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Spatial Distribution of Simulated Response for Earthquakes, Part II: SDF Structural Response
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Inelastic single degree-of-freedom models of structural systems are used to examine the spatial distribution of structural response near a causative fault.  The dense spatial sampling of ground motion on a 120 m grid is obtained from large-scale ground motion simulation of an idealized 20 km by 20 km region for strike-slip fault and thrust fault events.  The spatial variability of structural response is strongly related to the distribution of peak ground motion parameters for both fault scenarios: for long period structures (4 and 8 sec) distribution of largest SDF system displacements are similar to the distribution of peak ground displacement; for shorter period structures (0.5 and 1 sec) maximum displacement distributions are similar to the distribution of peak ground velocity.  For the thrust-fault event, the largest displacements occur in the up-dip direction; for the strike-slip fault event, the largest displacements occur in the fault normal direction in the forward directivity zone.  The spatial distributions of the ratios of inelastic and elastic displacement show that the equal-displacement rule is valid (within a 20 percent tolerance) near the fault. The response of SDF systems with strength given according to the provisions of the 1997 Uniform Building Code, including the near-fault factors, indicates that for structures with vibration periods less than 1.0 sec, the ductility demands that may greatly exceed a value of four in the forward-directivity zone.


Introduction 

There is an important need to improve the understanding of how earthquakes affect structures in a seismic region, particularly near a fault generating a large magnitude event.  A number of investigators have compared response of structures to near-fault and far-fault ground motions.  Krawinkler and Alavi (1998) and Alavi and Krawinkler (2000) examined the response of single degree-of-freedom (SDF) and multiple degree-of-freedom (MDF) models to recorded ground motions and simplified pulses representing near-fault ground motions.  Their studies showed that the strength needed for resisting a ground acceleration pulse corresponding to a M=7.5 near-fault event is substantially greater than the strengths prescribed by the 1997 Uniform Building Code (ICBO, 1997) including near-fault factors.  They raised the issue that scaling of elastic spectra does not fully represent the effect of near-fault ground motions on the inelastic response structures. The Krawinkler and Alavi studies also indicated that standard design procedures for multi-story buildings lead to a large variability of story drifts and ductility demands over the height of buildings.  Chopra and Chintanapakdee (2001) compared SDF system response to recorded near-fault and far-fault ground motions.  Examining 15 fault normal near-fault recorded ground motions, they compared them to far-fault recorded ground motions in the acceleration-, velocity-, and displacement-sensitive period bands of the response spectra.  Spectra for near-fault records, particularly in the fault normal direction, have a significantly narrower velocity-sensitive period band compared with far-fault ground motions.  In the acceleration-sensitive band, the ratio of maximum inelastic displacement to elastic displacement is significantly larger for near-fault motions than for far-fault motions.  Chopra and Chintanapakdee (2001) explain this difference as a shift of the period value that divides the spectrum into acceleration-sensitive and velocity-sensitive bands.


Compared with the literature on the effect of near-fault motions on individual structures, there is a relatively small amount of research on the spatial distribution of structural response in a region.  Bozorgnia and Bertero (2002) examined various parameters associated with structural damage using the spatial distribution of damage observed after the 1994 Northridge earthquake.  The most comprehensive studies to date of spatial distribution of structural response are those by Hall et al. (1995) and Hall (1998).  In these landmark studies, Hall and his colleagues used simulated ground motions from thrust fault models to examine the response of tall steel frame buildings and base-isolated buildings.  These studies showed that near-fault ground motions produce very large deformation demands on flexible structures.
There is a need for a comprehensive examination of how earthquakes affect structural response in a region, including structures located close to a fault.  Since there is not adequate observed strong motion data, it is necessary to develop new tools for regional simulation studies. The simulation of ground motions in a 20 by 20 km region due to Mw=6.0 strike-slip and Mw=5.8 blind thrust fault events are presented in the companion paper (Bielak, et al. 2004).  The contours of peak ground velocity and peak ground displacement for the two simulated events are shown in Figure 1. The solid lines in these plots represent the surface projections of the fault and the dot represent the epicenter. The origin of the surface coordinate system is at the epicenter.

In this paper we use the synthetic ground motion presented in the companion paper to study the spatial distribution of the response of a set of simplified structures.  Comparisons between ground motion parameters and structural response are made for the idealized region, and the near-fault factors in the 1997 Uniform Building Code (ICBO, 1997) are evaluated using the regional simulation.
METHODOLogy 

A single degree-of-freedom system with an elastic-perfectly plastic force-deformation relationship is used to investigate the spatial distribution of structural response for the strike-slip fault and thrust fault events.  Using standard structural dynamics theory (Chopra, 2000), a SDF elastoplastic system is defined by its elastic vibration period, 
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is defined in terms of the yield force, 
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is the weight of the structure.  The non-dimensional factor
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 can be expressed in terms of the yield displacement and the vibration period:
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(a) Peak ground velocity
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(b) Peak ground displacement

Figure 1.  Spatial distributions of peak ground velocity and peak ground displacement for strike-slip fault and thrust fault events (Bielak et al. 2004). The arrows indicate the direction of peak values.

The ground motions from the earthquake simulations (Bielak, et al. 2004) provide three ground motion components at each surface grid point, spaced at 40 m, in the region.  For the structural simulations every third grid point (120 m spacing) is used to reduce the computational effort.  










At each of these grid points, the nonlinear equation of motion is solved numerically for the structural displacement response history, using the synthetic ground acceleration as base excitation, and the maximum structural displacement 
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is recorded.  Of the various quantities commonly used to measure the response of an inelastic SDF system, this study focuses on the displacement ductility demand, 
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To cover a broad range of structural systems, SDF systems with an elastic vibration period, 
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, of 0.5, 1, 2, 4 and 8 sec are considered. The shortest period is 0.5 sec because the simulated ground motions have realistic spectral components for frequencies less than 5 Hz, corresponding to a cut-off period of 0.2 sec.  At the other end of the period range, an 8-sec period system is useful as a limiting case for very flexible buildings and bridges.  As will be discussed in the subsequent section, the yield strength of the SDF system is selected to provide for prescribed levels of displacement ductility. To examine the effect of orientation, each SDF system 


is oriented in eight directions at 22.5 deg intervals.  The maximum displacement is the largest structural displacement in any of the eight directions, unless noted otherwise.  Considering the ranges of periods, yield strengths and orientations at the 25,000 grid points in the 20x 20 km region, approximately 1.6 million SDF systems are considered for each simulated earthquake event.

Constant Ductility spectrum APPROACH

The constant-ductility spectrum is an important tool for examining the inelastic earthquake response of SDF models of structures (Veletsos and Newmark 1960, Chopra 2000).  For a given ground motion record and viscous damping ratio, a constant ductility spectrum gives the yield strength coefficient
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 such that a SDF system does not exceed a specified displacement ductility for a range of elastic periods.  Alternatively, a constant ductility spectrum and equation (1) gives the required yield displacement (or required strength) of a SDF system.

In this study, the concept of the constant ductility spectrum for a single ground motion record is extended to examine how the spatial distribution of ground motion in a region affects the spatial distribution of structural inelastic response.  For an elastic vibration period, damping ratio, and displacement ductility, the yield displacement is determined at each grid point by analyzing a number of SDF systems with varying yield strength coefficients. To cover a range of structural behavior, four displacement ductility ratios are considered, =1, 2, 3, and 4.  A ductility of unity represents the elastic case, and a ratio of 4 is a reasonable upper ductility limit for most structures.
The ductility demand does not increase monotonically as the yield strength of the structure decreases. In some cases the relationship is non-unique, meaning that a maximum ductility ratio can be attained by SDF systems with different yield strengths.  In such cases, the largest yield strength coefficient value, corresponding to the largest yield displacement, is used as consistent with the standard practice of constructing the constant ductility spectra. As will be seen later, discontinuities in the yield strength-ductility demand relation associated with this definition are apparent in the spatial distribution of structural response.
SDF Response For simulated Strike-SLip fault EVent

The spatial distributions of maximum structural displacement of SDF systems with four ductility ratios is shown in Figure 2, in which each set gives the displacement for a different elastic vibration period.  The contours give the maximum structural displacement (note that the scale of the contour color bar is different in each set).  The arrows give the orientation of the SDF system with the maximum displacement value.
The distribution of maximum structural displacement for a ductility ratio is clearly related to the source effects of the strike-slip mechanism.  For each vibration period shown in Figure 2, the largest structural displacement is in the forward rupture directivity direction (strike east). The maximum structural displacement occurs in the fault normal direction near the forward directivity zone for all cases, as would be expected by the large fault normal ground motion in this zone seen in the ground velocity histories at sites S3 and S4 in Figure 9 in Bielak, et al. (2004).  At other locations, the orientation of the structure with maximum displacement depends primarily on the vibration period.
The distributions of maximum displacement for structures with 0.5 and 1-sec periods are similar regardless of the ductility level.  The largest displacements occur in the fault normal direction in the forward-directivity zone.  Significant displacements, approximately half as large as the maximum displacement in forward directivity zone, occur in a 2 to 3-km wide region north and south of the epicenter in fault parallel orientation, which is consistent with the corresponding ground motion shown in Figure 1 (and Figure 6 in the companion paper).
The contours for the case 
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=0.5 sec and =2 are not as smooth as for the other cases, particularly in the region of large displacements at the east end of the fault.  This discontinuity in the contours is a consequence of the standard method to use the largest yield strength for a specified ductility, as described in the previous section.
The largest structural displacements of 2- and 4-sec period structures occur in fault normal direction past the east end of the fault.  The contours of maximum displacement are wider for the long period structures than for the moderate period structures, indicating that maximum displacement attenuates less rapidly as the vibration period lengthens.  The issue of attenuation will be examined in a subsequent section.  The zones north and south of the epicenter, where maximum displacement occurs in fault parallel direction, are narrower for long period than for moderate period structures.  A conical shaped zone emanating from the epicenter at approximately 45-degree angles includes the grid points where the maximum displacements are located.  This conical zone is most pronounced for the 4-sec period structure.
For very long period structures (8 sec), the attenuation of maximum structural displacement is much less rapid than for long and moderate period structures.  Although the distributions of maximum displacement in fault normal and fault parallel directions are similar to the distributions for long period structures, the conical 45-degree zone is even more pronounced than for 4-sec period structures.

 It is useful to compare the spatial distributions of maximum structural displacement in Figure 2 with contours of peak ground motion parameters shown in Figure 1(a) and in the companion paper (Figure 6) for the strike-slip fault event.  For SDF systems with vibration periods of 0.5, 1, and 2 sec the distributions of maximum displacement are similar to the distribution of peak ground velocity (PGV).  For the longer 8 sec period, the distribution of structural displacement essentially follows that of the fault normal component of peak ground displacement (PGD).  Because of the frequency limitation of the ground motion simulation, there are no data on short period structures.
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(a) 0.5-sec  period SDF systems
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(b) 1-sec period SDF systems
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(c) 2-sec period SDF systems
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(d) 4-sec period SDF systems
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(e) 8-sec period SDF systems

Figure 2.  Spatial distribution of maximum structural displacement of SDF systems with  ductility ratios of 1, 2, 3, and 4 for the simulated strike-slip fault event. Arrows show the orientation of the SDF system with the largest structural displacement.

Examination of 

Equal Displacement Rule

The ratio of the maximum inelastic displacement 
of an SDF system to the maximum displacement
 of the corresponding elastic SDF system is an important measure of the inelastic behavior of structures.  For short vibration period structures this ratio is generally greater than unity, and it approaches the value of the displacement ductility factor for very short periods.  For longer period structures the displacement ratio tends to unity.  This is the well-known “equal displacement” empirical relationship first observed by Veletsos and Newmark (1960), which states that the maximum displacement of an inelastic SDF system is approximately equal to the elastic displacement for a wide range of yield displacements.  Miranda (2000) has shown that this insightful observation is statistically valid in the mean for sites with firm soil.

The simulations for the strike-slip fault event allow examination of the equal displacement rule for structural displacements.  Figure 3 shows contours of the ratio of maximum inelastic displacement to elastic displacement over the 20x20 km region.  The ratio is shown only for locations where the inelastic displacement is greater than 20 percent of the largest inelastic displacement in the entire region to exclude grid points where the structural displacements are relatively small.  The contour scale in Figure 3 is divided into 0.2 increments.  The green color represents the locations where the displacement ratio is within the range of 0.80 to 1.2.

For the 4-sec period structures, the displacement ratio is close to unity over most of the region.  Only in a small zone near the epicenter does this ratio attain values between 1.2 and 1.4 (inelastic displacement is larger than elastic displacement).  In the intermediate period range of 1 and 2 sec, the equal displacement rule is quite accurate in the forward directivity zone, within 2 km of the fault, and in the neutral directivity zone with strong fault parallel response.  For the shortest period considered (0.5 sec) the equal displacement observation is valid within 2 km of the fault.  Not shown because of spatial filtering are the grid points outside the 2-km region where displacements are small but the displacement ratio is as large as 2.8.

The strike-slip fault event simulation shows that the equal displacement rule is valid within a zone approximately 2 km of the fault.  Further away from the fault, the equal displacement rule is valid within a factor of plus-minus 20 percent for vibration periods greater than 1 sec.  Structures with shorter vibration periods have a more complex spatial distribution of the displacement ratio in the region near the fault. 
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Figure 3. Spatial distribution of the ratio between maximum inelastic displacement and maximum elastic displacement of SDF systems for the strike-slip fault event. Values are shown for locations in which the inelastic displacement is greater than 20 percent of the largest structural displacement in the region.  The contours also give the value of 
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In force-based design procedures, a strength reduction factor is used to represent the effects of ductility on the structural response.  The ratio of maximum inelastic to elastic displacements (Figure 3) is equal to the ductility ratio,
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is the ratio of the minimum strength required for the structure to deform elastically to the strength of the actual elastoplastic structure.  Therefore, in locations where the displacement ratio is approximately unity, the strength reduction factor 
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 is approximately equal to the ductility ratio.  This consequence of the equal displacement rule applies for moderate and long period structures throughout most of the region within a plus-minus 20 percent tolerance for the largest structural displacements.
Attenuation Relationships for Strike-slip fault Event

The attenuation of ground motion and structural response parameters with distance from the fault are a key ingredient in hazard and loss estimation methodologies. A number of recorded ground motion data sets have been used to develop empirical attenuation relationships as functions of source and site parameters and source-to-site distance measures; see for example Boore et al. (1997) and Campbell (1997).  The simulation of the strike-slip event can be used to examine attenuation.
A traverse perpendicular to the fault, located 1 km past the east end of the projection of the fault, is considered.  The rupture distance is defined as the shortest distance from the grid point to the extension of the fault line.  Along this traverse, 
Figures 4 and 5 plot the attenuation of maximum structural displacement for fault parallel and fault normal directions, respectively. In addition, the plots show the attenuation of normalized peak ground velocity and peak ground displacement.  The plots are normalized to the maximum value for each parameter to show the trend with distance from the fault.


Considering the fault parallel direction, Figure 4 shows that the peak ground velocity and displacement attenuate at a similar rate.  The structural displacement 
and the peak ground motion parameters increase for distances up to 2 km from the fault.  For longer distances the parameters decrease in a complex manner.  Although not shown because of space limitations, a similar trend in the fault parallel direction occurs in a transverse located at the epicenter.
Figure 5 shows that the peak ground velocity and peak ground displacement in the fault normal direction attenuate differently than in the fault parallel case.  The peak ground displacement attenuates more slowly than peak ground velocity.  The attenuation of structural displacement 
for structures with the same period is essentially independent of the ductility ratio, as expected from the results in Figure 3.  However, attenuation of structural displacement changes systematically as the vibration period lengthens.  The 0.5-sec period case shows that the attenuation of maximum displacement is similar to that of the peak ground velocity.  In contrast, attenuation of 
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 for the 4.0-sec period system is closer to that of peak ground displacement.  For 8.0-sec period structures (not shown) the attenuation of the maximum displacement is almost identical to the peak ground displacement.
[image: image45.jpg]Normalized u

Normalized u

0.1

0.5 sec

O<nwn =

TOUEEETE
[oXo NI

1.0 sec

2.0 sec

4.0 sec

2.0 50 100
Distance (km)

2.0 50 100
Distance (km)




Figure 4.  Attenuation of normalized maximum structural displacement (
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), peak ground velocity (PGV), and peak ground displacement (PGD) in fault parallel direction, 1-km east of fault, as a function of distance from the strike-slip fault.
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Figure 5.  Attenuation of normalized maximum displacement (
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), peak ground velocity (PGV), and peak ground displacement (PGD) in fault normal direction, 1-km east of fault, as a function of distance from the strike-slip fault.

SDF Response For Simulated Thrust fault Event

The analysis of SDF system response in the 20x20 km region is repeated for the simulated thrust fault scenario.  Figure 6 shows the spatial distribution of maximum structural displacement for the elastic case (=1) and inelastic cases (=2, 3, 4) for the five vibration periods.  Similar to the SDF response to the strike-slip fault event in Figure 2, the spatial distribution of response for the thrust event is highly dependent on the vibration period of the structure and less sensitive to the ductility ratio.

The forward directivity of the fault rupture in the up-dip direction has a large effect on the spatial distribution of structural response.  For all cases, the largest structural displacement occurs in the zone at the west end of the fault.  Structures with 1-sec vibration period have the largest displacement, exceeding 0.30 m.  As the vibration period lengthens, the zone of large structural displacement increase in size.  The comparison between distribution of peak ground motion in Figure 1 and structural response for the thrust fault event is less clear than the comparison for the strike-slip fault event.  However, the distribution of structural displacement for T=0.5 sec (Figure 6a) is qualitatively similar to the peak ground velocity (Figure 1a).  For longer periods (T>2 sec), the structural displacement begins to approach the distribution of peak ground displacement.  The case of T=2 sec has a more extensive and complex distribution of structural displacement than represented by the peak ground motion distributions.
The effect of ductility on maximum displacement is relatively small, as shown in Figure 6.  The zones of large structural displacement decrease slightly in size as the ductility increases, but the trend is relatively minor with the exception of structures with T=2 sec.  Figure 7 shows the ratio of the maximum inelastic displacement to the elastic displacement.  As was done in Figure 3 for the strike-slip fault event, the displacement ratio is plotted for grid points at which the displacement is greater than 20 percent of the largest displacement in the region.  The figure shows that for vibration periods of 1 sec or greater, the assumption that the elastic and inelastic displacements are approximately equal (within 20 percent) is generally valid.  For T=1 sec the inelastic displacements are reduced to 0.6 to 0.8 of the elastic displacements in small areas in the forward directivity zone.  For T=2 sec, the ratio is approximately 1.2 to 1.4 in small areas near the epicenter.  For the long period case of T=4 sec, the ratio is close to unity for most of the region. For short periods (T=0.5 sec) the displacement ratio varies significantly with ductility, and reaches values of almost 2 for 
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[image: image50.jpg]0.30

0.25
0.z20

(ury) aoueisip

0.15

0.10
0.05

{ury) aoueisip

0.00

a

5
distance (km)

distance (km)




(a) 0.5-sec period SDF system
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(b) 1-sec period SDF system
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(c) 2-sec period SDF system
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(d) 4-sec period SDF system
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(e) 8-sec period SDF system

Figure 6.  Spatial distribution of maximum structural displacement of SDF systems for ductility ratio of 1, 2, 3, and 4 for the simulated thrust fault event.  Arrows show the orientation of the SDF system with the largest displacement.
Evaluation of Building COde Provisions for NEAR-Fault Effects

Since the 1994 Northridge and 1995 Hyogoken-Nanbu earthquakes, building code provisions have been modified to include the effects of near-fault ground motion at sites located near faults capable of generating large magnitude earthquakes.  This section examines the earthquake response of inelastic SDF systems, with the strength required by the 1997 Uniform Building Code (ICBO, 1997) for the two simulated earthquake events.

For this examination, it assumed that earthquake simulations are associated with seismic hazard represented by zone 4, seismic source type B, and soil type SB.  The near-source factors are included using the closest distance to the fault.  The strength reduction factor is selected as [image: image55.wmf]  
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 and with the assumption of an over-strength ratio equal to 2, implies a system response factor R=8.  Where applicable, the minimum yield strength for Zone 4 is used.

Figure 8 shows the response spectra at 23 selected sites in the region for the strike-slip fault.  In each plot, the thick line represents the yield strength required by the 1997 UBC requirements, including the near-fault factors, as a function of vibration period.  For comparison, the thin line in each plot is the inelastic spectrum for SDF systems with a ductility of =4.  At each location the effect of orientation of the structure is taken into account by using the largest yield strength among the SDF systems in the eight orientations.  In most cases, the strength for =4 is less than or equal to the 1997 UBC strength requirement.  However, at sites S2, S3, S4, S5, S7, and S8 for moderate period structures (T ≤ 1.0 sec) the 1997 UBC strength requirement is less than the inelastic spectrum for =4.  With the exception of S5, these sites are located in the forward directivity zone and thus, have a large PGV. At site S5, the fault parallel component of ground motion also produces a fairly large PGV and inelastic structural response. <<<Need punch line>>>
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Figure 7. Spatial distribution of the ratio between maximum inelastic displacement and maximum elastic displacement of SDF systems for the thrust fault event. Values are shown for locations in which the inelastic displacement is greater than 20 percent of the largest observed displacement in the region. The contours also give the value of 
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To examine the structural response of SDF systems with the 1997 UBC strength requirements, the spatial distributions of ductility demand for structures with vibration periods T=0.5, 1, 2, and 3 sec over the entire region are examined for both fault scenarios. 
The largest ductility demand among the eight SDF system orientations at each grid point is plotted.

The ductility demands for the strike-slip fault event are shown in Figure 9.  As expected, short period structures (0.5 and 1.0 sec) develop ductility demands significantly greater than the implicit value of 4 in both the forward directivity zone and the neutral directivity zone within 2 to 4 km away from the fault.  For 2-sec period structures, the ductility demand does not exceed 4 in the forward directivity zone and is 3 or less in the rest of the region.  For 3-sec structures, the minimum UBC strength requirement governs such that the structural response for the SDF system is essentially elastic throughout the region.

The same analysis is performed for the thrust fault scenario and the spatial distribution of ductility demand is shown in Figure 10.  The energy of the earthquake is focused on structures located in the up-dip direction. Shorter period structures, 0.5-sec and 1.0-sec, in the near-fault zone have ductility demands exceeding 10, significantly greater than the value of 4 implicit in the force-based design.  Ductility demand for longer-period structures is, on the other hand, less than the expected value of 4, primarily because of the UCB minimum strength requirement .
NOTE THIS FIGURE NEEDS TO BE SUBSTITUTED WITH Cy VERSUS T.  SA LABEL IS NOT CORRECT EITHER.
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Figure 8.  Inelastic response spectra (tri-partite form) at 23 sites for the strike-slip fault event.  At each site, the thin line is the inelastic spectrum for a ductility of =4.  The thick line represents the strength required according to the 1997 Uniform Building Code (zone 4, seismic source type B, soil profile SB, and a strength reduction factor[image: image66.wmf]  
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Figure 9.  Spatial distribution of ductility demand of SDF systems with strengths computed using 1997 UBC with [image: image68.wmf]  
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 for the strike-slip fault event. The color bar is in log scale.
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Figure 10.  Spatial distribution of ductility demand for SDF systems with strength computed using 1997 UBC with [image: image70.wmf]  
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Conclusions

Observations from many earthquakes indicate that regions where the most structural damage occurs are located near the surface projections of earthquake faults.  Therefore, spatial distribution of structural response parameters in a region near an earthquake fault is an important indicator of possible structural damage.  However, field data collected during and after recent earthquakes is focused on instrumented points and relatively small regions where systematic damage data collection was conducted. It is difficult to interpret and generalize such data to produce spatial distributions of structural response parameters. A different approach, based on computational simulation of earthquake ground motion presented in a companion paper (Bielak, et al. 2004), was used in this study.  Dense spatial sampling of ground motion synthetics in two simulated events, a strike-slip fault event and a thrust fault event, were used to investigate the response of a variety of structures located near the faults. The structures used in this study are single degree-of-freedom elastic-perfectly systems characterized by a range of period and yield strength values.

The spatial variability of structural response is strongly related to the distribution of peak ground motion parameters for both fault scenarios: for long period structures (
4 and 8 sec) distribution of largest SDF system displacements are similar to the distribution of peak ground displacement; for short period structures (0.5
 and 1 sec) maximum displacement distributions are similar to the distribution of peak ground velocity.  This observation is further confirmed by response attenuation relations derived from the simulations.  The simulation results are consistent with field observations: structures located in the forward directivity zone with respect to the fault are at highest risk of damage.  The orientation of the SDF systems with respect to the fault is also important: for the thrust-fault event, the largest displacements occur in the up-dip direction; for the strike-slip fault event, the largest displacements occur in the fault normal direction in the forward directivity zone. 

Important for structural design procedures, is a confirmation of the well-know equal-displacement rule.  The spatial distributions of the ratios of inelastic and elastic displacement show that the equal-displacement rule is valid (within a 20 percent tolerance) in the near-fault region.  This implies that design procedures based on the strength reduction factor approach can provide the anticipated control of structural displacement in the near-fault region, assuming that the correct design spectrum values are used. Spatial distribution of maximum displacement of SDF systems with strength given according to the provisions of the 1997 Uniform Building Code, including the near-fault factors, indicates that long period structures have sufficient strength to limit their deformation. However, structures with vibration periods less than 1.0 sec have ductility demands that may greatly exceed an expected value for locations in the forward-directivity zone. 

This study also shows that computer simulations of earthquake ground motion and structural response are realistic.  The spatial distribution of structural response parameters and the design consequences are consistent with field observations.  The important advantage of computer simulations is the ability to observe the response of structures distributed on a dense grid covering the entire region of interest, and to vary parameters of earthquake faulting mechanism and structures types at will.  For example, the 1.6 million SDF systems included in the simulations used in this study represent a wide variety of regular building and bridge structures.  Field observations at this scale are simply not possible given the current state of building instrumentation and information gathering technologies. 

 Acknowledgments 

This research described in this paper was supported by the National Science Foundation Division of Engineering Education and Centers under grant 01-21989 to Mississippi State University. This support is gratefully acknowledged.
References cited

Abrahamson, N.A., Silva, W.J., 1997.  Empirical Response Spectral Attenuation Relations for Shallow Crustal Earthquakes, Seismological Research Letters, 68, 1, 94-127.

Alavi, B., and Krawinkler, H., 2000.  Consideration of near-fault ground motion effects in seismic design,  12th World Conference on Earthquake Engineering: Proceedings, Paper 2665.

Baez, J.I., and Miranda, E., 2000.  Amplification factors to estimate inelastic displacement demands for the design of structures in the near field, 12th World Conference on Earthquake Engineering: Proceedings, Paper 1561.

Bertero, V.V., Mahin, S.A., Herrera, R.A., 1978.  Aseismic design implications of near-fault San Fernando earthquake records, Earthquake Engineering and Structural Dynamics, 6, 31-42.

Bielak, J., Fernández, A., Fenves, G.L., Park, J., Stojadinovic, B., 2004.  Spatial distribution of simulated response for earthquakes, part I: ground motion, Earthquake Spectra, submitted for publication.

Boore, D.M., Joyner, W.B., and Fumal, T.E., 1997.  Equations for Estimating Horizontal Response Spectra and Peak Acceleration from Western North America Earthquakes: A Summary of Recent Work, Seismological Research Letters, 68, 1, 128-153.

Campbell, K.W., 1997.  Empirical Near-Source Attenuation Relationship for Horizontal and Vertical Component of Peak Ground Acceleration, Peak Ground Velocity, and Pseudo-Absolute Acceleration Response Spectra, Seismological Research Letters, 68, 1, 154-179.
Chopra, A.K., 2000.  Dynamics of Structures, 2nd Edition, Prentice Hall, New Jersey.
Chopra, A.K., and Chintanapakdee, C., 2001.  Comparing response of SDF systems to near-fault and far-fault earthquake motions in the context of spectral regions, Earthquake Engineering and Structural Dynamics, 30, 1769-1789.

Hall, J.F., 1998.  Seismic response of steel frame buildings to near-source ground motion, Earthquake Engineering and Structural Dynamics, 27, 1445-1464.

Hall, J.F., Heaton, T.H., Halling, M.W., and Wald, D.J., 1995.  Near-source ground motion and its effects on flexible buildings, Earthquake Spectra, 11, 569-605.

Krawinkler, H., and Alavi, B., 1998.  Development of improved design procedures for near fault ground motions, SMIP98 Seminar on Utilization of Strong Motion Data: Proceedings, California Strong Motion Instrumentation Program, 1-20.

ICBO, 1997. Uniform Building Code, International Conference of Building Code Officials.

Miranda, E., 2000. Inelastic displacement ratios for structures on firm sites, Journal of Structural Engineering, 126, 1150-1159.
Somerville, P.G., Smith, N.F., Graves, R.W., and Abrahamson, N.A., 1997.  Modification of empirical strong ground motion attenuation relations to include the amplitude and duration effects of rupture directivity, Seismological Research Letters, 68, 1, 199-222.

Veletsos, A.S., and Newmark, N.M., 1960.  Effect of inelastic behavior on the response of simple systems to earthquake motions: 2nd World Conference on Earthquake Engineering, Proceedings, II, 895-912.











































a) Professor, Department of Civil and Environmental Engineering, University of California, Berkeley, CA 94720.


b) Graduate Student Researcher, Department of Civil and Environmental Engineering, University of California, Berkeley, CA 94720.


c) Associate Professor, Department of Civil and Environmental Engineering, University of California, Berkeley, CA 94720.


d) Professor, Department of Civil and Environmental Engineering, Carnegie Mellon University, Pittsburgh, PA 15213.


e) Affiliation for Antonio.Formerly, Graduate Student Researcher, Department of Civil and Environmental Engineering, Carnegie Mellon University, Pittsburgh, PA, 15213; currently, Manager of International Projects, Paul C. Rizzo Assoc., 520 Exposition Mall, Monroeville, PA, 15245.





�JAESUNG, please explain  this statement.


�Add reference to Chopra’s book,


�Chopra’s book






Fenves -- 4

_1024060481.unknown

_1024078236.unknown

_1142661615.unknown

_1142926744.unknown

_1143001442.unknown

_1143001876.unknown

_1142948962.unknown

_1142661669.unknown

_1078210741.unknown

_1078211071.unknown

_1078216151.unknown

_1024079306.unknown

_1078186723.unknown

_1024060614.unknown

_1024060972.unknown

_1024076517.unknown

_1024076533.unknown

_1024077013.unknown

_1024063401.unknown

_1024060917.unknown

_1024060575.unknown

_1024060594.unknown

_1024060551.unknown

_1023989705.unknown

_1024060392.unknown

_1024060437.unknown

_1024060357.unknown

_1017465389.unknown

_1017465457.unknown

_1017467992.unknown

_952566880.unknown

_959940794.unknown

_959941461.unknown

_952567881.unknown

_952566691.unknown

_952566353.unknown

