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BB Platform: Elastic SAs Fit Data	




Nonlinear Response Spectra	


•  One step up in complication and realism	

•  Also tied to engineering intuition	

•  Can still be tied to statistics of recorded 

ground motions	

–  Predictive model available (e.g., Tothong 

and Cornell, 2006)	

–  Relatively insensitive to most parameters 

besides magnitude and site nonlinearity	
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Nonlinear Response Spectra: ���
Long Periods	


Expected level of nonlinearity	


One-second elastic 
spectral accelerations 
(from Graves and 
Somerville 2006)	




Nonlinear Response Spectra: ���
Intermediate Periods	


One-second elastic 
spectral accelerations 
(from Graves and 
Somerville 2006)	




Nonlinear Response Spectra: ���
Short Periods	


One-second elastic 
spectral accelerations 
(from Graves and 
Somerville 2006)	




M5.4 Chino Hills	

IE ratios derived from data 
(gray) and synthetics (black). 
Dots are results from the 33 
stations, and the solid lines are 
the corresponding mean values.	


Calculated using SDSU BB 
module	
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 Figure 6. IE ratios derived from data (gray symbols) and synthetics (black symbols) at A) 0.3 s, B) 1.0 s, and C) 4.0 s. The dots are mean 
horizontal IE ratio values calculated for all 33 stations and the solid lines are the corresponding mean values.



1994 Northridge	




Bias of Elastic SAs	




IE/E ratio at R	


0.3s	

ResultsRatio10.pdf	
1.5s	


Northridge IE Ratios	




GOF of IE Ratios	


0.2-0.5sec	
 0.75-1.5sec	
 2.0-5.0sec	

GOF of Geometric mean for IE ratios (period=shorter, medium, longer)	




NWHP	




SATI	




Summary	

•  Median elastic SAs are routinely fit to data 	

•  IE ratios for data and synthetics are very close for periods 

between 0.4 and 10 s, but start to diverge at shorter periods, 
for SDSU and URS BB module	


•  Puente Hills simulations from 2006 (Graves and Pitarka BB 
module) overpredict IE ratios in data for 1s and shorter	


•  Chino Hills simulations from 2010 (M5.4, SDSU BB module) 
underpredict IE ratios in data for 1s and shorter	


•  Northridge simulations from 2012 (M6.7, SDSU BB module) 
generally underpredict IE ratios in data for 0.2s and shorter	




Summary (Cont.)	

•  Although elastic SAs often fit data for short-period 

simulations, IE ratios may be off	

•  Results suggest the need for refining the BB methods when 

used to compute IE ratios at shorter and intermediate 
periods. Future work should include additional scenarios, 
and compute the IE ratios using additional modules	


•  What is causing the IE ratio misfit when elastic SAs are 
approximately fit??? 	


•  How can BB modules be improved to produce more 
realistic IE ratios???	
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Goodness-of-fit Criteria for Broadband 
Synthetic Seismograms, with Application 
to the 2008 Mw 5.4 Chino Hills, California, 
Earthquake
Kim B. Olsen and John E. Mayhew 

Kim B. Olsen1 and John E. Mayhew1,2 
!

 Description of metrics and comparison of our 
-

sures. 

INTRODUCTION

Broadband synthetics obtained from scenario simulations of 
earthquakes with a frequency content between 0 and 10 Hz, 

on BBSs, in this case for an M 
-

tant role of synthetic ground motions is the increasing aware-
ness of the advantages of using site-speci!c ground-motion 
time series, rather than empirical intensity measures or scaled 
time series from di"erent sources or locations, for more realis-
tic non-linear dynamic analysis of buildings and performance-
based earthquake engineering. BBSs appear to be one of the 
only viable alternatives to the very limited amount of strong-
motion time series, particularly in the near-!eld from large 
earthquakes.

E"ectively meeting demands of this sort for realistic BBSs 
requires careful validation against recorded data. BBSs are 
currently achieved by combining deterministic low-frequency 

of typi-

 forthcoming). Visual 
inspection has been used for decades to claim success or failure 
of the ability of simulations to match observations (or synthet-
ics derived from an alternative numerical method). However, 
at shorter periods such visual waveform !ts are not practical, 

speci!c intensity measures tend to be more practical and rel-
evant than actual waveform !ts at higher frequencies.

include commonly used ground-motion intensity measures 

-

by seismologists and earthquake engineers to assess ground 
-

ple, Star 
Hills BBSs (obtained from kinematic source descriptions) to 

 
-

the BBSs are to be used routinely for seismic risk analysis ( , 
-

ings, or performance-based earthquake engineering, further 
empirical validation of ground-motion parameters relevant to 

-
tural engineering-speci!c metric is the ratio between inelastic 
and elastic response spectra (IE ratio). As a pioneering e"ort to 

standard deviation of IE ratios for a subset of BBSs in the Los 
Angeles region for several M

-
ally consistent with those for observations. However, they did 
!nd discrepancies, particularly at shorter periods, at so#-soil 
site locations and when strong directivity e"ects were present 
in the simulations, and they recommended further study to 

focused on properties that are known to a"ect the response of 
structures to earthquake ground motion.

method for the validation of BBSs, consisting of a combination 

Kim B. Olsen and John E. Mayhew: 
Goodness-of-fit Criteria for 
Broadband Synthetic Seismograms, 
with Application to the 2008 Mw 
5.4 Chino Hills, Califonia, 
Earthquake, Seismological Research 
Letters 80(6): 1002-1007	




Metrics Olsen and Mayhew 2010 ���
(developed for broadband ground motion synthetics)	


1.  Peak Acceleration (PGA)	

2.  Peak Velocity (PGV)	

3.  Peak Displacement (PGD)	

4.  Inelastic/Elastic Ratios (I/E)	

5.  Response Spectra (0.1-10s)	

6.  SA at 16 NGA periods	

7.  Cumulative Energy Density	

8.  Energy Duration 	

9.  Cross-Correlation	

10.  Smoothed Fourier Amplitude Spectrum	




Comparison of GOF scales	
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of di!erent systematic tests involving commonly used metrics 
characterizing the "t such as peak ground motions, Fourier 
and response spectra, cross-correlation, and duration measures. 
In addition, for structural engineering-speci"c applications, 

for the seismograms. A detailed description of the estimation 

estimate is provided in the electronic supplement. We test the 
 

 2006) have been proposed for the purpose 
of validation and veri"cation of synthetic seismograms. #ese 

-
 

compares the di!erences in the envelope and phase of a pair 
of seismograms. #eir method is best suited for comparison of 
LF synthetics due to the increasing di$culty in matching the 
envelope and phase as the upper cut-o! frequency increases. 

very detailed result illustrating the magnitude and location of 

BBSs, with less emphasis on detailed LF comparison. For this 

time series and is similar to our method in many aspects. We 
provide a more in-depth discussion and comparison of our 

supplement.

GOF ALGORITHM

more pairs of time series to be compared. First, the algorithm 
increases the number of time samples to a power of two for 
"ltering purposes and fast Fourier transform calculation, and 
decreases the time step to match the change in the number of 
time samples or to ensure an un-aliased time step sampling for 

or several weighted metrics (see the following section) to be 

using the complementary error function (erfc) of a normalized 

2 x y
x y ,  (1)

where  and y are two sets of positive scalar metrics (discussed 
in the following section as well as in the electronic supplement). 
#e result (distributed between 0 and 1) is then multiplied by 

the "t values generated based on visual inspection and the ratio 
between metrics  and y. #is ratio (%, see Figure 1 and elec-
tronic supplement) is used to facilitate the comparison of our 

-
cal analysis of randomly generated synthetic seismograms and 
di!erences between the horizontal components of recorded 

Hills validation (see below), and in general agreement with 

-
old below which the "ts are too bad to be considered depends 
on the speci"c application and metrics (and their weights) 
included. In general, we propose to set this threshold around 

approach generates a relatively high-resolution representation 

mis"ts (usually of less interest to the user). #is desirable shape 
-

tively more complicated erfc in Equation 1, as compared to that 
used by Anderson (see Figure 1).

METRICS

#is section identi"es the metrics included in our algorithm 
and discusses how they may be combined at di!erent band-
widths and applications for optimal results. #e electronic 
supplement contains a more in-depth discussion of the met-
rics. 

A ground-motion time series can be described by a variety 
of di!erent metrics. Some metrics are more meaningful than 
others for certain applications. Since our algorithm is targeted 
toward several di!erent purposes, i.e., validation of velocity 
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 ! Figure 1. A normalized comparison between our proposed 
GOF measure (solid curve) and that by Anderson (2004) (dashed 
curve) plotted against the proportionality (!) of the two values 
being compared. Five areas are highlighted: ! = [1–1.2] (“excel-
lent”), [1.2–1.4] (“very good”), [1.4–1.7] (“good”), [1.7–2.0] (“very 
good”), and [2.0–!] (“poor”). 

Olsen & Mayhew, 2010	


Anderson, 2004	




Ø  33 stations	

Ø  3 components	

Ø  99 calculations	


Redundancy ���
(Correlation Matrix)	
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Mw5.4 Chino Hills 0.1-1Hz 

Point source simulation 

CVM4 (CMU etree) 

Vs(min)=500 m/s 	




Advancement of the CVM’s accuracy	


Average goodness-
of-fit (perfect fit = 
100) at 0.1-0.5 Hz 
for synthetics 
relative to data. 	


Comparison of 
recorded data 	


(black traces) and 
synthetics (red 
traces) for station 
RUS  	


representing 
‘early’ SCEC 
validations	


recent SCEC 
validations	




Spectral Metric	

•  Smoothing of the Fourier amplitude spectrum (cm/s)	


     	




Nonlinear response spectra	




Elastic Response Spectra	


•  Engineering-relevant ground motion metric	


One-second elastic 
spectral accelerations 
(from Graves and 
Somerville 2006)	




Nonlinear Response Spectra	


•  One step up in complication and realism	

•  Also tied to engineering intuition	

•  Can still be tied to statistics of recorded ground motions	


–  Predictive model available (e.g., Tothong and Cornell, 
2006)	


–  Relatively insensitive to most parameters besides 
magnitude and site nonlinearity	



