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ABSTRACT
Strong motion simulations of ground motions for rock sites on 1D crustal models were used to guide the development of empirical models in the NGA-E Project by addressing various ground motion scaling issues.  The simulation procedures were first tested against the recorded ground motions of six events, including the 1971 Imperial Valley, 1989 Loma Prieta, 1992 Landers, 1994 Northridge, 1995 Kobe, and 1999 Kocaeli earthquakes.  The simulations were then used to examine the scaling of ground motion response spectra with magnitude, distance, and static stress drop (rupture area); rupture directivity effects, hanging wall / foot wall effects, and buried / shallow faulting effects.   Uncertainty in the scaling of rupture area with magnitude is a key issue for the simulation of ground motions from large strikes-slip earthquakes. For constant stress drop scaling of strike-slip faults at periods of 1 second and less, the UNR simulations show magnitude scaling similar to the Sadigh et al (1997) model for M > 7, while the PEA and URS simulations show less scaling than the Sadigh model, and approach magnitude saturation.  At periods longer than 1 second, the scaling of all three simulations is closer to the Sadigh model.  Overall, magnitude scaling is stronger for the L model than for the constant stress drop model.  Differences in results between the three simulation procedures appear to result from discrepancies in the representation of the earthquake source.
Validation of Simulation Procedures

The validation of one of the three broadband simulation procedures against the recorded strong ground motions of six large earthquakes is shown in Figure 1, which shows residuals between simulated and recorded ground motion values as a function of distance, magnitude, and directivity parameter for a wide range of periods.  The goodness of fit is indicated by the absence of trends in the residuals.  These results, for the URS simulation procedure (Graves and Pitarka, 2004), are similar to results obtained by the PEA (Silva et al., 2002) and UNR (Zeng and Anderson, 1994; Zeng, 2002) procedures.
Simulated Earthquakes
The events whose ground motions were simulated are listed in Table 1.  They include strike-slip (S) and reverse (R) faulting, variations magnitude, variations in rupture area (corresponding to variations in static stress drop), and for dip-slip faults, variations in dip angle and depth to the top of rupture.
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Analysis Approach

A simple distance-dependent model was removed from the simulations for each event in the distance range of 1 – 100 km.  The model has the form:

ln SA = c1 + c2 ln sqrt (R2 + c3)

For strike-slip, the model was fit to event SD and for reverse, to event RG.  The resulting residuals were then analyzed for the various source effects listed above.  Comparison of the amplitudes of individual events was done by reference to the amplitudes of the M 7 event.  As an additional reference, the residuals from the Sadigh et al. (1997) model are shown in some of the figures.

Table 1. Rupture Dimensions and Geometry of Simulated Earthquakes
	Event Name
	Mag
	Area (km2)
	W (km)
	L (km)
	Dip
	Depth to Top (km)

	SA
	6.5
	325
	13
	25
	90
	0

	SB
	6.5
	480
	15
	32
	90
	0

	SC
	6.5
	210
	10
	21
	90
	0

	SD
	7.0
	1005
	15
	67
	90
	0

	SE
	7.5
	3150
	15
	210
	90
	0

	SF
	7.5
	4800
	15
	320
	90
	0

	SG
	7.5
	2100
	15
	140
	90
	0

	SH
	7.8
	6300
	15
	420
	90
	0

	SI
	7.8
	3525
	15
	235
	90
	0

	SJ
	8.2
	7050
	15
	470
	90
	0

	RA
	6.5
	324
	18
	18
	30
	5

	RB
	6.5
	324
	18
	18
	45
	0

	RC
	6.5
	324
	18
	18
	45
	5

	RD
	6.5
	324
	18
	18
	45
	10

	RE
	6.5
	324
	18
	18
	60
	5

	RF
	7.0
	1024
	32
	32
	30
	0

	RG
	7.0
	1008
	28
	36
	45
	0

	RH
	7.0
	1008
	21
	48
	45
	5

	RI
	7.0
	989
	23
	43
	60
	0

	RJ
	7.5
	3160
	40
	79
	30
	0

	RK
	7.5
	3164
	28
	113
	45
	0

	RL
	7.8
	6320
	40
	158
	30
	0


Magnitude Scaling
Analyses of magnitude scaling of ground motion levels, scaled to that of the reference M 7 case, were made for four sets of cases:  strike-slip constant stress drop scaling (e.g. Somerville et al., 1999), strike-slip L model scaling (e.g. Hanks and Bakun, 2002), reverse 30 degree dip constant stress drop scaling, and reverse 45 degree dip constant stress drop scaling.  

At periods of 1 second and less, the UNR strike-slip simulations for constant stress drop show magnitude scaling similar to the Sadigh et al. (1997) model for M > 7, while the PEA and URS simulations show less scaling than the Sadigh model, and approach magnitude saturation (Figure 2, top).  At periods longer than 1 second, the scaling of all three simulations is closer to the Sadigh model.  Overall, magnitude scaling is stronger for the L model (Figure 2, bottom) than for the constant stress drop model (Figure 2, top).  The PEA simulations oversaturate at all periods for M 8.2, due to the use of constant slip velocity, but the other two simulations do not.  The URS simulations have scaling similar to Sadigh for periods up to 1 second, and stronger scaling for periods longer than 1 second.  The UNR simulations have scaling that is stronger than Sadigh at all periods, and have no saturation.  Oversaturation is consistent with empirical data except for long periods (T>5 sec).
The URS simulations for reverse faulting with 30 degree dip have scaling similar to Sadigh, with no saturation, the PEA simulations tend to saturate at M 7.5, and the UNR simulations oversaturate at M 7.5.  For periods up to 2 seconds, the UNR simulations for reverse faulting with 45 degree dip show magnitude scaling similar to the Sadigh model for M > 7, while the PEA and URS simulations show less scaling than the Sadigh model.  At periods of 3 seconds and longer, the UNR simulations tend to saturate but the PEA and URS simulations do not.

Period Scaling
Response spectral shapes are shown normalized at 2 seconds period in Figure 3.  For all of the events, the URS simulated spectra have an inflection at periods between 1 and 2 seconds which becomes a trough for the two largest strike-slip events (SE and SH).  Similarly, for all of the events, the PEA simulated spectra have inflections at periods of 1.0 and 1.7 seconds.  These features may be artifacts of how the rupture process is modeled in the different simulation procedures.  For periods longer than 2 seconds, we expect to see increasing flattening of the spectra shape with increasing magnitude.  This trend is strong in the PEA simulations, and is also present in the URS simulations.  The UNR simulations have no trend, and an opposite trend at periods longer than 7 seconds. 

Directivity Scaling
To examine directivity effects for a given event, we fit an event-specific regression through the data for each component (fault normal and fault parallel where available, as well as average horizontal) for each event, and then examined the dependence of residuals from this regression as a function of the directivity parameters Xcosθ and Ycosφ (Somerville et al., 1997).  We then fit a quadratic curve through the residuals as a guide to their interpretation.  We also plotted the Somerville et al. (1997) model in the period range in which it is specified (0.6 to 5 seconds).

In the strike-slip simulations (Figure 4), the URS simulations have directivity effects at periods of 2 seconds and longer, the PEA simulations show a small directivity effect for periods of 5 seconds and longer, and the UNR simulations do not show directivity effects except for small effects at a period of 10 seconds for the two smaller magnitudes.  For the two larger magnitude events, SE and SH, the directivity tends to saturate at small values of Xcosθ in the URS and PEA simulations, and then decline slowly; the quadratic fit to the residuals typically exaggerates this decline.  The URS results are compatible with the Somerville et al. (1997) model for strike-slip (based on the parameter Xcosθ).  
In the dip-slip simulations, the URS simulations have directivity effects at periods of 2 seconds and longer, and the PEA and UNR simulations do not show directivity effects.  The URS results are compatible with the Somerville et al. (1997) model for dip-slip (based on the parameter Ycosφ).  To varying degrees, all three of the simulations show trends (high residuals for low values of Ycosφ) that are opposite those expected from rupture directivity for dip-slip from Somerville et al. (1997).  These trends in the PEA and UNR simulations are larger than in the URS simulations.  This is caused by the strong inverse correlation between closest distance and Ycosφ, especially on the hanging wall, as pointed out in Somerville et al. (1997).  Consequently, the rupture directivity effect is to a large extent incorporated in the average model fit through the data, and is thus absent in the residuals.  What remains in the residuals is the hanging wall effect.  This produces positive residuals for sites on the hanging wall, which in general have low values of Ycosφ, while most of the foot wall sites have neutral or negative residuals but large values of Ycosφ.  

Static Stress Drop Scaling
The residuals from the M 7 simulations were used to examine the dependence of spectral acceleration on stress drop.  The residuals were plotted as a function of rupture area, which is inversely related to static stress drop.  For M 7.5 strike-slip events (Figure 5), the residuals increase with increasing stress drop for all three simulations, as expected from theory, with the strongest dependency in the URS simulations, intermediate dependency in the UNR simulations, and the weakest dependency in the PEA simulations.  For M 6.5, a similar pattern of scaling occurs for 5 and 10 seconds period for all three simulations, but the amount of scaling overall is weaker.  Empirically, we do not see a dependence on stress drop, contrary to expectations based on theory.  

Buried vs. Shallow Rupture Scaling
For reverse faults, the depth to the top of the fault was varied from 0 km (surface rupture) to 5 km and 10 km (buried rupture).  As shown in Figure 6, at periods of 2 seconds and less, the ground motions increase with increasing depth to the top of the fault in all of the reverse fault simulations, for the following reasons.  PEA used different stress drops of 10 and 60 bars, corresponding to shallow slip S and deep slip D respectively.  UNR applied a scaling to the stress-drop in the top 5 km as a function of depth in the form of a taper.  URS applied a longer rise-time (or lower slip velocity) in the top 5 km for all earthquakes.   At periods of 5 seconds and longer, the ground motions remain constant or decrease with increasing depth for the UNR and URS simulations, but increase for the PEA simulations.

Hanging Wall / Foot Wall Scaling
The reference for the foot wall / hanging wall comparisons is the ground motion model fit through the simulations for event RG (M 7).  We fit a quadratic curve to the residuals to display their trends.  The PEA residuals include both the D and S simulations. The hanging wall trends for magnitude 7 (Figure 7) are broadly similar for dip angles of 30, 45 and 60 degrees.  The URS simulations show moderate hanging wall effects at periods from 0 to 1 second, and at periods longer than 1 second the foot wall motions equal or exceed the hanging wall motions.  This period dependence conforms to the Abrahamson and Silva (1997) model.  The PEA simulations for magnitude 7 show strong hanging wall effects up to 3 seconds period, beyond which the foot wall becomes stronger than the hanging wall.  The UNR simulations show strong hanging wall effects at all periods.  The hanging wall trends for magnitude 6.5 for dip angles of 30, 45 and 60 degrees have differences that are larger than for the magnitude 7 reference event.  At periods of 0 to 1 second, the PEA simulations have much stronger hanging wall effects than the UNR and URS simulations.  At periods longer than 1 second, the PEA results vary strongly with dip angle.  In this period range, the UNR hanging wall levels are generally higher than those of the URS simulations.  

Conclusions
The main results of this work are summarized in the abstract. All three simulation procedures are reasonably successful in modeling recorded ground motions, giving rise to the expectation that they should produce ground motions having similar scaling relations.   This expectation was only partially realized: the simulations provide some constraints on the scaling of ground motions with various source parameters, but differences in scaling relations among the three different simulation procedures can be quite large in some cases.  The main cause of these differences is believed to result from discrepancies in the representation of the earthquake source used in the different procedures.  This indicates the need for more rigorous testing of the simulation procedures, especially in aspects related to the characterization of the earthquake source.  
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Figure 1.  Validation of the URS broadband simulation procedure against recorded ground motions from five earthquakes.  Goodness-of-fit is indicated by the lack of trends in residuals against distance, magnitude and the directivity parameter Xcosθ.  
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Figure 2.  Magnitude scaling of spectral acceleration for strike-slip earthquakes assuming constant stress drop (top) and L model (bottom) scaling, normalized at M 7.
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Figure 3.  Shape of the acceleration response spectrum, normalized at 2 seconds period.
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Figure 4.  Residuals of spectral accelerations of strike-slip event SD as a function of the along strike directivity parameter X cos θ.
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Figure 5.  Residuals of spectral accelerations of M 7.5 strike-slip events as a function of rupture area (which is inversely related to static stress drop).
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Figure 6.  Residuals of spectral accelerations of M 6.5 reverse events as a function of depth to top of rupture.
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Figure 7.  Residuals of spectral accelerations of M 7 reverse event as a function of distance and location on the foot wall or hanging wall for various dip angle.
