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1.
INTRODUCTION

The objective of this project is to evaluate the ability of existing numerical simulation procedures to model the strong ground motions from the 1999 Chi-Chi, Taiwan as well as the Kocaeli and Duzce, Turkey earthquakes.  

The simulation procedure implemented here is termed the stochastic finite fault model (Silva et al., 1990; 1997) in which near surface (top 100 to 1,000 ft) materials are considered in detail through an equivalent-linear formulation.

In the course of this project, a simulated annealing inversion algorithm was developed for determining a best-fit slip model, subevent rise time (Section 2.0), and rupture velocity.  The desire was to develop these parameters in an optimum manner within the context of the wave propagation and rupture dynamics incorporated in the model, all including detailed nonlinear site response.  However, the inversion code proved so time consuming (1 week for an inversion) on a 1.2 GHz PC that insufficient time was available to adequately test the algorithm and apply appropriate parameter constraints.  As a result, slip models determined using an alternative wave propagation approach as well as rupture dynamics (spatially variable rise time and rupture velocity) were used.

2. 
STOCHASTIC FINITE-FAULT MODEL


The stochastic finite-fault model implemented here is quite simple in concept, using a single-corner-frequency omega-square source spectrum (M = 5.0) for each subfault.  Large earthquakes are simulated by simply delaying and summing contributions from the M 5 subfaults.  The process is discussed in detail in Appendix A.  The model is simple, includes a frequency domain random vibration theory equivalent-linear site response (Appendix B) implemented for both rock and soil sites (Silva et al., 1997).  The model, including site effects, has recently been validated at about 500 sites for 15 earthquakes (M 5.2 to 7.4) over fault distances ranging from 1 km to 470 km (Silva et al., 1997) and for subduction zone earthquakes for M up to 8.1.  In general, the model is unbiased over the frequency range of recorded motions (spectral acceleration averaging from about 0.3 to 100 Hz).

3.
EARTHQUAKES, SITES, PROFILES, AND SLIP MODELS


Three large recently occurring earthquakes were modeled: the 1999 M 7.6 Chi-Chi, Taiwan as well as both of the 1999 Turkey earthquakes: the M 7.4 Kocaeli and the M 7.1 Duzce.  Table 1 lists the regional crustal and Q(f) models used in modeling the earthquakes.  To model the effects of the shallow geotechnical layer on the predicted motions, generic rock and deep firm soil profiles were placed on top of the regional models (Table 1).  Small strain kappa values (Appendix A) were set to 0.04 sec, base case values for both deep soil and soft rock implied by the Abrahamson and Silva (1997) and Sadigh et al. (1997) empirical attenuation relations (Silva et al., 1997; EPRI, 1993).

3.1 Chi-Chi, Taiwan Earthquake

For the Chi-Chi, Taiwan sites, soft rock and deep soil generic profiles, based primarily on shear-wave velocities measured at strong motion recording sites located in California, were used.  These soft rock and deep soil (1,000 ft) profiles correspond to Geomatrix site categories A and B for rock and C and D for soil.  The sites, categories, and rupture distances are listed in Table 2, along with the category definitions.  For these sites, both the Taiwan Central Weather Bureau (CWB, Table 2) qualitative and quantative NEHRP categories were available.  Since few of the sites had available measured shear-wave velocity profiles, innovative indirect methods were used to assign NEHRP categories (Lee et al., 2001).  Unfortunately the results using this approach were not without ambiguities, resulting in a number of apparent conflicts with the qualitative, largely visual CWB site categorization scheme.  As a result, Table 3 was developed to provide a mechanism for consistently assigning either soft rock or deep firm soil characteristics based on both categorization schemes.  Category collisions such as CWB 1 with NEHRP D as well as CWB 3 with NEHRP B occur, pointing out the futility of either modeling such data as well as using it in empirical regressions, until the sites are classified using a useful and reliable categorization scheme, with accompanying generic profiles.  The adopted California based soft rock and deep soil profiles are shown in Figure 1.

3.2       Kocaeli And Duzce, Turkey Earthquakes
For the Turkey earthquakes many of the recording sites had shallow measured shear-wave velocity profiles (SASW; Professor Rathje, personal communication), greatly facilitating site classification and the development of realistic generic profiles to basement depths.  The measured profiles generally fell into soft rock and deep firm soils, very similar to Northern California surficial geology based profiles for Franciscan (Fr) rock and Quaternary alluvium (Qal) (Silva et al., 1998).  As a result, the Northern California Franciscan and Quaternary alluvium generic profiles were adopted to model the geotechnical layer for the Turkey earthquakes recording sites.  The shallow profiles (Figure 2) were placed on top of the regional crustal model (Table 1).  

For both the Taiwan and Turkey sites, Northern California nonlinear dynamic material properties (Silva et al., 1998; EPRI, 1993) were assumed.  Final assessment of the most appropriate G/Gmax and hysteretic damping curves requires refinement of source parameters (slip model and rise time) and better characterization of the Chi-Chi, Taiwan earthquake site profiles.

Slip models and nucleation points used for all three earthquakes were taken from Somerville (personal communication).  The slip models are shown in Figure 3 and were developed using inversions which accommodate both spatially varying rise times as well as rupture velocities.  Since the stochastic finite fault model implemented here uses a fixed rise time and rupture velocity as well as a simpler approach to wave propagation, some inconsistencies likely exist between these slip models and ones optimized for the stochastic model.  An inversion program was developed to determine optimum slip models, rupture velocity, and rise times but insufficient time was available to provide appropriate parameter constraints and thoroughly test the algorithm.

4.
MODELING RESULTS

The results of the modeling are presented in a form that quantitatively measures how well the estimated 5% damped response spectra fit the average horizontal component spectra computed from the recorded motions.  Two measures of “goodness of fit” are computed: the model bias, or average misfit over all sites at each frequency and the uncertainty, a Chi-Square measure of fit over all sites at each frequency (Abrahamson et al., 1990).  The average misfit or bias measures whether the model tends to over (negative bias) or under predict motions, for an average site.  The uncertainty measures the site-to-site degree of misfit, giving information on how well the model accommodates the site-to-site variability in the recorded motions.

4.1
Chi-Chi, Taiwan Earthquake

For the M 7.6 Chi-Chi, Taiwan earthquake, Figure 4 shows the estimated model bias and uncertainty computed for 139 sites located within 50 km of the rupture surface using base case parameters (Table 6).  For periods shorter than about 5-6 sec, the bias shows a large overprediction increasing with decreasing period and close to a factor of five at peak acceleration (100 Hz).  A similar trend was seen by Boore (2001) in comparisons of Chi-Chi earthquake recordings with empirical attenuation relations based largely on California recordings.


These differences are consistent and suggest they are not due simply to earthquake-to-earthquake variability.  Naturally, inappropriate shallow profiles as well as kappa values (Table 1) and dynamic material nonlinear properties (Figure 1) may contribute to this overprediction, particularly if typical soil sites are much shallower then the assumed 1,000 ft and stiffer as well.  Additionally, generic rock sites in Taiwan may not have such a steep shallow gradient as typical California rock (Figure 1), which would result in much less amplification.


Apparently the Chi-Chi earthquake has significantly lower motions at periods less than several seconds than typical WNA (Western North America) earthquakes, which have been used to develop the finite fault base case parameters (Table 6).  Because of the large bias, Figure 4a, the site-to-site variability shown in Figure 4b is extremely large, being dominated by the overprediction.  The bias corrected uncertainty shows typical values (0.5 to 0.75) for uncorrected uncertainties based on modeling about 17 earthquakes at about 500 sites (Silva et al., 1997).  Apart from the very unusual overprediction, the model captures site-to-site variability for this earthquake as well as the other validation earthquakes, or, put another way, the Chi-Chi earthquake does not appear to have an unusual degree of site-to-site variability, at least for distances out to 50 km.


To look at closer sites, Figure 5 shows results for all sites located within a 20 km rupture distance.  In this case, the overprediction is reduced significantly for periods shorter than about 1 second to a value near 3 at peak acceleration.  The reason for this is unclear but the same trend is seen in the comparisons of the Chi-Chi earthquake motions to WNA empirical predictions (Boore, 2001), the degree of overprediction decreases at larger distances.  Without more and better site information it is difficult to assess whether this may be a site effect (more or fewer rock or soil sites at larger distances) or a wave propagation (crustal structure, Q(f), kappa) effect.


For comparison, Figure 5 also shows results computed using a subevent stress drop of 5 bars rather than the base case value of 30 bars.  For this case the bias is near zero from 0.01 to about 20 seconds and the uncorrected uncertainty ranges from 0.5 to about 0.75.  This suggests the overprediction of the Chi-Chi earthquake motions is related to source processes, particularly since increasing the rise time would have a similar effect.  The average slip velocity for this earthquake may be lower than one would expect for a large reverse mechanism earthquake, based on California earthquakes.

4.2
Turkey Earthquakes


Figure 6 shows the model bias and uncertainty computed for the Kocaeli, Turkey earthquake at all 34 sites, rupture distances out to over 400 km (Table 4).  The bias is near zero but shows an underprediction at long periods, exceeding about 3 seconds.  There is some evidence of rupture velocities exceeding shear-wave velocities for this earthquake, reaching some 4.5 km/sec, near the limit of 
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 times the shear-wave velocity (3.5 km/sec, Table 1) for stable rupture propagation (Bouchon et al., 2001).  Increasing the rupture velocity over the base case value of 2.8 km/sec (Table 6) would enhance the long period motions.  


The uncertainty (Figure 6b) computed over all the sites is higher than typical (Silva et al., 1997), ranging from about 0.75 at peak acceleration to about 1 at 10 seconds.  Examining the closer sites (within a 50 km rupture distance) reveals a general overprediction at periods shorter than about 3 seconds (Figure 7).  Apart from the bias, the uncertainty shown in Figure 7b has reduced (bias corrected) suggesting less site-to-site variability for the closer sites.  As with the Chi-Chi earthquake, inversions for more appropriate slip models, rupture velocities, and rise times are required to resolve the over prediction for the sites within a 50 km rupture distance.


For the Duzce earthquake, Figures 8 and 9 show similar results as the Kocaeli earthquake.  In this case however, a significant overprediction exists over all 22 sites (Figure 8a) and the overprediction for sites within a 50 km rupture distance is extreme (Figure 9a).  To a large extent this may be driven by a few sites very near the rupture which recorded extremely low short period motions.  For example, sites 058, 1059, 531, 1062, and 1061 at rupture distances of 1, 8, 11, 13, and 16 km respectively (Table 5) have average peak accelerations of less than 20%g.  This is very unusual, even for a normal mechansim and significantly more study is required to resolve this issue, as well as the overpredictions of the Kocaeli and Chi-Chi earthquakes.


The general procedure followed when the model was last validated using a large suite of earthquakes (15, Silva et al., 1997) was to find the best fitting rupture velocities, rise times, and subevent stress drop as well as Q(f) models, small strain kappa values, and nonlinear dynamic material properties (Silva et al., 1998).  Q(f) and kappa models are first estimated using point-source inversions (for stress drop, Q(f), and kappa values).  The Q(f) and small stress initial kappa models are then used in finite fault simulations where rise time, rupture velocity, and subevent stress drop are varied for each earthquake to minimize the bias.  Average values over all earthquakes are then estimated (a rise time verses moment relation developed) and the validations redone with the “global” average values for rupture velocity, rise time, and subevent stress drop.  This approach results in a larger uncertainty over all earthquakes but eliminates the need for developing and defending parametric distributions for these parameters for the next earthquake.  This process should be repeated (updated) as new earthquakes are added to the validation set.  Once reliable site conditions and generic profiles are available for the Chi-Chi, Taiwan earthquake and it is considered to be representative of California earthquakes and the near source sites for the Duzce, Turkey earthquake are judged to be useable, this update process will be implemented for the stochastic finite source model.
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	Table 1

CRUSTAL MODELS

	Chi-Chi, Taiwan*

	Th (km)
	VS (km/sec)
	ρ (cgs)

	     1.5**
	1.98
	2.30

	  9.0
	3.35
	2.60

	  8.0
	3.52
	2.80

	19.0
	3.87
	2.87

	
	4.50
	3.20

	Q(f) = 125 f0.8 (Sokolov et al., 2001)

  κ = 0.04 sec***

	Koaceli, Duzce, Turkey****

	  0.5
	1.00
	2.00

	  1.5
	1.60
	2.10

	  5.0
	3.00
	2.50

	10.0
	3.50
	2.78

	18.0
	3.70
	2.90

	
	4.60
	3.40

	Q(f) = 180 f0.6 (Silva et al., 1997; generic California assumed)

  κ = 0.04 sec***


*Roecher et al. (1987)

**Surficial firm rock layer added 

***Small strain kappa set to 0.04 sec at both rock and soil sites (Silva et al., 1997).

****Neugebauer et al. (1997)

	Table 2

CHI-CHI EARTHQUAKE SITES

	Station
	Rupture

Distance (km)
	CWB

Site Class
	NEHRP

Site Class

	TCU052
	.09
	1
	 c*

	CHY080
	.39
	
	B

	TCU067
	.89
	1
	C

	TCU068
	1.06
	1
	C

	TCU087
	1.25
	1
	  b*

	TCU102
	2.30
	2
	C

	TCU129
	2.43
	2
	C

	WNT
	2.43
	1
	C

	TCU103
	3.40
	1
	  c*

	TCU101
	3.43
	2
	C

	TCU065
	3.49
	1
	C

	TCU076
	3.59
	2
	C

	TCU071
	3.76
	1
	C

	TCU075
	4.11
	2
	C

	TCU049
	4.74
	2
	C

	TCU
	5.87
	2
	C

	TCU082
	5.87
	2
	C

	TCU054
	6.11
	
	C

	TCU053
	7.00
	2
	C

	TCU055
	7.00
	
	C

	ALS
	7.11
	1
	  b*

	TCU072
	7.24
	1
	C

	TCU078
	7.74
	1
	C

	TCU089
	7.87
	1
	  b*

	NSY
	7.97
	2
	B

	TCU128
	7.97
	1
	B

	CHY028
	8.08
	1
	C

	TCU051
	8.46
	
	C

	CHY024
	9.18
	1
	C

	CHY035
	9.19
	1
	C

	TCU122
	9.41
	
	C

	TCU136
	9.53
	
	B

	TCU060
	9.90
	2
	C

	TCU079
	10.23
	1
	C

	TCU084
	10.31
	1
	B

	TCU050
	10.60
	2
	C

	TCU120
	10.67
	1
	B

	TCU056
	11.30
	1
	D

	
	
	
	

	Table 2 (cont.)

CHI-CHI EARTHQUAKE SITES

	Station
	Rupture

Distance (km)
	CWB

Site Class
	NEHRP

Site Class

	TCU063
	11.65
	2
	C

	CHY041
	11.83
	1
	D

	TCU138
	11.94
	
	C

	TCU116
	12.81
	3
	D

	TCU057
	12.83
	
	B

	TCU036
	12.89
	1
	C

	CHY101
	13.00
	2
	C

	WGK
	13.00
	2
	C

	CHY034
	13.21
	1
	C

	TCU074
	13.25
	2
	C

	TCU104
	14.03
	
	B

	CHY006
	14.33
	1
	C

	CHY010
	14.48
	1
	C

	TCU064
	14.56
	2
	C

	TCU048
	14.66
	1
	B

	TCU110
	14.88
	3
	D

	TCU046
	15.38
	1
	A

	CHY029
	15.70
	1
	B

	TCU109
	15.95
	1
	C

	TCU039
	16.59
	1
	B

	TCU040
	16.75
	2
	D

	TCU123
	18.18
	2
	C

	TCU106
	18.19
	2
	C

	TCU059
	18.47
	
	C

	TCU105
	18.61
	
	B

	TCU038
	18.63
	2
	C

	TCU061
	18.66
	2
	C

	CHY025
	18.79
	2
	D

	TCU070
	19.44
	
	B

	CHY042
	19.95
	1
	B

	CHY086
	20.25
	1
	B

	CHY036
	20.75
	2
	C

	TCU107
	20.96
	2
	C

	CHY087
	21.50
	1
	B

	CHY027
	21.82
	3
	D

	CHY046
	22.01
	1
	C

	CHY092
	22.56
	
	D

	CHY104
	22.66
	3
	D

	CHY047
	23.30
	1
	C

	TCU029
	23.73
	1
	B

	TCU042
	23.75
	2
	C

	TCU141
	24.41
	
	D

	TCU045
	24.43
	
	B

	Table 2 (cont.)

CHI-CHI EARTHQUAKE SITES

	Station
	Rupture

Distance (Km)
	CWB

Site Class
	NEHRP

Site Class

	TCU031
	24.65
	1
	C*

	TCU111
	24.78
	3
	D

	TCU115
	25.05
	3
	D

	CHY014
	26.20
	1
	C

	KAU054
	26.34
	1
	  b*

	TCU117
	27.68
	3
	D

	CHY002
	28.50
	
	D

	CHY026
	29.42
	3
	D

	TCU112
	30.68
	3
	D

	CHY102
	30.80
	1
	B

	CHY052
	30.98
	1
	 b*

	CHY088
	31.36
	1
	C

	CHY015
	32.84
	3
	C

	TCU113
	32.89
	1
	D

	CHY109
	32.98
	
	 b*

	CHY110
	32.98
	
	 b*

	TCU047
	33.17
	
	B

	TCU034
	33.69
	1
	B

	CHY039
	33.70
	2
	D

	CHY081
	33.71
	1
	B

	NST
	35.87
	1
	C

	TCU140
	36.27
	
	D

	HWA053
	36.51
	
	A

	ILA067
	36.97
	
	   B**

	HWA024
	37.42
	2
	B

	HWA038
	37.88
	2
	B

	HWA054
	37.97
	
	C

	TCU145
	38.38
	
	D

	CHY094
	38.47
	3
	D

	TCU033
	38.88
	1
	C

	TTN051
	38.91
	
	   B**

	CHY032
	39.24
	3
	D

	HWA036
	39.24
	2
	C

	HWA034
	39.41
	2
	C

	HWA039
	39.97
	2
	C

	CHY082
	40.10
	3
	D

	TCU119
	40.77
	
	D

	HWA055
	41.05
	
	C

	HWA037
	41.10
	
	C

	HWA032
	41.45
	
	C

	CHY008
	41.51
	2
	D

	HWA005
	41.86
	2
	C

	HWA006
	42.03
	2
	C

	Table 2 (cont.)

CHI-CHI EARTHQUAKE SITES

	Station
	Rupture

Distance (Km)
	CWB

Site Class
	NEHRP

Site Class

	ESL
	42.21
	1
	C

	HWA020
	42.21
	1
	C

	TCU095
	42.43
	1
	B

	WTC
	43.30
	3
	D

	HWA030
	43.76
	2
	C

	HWA035
	43.82
	2
	C

	HWA056
	45.54
	
	A

	TCU098
	45.66
	1
	C

	HWA058
	45.92
	
	   B**

	HWA033
	46.65
	2
	B

	CHY033
	46.86
	3
	D

	CHY076
	47.17
	3
	D

	WSF
	47.17
	1
	D

	TCU015
	47.78
	1
	B


** ASSUMED SITE CONDITION

NEHRP site codes for the Chi-Chi, Taiwan earthquake are from the paper by Lee et al. (2001). These were taken as the suggested NEHRP site classification. Questionable site classification stations are indicated with a lower case letter and an "*" in the next column.

Central Weather Bureau (CWB) of Taiwan Site Categories 

1 = Hard site.

2 = Medium site.

3 = Soft soil site.

NEHRP 1-LETTER SITE CLASSIFICATIONS

Average shear-wave velocity to a depth of 30m is:

A > 1500 m/s

B = 750 - 1500 m/s

C = 360 - 750 m/s

D = 180 - 360 m/s

E = < 180 m/s

Lower case letter indicates a questionable site classification for the Chi-Chi, Taiwan earthquake stations.

	Table 3

CHI-CHI EARTHQUAKE SITE CATEGORY MAPPING

	NEHRP
	CWB

Site Class
	GEOMATRIX*

Site Class

	A
	
	AB

	A
	1
	AB

	A
	2
	AB

	A
	3
	

	B
	
	

	B
	1
	AB

	B
	2
	AB

	B
	3
	

	C
	
	AB

	C
	1
	AB

	C
	2
	CD

	C
	3
	CD

	D
	
	CD

	D
	1
	AB

	D
	2
	CD

	D
	3
	CD


*Geomatrix AB = soft rock, CD = deep firm soil

	Table 4

KOCAELI EARTHQUAKE SITES

	Station
	Rupture Distance (Km)
	Geomatrix Site Class

	SKR
	2.57
	B

	YPT
	5.53
	D

	IZT
	5.81
	A

	GBZ
	8.01
	A

	ARC
	12.16
	B

	DZC
	15.35
	D

	IZN
	30.26
	D

	ATK
	30.53
	D

	GYN
	36.54
	B

	ZYT
	45.56
	D

	FAT
	45.67
	C

	IST
	45.78
	B

	MCD
	47.18
	B

	YKP
	48.03
	A

	MSK
	49.87
	A

	DHM
	51.13
	D

	BUR
	54.42
	D

	CNA
	57.97
	D

	CEK
	59.00
	  D*

	ATS
	59.26
	D

	BRS
	60.92
	A

	BTS
	116.72
	D

	ERG
	131.94
	  D*

	KUT
	143.80
	D

	TKR
	154.65
	A

	BLK
	170.50
	D

	AFY
	213.63
	  D*

	USK
	226.73
	  D*

	TOS
	251.57
	  D*

	CNK
	254.11
	  D*

	MNS
	284.41
	  D*

	BRN
	306.40
	  D*

	AYD
	342.83
	  D*

	TKT
	413.15
	  B*


*ASSUMED SITE CONDITION

Site categories for the Turkey earthquakes are from Prof. E. Rathje, University of Texas at Austin.

GEOMATRIX SITE CLASSIFICATION

A = Rock.  Instrument on rock (Vs > 600 mps) or < 5m of soil over rock.

B = Shallow (stiff) soil.  Instrument on/in soil profile up to 20m thick overlying rock.

C = Deep narrow soil.  Instrument on/in soil profile at least 20m thick overlying rock, in a narrow canyon or valley no more than several km wide.

D = Deep broad soil.  Instrument on/in soil profile at least 20m thick overlying rock, in a broad valley.

E = Soft deep soil.  Instrument on/in deep soil profile with average Vs < 150 mps.

A and B = Taken as Soft Rock

C and D = Taken as Deep Firm Soil

	Table 5

DUZCE EARTHQUAKE SITES

	Station
	Rupture Distance (Km)
	Geomatrix Site Class

	1058
	0.9
	B

	375
	8.2
	B

	DZC
	8.2
	D

	1059
	8.5
	B

	531
	11.4
	A

	1062
	13.3
	B

	1061
	15.6
	B

	BOL
	17.6
	D

	362
	27.4
	B

	1060
	30.2
	A

	MDR
	36.6
	A

	SKR
	49.9
	B

	YPT
	101.7
	D

	DAR
	134.9
	D

	ARC
	135.7
	B

	BUR
	169.3
	D

	KUT
	169.5
	D

	FAT
	172.5
	C

	KMP
	174.0
	C

	DHM
	182.7
	B

	CNA
	188.4
	B

	ATS
	193.3
	D


	Table 6

FINITE SOURCE MODEL PARMETERS

	
	Chi-Chi
	Kocaeli
	Duzce

	Magnitude
	7.6
	 7.4
	  7.1

	Rupture Length (km)
	 92.4
	150.0
	50.0

	Rupture Width (km)
	 48.0
	  19.8
	25.0

	Dip (deg)
	 32.0
	0.
	70.0

	Mechanism
	R
	S
	N

	Rise Time (sec)
	3.3
	 2.6
	  1.9

	Rupture Velocity (km/sec)
	2.8
	 2.8
	  2.8

	Subevent Stress Drop (bars)
	 30.0*
	  30.0
	30.0


*5 bars also run
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Figure 9b.  Model variability computed for the Duzce, Turkey earthquake using base case parameters: all 12 sites within a 50 km rupture distance (Table 5).








Figure 9a.  Model bias computed for the Duzce, Turkey earthquake using base case parameters: all 12 sites within a 50 km rupture distance (Table 5).








Figure 8b.  Model variability computed for the Duzce, Turkey earthquake using base case parameters: all 22 sites (Table 5).








Figure 8a.  Model bias computed for the Duzce, Turkey earthquake using base case parameters: all 22 sites (Table 5).








Figure 7b.  Model variability computed for the Kocaeli, Turkey earthquake using base case parameters: all 15 sites within a 50 km rupture distance (Table 4).








Figure 7a.  Model bias computed for the Kocaeli, Turkey earthquake using base case parameters: all 15 sites within a 50 km rupture distance (Table 4).








Figure 6b.  Model variability computed for the Kocaeli, Turkey earthquake using base case parameters: all 34 sites (Table 4).








Figure 6a.  Model bias computed for the Kocaeli, Turkey earthquake using base case parameters: all 34 sites (Table 4).








Figure 5b.  Model bias computed for the Chi-Chi, Taiwan earthquake using base case parameters:  all 41 sites within a 20 km rupture distance (Table 2).  Results using a 5 bar subevent stress drop also shown.








Figure 5a.  Model bias computed for the Chi-Chi, Taiwan earthquake using base case parameters:  all 41 sites within a 20 km rupture distance (Table 2).  Results using a 5 bar subevent stress drop also shown.








Figure 4b.  Model variability computed for the Chi-Chi, Taiwan earthquake using base case parameters:  all 139 sites within a 50 km rupture distance (Table 2).





Figure 4a.  Model bias computed for the Chi-Chi, Taiwan earthquake using base case parameters:  all 139 sites within a 50 km rupture distance (Table 2).








Figure 3.  Relative slip models used for the Chi-Chi, Taiwan and Kocaeli and Duzce, Turkey earthquakes.








Figure 2.  Shallow shear-wave velocity profiles used at rock and soil sites for the Kocaeli and Duzce, Turkey earthquake.  Profiles were placed on top of the regional crustal model (Table 1).








Figure 1.  Shallow shear-wave velocity profiles used at rock and soil sites for the Chi-Chi, Taiwan earthquake.  Profiles were placed on top of the regional crustal model (Table 1).
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