually, and their e�ects on the estimated stress
drop were calculated, as given in Tables 3 and 4 for
stochastic point source modeling and stochastic �nite
fault modeling, respectively.

It is clear that, if the Kappa factor was increased,
the simulated spectral accelerations at high frequencies,
typically more than 5 Hz, decreased, and vice versa.
On the other hand, the estimation of stress drop was
directly related to the level of spectrum at high frequen-
cies. In other words, in order to match the simulated
spectrum with the observed one, an increase in the
Kappa factor meant that the associated stress drop
had to be increased. It is interesting that an increase
in the typical value of the Kappa factor resulted in
an increase in the stress drop by the same value, i.e. a
10% increase in the Kappa factor would result in a 10%
increase in the estimated stress drops, regardless of the
hypocentral distance. This phenomenon was observed
in all simulations using both stochastic point source
and �nite fault simulations.

Theoretically speaking, the simulated spectrum is
inversely related to the b value (because the geometric
speeding factor follows the form of 1=Rb). This means
that any increase in the b value results in lower
amplitudes for the simulated spectrum; therefore, the
stress drop should be increased to match the simulated
spectrum with the recorded one. Our simulations for
all earthquakes suggest that any change in the b value
results in a higher and distance dependent change in
the estimated stress drop. It should be mentioned that
any change in the b value changes the weight of R
(distance) in the simulation; thus, the e�ect of the b
value is tied to the value of R. In other words, any
change in the b value changes the simulated spectrum
through the R parameter, and changes in the estimated
stress drop are distance dependent. Our simulations
suggest that, depending on the distance, a 10% increase
in the typical b value results in a 30-80% increase in
the stress drop, while a 10% decrease in the b value
causes a 20-50% decrease in the stress drop. Based
on the values given in Tables 3 and 4, as well as
theoretical judgment, one can conclude that the e�ect
of changes in the b value on the stress drops is higher
for a larger R.

If both the Kappa factor and b value are changed
simultaneously, the new stress drops can be estimated
by adding the separate e�ects of both factors. For
example, if the estimated stress drop for typical values
of the Kappa factor and b value (0.035 and 1.0,
respectively) is ��:, the e�ect of any changes in the
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Table 3. Estimated stress drops based on stochastic point source modeling for the PEER NGA database for di�erent
Kappa factors and b values (continued).

Earthquake
Name

K=0:035,
b = 1:0

K=0:9�
0:035,
b = 1:0

K=1:1�
0:035,
b = 1:0

K=0:035,
b = 0:9

K=0:035,
b = 1:1

K=0:9�
0:035,
b = 0:9

K=1:1�
0:035,
b = 0:9

K=0:9�
0:035,
b = 1:1

K=1:1�
0:035,
b = 1:1

Park�eld 120 108 132 72 185 60 84 173 197

Coyote Lake 75 68 83 45 105 38 53 98 113

Livermore-01 120 108 132 70 190 58 82 178 202

Livermore-02 135 122 149 80 210 67 94 197 224

Anza (Horse Canyon)-01 125 113 138 75 190 63 88 178 203

Mammoth Lakes-02 290 261 319 175 425 146 204 396 454

Mammoth Lakes-08 210 189 231 125 295 104 146 274 316

Westmorland 120 108 132 70 170 58 82 158 182

Morgan Hill 130 117 143 80 200 67 93 187 213

Hollister-04 45 41 50 30 75 26 35 71 80

Superstition Hills-02 95 86 105 60 130 51 70 121 140

Landers 75 68 83 45 120 38 53 113 128

Big Bear-01 115 104 127 70 185 59 82 174 197

Hector Mine 125 113 138 75 190 63 88 178 203

Yountville 45 41 50 26 80 22 31 76 85

Big Bear-02 55 50 61 35 85 30 41 80 91

Gilroy 100 90 110 60 150 50 70 140 160

Chi-Chi, Taiwan-04 60 54 66 35 95 29 41 89 101

Oroville-02 30 27 33 23 50 20 26 47 53

Oroville-03 100 90 110 70 140 60 80 130 150

Irpinia, Italy-01 210 189 231 140 330 119 161 309 351

Irpinia, Italy-02 120 108 132 80 170 68 92 158 182

Lazio-Abruzzo, Italy 120 108 132 80 185 68 92 173 197

Kozani, Greece-01 110 99 121 70 160 59 81 149 171

Little Skull Mtn, NV 180 162 198 135 265 117 153 247 283

Kern County 100 90 110 60 160 50 70 150 170

San Fernando 185 167 204 105 300 87 124 282 319

Tabas, Iran 400 360 440 240 640 200 280 600 680

Coalinga-01 115 104 127 65 190 54 77 179 202

Coalinga-02 210 189 231 140 315 119 161 294 336

Coalinga-04 245 221 270 160 365 136 185 341 390

Coalinga-05 200 180 220 135 290 115 155 270 310

Coalinga-07 270 243 297 180 400 153 207 373 427

Nahanni, Canada 45 41 50 30 65 26 35 61 70

Cape Mendocino 150 135 165 95 230 80 110 215 245

Northridge-01 200 180 220 130 330 110 150 310 350

Sierra Madre 400 360 440 250 600 210 290 560 640

Northridge-06 205 185 226 135 330 115 156 310 351

Chi-Chi, Taiwan-02 55 50 61 30 100 25 36 95 106

Chi-Chi, Taiwan-03 30 27 33 20 50 17 23 47 53

Chi-Chi, Taiwan-05 180 162 198 105 290 87 123 272 308
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Table 3. Continued.

Earthquake
Name

K=0:035,
b = 1:0

K=0:9�
0:035,
b = 1:0

K=1:1�
0:035,
b = 1:0

K=0:035,
b = 0:9

K=0:035,
b = 1:1

K=0:9�
0:035,
b = 0:9

K=1:1�
0:035,
b = 0:9

K=0:9�
0:035,
b = 1:1

K=1:1�
0:035,
b = 1:1

Chi-Chi, Taiwan-06 70 63 77 40 120 33 47 113 127

Lytle Creek 250 225 275 160 390 135 185 365 415

Santa Barbara 80 72 88 50 140 42 58 132 148

Whittier Narrows-01 285 257 314 180 430 152 209 402 459

Loma Prieta 140 126 154 85 220 71 99 206 234

Chi-Chi, Taiwan 55 50 61 30 90 25 36 85 96

Northridge-04 110 99 121 65 185 54 76 174 196

Northridge-05 160 144 176 100 255 84 116 239 271

Oroville-04 115 104 127 80 180 69 92 169 192

Mammoth Lakes-01 70 63 77 50 115 43 57 108 122

Anza-02 260 234 286 155 390 129 181 364 416

Kappa factor in the stress drop is ���: and the
e�ect of any changes in the b value (for a speci�c
range of distances) is ��b; thus, the resulting stress
drop is ��: + ���: + ��b (This point can be proven
mathematically). Based on the values given in Tables 3
and 4 (which were expected theoretically as well), the
maximum values of stress drop for earthquakes were
for a higher Kappa factor (1.1*0.035) and a higher b
value (1.1), and the minimum estimated stress drops
were for a lower Kappa factor (0.9*0.035) and a lower
b value (0.9).

CONCLUSION

In this study, 541 records from the PEER NGA
database of 52 large shallow earthquakes from all over
the world, with magnitudes ranging from M4:4 to
M7:6, were simulated, and their acceleration response
spectra were analyzed to obtain the stress drops based
on stochastic point source and �nite fault modeling.
In order to minimize the site e�ect, the PSA of
accelerograms recorded on just the rock sites (NEHRP
C-class) was considered. The simulations were based on
both stochastic point source and �nite fault modeling,
and the stress drops were calculated for each earth-
quake separately based on their fault locations and
geometries. The calculation of stress drops was done
based on the analysis of residuals versus magnitude,
distance and frequency. Residuals were calculated for
each record at each frequency where the residual is
de�ned as the log of the observed PSA minus the log
of the predicted PSA.

For all earthquakes, the calculated stress drops
based on stochastic �nite fault modeling were smaller

than the corresponding values based on stochastic point
source modeling. Both of these stress drop values were
di�erent from the static stress drop values that are
listed in the current PEER NGA database. For most
of the earthquakes, the static stress drops were smaller
than the calculated stress drops in this research. It
seems that there was no relation between estimated
stress drop and the magnitude of the earthquake, but
there is a good linear relation between the estimated
stress drops based on stochastic point source and �nite
fault modeling.

As expected theoretically, any increase in the
Kappa factor, as an input parameter in the stochastic
modeling, increased the estimated stress drop by the
same factor. The e�ect of the b value, another
important input parameter, on the estimated stress
drop was distance dependent, and any increase in the b
value caused an increase in the estimated stress drop;
more severe for far-�eld records.

DATA SOURCES

All observed data were obtained from the response
spectra database compiled by Paci�c Engineering &
Analysis.
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Table 4. Estimated stress drops based on stochastic �nite fault modeling for the PEER NGA database for di�erent
Kappa factors and b values (continued).

Earthquake
Name

K=0:035,
b = 1:0

K=0:9�
0:035,
b = 1:0

K=1:1�
0:035,
b = 1:0

K=0:035,
b = 0:9

K=0:035,
b = 1:1

K=0:9�
0:035,
b = 0:9

K=1:1�
0:035,
b = 0:9

K=0:9�
0:035,
b = 1:1

K=1:1�
0:035,
b = 1:1

Park�eld 50 45 55 38 85 33 43 80 90

Coyote Lake 50 45 55 38 66 33 43 61 71

Livermore-01 80 72 88 60 125 52 68 117 133

Livermore-02 100 90 110 75 160 65 85 150 170

Anza (Horse Canyon)-01 100 90 110 60 160 50 70 150 170

Mammoth Lakes-02 200 180 220 150 290 130 170 270 310

Mammoth Lakes-08 140 126 154 105 200 91 119 186 214

Westmorland 100 90 110 60 160 50 70 150 170

Morgan Hill 70 63 77 45 110 38 52 103 117

Hollister-04 40 36 44 30 65 26 34 61 69

Superstition Hills-02 85 77 94 64 120 56 73 112 129

Landers 40 36 44 20 60 16 24 56 64

Big Bear-01 100 90 110 65 170 55 75 160 180

Hector Mine 80 72 88 50 125 42 58 117 133

Yountville 40 36 44 20 60 16 24 56 64

Big Bear-02 40 36 44 20 70 16 24 66 74

Gilroy 65 59 72 40 105 34 47 99 112

Chi-Chi, Taiwan-04 30 27 33 17 50 14 20 47 53

Oroville-02 25 23 28 18 40 16 21 38 43

Oroville-03 80 72 88 55 125 47 63 117 133

Irpinia, Italy-01 150 135 165 100 225 85 115 210 240

Irpinia, Italy-02 90 81 99 60 125 51 69 116 134

Lazio-Abruzzo, Italy 100 90 110 65 140 55 75 130 150

Kozani, Greece-01 100 90 110 65 155 55 75 145 165

Little Skull Mtn, NV 110 99 121 70 170 59 81 159 181

Kern County 90 81 99 65 135 56 74 126 144

San Fernando 160 144 176 112 230 96 128 214 246

Tabas, Iran 250 225 275 175 360 150 200 335 385

Coalinga-01 90 81 99 65 140 56 74 131 149

Coalinga-02 150 135 165 105 220 90 120 205 235

Coalinga-04 170 153 187 120 265 103 137 248 282

Coalinga-05 155 140 171 110 240 95 126 225 256

Coalinga-07 230 207 253 160 325 137 183 302 348

Nahanni, Canada 40 36 44 30 55 26 34 51 59

Cape Mendocino 120 108 132 85 175 73 97 163 187

Northridge-01 165 149 182 115 250 99 132 234 267

Sierra Madre 290 261 319 205 420 176 234 391 449

Northridge-06 130 117 143 90 190 77 103 177 203

Chi-Chi, Taiwan-02 40 36 44 30 70 26 34 66 74

Chi-Chi, Taiwan-03 20 18 22 15 35 13 17 33 37

Chi-Chi, Taiwan-05 155 140 171 110 245 95 126 230 261
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Table 4. Continued.

Earthquake
Name

K=0:035,
b = 1:0

K=0:9�
0:035,
b = 1:0

K=1:1�
0:035,
b = 1:0

K=0:035,
b = 0:9

K=0:035,
b = 1:1

K=0:9�
0:035,
b = 0:9

K=1:1�
0:035,
b = 0:9

K=0:9�
0:035,
b = 1:1

K=1:1�
0:035,
b = 1:1

Chi-Chi, Taiwan-06 50 45 55 35 85 30 40 80 90

Lytle Creek 160 144 176 100 245 84 116 229 261

Santa Barbara 60 54 66 40 100 34 46 94 106

Whittier Narrows-01 235 212 259 150 360 127 174 337 384

Loma Prieta 100 90 110 60 155 50 70 145 165

Chi-Chi, Taiwan 30 27 33 20 50 17 23 47 53

Northridge-04 75 68 83 40 130 33 48 123 138

Northridge-05 90 81 99 50 140 41 59 131 149

Oroville-04 100 90 110 65 170 55 75 160 180

Mammoth Lakes-01 50 45 55 40 75 35 45 70 80

Anza-02 180 162 198 105 270 87 123 252 288
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