Ground Motion Attenuation Model
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Spatial distribution of ground motion data of recent earthquakes unveiled
some features of peak ground acceleration (PGA) attenuation with respect to
closest distance to the fault (R) that current predictive models may not
effectively capture. As such, PGA: (1) remains constant in the near-fault area,
(2) may show an increase in amplitudes at a certain distance of about 3—10 km
from the fault rupture, (3) attenuates with slope of R! and faster at farther
distances, and (4) intensifies at certain distances due to basin effect (if basin is
present). A new ground motion attenuation model is developed using a
comprehensive set of ground motion data compiled from shallow crustal
earthquakes. A novel feature of the predictive model is its new functional form
structured on the transfer function of a single-degree-of-freedom oscillator
whereby frequency square term is replaced with closest distance to the fault.
We are proposing to fit ground motion amplitudes to a shape of a response
function of a series (cascade) of filters, stacked separately one after another,
instead of fitting an attenuation curve to a prescribed empirical expression. In
this mathematical model each filter represents a separate physical
effect. [DOI: 10.1193/1.2755949]

INTRODUCTION

Since the 1970s, peak ground motion attenuation relations have usually been repre-
sented by the logarithmic (10-base or natural) type of empirical equations (e.g., Trifunac
1976, Abrahamson and Silva 1997, Boore et al. 1997, Campbell 1997, Sadigh et al.
1997). According to Campbell (2003), “In its most fundamental form, an attenuation re-
lation can be described by the following expression:

InY=c +tc;M—c3;InR—cyrtcesF+cSte (1)

where Y is the strong-motion parameter of interest, M is the earthquake magnitude, 7 is
a measure of source-to-site distance, F' is a parameter characterizing style of faulting, S
is a parameter characterizing the type of local site conditions, € is a random error term
with zero mean, and R is a distance term.” The logarithmic equation form has been used
because ground motion data are generally log-normally distributed. One advantage of
this representation is the ability to model standard deviation (o) in logarithmic space,
which turns o into a constant amplifier/deamplifier in the arithmetic space.
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With collection of more strong-motion data, attenuation relationships have become
more complicated (incorporating a number of additional parameters, which are deter-
mined with significant error) and usually difficult to implement by their users (PEER
2006). The common features of these models are the slower attenuation they yield in the
vicinity of fault zone with a smooth turning point at a distance of a few kilometers apart
from the fault and faster attenuation at farther distances. On the other hand, it is not
always easy to assess the physical meaning of all parameters included in recent predic-
tive relations since they mostly have addition and subtraction of a series of entities or
embedded logarithmic functions into the main logarithmic equation form. Another po-
tential limitation can come from accounting for saturation of ground motion with large
magnitudes (a notion commonly accepted among developers of the next generation of
attenuations [NGA]; PEER 2006) since it requires the whole attenuation curve to be
relatively low not only at short but also at intermediate fault distances. The presently
used form of attenuation expressions puts constraints on the shape of an attenuation
curve by predicting exponential and R™"-type decay with distance.

The primary questions that need to be addressed regarding the current relationships
are:

* Do they effectively reflect current knowledge on the physical phenomena?

e Is it possible to develop an attenuation relationship that, while being in better
consistency with recent findings in strong-motion seismology, still retains a
simple physical interpretation?

Spatial distribution of ground motion data recorded in the proximity of the earth-
quake fault zones (2004 Parkfield, 1979 Imperial Valley, 1999 Chi-Chi, 1989 Loma
Prieta, and 1994 Northridge) revealed important attenuation characteristics of peak
ground acceleration (PGA) with respect to distance from the source as such: PGA (1)
remains constant in the near-fault area, (2) exhibits a bump (an increase in amplitude) or
a turning point at certain distance (about 3—10 km) from the fault surface, (3) attenuates
with slope of R™! and faster at larger distances, and (4) has amplitudes that can be am-
plified at certain distances as a result of basin effect. The well-known transfer function of
a single-degree-of-freedom (SDOF) oscillator has analogous characteristics such that it
remains constant at low frequencies (f), attenuates proportionally to /2 at high frequen-
cies, and may have a resonance (bump) around the natural frequency, f,, depending upon
damping, D,. Based on this analogy, a conceptual approach is suggested in this paper in
which ground motion parameters are treated as an output of cascading filters (with dis-
tance R being equivalent to square of frequency, /*), whereby each filter is a mathemati-
cal expression used to simulate a certain physical phenomenon. Accordingly, the first
filter has a response characteristic with constant level at very short fault distances, a
bump or a turning point around R, (depending upon magnitude), and a decrease propor-
tional to R™!. The second filter can have two different settings. The first exhibits a con-
stant level till R, (around 100 km from the fault) with damping D;=0.65 (no bump) and
a decrease proportional to R %3, The second setting has lower damping with D, ~ 0.40.
Utilizing a second filter with parameter D;=0.65 essentially does not affect attenuation
of PGA at distances shorter than R,, and results in faster attenuation R~ at distances
more than the threshold distance R,. By varying the damping parameter, this secondary
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filter can also successfully capture basin effect by slightly amplifying ground motions in
the near field and more at distances around R;. These settings also result in faster at-
tenuation R~!* at distances more than the threshold distance R,. Similar to the basin ef-
fect, this filter can be tuned to model a possible bump on the attenuation curve due to
reflection from Moho surface at distances of about 50—60 km from the source (Somer-
ville and Yoshimura 1990). It should be noted that this intermediate distance filter is
aimed to be included in attenuation modeling only when the data do sample a deep ba-
sin, so that a specific set of observations is actually biased by this effect. In this study,
style of faulting is considered as a simple scale factor. Parameter R (we will also refer
to it as corner distance) is found to be a linear function of magnitude increasing from
3 km for My, 4.5 to about 10 km for My, 8.0. It is also shown that parameter D, has
significant effects on attenuation curve by quantifying the intensity of bump. Initial find-
ings demonstrate that it is a function of magnitude reaching minimum with Dy,=0.4
(producing a significant bump) for My~ 6.0—6.5. D, becomes larger at My;;<5.0 and
My>7.0 (either no or low-level increase of peak amplitude at distance R, from the
fault).

It should be emphasized that seismic waves attenuate and change their amplitude in
space and time as they propagate. These dynamic changes are direct consequences of
reflection, geometric spreading, scattering, multipathing, and other phenomena. These
complicated processes are in a way “natural filtering” of wave amplitudes. Thus, our ap-
proach of using cascading filters in attenuation modeling takes its spirit from this natural
process. Their functional forms were constructed using an analogy between frequency
square and distance, which allows us to apply a classical approach used in signal pro-
cessing where the function of a filter is to remove or extract part of the signal. Similarly,
each filter acts independently at different distances. One can also look at this approach
as a mathematical combination of distance-dependent cascading functional forms. The
novel feature of this approach is its inherent versatility, as such future modifications (or
refinements) on each filter can be achieved independently without changing the settings
of other filters. The developed model uses moment magnitude My, as a magnitude mea-
sure (henceforth referred to simply as “M”), and closest distance to the fault (referred to
as “fault distance”) as a distance measure. It is structured on the NGA database (Power
et al. 2006) with a number of additions mainly from recent California earthquakes. Spe-
cifically, almost two-thirds of data utilized in this study comes from the NGA data set.

The developed model is not only theoretically robust and original, but also practi-
cally yields good predictive performance against the actual data recorded at a broad
range of magnitude levels within a wide range of distances. In contrast to recent attenu-
ation relationships, it provides ease in both implementation and interpretation of its
equation form as well as its physical parameters while providing comparable standard
deviation. The model includes amplification due to reduction in soil stiffness by incor-
porating shear-wave velocity in the upper 30 m as an independent variable. To account
for deep geological structure response, “basin effect,” a new parameter is introduced.
Basin-effect correction significantly improved the predictive power of the model against,
for instance, Hector Mine and Landers earthquake data.
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GROUND MOTION DATABASE

In this study, a total of 2,583 data points from 47 worldwide shallow crustal earth-
quakes with focal depths less than 20 km were utilized. All earthquakes occurred in the
shallow crustal tectonic regime considered to be similar to that of California. Table 1
presents these events with relevant information on their moment magnitude, focal depth,
epicenter coordinates, and fault mechanism. Also listed is the breakdown of record num-
bers used from each event. Of the total 2,583 records, 1,450 records are from reverse
events, 1,120 from strike-slip events, and 13 are from normal fault events. In addition to
the events gathered from the Pacific Earthquake Engineering Research Center database
created under the NGA project, Table 1 also includes a number of additional events or
data from additional stations for the events in the NGA data set. The 1994 Northridge,
1999 Hector Mine (Graizer et al. 2002), 2002 Big Bear City, 2003 San Simeon, 2004
Parkfield, 2005 Anza and Yucaipa, 1976 Gazli (Uzbekistan, former USSR), 1988 Spitak
(Armenia, former USSR), and 1991 Racha (Georgia, former USSR) strong-motion data
were compiled by the first author, while the 1999 Kocaeli, Duzce, and other Turkish
earthquake data were incorporated by the second author (Kalkan and Gulkan 2004). For
example, the Hector Mine data set used in our study includes 213 data points compared
to 84 used in the NGA database, and the Northridge earthquake subset was also enriched
by including a number of PGA values recorded at relatively large distance stations.

The distributions of earthquake data with respect to moment magnitude and PGA
plot against fault distance are shown in Figure 1. As seen, the compiled data set becomes
more complete with refined additions to the existing NGA database not only at farther
distances but also in the near-field region; it is also more inclusive in terms of magnitude
range covered. The current set includes data recorded within 250 km of the earthquake
faults from events in the magnitude range of 4.9 to 7.9. The latest entries are the Anza
and Yucaipa earthquakes of 12 and 16 June 2005. The data used in the analysis represent
main shocks only; hence records from any aftershocks within the NGA data set were
excluded. The widely accepted method of reflecting the effects of geological conditions
on the ground motion is to classify the recording stations according to their average
shear-wave velocity in the upper 30 m (Vg30; Boore et al. 1997). Figure 2 plots the dis-
tribution of earthquake data with respect to Vg3, measurement at each station. Also
shown as a reference is the NEHRP site categorization. It should be noted that approxi-
mately half of the stations in our database have measured shear-wave velocity profiles,
while the rest do not.

ATTENUATION-MODEL DEVELOPMENT

The attenuation model developed here is limited to distances where ground motions
may have significant intensity for engineering applications. We realize the scientific im-
portance of attenuation of ground motions at distances larger than 250 km and for PGAs
below 0.005 g (the common triggering level of strong-motion instruments). But extend-
ing attenuation predictions to larger distances requires combining data from triggered
instruments and continuous recording stations. This issue requires special study and is



Table 1. List of events used in development of attenuation relationship

Epicenter Coordinates

Style of Depth Number Distance Data
No. Event Date  Faulting M,, (km) Latitude Longitude of Data Range (km) Source™
1 ADANA-CEYHAN (TURKEY) 1998  Strike-Slip 6.3 18.0  36.850 35.550 4 280 — 96.0 3
2 ANZA 2005  Strike-Slip 5.2 142 33.529 -116.573 279 48 - 1976 2
3 BIG BEAR CITY 2003  Strike-Slip 5.2 6.3 34310 —116.848 178 86 — 1667 1
4 BINGOL (TURKEY) 2003  Strike-Slip 6.4 6.0 38.940 40.510 1 6.1 3
5 BISHOP (RND. VAL.) 1984  Strike-Slip 5.8 9.0 37.460 —118.590 1 21.9 1
6 BORREGO MNT. 1968  Strike-Slip 6.6 8.0 33.190 —116.142 5 457 - 2224 1
7 CHALFANT VALLEY 1986  Strike-Slip 5.8 6.7 37.577 —118.449 5 64 — 245 1
8 CHI-CHI (TAIWAN) 1999  Reverse 7.6 16.0  23.860 120.800 420 03 - 1722 1
9 COALINGA-01 1983  Reverse 6.4 4.6 36.233 -120.310 46 84 — 558 1
10  COALINGA-05 1983  Reverse 5.8 7.4 36.241 77.191 11 46 - 162 1
11 COYOTE LAKE 1979  Strike-Slip 5.7 9.6 37.085 —121.505 10 31 - 338 1
12 DENALI (ALASKA) 2002  Strike-Slip 7.9 4.9 63.538 —147.444 24 27 - 2759 1
13 DINAR (TURKEY) 1995 Normal 6.4 5.0 38.110 30.050 2 30 — 396 3
14  DUZCE (TURKEY) 1999  Strike-Slip 7.2 10.0  40.740 31.210 23 02 - 1887 3
15  ERZINCAN (TURKEY) 1992  Strike-Slip 6.9 9.0 39.720 39.630 2 50 - 650 3
16  FRIULI (ITALY) 1976  Reverse 6.5 5.1 46.345 13.240 5 158 - 1022 1
17  GAZLI (UZBEKISTAN) 1976  Reverse 6.8 10.0  40.381 63.472 1 5.0 2
18  RACHA (GEORGIA, USSR) 1991  Reverse 6.2 9.0 42.461 44.009 8 37.0 - 155.0 2
19  GULF OF CALIFORNIA 2001  Strike-Slip 5.7 10.0  32.037 —114.906 12 767 — 1341 1
20  HECTOR MINE 1999  Strike-Slip 7.1 5.0 34.574 -116.291 213 107 - 2593 2
21 IMPERIAL VALLEY 1979  Strike-slip 6.5 10.0  32.644 -115.309 33 0.1 - 50.1 1
22 KOCAELI (TURKEY) 1999  Strike-Slip 7.4 15.0  40.727 29.990 31 32— 3496 3
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Table 1. (cont.)

Epicenter Coordinates

Style of Depth Number Distance Data
No. Event Date  Faulting M,, (km) Latitude Longitude of Data Range (km) Source™
23 LANDERS 1992 Strike-Slip 7.3 7.0 34.200 —116.430 69 22— 190.1 1
24 LAZIO-ABRUZZO (ITALY) 1984  Normal 5.8 14.0 41.710 13.902 5 189 - 513 1
25 LITTLE SKULL MTN. 1992 Normal 5.7 12.0  36.720 -116.286 16.1 - 100.2 1

(NEVADA)

26 ~ LIVERMORE 1980  Strike-Slip 5.8 120  37.855 —121.816 7 16.7 — 56.1 1
27 LOMA PRIETA 1989  Reverse/ 6.9 17.5  37.041 —121.883 82 39 - 1171 1

Strike
28 MAMMOTH LAKES-02 1980  Strike-Slip 5.7 140 37.628 —118.927 3 9.1 - 169 1
29  MAMMOTH LAKES-03 1980  Strike-Slip 5.9 16.0  37.561 -118.831 4 59 - 115 1
30 MAMMOTH LAKES-04 1980  Strike-Slip 5.7 5.0 37.625 —118.859 4 28 — 142 1
31 MAMMOTH LAKES-06 1980  Strike-Slip 5.9 14.0  37.506 —118.856 5 120 - 465 1
32 MANIIL (IRAN) 1990  Strike-Slip 7.4 19.0  36.810 49.353 7 126 - 1746 1
33 MORGAN HILL 1984  Strike-Slip 6.2 8.5 37.306 —121.695 28 05 - 709 1
34  NORTHRIDGE 1994  Reverse 6.7 17.5  34.206 —118.554 174 40 - 781 2
35 NORTH PALM SPRINGS 1986  Strike-Slip/ 6.1 11.0  34.000 -116.612 32 86 — 268.0 1

Thrust
36  PARKFIELD 1966  Strike-Slip 6.2 10.0  35.955 —120.498 6 63 - 633 2
37  PARKFIELD 2004  Strike-Slip 6.0 8.8 35.819 —120.364 94 03 - 169.6 2
38 SAN FERNANDO 1971  Reverse 6.6 13.0  34.440 -118.410 44 1.8 - 2188 1
39 SAN SIMEON 2002 Reverse 6.5 7.1 35.702 —121.108 138 124 - 3178 1
40 SANTA BARBARA 1978  Thrust 59 127 34399 —119.681 2 122 - 274 1
41 SIERRA MADRE 1991  Reverse 5.6 12.0  34.259 —118.001 9 104 — 482 1
42 SPITAK (ARMENIA) 1988  Reverse 6.8 5.0 40.987 44.185 1 25.0 2
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Table 1. (cont.)

Epicenter Coordinates

Style of Depth Number Distance Data
No. Event Date  Faulting M,, (km) Latitude  Longitude of Data Range (km) Source™
43 SUPERSTITION HILLS-02 1987  Strike-Slip 6.5 9.0 33.022 -115.831 11 1.0 - 270 1
44 TAIWAN, SMART(5) 1981 Reverse 5.9 1.1 24.429 121.896 7 28.7 - 320 1
45  WHITTIER NARROWS 1987  Reverse 6.0 14.6  34.049 —118.081 116 145 - 1039 1
46  YOUNTVILLE 2000  Strike-Slip 5.0 10.1  38.379 —122.413 25 99 - 957 1
47  YUCAIPA 2005 Reverse 4.9 11.6  34.058 -117.011 388 26 — 160.1 2
Total = 2,583

* Data compiled by: (1) NGA; (2) V. Graizer; (3) E. Kalkan.
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Figure 1. Earthquake data distribution with respect to moment magnitude (left) and PGA
(right).

beyond the scope of this paper. On the other hand, the suggested approach can be easily
applied to the data recorded at distances of more than 250 km by including an additional
filter (explained in detail later).

Despite new strong-motion data recorded from a number of recent large and moder-
ate earthquakes, there are still not sufficient data recorded in the close proximity of
earthquake faults that can uniquely prove certain hypotheses about behavior of strong-
motion attenuation function in the near field (0 to 5 km from fault rupture). It is espe-
cially true for large earthquakes with magnitudes larger than 7.0. Unfortunately, it is
typical to have one near-fault strong-motion measurement, as in the cases of the 2002
M?7.9 Denali or 1999 M7.1 Hector Mine earthquakes. The M6.0 Parkfield earthquake of
2004, however, represents a rare case of good near-source coverage. This event was re-
corded with a large number of near-field instruments deployed in a series of mostly
fault-normal arrays. The Parkfield distribution of PGA with distance clearly demon-
strates that the largest accelerations were not recorded at the stations closest to the fault
(Shakal et al. 2005). Similar observations can be also made about 1999 M7.6 Chi-Chi
and the 1979 M6.5 Imperial Valley earthquakes.

The question is whether it is an anomaly or a universal feature. The answer may de-
pend on the distribution of fault slip on the fault surface. We are planning to conduct
ground motion—modeling studies to examine the distance dependence in the real vicinity
of the fault at distances much smaller than the rupture length. For example, the solution
for residual displacements from a buried dislocation shown in a classical paper by Chin-
nery (1961) demonstrates an important pattern, as such residual displacements near the
edges of the dislocation attenuate slower than those in the middle of the fault. Another
possible reason for the effect of relative increase of amplitudes (i.e., focusing) may be a
change in predominant type of seismic radiation at different distances (Haskell 1969).
Accordingly, an observer located at the fault surface is subjected to only step-type mo-



ATTENUATION MODEL FOR PEAK HORIZONTAL ACCELERATION FROM SHALLOW CRUSTAL EARTHQUAKES 593

T 2100
2000 | : " T
« Additions
I Hard Rack
1500 - 1500
) - s
£ ’ i NEHRP
2 1000 Firm to Site
g - Hard Rack | Categories
760
500 - Dense Sail
- 360 Saft Rack
180 Stiff Sails
' 0 Saft Clays
0.1 1.0 10.0 100.0 1000.0

Fault Distance (km)

Figure 2. Earthquake data distribution with respect to V3o and its comparison with NEHRP
site categories.

tion (residual displacement), but moving slightly away from the fault makes the effect of
S-wave become significant (even one cannot separate residuals from body waves at close
distances). In a more realistic case of complex slip distribution with ups and downs
along the fault surface, maximum values of PGA will be recorded near the maximum
slip on the fault. With random distribution of a limited number of stations in the vicinity
of a long fault rupture, maximum values of PGAs may not necessarily occur at the clos-
est stations. In a way, a bump in attenuation is likely the result of a number of effects,
such as elongated fault, edge effects, directivity, and obviously geologic and topographic
structure. Partially, it is also a result of measuring distance from the closest part of the
fault (so far there is no good distance measure for distances less than the fault length).
Simulating earthquake strong ground motions using recordings of small earthquakes for
different distribution of fault slip and asperities can also be helpful in understanding this
phenomenon (Frankel 1995).

Nevertheless the currently used attenuation relationships are not accounting for these
near-fault characteristics, primarily due to the lack of sufficient near-fault data available
at the time of their development. In fact, within a window of less than 10 years, the
near-fault ground motion database was significantly enriched and could change the com-
mon perspective, which has long been structured based on data recorded at farther dis-
tances.

The recent earthquakes that occurred in California, Taiwan, and Turkey not only in-
creased the number of recorded data in the near fault, but also generated a large amount
of data beyond 20 km of the fault rupture. Attempts to fit into this extensive yet sparse
data set in a purely empirical fashion results in more complicated attenuation relation-
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ships (not only in terms of an equation form but also in terms of introduction of addi-
tional parameters related to fault, source, or soil characteristics) without strong physical
reasoning. Although the objective is always to have better yet consistent predictions, in-
troducing new but not well-determined parameters inevitably increases the epistemic un-
certainties. However, recent earthquakes (e.g., 2004 Parkfield, 1979 Imperial Valley,
1999 Chi-Chi, 1989 Loma Prieta, and 1994 Northridge) reveal important physical evi-
dence on the attenuation of PGA in the near-fault zone that many attenuation relations
fail to represent. The observed attenuation characteristics of PGA with respect to dis-
tance during these earthquakes are listed below:

* A constant level in the area closest to the fault rupture.

e A slope of about R at distances of more than 10 km and R ! (i.e., faster) at
farther distances.

* Possibly, a bump at a distance of about 3—10 km from the fault rupture.

Primary motivation of this study is therefore to develop a new predictive model, the
architecture of which is set on our physical/mechanical knowledge on the attenuation of
seismic radiation rather than on a purely empirical basis. This model should be able to
replicate the observed near-fault attenuation of acceleration, be theoretically robust, and
retain the simplicity for its interpretation by the user. Its parameters should have clear
physical meaning, be measurable with reasonable accuracy, and be absolutely necessary
for providing reliable attenuation.

DEVELOPMENT STAGES
The following criteria are set in the development of a new attenuation relationship:
* Amplitude of ground motion is constant and not decreasing in the near field.

* Amplitude of ground motion can amplify with increasing distance to the fault in
the real proximity of the fault rupture, at distances much less than the length of
the fault rupture.

e At farther fault distances (more than 10 km), PGA attenuates with R!, and
faster (such as R!%) at distances more than 100 km.
Functions demonstrating similar behavior are well known in physics. The transfer func-
tion of a SDOF oscillator exhibits analogous characteristics in such a way that it:

* Has a constant level at low frequencies.
 Attenuates proportionally to f 2.
* May have a bump or a turning point depending upon damping, D,,.

Accordingly, the well-known transfer function of a SDOF oscillator can be written
as:

A

G- V(1 =222+ 4D\

2)

where A=w/w,, A is the amplification coefficient (i.e., scaling parameter of functional
shape), w is cyclic frequency, and w is natural cyclic frequency.
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Figure 3. 2004 Parkfield earthquake PGA data and attenuation plots of G-functions with vari-
ous R and D.

It is important to note that the analogy made between distance decay of PGA and
SDOF oscillator transfer function is functional rather than physical. SDOF transfer func-
tion provides unique shape features that are needed to describe the observed decay of
ground motion. We are proposing to fit ground motion amplitudes to a shape of a re-
sponse function of cascading filters, stacked separately one after another, instead of fit-
ting an attenuation curve to a prescribed empirical expression. In this mathematical
model each filter represents separate physical effect.

This representation resembles the digital signal processing and allows creation of a
system with desired response. The resultant response in fact is a multiplication of trans-
fer functions of each individual filter accounting for different effects in the arithmetic
space.

According to this analogy, distance R, when structured between SDOF transfer func-
tion and attenuation of acceleration, can replace square of frequency /> in Equation 2.
Replacing w? with R, and wﬁ with R, yields:

A

R\> R
Ry Ry

Figure 3 demonstrates comparison of outputs of Equation 3 against the Parkfield earth-

G(R) = (3)
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quake data using the following three sets of parameters:
Case 1: Ry=5km, Dy=0.3, A4=0.28
Case 2: Ry=6 km, D,=0.3, A4=0.28
Case 3: Ry=6 km, D,=0.5, A=0.28.

As seen, increasing R shifts the bump to larger distances, while increasing damping D,
to about 0.65 removes the bump (this is well known to instrument developers).

By allowing ground motion parameters as outputs of a series of filters (if one as-
sumes G(R) as a filter function for ground response), the proposed approach is ex-
tremely versatile. For instance, it is possible to increase the slope of attenuation at far-
ther distances by adding a secondary filter with parameters set to yield a flat
amplification of 1.0 (no amplification) till for instance, a distance of 100 km, and a
slope of R at greater distances. Mathematically, this secondary filter can be obtained
by slight modification of Equation 3 as such (replacing w* with R, and w, with R;):

A

Tl

where R, is the distance threshold after which faster attenuation takes place and D is
0.65-0.7 (this set-up will produce smooth transition to the faster attenuation at distances
larger than R;). If parameterized accordingly (e.g., R;=60 km and D,;=0.5), this filter
can capture a possible bump on the attenuation curve due to reflection from Moho sur-
face at distances of about 50—60 km from the source (Somerville and Yoshimura 1990).

G,(R)= (4)

Figure 4 demonstrates the implementation of faster attenuation via the secondary fil-
ter described by Equation 4 to the Parkfield data. The parameters of Equation 4 were set
to: D;=0.7, and R;=100 km. Therefore the final slope of the attenuation function of
G X G, at distances of more than 100 km increases to R™'~.

In natural logarithmic space the attenuation formula corresponding to plots in Figure
4 can be written as:

InY=InG(R) +1n G|(R) (5)

Or, it can be expanded into the following form:

R\? R IR \? IR
In(Y)=In(A)—O.5[n{<1—ITO> +4D(2)R—0]—0.51n[(1— E) +4D? R—1]+a,ny

(6)

where a7,y is the total standard deviation of the equation. Each estimator parameter (i.e.,
A [amplification coefficient], D,, Ry, and D, R,) in Equation 6 is detailed next to satisfy
the following attenuation characteristics of PGA:



ATTENUATION MODEL FOR PEAK HORIZONTAL ACCELERATION FROM SHALLOW CRUSTAL EARTHQUAKES

597

PGA (9)

10.000

0.100 |

¢.01¢ |

¢.o¢

0.1

2004 Parkfield Earthquake
Mw = 6.0; Style of Faulting = Strike-Slip

Fault Distance (km]

N Secondary Filter
4 &
>0
o ‘—ﬁ.-‘-_.-‘
e o
*le 152N
’O #|
*s
0$
+  Eq Data N
i G1-function R1=100, D1=0.7 iy
[ |=—= = GxG1-function
G-function, R=6, D=0.3
LT 1L IRy
1.¢ 1¢.¢ 100.¢ 100¢.¢

Figure 4. 2004 Parkfield earthquake PGA data and implementation of a secondary filter to the

primary attenuation function (i.e., G X G function fit).

* For magnitudes less than about 5.0 there is no bump. Amplitude of PGA de-

creases starting from the corner distance, R (analog to corner frequency).

* For magnitudes larger than 5.0 maximum value of PGA takes place not neces-
sarily on the fault, but at a certain (corner) distance. We expect this focusing phe-
nomenon to happen at distances varying from 3 to 10 km.

* There is a saturation of the average PGA with magnitude, probably around mag-

nitude 7.0 or 7.5.

As of today there is still not enough recorded data in the near field to allow a unique
decision about the shape of the attenuation curve. Seemingly, there are only few com-
plete data sets that have at least a dozen data points in the near-fault zone (e.g., M6.0
Parkfield, M7.6 Chi-Chi, M6.7 Northridge, M6.5 Imperial Valley).

PHYSICAL INTERPRETATION OF R, AND D,

For the SDOF oscillator, f, refers to the natural frequency. In our attenuation formu-
lation, it corresponds to a corner distance (R) where the highest ground motion (bump)
or a turning point is observed. By the same analogy, the corner distance can be referred
to corner frequency. R, is clearly a function of earthquake magnitude. Based on earth-
quake data utilized, Figure 5 (left panel) exhibits a linear function of magnitude with
change in corner distance R,. This relation is expressed as:
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Figure 5. D, and R, scaling with magnitude.

R0:C4M+ Cs (7)

where ¢4 and c5 are the estimator coefficients. Equation 7 implies that for larger mag-
nitudes, turning point on attenuation curve occurs at farther distances. A certain analogy
can also be seen between corner distance and the corner frequency in Brune’s model
(1970, 1971), where corner frequency depends upon the size of the earthquake.

D, is another important parameter and quantifies the intensity of the bump on the
attenuation curve. Initial findings demonstrate that it is a function of magnitude reaching
minimum with Dy=0.4 (producing a significant bump) for M6.0-6.5 and being higher at
M <5.0 and M > 7.0 (much lower or no bump). Equation 8 represents its magnitude de-
pendency, while its variation with respect to magnitude is manifested in Figure 5 (right
panel).

DO =C¢ COS(C7M+ Cg) + Cg. (8)

In Equation 8, c¢, ¢, cg, and cq are again the estimator coefficients. Equation 8 reaches
minimum of about 0.4 for magnitudes 6.0 to 6.5 and generates a significant bump on the
attenuation curve. Whether these trends are genuine cannot be answered until further in-
vestigation based on more data recorded in the near-fault regions is conducted. Relative
level of the bump decreases for larger and smaller magnitudes. For magnitudes larger
than 7.5, bumps saturate. The smoother behavior of large earthquakes is due to the fact
that the shaking at each specific point is the result of the integration of the contributions
of the slip over the entire fracture surface. Such integration acts as a sort of low-pass
filter that smoothes the average variations at short distances. Thereby the effect of at-
tenuation (geometrical spreading) overpowers the influence of different strong parts of
the fault. For magnitudes smaller than 5.0, fault lengths are not long enough to produce
a large bump (the closer to the fault a station is, the more it is influenced mainly by
seismic radiation from the closest part of the fault).



ATTENUATION MODEL FOR PEAK HORIZONTAL ACCELERATION FROM SHALLOW CRUSTAL EARTHQUAKES 599

Mw Scaling
A(Mw) =014 ATAN (Mw - 6.25) + 0.37

0.60

&
Z

0.40 |

0.20

A(Mw), [PGA @ R= 0]
o
&

=]
=
=)

o
S

Magnitude [Mw)

Figure 6. Magnitude scaling for strike-slip earthquakes.

MAGNITUDE AND FAULT-STYLE SCALING

In the initial stage of analysis, variations in site conditions were not distinguished.
This stage is essential to obtain the main tendencies in the attenuation of ground motion.
Based on the findings, the following scaling function, 4(M,F), is proposed:

A(M,F) =[c, arctan(M + ¢,) + 5 |F 9)

where ¢, ¢,, and c; are the estimator coefficients obtained from nonlinear regression,
and F represents scaling due to style of faulting.

Figure 6 demonstrates the variation of magnitude scaling factor. This function type
(arctan) is chosen since it reflects well the saturation of amplitudes of ground motion
with increasing magnitudes. The scaling function is actually calibrated for 4.9 <M
<7.6. It may need additional adjustment for lower magnitudes. Unfortunately, lack of
recorded data constrains the calibration of this function for larger magnitude earth-
quakes.

In this study, style of faulting is considered to be a simple scale factor. According to
the results of Sadigh et al. (1997) and Campbell and Bozorgnia (PEER 2006), reverse-
fault events create ground motions approximately 28% higher than those from crustal
strike-slips. Following this finding, we used /'=1.00 for strike and F’=1.28 for reverse
faults. A limited number of normal fault data points (=15) in our data set did not allow
us to constrain the fault parameter for this particular mechanism; therefore normal fault
data points were treated in the same category as strike-slip faulting.
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Figure 7. Graizer-Kalkan ground motion attenuation model for PGA.

FINAL ATTENUATION EQUATION

Implementing three separate relationships for (i) magnitude and fault-style scaling
(A4), (ii) corner-distance dependence on magnitude (R,), and (iii) damping dependence
on magnitude (D,) as given in Equations 7-9, respectively, into the core-predictive
Equation 6 yields the complete attenuation model. This model is shown in Figure 7. Its
estimator parameters were found through two-stage regression on a compiled data set
that includes 2,583 PGA measurements. In the first stage of regression, magnitude and
distance dependency on attenuation characteristics were evaluated, while in the next
stage, site and basin effects (the corresponding F3 and F4 functions in Figure 7 are ex-
plained in detail in subsequent sections) were incorporated.

The final parameters shown in Figure 7 are valid for magnitude range of 4.5<M
< 7.6 and a distance range up to the 200 km considered in this study. The total standard
deviation (o7,y) of predictions was calculated as 0.552, which is comparable with most
recent attenuation relations (PEER 2006). Residuals plots of PGA estimation for the full
data set as functions of magnitude and closest distance are presented in Figure 8 together
with their linear best-fit relations. With respect to both magnitude and distance, no sig-
nificant trends are observed. This may serve as an evidence that magnitude and distance
are independent of the total residuals.
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Figure 8. Distribution of residuals with respect to magnitude, closest distance, and V3, mea-
surements (dashed lines indicate the best fit for closest distance in logarithmic space, and for
magnitude and Vg3, in arithmetic space).

SHALLOW SITE CONDITIONS

Dependence of ground motion amplification on shallow site conditions has been
commonly simulated in predictive equations. Some developers used linear scaling (in-
dependent from PGA) to account for amplification due to reduction in shear modulus of
substrata (e.g., Boore et al. 1997). The recent attenuation models developed under NGA
by Boore and Atkinson, Campbell and Bozorgnia, and Chiou and Youngs (PEER 2006)
incorporated nonlinear site effects based on an empirical geotechnical model of Choi
and Stewart (2005). Before making a decision on implementation of linear or nonlinear
site correction, it is instructive to reflect some important findings from previous research
on the observed nonlinearity in strong ground motions:

e According to Beresnev et al. (1998, 2002) and Roumelioti and Beresnev (2003),
nonlinearity in strong-motion measurements is only proven for amplitudes of
ground motion higher than 0.2—0.3 g in some earthquakes (1989 Loma Prieta,
1994 Northridge, and 1999 Chi-Chi); however, effects of nonlinearity on data do
not show up, for example, in records of the 1987 Whittier Narrows earthquake.
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* Field (2000) has recently showed that nonlinearity is a frequency-dependent phe-
nomenon shown to take place in the frequency band of 1.0 to 5.0 Hz
(0.2 to 1.0 s). It means that nonlinearity may only be effective in the short period
range, while long period waves (with periods higher than 1.0 s) are practically
not affected.

*  Empirical results of Choi and Stewart (2005) elucidate a large degree of nonlin-
earity for sites with Vg3, <180 m/s, while nonlinearity rapidly diminishes with
increasing Vgso. To be more specific, linear site amplification starts dominating
beyond Vs, of 300 m/s.

In light of available studies, we decided to adopt linear site amplification for the fol-
lowing reasons:

* Peak ground acceleration is associated with different types of seismic radiation,
depending upon the distance from the fault: residual displacement, shear wave,
or surface wave. Evidently, frequency at which PGA occurs may be different
from the site-response frequency, and consequently, degree of nonlinearity may
vary significantly.

* In the database of stations used in this study with known shear-wave velocities,
less than 2% of stations have Vg33<<180 m/s. This implies that nonlinearity may
affect very few strong-motion records in our database; therefore its influence (if
existent) on the resultant attenuation model would be minimal.

e Although use of linear site amplification may have certain limitations for very
soft soil sites with Vg3, <180 m/s, compared to complex formulations of non-
linear site correction expressions (e.g., Choi and Stewart 2005), using inad-
equately constrained nonlinear site amplification for PGA would result in unnec-
essary complication on the attenuation model.

Linear site correction (i.e., linear best fit to residuals after the first step of regression)
can be formulated in natural logarithmic space as:

Evite =a 11’1( VS30) +b (10)

which is the equivalent form of linear site correction expression provided by Boore et al.
(1997) as:

V
Fye=b, 1n<—53°) (11)
v,

where b, in Equation 11 is similar to @ in Equation 10, and V is equal to exp(—b/a).
In the linear site amplification formula suggested by Boore et al., b,=—0.371 and
V,=1,390, whereas our estimates yield »,=—0.24 and V,=484.5. Figure 9 compares
our site correction variation with that of Boore et al. for a range of V3, values. In order
to compare site correction curves in a consistent manner, they were normalized by their
site amplification parameters computed at V¢;,=760 m/s. As seen, our site correction
factor demonstrates lower dependency on the Vg, This means that our attenuation
model exhibits less amplification as the Vg3, decreases compared to stiff site conditions.
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Figure 9. Comparison of normalized site correction variation with respect to Vg3, (left); plots
of PGA attenuation characteristics for various shear-wave velocities (right).

The influence of Equation 11 on the resultant attenuation curves for soil and rock sites
(Vg30=360 and 760 m/s, respectively) are demonstrated in Figure 10 for a range of
magnitude levels (4.5<M<=7.5). Since the linear site correction is implemented, basi-
cally left and right panels in Figure 10 exhibit similar shapes except for shift in higher
PGA values in case of lower V.

Also compared in this figure are the attenuation plots computed for two different
fault mechanisms, namely, strike-slip and reverse. Note that the difference associated
with the faulting mechanism in attenuation plots is constant along the distance, which is
described by a simple amplifier of F=1.28 in case of reverse faults (see amplification
function A(M,F) in Figure 7).

SEDIMENT-DEPTH BASIN EFFECT

There is still no consensus in either seismology or engineering communities on ac-
counting for the site response effect in attenuation modeling. Different researchers con-
sider certain parameters related to the site characteristics to be the most influential. The
two different points of views are summarized in the following:
1. Knowledge of the average shear-wave velocity in the top 30 m below ground
surface is enough to account for the site response effect (Boore et al. 1997,
Boore and Atkinson [PEER 2006]).

2. The average shear-wave velocity in the top 30 m is not a significant parameter
affecting the peak amplitudes. The depth of sediments is the most significant
factor (Lee et al. 1995).

After examining strong-motion data recorded in different regions of California, it is
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Figure 10. Comparison of PGA attenuation characteristics of proposed model for two different
site categories and faulting mechanisms (note: basin effect is not included for Vg;p=360 m/s).

concluded that both opinions may be correct if applied to limited data sets. Basically,
most of the Northern California strong-motion data can be relatively well constrained by
using Vs, without any additional information about the thickness of sediment layers. On
the other hand, Southern California ground motion data are significantly influenced by
basin effect (e.g., Imperial Valley, Los Angeles, and San Bernadino basins). For ex-
ample, during the Hector Mine earthquake, average PGA had almost no attenuation at
the distances of 130—230 km from the fault due to dominant basin effects (Graizer et al.
2002). Frankel et al. (2001) present a very convincing example of significance of basin
surface waves recorded at Santa Clara Valley during a number of earthquakes. Based on
our own experience as well as studies described in Field (2000), Joyner (2000), and
Frankel et al. (2001), we conclude that it is necessary to account for both effects (shal-
low site conditions and sediment depth), and separately implement them in the attenua-
tion model.

Basin effect significantly impacts wave field at distances of 30—50 km or more when
deep sedimentary basin is present. In most cases it is associated with large-amplitude
surface waves. We decided to model this effect by applying a second filter. Similar to the
first filter, the transfer function of the second filter is determined by the two parameters:
distance R, and damping D,. In this case, R; describes the area of bump, and D, de-
scribes its amplitude (low damping D, produces higher amplitudes of bump; see F3 in
Figure 7).

If sediment thickness is low, basin effect can be neglected, and D, in this case can be
taken as 0.65—0.70 (no bump). Application of the second filter with this value of D, re-
sults in a change of slope at distances larger than R, only. Attenuation function will de-
cay proportionally to R™'> (unlike R™' decay produced by the first filter).
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Figure 11. Comparison of magnitude scaling (left) and PGA attenuation (right) characteristics
of proposed attenuation model with and without basin effects.

If basin effect is significant, D can be taken as 0.3—0.4 (lower damping produces
higher bump), and amplification will be applied to ground motion for distances more
than about 20—30 km. At distances significantly larger than R, the second filter will
produce the same effect as described above for higher damping: slope of resultant
(G X G,) attenuation function will change from R™!' to R™!°. In this case the resultant
curve will be higher than in a no-bump case (i.e., D;=0.65—-0.70; see Figure 11).

In general, we envision damping parameter of the second filter (D;) to be a smooth
function of basin depth (thickness of sediment layer). But in our first approximation, we
made a simplifying assumption, considering basin effect to be the same for all depths of
sediments (Z) more than 1 km.

J0.65 for Z<1km 12)
' 1035 forZ=1km

Following this parameterization, the influence of basin effect is demonstrated in Fig-
ure 11. In general, we expect D, to be decreasing smoothly from 0.7 to 0.3—0.4 and satu-
rating with the increase of thickness of sediments (we plan to study this effect later).

The near-field ground motion attenuation is defined by one filter with D, and R,,.
Damping D, describes level of amplification (bump) in the near field. The first filter de-
scribes the behavior of the attenuation function up to a distance of about 50 km, and is
mostly constrained by earthquake source (magnitude in first approximation). The second
filter modifies the behavior of the attenuation function according to the wave-
propagation path. It reflects the influence of relatively large-scale sediment effects on the
attenuation function.

The three-dimensional attenuation dependence without consideration of basin effect
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PGA (g)

Figure 12. Three-dimensional attenuation surface for earthquakes with strike-slip faulting
mechanism (Vg30= 360 m/s; no basin effect; note: color/shading code indicates amplitude of
PGA).

is plotted for a range of magnitudes in Figure 12. This figure demonstrates the three-
dimensional (PGA vs. fault distance and magnitude) attenuation surface for the strike-
slip fault and provides a greater insight by freeing the magnitude term. Initiation of the
bump in attenuation formulation for certain magnitudes (M,,>5.0) and its subsequent
disappearance for M,,>7.5 can be clearly seen in this three-dimensional view.

COMPARISON WITH RECORDED DATA AND CURRENT ATTENUATION
RELATIONSHIPS

Prior to comparisons with current attenuation relationships, performance of the pro-
posed attenuation model (given in Figure 7) is examined through comparisons with ac-
tual recorded data. Figures 13 and 14 display comparisons of our predictions with one-
to-one correspondence to the actual recorded PGA data from 12 earthquakes covering a
magnitude range of 4.9 to 7.9. In these plots, individual site classification (in terms of
V¢30) of each station is considered in the comparisons without necessitating grouping or
averaging. This means that for each data point, there is a corresponding prediction using
the exact Vg, of the station. For those stations without Vs, data available, we use V4
instead, which deactivates the site correction by turning F4 to unity (see F4 in Figure 7).
Figures 13 and 14 collectively indicate that our predictions are strongly consistent with
the recorded PGA both in the near field and far field. These plots serve as evidence not
only of the stability but also the reliability of the proposed model for a range of mag-
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Figure 13. Event-based one-to-one comparison of actual recorded data with our predictions
(M,, ranges from 6.9 to 7.9).

nitude levels. There is neither noticeable overestimation nor under-prediction of recorded
data despite the diversity of data points in terms of different faulting mechanisms, site
classifications, basin effects, and regional variations.

Performance of the attenuation model in predicting the recorded data is next tested
against the four commonly used attenuation relationships of Abrahamson and Silva
(1997), Boore et al. (1997), Campbell (1997), and Sadigh et al. (1997). These compari-
sons are plotted in Figures 15 and 16 using the same events shown previously in Figures
13 and 14. Besides apparent differences in the attenuation shapes, the most significant
difference is evident at the area around corner distances (at the distances of between
about 3 and 15 km depending upon magnitude), where our attenuation prediction yields
larger acceleration values (for instance, see Parkfield 2004, Shakal et al. 2005).

Comparisons with the actual PGA data show that our attenuation curves produce
good predictions compared to others, at least for Chi-Chi (M7.6), Northridge (M6.7),
Imperial Valley (M6.5), and Parkfield (M6.0) earthquakes. Unfortunately, the M7.9
Denali strong-motion data set is relatively small and only includes a single record from
a distance of less than 10 km. Therefore the data set of this event does not allow any
conclusive decision on comparisons.
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Figure 14. Event-based one-to-one comparison of actual recorded data with our predictions
(M,, ranges from 4.9 to 6.7).

LARGE-DISTANCE LOW-AMPLITUDE GROUND MOTION DATA

The primary goal of this study is to develop for engineering applications an attenu-
ation relationship for strong-motion data that have a certain distance and intensity
threshold. However, it is worth mentioning that our versatile approach can also be easily
applied for distant data (historically of interest in regional seismology). For a number of
recent earthquakes, researchers have made an effort to combine classical strong-motion
data sets (with triggered instruments) with data from seismological stations with con-
tinuous registration (e.g., Boatwright et al. 2003). Data from California earthquakes
(e.g., Parkfield and San Simeon) recorded at distant stations with amplitudes of ground
acceleration less than 0.005 g (typical triggering level of strong-motion instruments)
demonstrate much faster attenuation with significant change of slope at large distances
of more than 150—200 km from fault rupture (Figure 17). Much faster attenuation of
PGA (of the order of R3) at large distances still requires physical interpretation. Nev-
ertheless, the approach presented herein (through connecting a series of filters) is ca-
pable of capturing this long-distance fast-attenuation phenomenon by implementing an-
other distance-dependent filter. Figure 17 demonstrate the predictive power of the
attenuation curve with an additional filter against the long-distance PGA data retrieved
during the Parkfield earthquake.

It is important to underscore that this additional filter does not affect attenuation at
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Figure 15. Event-based comparison of our predictions with those of recent attenuation rela-
tionships (M,, ranges from 6.9 to 7.9).

distances less than 150—200 km, and hence does not require reassessment of estimator
coefficients computed for the core attenuation equation (as given in Figure 7). It is a
unique feature of the developed model that allows further modifications to be possible
without interfering with the initial settings of other filters, each designed to capture the
certain behavior of seismic radiation from the fault rupture. Therefore, change in attenu-
ation behavior at large distances can be simply ignored for engineering applications. As-
suming reliability of these low-amplitude data, matching them by using existing attenu-
ation formulas (Abrahamson and Silva 1997, Boore et al. 1997, Campbell 1997, Sadigh
et al. 1997, Campbell and Bozorgnia 2003, PEER 2006) presents a real challenge.

CONCLUSIONS

In this paper, a different perspective to ground motion prediction modeling is pre-
sented. The proposed attenuation model to predict PGA is structured similarly to the
transfer function of a SDOF oscillator where distance (R) serves as an equivalent of the
square of frequency (f2). A functional form of the model is composed of a series of fil-
ters, each representing a certain physical effect on the attenuation characteristics of seis-
mic radiation. Accordingly, the first filter constituting the core equation of the attenua-
tion relationship has a response characteristic with a constant level at very short fault
distances, a bump or a turning point around corner distance R, (depending on magni-
tude), and a decrease proportional to R~!. The second filter has a constant level till R,
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Figure 16. Event-based comparison of our predictions with those of recent attenuation rela-
tionships (M,, ranges from 4.9 to 6.7).

(around 100 km from the fault), damping D;=0.65 (no amplification), and a decrease
proportional to R%>. Introducing a second filter with these settings does not essentially
affect attenuation of PGA at distances shorter than R, and results in faster attenuation in
the order of R at distances more than R,. If parameterized accordingly (e.g.,
R,=100 km and D;=0.35), this secondary filter can effectively capture basin effect by
slightly amplifying ground motions in the near field and more at distances around and
larger than R,. These settings also result in faster attenuation R ' at distances more than
threshold distance R;. The attenuation-model coefficients were derived using a large set
of ground motion data (2,583 data points). We utilized 33 main shock data sets from the
NGA database. Further, records from main shocks of 14 earthquakes from California,
Turkey, and the former USSR were also included in the regression.

The developed attenuation relationship considers scaling due to magnitude, style of
faulting, site amplification, and basin effects. We adapted linear site amplification ex-
pression based on V3 classification to correct for the site effect (similar to Boore et al.
[1997], but with lower dependency on Vg;,). We also applied basin-effect correction by
changing the D; parameter in the second filter to account for deep sedimentary site re-
sponse. The present model for crustal reverse-fault events predicts ground motions about
28% higher than those from strike-slip and normal-fault events.

None of the existing attenuations allows PGA to reach its maximum value at some
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Figure 17. Implementation of long-distance filter to capture low-amplitude PGA attenuation
characteristics.

distance from the fault. However, the proposed attenuation relationship can effectively
capture this phenomenon, observed in a number of events. Compared to actual strong-
motion data, the proposed model yields consistently good predictions not only in the
near-fault region but also at farther distances for a broad range of magnitude levels. The
total standard error (o7,y) of 0.552 is comparable to other attenuation models. Residual
analyses show that distributions of total residuals with respect to distance and magnitude
are not biased.

The architecture of the proposed ground motion attenuation model is extremely ver-
satile because it makes possible further modifications and refinements through the
implementation of additional filters to the existing filter series. These additional filters
can be designed in such a way that they only affect distances more than R, without in-
fluencing characteristic (i.e., parameters) of attenuation at shorter distances. This essen-
tially allows expanding attenuation relationships, for farther distances without changing
behavior at shorter distances.

The presented approach to ground motion attenuation modeling can potentially be
used for earthquakes in other seismotectonic regions with subduction and intra-plate
events. We are also planning on expanding the current relation to predict spectral accel-
erations and peak ground velocity.
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