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DEALING IN PRACTICE WITH SELECTING AND MODIFYING EARTHQUAKE
GROUND MOTIONS FOR NONLINEAR ANALYSIS

Jorge F. Meneses
Kleinfelder
San Diego, California-USA 92122

ABSTRACT

Nonlinear earthquake analyzes of structures are increasingly required by building codes and other seismic design regulations. An
essential component of these analyses is that the geotechnical engineer has to provide the structural engineer with a set of strong
motion time histories, typically three or seven sets containing two orthogonal horizontal components, and one vertical component if
needed. The procedure for selecting the seed time histories and modifying them to match the design response spectrum involves
several steps including development of seismological criteria, earthquake deaggregation analysis, and spectral matching.

This procedure for selecting and modifying earthquake ground motions is explained based on three example projects in the San Diego
region; i.e., seismic retrofit of an existing hospital complex, seismic retrofit of an existing historic bridge, and seismic design of a
harbor facility. Challenges and identified issues encountered in practice will be discussed and some suggestions will be proposed.

INTRODUCTION

Selecting and modifying earthquake ground motions is a big
challenge for practitioners. On one hand, most of the methods
are still under research and testing; and on the other hand
seismic design codes do not provide enough guidance. In
addition the impact on structures behavior from using different
time histories is not fully understood yet. However despite all
these limitations practitioners have the urgency of providing
answers and specific solutions to project needs.

This paper intends to show how geotechnical practitioners
deal with this big challenge by describing three specific
projects in which there was the need of selecting and
modifying earthquake ground motion records. One project is
the seismic retrofit of a hospital complex, another project is
the seismic retrofit of an historic bridge, and the last project is
the seismic design of a new harbor facility.

As a preamble some important steps in the process of selecting
and modifying earthquake ground motion records are briefly
discussed. These include identification of earthquake ground
motion records databases, earthquake deaggregation,
determination of the target spectrum, modification of
earthquake ground motion records, and readily available
software.
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Strong Motion Records Databases

Several databases are available over the Internet mainly at US
and Japan websites. The databases provide the user several
search options for earthquake time histories including
seismological characteristics, site conditions, and/or records
characteristics. Some of the most important databases are
presented and briefly described in this section.

PEER-NGA. This database is an update and extension to the
PEER Strong Motion Database, first published in 1999. The
NGA database includes a larger set of records, more extensive
meta-data, and some corrections to information in the original
database. At this time, the NGA site contains only acceleration
time history files. The PEER-NGA database is accessible at
http://peer.berkeley.edu/nga/.

Cosmos Virtual Data Center. Cosmos stands for Consortium
of Organizations for Strong-Motion Observation Systems and
the core members are the United States Geological Survey
(USGS), California Geological Survey, US Army Corps of
Engineers and US Bureau of Reclamation. The database is
available at http://db.cosmos-eq.org/scripts/default.plx.




Kyoshin Network K-NET. This database is managed by the
Japanese National Research Institute for Earth Science and
Disaster Prevention (NIED) and contains an impressive
number of Japanese earthquake records. The database is
accessible at http://www.k-net.bosai.go.jp/. It is required
registration to download records.

Earthquake Deaggregation

Earthquake deaggregation (Bazzurro and Cornell 1999,
McGuire 1995) is an important tool for understanding seismic
hazard and selecting earthquake ground motion records.
Deaggregating the total hazard into contributions based on
distance and magnitude facilitates the identification of the
scenario design earthquake(s) from thousands of earthquakes
that comprise a seismic hazard model. Deaggregation at
different periods of vibration will enable the detection of
different possible design earthquakes. The resulting magnitude
and distance from a deaggregation analysis will be
instrumental for finding the most suitable earthquake records
from a database.

Target Spectrum

There are typically two ways of defining a target spectrum,
i.e., uniform hazard spectrum (UHS), and conditional mean
spectrum (CMS).

Uniform Hazard Spectrum. This spectrum is one of the final
results of a probabilistic seismic hazard analysis (PSHA).
PSHA calculates spectral accelerations for a given range of
periods. Then a rate of exceedance is identified, and all
spectral accelerations are plotted versus their corresponding
periods. The resulting envelope curve is called uniform hazard
spectrum (UHS) because each spectral ordinate has an equal
rate of being exceeded (McGuire 2004, Baker 2008). Hence
this spectrum may be the result from different earthquake
events with different magnitudes and distances and should not
be interpreted as the response spectrum from a single ground
motion excitation. The use of the UHS is widespread in
practice and in many seismic design codes.

Conditional Mean Spectrum. Because a UHS is not
representative of the spectrum from any single ground motion,
it is contended that an UHS is an unsuitable and unsatisfactory
ground motion target. Baker (2009) proposes that the CMS is
a better target and useful tool for selecting ground motion
records as input to dynamic analysis. The CMS provides the
mean response spectrum, conditioned on occurrence of a
target spectral acceleration ordinate at a period of interest.
Baker (2009) describes a simple four-step procedure to
construct the CMS, and a method for selecting and scaling
ground motions to match this spectrum. The CMS appears as a
promising approach and may become widespread in practice
of seismic design of buildings.
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Common Methods for Modifying Strong Motion Records

Two of the most common methods used in practice for
performing modification of strong motion records are spectral
matching and scaling.

Spectral Matching. This method adjusts the original record in
the time domain by adding wavelets to it (Lilhanand and
Tseng 1988). The spectral matching can be performed with a
given level of convergence tolerance for the maximum
deviation from the target spectrum. Spectral matching reduces
substantially the number of time histories needed for the
analysis, but the cost is using less realistic time histories. Real
earthquake spectra are not smoothed and target spectra tend to
be smoothed. Real, unmodified strong motion records have
response spectral peaks and valleys that impact the nonlinear
response of structures. Two types of spectral matching can be
identified, i.e., “loose” and “tight” matching. “Loose” spectral
matching roughly follows the shape of the target smoothed
spectrum but leaves peaks and valleys in the matched
spectrum. “Tight” spectral matching produces a smoothed
matched spectrum eliminating peaks and valleys minimizing
variability but introducing bias in the nonlinear response.
Matching difficulties can be observed especially at long
periods. Modified strong motion records should be baseline
corrected in time domain (residual displacements eliminated)
after the spectral matching.

Scaling of strong motion records. This method applies scale
factors to modify the amplitudes of the original ground motion
records without altering the frequency content. Naeim et al.
(2004) proposed a method using a genetic algorithm
(Goldberg 1989). This algorithm treats a union of a given
number of records, say seven, and corresponding scaling
factors as a single “individual.” Then an optimum “individual”
is obtained through “mating,” “natural selection,” and
“mutation.” In an alternative approach, Kottke and Rathje
(2008) developed a semi-automated procedure that selects and
scales ground motion records by adjusting individual scale
factors for the motions to fit the amplitude and standard
deviation of the target spectral shape.

Available Software

Some of the most common available computer programs are
identified and a short description for each one is provided.

SigmaSpectra. This is a computer program that selects suites
of earthquake ground motions from a library. The median of
the suite matches a target response spectrum at all defined
periods, and then scales the standard deviation of the suite
with the target standard deviation. The methodology used in
SigmaSpectra is described by Kottke and Rathje (2007) and
Kottke and Rathje (2008). The methodology selects and
linearly scales recorded acceleration time histories and does
not explicitly deal with frequency-domain or time-domain
spectral matching techniques. The program is free at
http://www.caee.utexas.edu/prof/rathje/research.html.




RspMatch. This program utilizes an algorithm that adjusts the
original strong motion record in the time domain by adding
wavelets to it. The spectral matching can be performed to a
user specified convergence tolerance for the maximum
deviation from the target spectrum (Abrahamson 1992,
Abrahamson 1998). The new version of the program,
RspMatch2005, enables the strong motion records to be
matched to the pseudo-acceleration or displacement spectral
ordinates as well as the spectrum of absolute acceleration, and
additionally allows the matching to be performed
simultaneously to a given spectrum at several damping ratios
(Hancock et al. 2006).

RASCAL. This program performs spectral matching by
scaling the Fourier amplitude of each individual frequency
using the ratio of spectral acceleration of the record to the
target spectral acceleration (Silva and Lee 1987). This
program utilizes random vibration theory to calculate peak
values of acceleration and velocity in addition to response
spectra for specified earthquake source and propagation path
parameters. The method combines the phase spectra from
observed strong motion records to a theoretical Brune
modulus (Brune 1970, 1971). The program can produce
acceleration time histories whose response spectrum matches a
specified target spectrum.

Design Ground Motion Library (DGML). This is an
interactive tool for selecting strong motion records from the
PEER-NGA database (Youngs et al. 2009). The selection is
based on user-specified criteria including design response
spectra, magnitude, distance, style of faulting, Vs3, (average
shear wave velocity in the upper 30 meters of a soil profile),
and records with or without pulses. Also DGML provides
linear scaling factors for record application. The target
spectrum may be the building code spectrum, NGA ground
motion based spectrum, or user-developed spectrum of any
shape. Additionally there is an option for conditional mean
spectrum. As of September 2009, PEER is in the process of
transferring DGML to a web-based tool.

SEISMIC RETROFIT OF A HOSPITAL COMPLEX

The seismic retrofit of a hospital complex in southern
California required site-specific probabilistic and deterministic
seismic hazard analyses, kinematic and foundation damping
soil-structure evaluation, upper and lower bound foundation
capacity and stiffness determination, and seismic pressures
evaluation for existing retaining and basement walls. These
geotechnical evaluations were performed for two different
earthquake hazard levels, i.e., Basic Safety Earthquake 1
(BSE-1; 10% probability of exceedance in 50 years) and Basic
Safety Earthquake 2 (BSE-2; 2% probability of exceedance in
50 years), and two performance levels, i.e., Life Safety
Performance and Collapse Prevention Performance Levels
(Meneses et al. 2009).

Project site characterization included collection of information
on the subsurface soil conditions, foundation conditions and
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Depth (meter)

seismic geologic hazards. A comprehensive review of
available previous geotechnical studies was performed and a
number of boring logs for the site were compiled from these
studies. With this available subsurface information, geologic
reconnaissance and mapping, and experience with the site and
nearby projects, a map was prepared of surface geology and
geologic cross sections.

Seismic measurements using active and passive surface wave
techniques were performed for the current study to supplement
the previous subsurface data. The purpose of this survey was
to provide a shear wave velocity (Vss) profile to a depth of 30
m, to be used for seismic site classification and for evaluation
of small strain stiffness properties of the site soils. Figure 1
presents the Vs profile utilized for seismic site class
determination, seismic hazard study, and foundation stiffness.
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Figure 1. Representative shear wave velocity Vs profile for the
project site.

Ground Motion Development
The project site is a seismically active area and is likely to

experience ground shaking as a result of earthquakes on
nearby or more distant faults. The Rose Canyon fault zone is



located approximately 4.3 km west of the project site and
contributes the most to the seismic ground shaking hazard at
the site.

Based on the shear wave velocity measurements made as part
of this study, the average shear wave velocity in the upper 30
meters of the site (Vs3) is 385 m/sec, which corresponds to
Site Class C (shear wave velocity of 366 to 762 m/s) per
Section 1613A.5.2 of the 2007 California Building Code
(CBQC).

Site-specific ground motion hazard evaluations using
probabilistic and deterministic seismic hazard analysis (PSHA
and DSHA) methods were performed. The purpose of this
study was to develop the site-specific ground motion criteria
in terms of spectral accelerations by using a seismic source
model and the subsurface soil conditions encountered at the
site.

The BSE-1 and BSE-2 response spectra for 5 percent damping
are presented graphically in Figure 2.
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Figure 2. BSE-1 and BSE-2 response spectra for the project
site.

DEVELOPMENT OF EARTHQUAKE TIME HISTORIES
Seven sets (each containing two orthogonal horizontal
components and one vertical component) of ground motion
time histories were developed. These sets were selected from
recorded seismic events and spectrally matched within 5
percent of the response spectra associated with the BSE-1 and
the BSE-2 design events.

Deaggregation of the PSHA resulted in mode values of
distance and moment magnitude of 3.75 km and 6.95
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respectively for periods up to 1 second for the BSE-1 and up
to 2 seconds for the BSE-2 event. In general, the dominant
magnitude for this site ranges from 6.95 to 7.25 at a distance
of approximately 3.75 km.

The most significant criteria for the selection of time histories
include site-source distance (3.75 km), forward directivity
effects, faulting mechanism (strike-slip), magnitude (7.0), and
spectral shape (frequency content). Utilizing these criteria the
PEER Strong Motion NGA Database available at
http://peer.berkeley.edu/nga was used to select strong motion
records. For the BSE-1 event, time histories include three
forward-directivity events, three backward-directivity events
and one neutral-directivity event. For the BSE-2 event, time
histories include four forward-directivity events, two
backward-directivity events and one neutral-forward
directivity event.

Spectral matching of the selected time histories was performed
using the computer program RSPMATCH. The spectral
matching was performed with a 5% of convergence tolerance
for the maximum deviation from the target spectrum. All
records were baseline corrected in time domain (residual
displacements were eliminated) after the spectral matching.

For each dataset, the square root of the sum of the squares
(SRSS) of the 5%-damped site-specific spectra of the
horizontal components was constructed. The datasets were
modified such that the average values of the SRSS spectra are
not lower than 1.3 times the target spectra. Figure 3 shows
response spectra of all matched horizontal time histories for
the BSE-2 event.
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Figure 3. Response Spectra of All Matched Horizontal Time
Histories for the BSE-2 event.



SEISMIC RETROFIT OF AN HISTORIC BRIDGE

The bridge is located along the coast of the Pacific Ocean, as
close as 60 m from the high tide line. It is situated at the north
end of an alluvial valley, with the northern-most quarter of the
bridge ascending the valley’s sloping boundary. The bridge
spans over a state park access road and the San Diego
Northern Railway (SDNR) line. It was constructed with three
bents skewed at 63 degrees from the longitudinal axis of the
bridge that accommodate the railroad and its embankment.

The design seismic performance criteria were established
keeping in mind that the bridge is not a critical lifeline
structure.  The retrofit design was developed with the
performance expectation that after a major design level
earthquake the bridge would sustain significant damage and
would probably be closed to traffic. The bridge may or may
not be repairable after the event, but structural collapse should
not occur and life safety should be protected. The design
seismic event was defined as the “Safety Evaluation
Earthquake” (SEE), and was taken as the greater of a 1,033-
year return period probabilistic seismic hazard analysis-based
ground motion and the median deterministic seismic hazard
analysis ground motion (Gingery et al. 2009).

PSHA and DSHA for rock

Both probabilistic and deterministic seismic hazard analyses
(PSHA and DSHA, respectively) were performed to
characterize the seismic hazard for a hypothetical rock outcrop
at the site.

For the probabilistic analyses, a seismic source model based
on the model used in developing probabilistic seismic hazard
maps by California Geological Survey (CGS) for the State of
California (Petersen et al., 1996, Cao et al., 2003) was used.
In addition, faults located in Baja California, Mexico were
added to the seismic source model (Rockwell 2002).

Attenuation relationships were selected to characterize the
strong ground motions for both the PSHA and DSHA. Four of
the five relationships from the Pacific Earthquake Engineering
Research Center (PEER) Next Generation Attenuation of
Ground Motion (NGA) project were used: Abrahamson and
Silva (2008), Boore and Atkinson (2008), Campbell and
Bozorgnia (2008) and Chiou and Youngs (2008). These
attenuation relationships were specifically developed to
characterize strong ground motions from shallow crustal
events in western North America. All four selected attenuation
relationships utilize estimates of Vg3 (i.€., average shear wave
velocity in the upper 30-meters of the soil); a bedrock shear
wave velocity of 1,070 meters per second was used in the
analyses. Since the project site was in close proximity to the
Rose Canyon fault, rupture directivity and directionality (near-
source effects) were considered in the analyses in accordance
with the recommendations by Somerville et al. (1997) and
Abrahamson (2000).

Paper No. SPL 8

Both the PSHA and DSHA were performed using the seismic
hazard analysis computer software EZ-FRISK (Risk
Engineering, 2008). The DSHA was determined to be
governed by the Rose Canyon fault (maximum moment
magnitude of 7.2), which is located approximately 3.1 km
west of the site. Comparisons between the 1,033-year
probabilistic and median deterministic response spectra
showed that the deterministic spectrum was larger at all
periods that were analyzed. The dominance of the median
deterministic response spectrum is attributed to the relatively
low slip rate (1.5 mm/year) of the Rose Canyon fault.
Therefore, the SEE design earthquake was based on the
DSHA results.

Time history selection, spectral matching, rotation

Three earthquake horizontal acceleration time histories were
selected from the PEER-NGA ground-motion database. These
time histories were chosen based on their relative consistency
with the scenario SEE event with respect to fault rupture
mechanism, distance to site, moment magnitude, site bedrock
conditions and duration of strong shaking. Since the site-
source geometry is conductive to forward directivity, two of
the three time histories selected included forward rupture
directivity effects (Bray and Rodriguez-Marek 2004). The
three selected time histories were:

o The Duzce, Turkey earthquake of 1999, Bolu recording
station (includes forward directivity);

e The Landers, California earthquake of 1994, Joshua Tree
recording station (backward directivity); and

e The Loma Prieta earthquake of 1989, Los Gatos
Presentation Center (LGPC) recording station (includes
forward directivity).

The selected horizontal time histories were transformed
through a simple vector rotation to major principal and minor
principal orientations (Somerville 2002). The major and
minor principal axes were selected with consideration to polar
plots of peak and spectral acceleration, velocities and
displacements. Geographical fault orientations as described in
Bray and Rodriguez-Marek (2004) were also considered. In
general, the principal major axis was taken as the orientation
that produced the greatest Peak Ground Displacement (PGD),
and the minor principal axis was taken as orthogonal to the
major axis (Lam and Law 2000). The major and minor
principal axes were assumed to be the fault normal and fault
parallel directions, respectively, of the recorded ground
motion.

The horizontal time histories, rotated to major and minor
principal axes, were fitted (i.e., spectrally matched) in the time
domain to the design bedrock target fault-normal and fault-
parallel spectra, respectively, using the computer program
RSPMATCH. This spectral matching was done relatively
loosely (within 5% of the target) to preserve as much as
possible the characteristics of the time histories. All
acceleration time history records were baseline corrected (i.e.
elimination of residual displacements) following the spectral



matching using a high-pass Butterworth filter to remove very
long period ground motion (i.e. greater than 20 second period)
and/or addition/subtraction of a best-fit polynomial of the
acceleration time history. Response spectra of the matched
time histories are plotted on Figure 4 for both the fault-normal
and fault-parallel components along with the design SEE
target bedrock outcrop spectra for comparison.
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Figure 4. Fault normal and fault parallel spectrally matched
response spectra for the hypothetical bedrock outcrop.

Site response analyses

One-dimensional equivalent linear site response analyses were
performed to propagate the design bedrock ground motion to
the ground surface and foundation levels. The site response
analyses were performed using the computer program
SHAKE2000 (Schnabel et al. 1972, Ordonez 2006). Soil non-
linearity is accounted for using strain-dependent modulus
degradation and damping curves. The program iterates until
compatible effective strain levels are obtained for each sub
layer within the model.

Because the subsurface soil conditions and ground surface
elevations vary across the site, the analyses were performed
for five representative site zones. Generalized soil profiles
were developed for these five sites zones. The base of the site
response models was taken at the top of the unweathered
Lusardi Formation at approximately elevation -38 m where the
measured shear wave velocity was approximately 1,067
meters per second. Shear modulus (G/Gna) and damping
versus shear strain curves were estimated using Roblee and
Chiou (2004) for soil materials and Schnabel (1973) for rock
in the SHAKE2000 analysis. The shear wave velocity (Vs)
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used in our profiles was interpreted from the shear wave
velocities measurements and from correlations with CPT and
SPT measurements. The value G, is the maximum shear
modulus at very small strains calculated from G, = p V.’
where p is the soil density. Figure 5 shows a V profile for
Abutment 1, one of the five soil profiles.
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Figure 5. Measured and interpreted shear wave velocity profile
at Abutment 1 profile.

The SEE (Safety Evaluation Earthquake) design bedrock
outcrop earthquake time histories were used as input to the site
response analyses. Each of the five profiles was subjected to
the fault normal (FN) and fault parallel (FP) components of
the three design SEE bedrock outcrop motions for a total of 30



site response runs. The time histories were applied at the base
of the site response model (bedrock level) as an “outcropping”
motion. Time histories extracted from the site response
analysis at the foundation levels were provided to the project
structural engineers for use in dynamic modeling of the
bridge. Free-field, elastic, five percent damping, response
spectra were calculated for these foundation input motions.
Figure 6 shows fault normal spectra at the foundation level for
Abutment 1.
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Figure 6. Example fault normal response spectra for the
bedrock and foundation elevations.

SEISMIC DESIGN OF A HARBOR FACILITY

The project site is located within a relatively flat site in Baja
California, Mexico. The site is characterized at an elevation of
-16m mean sea level as medium dense to very dense sand.
Measurements of P wave velocities reported are 2,600 — 3,630
m/s, which correspond approximately to S wave velocities of
1,390 - 1,940 m/s. For the purpose of this analysis we assume
a shear wave velocity of 1,300 m/s.

A probabilistic seismic hazard analysis (PSHA) was
performed for the site as per Port of Los Angeles (POLA)
2004 Seismic Code. The PSHA developed 5 percent damped,
uniform-hazard, elastic acceleration response spectra at an
elevation of -16m at the site. Near source effects
(Abrahamson 2000, Somerville et al. 1997, Somerville 2002)
were incorporated by developing fault normal response
spectra. Two levels of design earthquake motions were
considered: Operating Level Earthquake, OLE (50 percent
probability of exceedance in 50 years), and Contingency Level
Earthquake, CLE (10 percent probability of exceedance in 50
years). Response spectra were developed for each of these two
levels of design earthquakes. Deaggregation of the PSHA was
performed to develop scenario magnitude and site-source
distance pairs for the design earthquakes.

Under a Pacific Earthquake Engineering Research (PEER)
Center project entitled “Next Generation Attenuation of
Ground Motions (NGA),” five teams have developed and
presented new attenuation relationships for shallow crustal
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earthquakes in Western North America. These relationships
are Abrahamson and Silva (2008), Boore and Atkinson
(2008), Campbell and Bozorgnia (2008), Chiou and Youngs
(2008), and Idriss (2008). Prior to these NGA relationships,
four of the most used relationships and widely accepted by
seismologists for shallow crustal earthquakes in Western
North America were the ones presented by Boore et. al.
(1997), Abrahamson and Silva (1997), Campbell and
Bozorgnia (2003), and Sadigh et. al. (1997).

The NGA attenuation relationships are also applicable to
sources in Baja California, Mexico. For this project we used
four NGA models listed in Table 2.

Table 2. NGA Relationships Used in the Seismic Hazard
Analysis

Attenuation Relationship
Abrahamson-Silva (2008)
Boore and Atkinson (2008)

Campbell and Bozorgnia (2008)

Chiou and Youngs (2008)

Seismic Source

Fault/Background
Fault/Background
Fault/Background
Fault/Background

All four of these NGA relationships use estimates of Vg3
(average shear wave velocity in the top 30m) as input. We
used the shear wave velocity of 1,300 meter per second (4,265
feet per second) in our analyses. The NGA Idriss (2008)
relation was not used because this Vg3 is beyond its range of
applicability (Vs3= 1,500 to 2,000 feet per second).

We used the commercially available computer program EZ-
FRISK (Risk Engineering, 2008) for our analysis. Figure 7

shows the linear plots for the OLE and CLE response spectra.
1.0

5 percent
damping

——CLE (10% PE 50 year)

— — OLE (50% PE 50 year)

0.8

0.6

Spectral Acceleration (g)

0.0 05 1.0 15 20 25 3.0 35 4.0
Period (seconds)

Figure 7. Probabilistic Response Spectra

The most significant criteria for the selection of time histories
included site-source distance (13.75 km), magnitude (7.65),
directivity effects, and spectral shape. Utilizing the “target”
criteria above, Kleinfelder searched the PEER —NGA Strong
Motion Database and selected the strong motion records



shown in Tables 6 through 9. Table 6 and 7 show the
characteristics of the selected earthquakes to match the OLE
and CLE target response spectra respectively.

Table 6. Selected Earthquakes for OLE

Table 9. Selected Time Histories for CLE

Dist. V30 PGA
(km) | (m/s) | (9)

E 11.0 5447 | 0.28

Earthquake | Station | Comp.

Chi-Chi, CHYO02
Taiwan 9

Loma Gilroy

Prieta, CA | Array 1

0° 9.6 1428.0 | 0.41

Earthquake Date Magnitude Mechanism
Kocaeli, . .
Turkey 8/17/1999 7.4 Strike-slip
Chi-Chi, 0/21/1999 | 7.6 Reverse
Taiwan

Hector Mine, | 14/16/1999 | 7.1 Strike-slip
CA

Landers, CA | 06/28/1992 7.3 Strike-slip
Manijil, Iran 06/20/1990 7.4 Strike-slip

Table 7. Selected Earthquakes for CLE

Mﬁ;ﬁ}" Abbar L 12.6 | 7240 | 052
ﬁ%ﬁiee')'/ Arcelik | 0° | 135 | 523.0 | 0.22
'?cl’frii')'/ Gebze | 0° | 11.0 | 7920 | 0.24
Lagd:rs’ Joshua | ©0° | 11.0 | 3793 | 0.27
M';'rfgt‘g A | SCSNO | 0o | 117 | 6849 | 0.27

Earthquake Date Magnitude Mechanism
Kocaeli, . .
Turkey 8/17/1999 7.4 Strike-slip
Chi-Chi, 9/21/1999 7.6 Reverse
Taiwan

Hector Mine, | 4/16/1999 7.1 Strike-slip
CA

Landers, CA | 06/28/1992 7.3 Strike-slip

Manijil, Iran 06/20/1990 7.4 Strike-slip

LomaFrie | 1071711989 7.0 Oblique

Table 8 and 9 show the stations from which the strong motion
records were selected to match the OLE and CLE target
response spectra respectively.

Table 8. Selected Time Histories for OLE

. Dist. V PGA
Earthquake | Station | Comp. s30
o P Gm) | () | (g)
Chi-Chi, | CHY0Z | 11.0 | 5447 | 0.28
Taiwan 9
CTh'.‘Ch" TCUo4 1 136 | 5510 | 0.18
aiwan 8
Manjil, | A ppar L 126 | 7240 | 052
Iran
Kocaeli, . R
Turkey Arcelik 0 13.5 523.0 | 0.22
Kocaeli, o
Turkey Gebze 0 11.0 792.0 | 0.24
Landers, o
CA Joshua 0 11.0 379.3 | 0.27
Hector SCSN o
Mine, CA 0 0 11.7 684.9 | 0.27
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Spectral Matching

Spectral matching of the selected time histories was performed
using the program RSPMATCH. The spectral matching was
performed with a 5% of convergence tolerance for the
maximum deviation from the spectrum target. All records
were baseline corrected (residual displacements were
eliminated) after the spectral matching.

Figure 8 shows the response spectra of the original time
histories selected to match the CLE response spectrum. The
CLE response spectrum is also plotted on Figure 8 for
comparison.

225

| ——CLE 10% PE 50 year
200 TRR
——Chichi CHY028 E

1.75 Loma Prieta Gilroy Array 1

Iran Manjil L

1.50 Kocaeli Arcelik 0

—— Kocaeli Gebze 0

125 [ i'. Landers Joshua 0

A
Ivr f ——Hector Mine SCSN 0

Spectral Acceleration (g)

0.0 0.5 1.0 1.5 2.0 25 3.0 a5 4.0
Period (seconds)

Figure 8. Response spectra of original time histories for CLE
event

In addition, response spectra of the original selected time
histories were normalized to the CLE peak ground
acceleration for comparison. Comparison of normalized
response spectra aids in visualizing spectral shapes of selected
time histories. Figure 9 shows the normalized response spectra
of the original time histories selected to match the CLE
response spectrum.
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400 1 —Chichi CHY029 E
350 Il — Loma Prieta Gilroy Array 1
| Iran Manijil L
300 b — Kocaell Arcelik 0
c
2 ——Kocaeli Gebze 0
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8 ——Hector Mine SCSN 0
o
<
®
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Figure 9. Normalized response spectra of original time
histories for CLE event

Figure 10 shows the response spectra of spectral matched time
histories for the CLE event.
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——CLE 50% PE 50 year
Loma Prieta Gilroy 1
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Figure 10. Response spectra of matched time histories for
CLE event

Two sets of spectrum-matched earthquake time histories were
developed in our study. One set of seven time histories was
developed to match the Operating Earthquake Level (OLE)
response spectrum, and another set of seven time histories was
developed to match the Contingency Earthquake Level (CLE)
response spectrum.

CONCLUSIONS AND RECOMMENDATIONS

Dealing in practice with selecting and modifying earthquake
ground motion records for nonlinear analysis of structures and
site response is a big challenge for geotechnical practitioners.
Guidelines are not clearly established, most methods are still
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under research and structural response to different time
histories is not completely understood. Early involvement with
regulatory agencies is highly recommended to understand
what they are expecting from the analysis and to avoid delays
with projects. Third party reviewers also play an important
role and should be involved as much as possible during the
entire process of selecting and modifying earthquake records.
Agreement in methods, procedures and assumptions is critical.
In the last few years there have been substantial progress in
research and seismic codes and geotechnical practitioners are
encouraged to stay current with latest knowledge and get more
involved in seismic design code development.

ACKNOWLEDGEMENTS

I would like to express my sincere acknowledgments to my
colleagues in Kleinfelder, Zia Zafir, James Gingery, Kevin
Franke, and Kevin Crennan for their contributions to the
projects described in this paper. Also my thanks to Jeff Dunn
and Terry Reynolds for reviewing the paper.

REFERENCES

Abrahamson, N. [1998], “Seismological Aspects of Near-Fault
Ground Motions,” 5" Caltrans Seismic Research Workshop,
Sacramento, California, June.

Abrahamson, N. [1992], “Non-stationary Spectral Matching.”
Seismological Research Letters 63:1, 30-30

Abrahamson, N. [1998], “Non-Stationary Spectral Matching
Program RSPMATCH,” PG&E Internal Report, February.

Abrahamson, N. and W. Silva [1997], “Empirical Response
Spectral Attenuation Relationships for Shallow Crustal
Earthquakes,” Seismol. Res. Lett. 1997; 68(1), 94-127.

Abrahamson, N.A. [2000]. “Effects of Rupture Directivity on
Probabilistic Seismic Hazard Analysis,” Proceedings of the 6"
International Conference on Seismic Zonation, Palm Springs,
California, November 12-15.

Abrahamson, N.A. and W.J. Silva [2008]. “Summary of the
Abrahamson & Silva NGA Ground-Motion Relations,
Earthquake Spectra, February 2008, VVolume 24, Issue 1, pp.
67-97.

Baker, J. W. [2008]. “An Introduction to Probabilistic Seismic
Hazard Analysis.” White Paper, Version 1.3, 72 pp.

Baker, J.W. [2009]. “The Conditional Mean Spectrum: A Tool
for Ground Motion Selection.” ASCE Journal of Structural
Engineering, (in press).



Bazzurro, P., and C.A. Cornell [1999]. “Disaggregation of
Seismic Hazard,” Bull. Seism. Soc. Am. 1999; 89, pp. 501-
520.

Boore, D.M., W. Joyner, and T. Fumal [1997], “Equations for
Estimating Horizontal Response Spectra and Peak
Acceleration from Western North American Earthquakes: A
Summary of Recent Work,” Seismological Research Letters,
Vol. 68, No.1, 128-153.

Boore, D.M. and G.M. Atkinson [2008], “Ground-Motion
Prediction Equations for the Average Horizontal Component
of PGA, PGV, and 5%-Damped PSA at Spectral Periods
between 0.01 s and 10.0 s,” Earthquake Spectra, February
2008, Volume 24, Issue 1, pp. 99-138.

Bray, J. and A. Rodriguez-Marek [2004] “Characterization of
Forward-Directivity Ground Motions in the Near-fault
Region.” Soil Dyn. and Earthquake Engr., 24, 815-828.

Brune, JW. [1970]. “Tectonic Stress and the Spectra of
Seismic Shear Waves from Earthquakes.” Journal of
Geophysical Research, v. 75, 4997-5009.

Brune, J.W. [1971], Correction, Journal of Geophysical
Research, v.76, 5002.

Campbell, K.W. and Y. Bozorgnia [2008],” NGA Ground
Motion Model for the Geometric Mean Horizontal Component
of PGA, PGV, PGD and 5% Damped Linear Elastic Response
Spectra for Periods Ranging from 0.01 to 10 s,” Earthquake
Spectra, February 2008, Volume 24, Issue 1, pp. 139-171.

Cao, T., Bryant, W.A., Rowshandel, B., Branum, D., and
Wills, C.J. [2003], The Revised 2002 California Probabilistic
Seismic Hazards Maps, California Geological Survey, June
2003. Available at website
http://www.consrv.ca.qov/CGS/rghm/psha/fault_parameters/p
df/2002CA Hazard Maps.pdf.

Chiou, B.S, and R.R. Youngs [2008]. “An NGA Model for the
Average Horizontal Component of Peak Ground Motion and
Response Spectra”, Earthquake Spectra, February 2008,
Volume 24, Issue 1, pp. 173-215.

Cornell, C.A. [1968], “Engineering Seismic Risk Analysis,”
Bulletin of the Seismological Society of America, Vol. 58, No.
5.

Cornell, C.A. [1971], “Probabilistic Analysis of Damage to

Structures Under Seismic Loading,” Dynamic Waves in Civil
Engineering, London, Interscience.

Paper No. SPL 8

Gingery, J., J. Meneses, K. Franke, and Z. Zafir [2009],
“Seismic Retrofit of an Historic Bridge.” Proc. International
Conference on Performance-Based Design in Earthquake
Geotechnical Engineering —from case history to practice, IS-
Tokyo 2009, Tsukuba, Japan, June 2009. Ed. T. Kokusho, Y.
Tsukamoto, and M. Yoshimine.

Goldberg, D.E. [1989]. “Genetic Algorithms in Search,
Optimization, and Machine Learning,” Addison-Wesley.

Hancock, J., J. Watson-Lamprey, N. Abrahamson, J. Bommer,
A. Markatis, E. McCoyh, and R. Mendis [2006], “An
Improved Method of Matching Response Spectra of recorded
Earthquake Ground Motion Using Wavelets,” Journal of
Earthquake Engineering, VVol. 10, Issue S1 2006, pp. 67-89.

Idriss, .M. [2008], “An NGA Empirical Model for Estimating
the Horizontal Spectral Values Generated By Shallow Crustal
Earthquakes,” Earthquake Spectra, February 2008, Volume
24, Issue 1, pp. 217-242.

Kottke, A. and E. Rathje [2007], “Semi-automated Selection
and Scaling of Earthquake Ground Motions,” 4™ International
Conference on Earthquake Geotechnical Engineering, Paper
No. 1248, June 25-28, 2007.

Kottke, A. and E. Rathje [2008], “A Semi-Automated
Procedure for Selecting and Scaling Recorded Earthquake
Motions for Dynamic Analysis,” Earthquake Spectra, Vol. 24,
No.4, pp. 911-932, Nov. 2008.

Lam, I.P. and H. Law [2000]. “Soil Structure Interaction of
Bridges for Seismic Analysis.” Technical Report MCEER-00-
0008, September 2000.

Lilhanand, K. and W.S. Tseng [1988], “Development and
Application of Realistic Earthquake Time Histories
Compatible with Multiple Damping Response Spectra,”
Proceedings of the 9™ World Conference on Earthquake
Engineering, Tokyo, Japan, 11, 819-824.

McGuire, R.K. [1995]. Probabilistic Seismic Hazard Analyis
and Design Earthquakes: Closing the Loop,” Bull. Seism. Soc.
Am. 1995; 85, pp. 1275-1284.

McGuire, R.K. [2004]. Seismic Hazard and Risk Analysis.
Earthquake Engineering Research Institute Monograph,
MNO-10.

Meneses, J., J. Gingery, and Z. Zafir [2009], “Performance-
based Geotechnical Aspects for Seismic Retrofit of a Hospital
Complex” Proc. International Conference on Performance-
Based Design in Earthquake Geotechnical Engineering —from
case history to practice, I1S-Tokyo 2009, Tsukuba, Japan, June
2009. Ed. T. Kokusho, Y. Tsukamoto, and M. Yoshimine.

10



Naeim, F., A. Alimoradi, and S. Pezeshk [2004]. “Selection
and Scaling of Ground Motion Time Histories for Structural
Design Using Genetic Algorithms.” Earthquake Spectra, Vol.
20, pp. 413-426, May 2004.

Ordonez, G. [2006], “SHAKE2000: A Computer Program for
the 1-D Analysis of Geotechnical Earthquake Engineering
Problems.” GeoMotions, LLC.

Petersen, M.D., W.A. Bryant, C.H. Cramer, T. Cao, M.S.
Reichle, A.D. Frankel, J.J. Lienkaemper, P.A. McCrory, and
D.P. Schwartz [1996]. Probabilistic Seismic Hazard
Assessment for the State of California: Division of Mines and
Geology Open File Report 96-08.

Risk Engineering [2008], “EZ-FRISK Software for
Earthquake Ground Motion Estimation, Version 7.26, User’s
Manual,” Risk Engineering, Boulder, CO.

Roblee, C. and B. Chiou [2004], “A Proposed Geoindex
Model for Design Selection of Non-Linear Properties for Site
Response Analysis,” International Workshop on Uncertainties
in Nonlinear Soil Properties and their Impact on Modeling
Dynamic Soil Response, PEER Headquarters, UC Berkeley,
March 18-19, 2004.

Rockwell, T. [2002], “Expanded Fault Hazard Assessment for
the Proposed La Jovita LNG Terminal Site, Baja California,
Mexico,” Earth Consultants International, California.

Sadigh, K., C.Y. Chang, J.A. Egan, F. Makdisi, and R.R.
Youngs [1997], Attenuation Relationships for Shallow Crustal
Earthquakes Based on California Strong Motion Data,
Seismological Research Letters, Vol. 68, No. 1,
January/February.

Schnabel, P. [1973], “Effects of Local Geology and Distance
from Source on Earthquake Ground Motions.” University of
California, Berkeley, Ph.D. Thesis.

Schnabel, P., J. Lysmer, and H. Seed [1972], “SHAKE:

Paper No. SPL 8

Equivalent Linear Seismic Response Analysis of Horizontally
Layered Soil Deposits,” Report EERC 72-12, Earthquake
Engineering Research Center, University of California,
Berkeley.

Silva, W. and K. Lee [1987], “State-of-the-Art for Assessing
Earthquake Hazards in the United States, Report 24, WES
RASCAL Code for Synthesizing Earthquake Ground Motions,
Miscellaneous Paper S-73-1, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS.

Somerville, P. [1998], “Emerging Art: Earthquake Ground
Motion,” Proceedings Geotechnical Earthquake Engineering
and Soil Dynamics 111,” Geotechnical Special Publication No.
75, Volume One, 1-38.

Somerville, P. [2002], “Characterizing Near Fault Ground
Motion for the Design and Evaluation of Bridges,” Proc. of
the Third National Seismic Conference and Workshop on
Bridges and Highways, April28-May 1, 2002, Oregon.

Somerville, P., Smith, N., Graves, R., and Abrahamson, N. et
al. [1997], “Madification of Empirical Strong Ground Motion
Attenuation Relations to Include the Amplitude and Duration
Effects of Rupture Directivity,” Seismol. Res. Lett. 1997
68(1), 199-222.

Youngs, R., G. Wang, M. Power, and Z. Li [2009], “Design
Ground Motion Library (DGML),” EERI Seminar on Next
Generation Attenuation (NGA) Models, Los Angeles,
September 11, 2009.

11



	Dealing in Practice with Selecting and Modifying Earthquake Ground Motions for Nonlinear Analysis
	Recommended Citation

	Dealing in Practice with Selecting and Modifying Earthquake Ground Motions for Nonlinear Analysis

