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Spatial Distribution of SDF Structural Near-Fault Response for Simulated Earthquakes

Jaesung Park,a) Gregory L. Fenves,b) M.EERI, Jacobo Bielak,c) M.EERI, Antonio Fernández,d) and Bozidar Stojadinovic,e) M.EERI

The spatial and temporal distribution of the earthquake response of single degree-of-freedom inelastic structural models in the near field are examined using synthetic ground motion for strike-slip and thrust fault events. An idealized 20 km by 20 km model of crustal geology is modeled as a layer on an elastic halfspace with dense spatial sampling for frequencies up to 5 Hz. Despite the simplicity of the crustal model, the simulated ground motion exhibits many of the characteristics of actual earthquakes. Spatial variability of structural response is strongly related to the distribution of peak ground motion parameters. The spatial distributions of the ratios of inelastic and elastic structural 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 1997 Uniform Building Code, including the near-fault factors, indicates that for structures with vibration periods less than 1 sec, the ductility demands may greatly exceed an acceptable level in the forward-directivity zone.

Introduction 


Recent large earthquakes provide ample evidence that the ground motion recorded within the near-fault region of an earthquake is qualitatively different from that observed at greater distances from the fault. Near-fault ground motions are characterized by energy from the rupture that is concentrated in the forward directivity zone, and is manifested as a single velocity pulse of ground motion (e.g., Somerville et al, 1997), in contrast to smaller-amplitude, longer-duration pulses observed farther away from the fault.  Near-fault pulse-type ground motion can be very damaging to buildings, as first identified in the 1971 San Fernando earthquake (Bertero et al., 1978) and confirmed during the 1994 Northridge (Somerville, 1995), the 1995 Hyogoken-Nambu, Japan (Akai et al, 1995), the 1999 Kocaeli, Turkey (Rathje et al., 2000), and the 1999 Chi-Chi, Taiwan (Li and Shin, 2001) earthquakes.
Aagaard et al. (2001) conducted a detailed parametric study of long-period near-source ground motion by varying source parameters for both a strike-slip and a thrust faults. They found that large displacement and velocity pulses dominate the ground motions in the forward directivity direction. The dynamic displacements close to the fault are comparable to the average slip and decrease roughly by a factor of three over a 10-km distance from the fault. The areal extent subjected to strong near-source directivity effects from a strike-slip earthquake can be greater than that from an earthquake of a similar magnitude on a buried thrust fault.
The structural damage observed in recent earthquakes has motivated investigators to compare the response of structures to near-fault and far-fault ground motions. For example, 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 Mw=7.5 near-fault event is substantially greater than the strengths prescribed by the 1997 Uniform Building Code (ICBO, 1997) including the 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 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) examined the difference in SDF system response to recorded near-fault and far-fault ground motions. They observed that spectra for near-fault records have a narrower velocity-sensitive period band compared with far-fault ground motions, and that in the acceleration-sensitive band, the ratio of maximum inelastic displacement to elastic displacement is significantly greater for near-fault motion than for far-fault motion.

Compared with the literature on the effect of near-fault motions on individual structures at particular locations, there has been relatively little work on the spatial distribution of structural response over an entire region around a fault. The main reason is that despite the increasing number of useful ground motion records that have become available in recent years, the spatial resolution of observed strong motion data is not high enough to describe fully the distribution of ground motion. An alternative approach is to use simulated ground motion as proxy for earthquake input to structures. The most comprehensive studies of spatial distribution to date are those by Hall et al. (1995) and Hall (1998). Motivated by the 1994 Northridge earthquake, they simulated the ground motion produced by an earthquake on a thrust fault to examine the effect of near-fault ground motions on 20-story steel frame buildings and long-period base-isolated buildings. The fault rupture parameters were calibrated for a scenario Mw=7.0 event on the Elysian Park buried thrust fault in Los Angeles. Ground motions with frequency content up to 0.5 Hz were simulated on an 11 by 11 grid with 5-km spacing. The peak ground velocity was 1.8 m/sec, and large areas had velocities greater than 1 m/s. The near-source velocity pulses produced large drifts in buildings located at grid points in the forward-directivity zones.  In one on the few studies examining the correlation between ground motion parameters and structural damage, Boatwright et al. (2001) used an intensity measure based on building tags.  The correlations show that peak ground acceleration (PGA) is a poor predictor of damage, peak ground velocity (PGV) is much better, and that an averaged pseudo-velocity (between 0.3 and 3.0 seconds period), which is related to PGV, is a good predictor.
Because of the relatively few ground motion records and limitations of simulations to low frequencies, there remain a number questions concerning the characterization of the spatial effects, the interpretation of such effects, and the evaluation of design specifications for near-fault effects. Thus, the objective of this paper is to examine the inelastic response of a dense spatial sampling of SDF systems to simulated ground motion for two scenario earthquakes, a strike-slip fault event and a thrust fault event. As a first step towards a systematic study of the earthquake performance of structures in an urban region, in this paper we consider deterministic ground motion for simple earthquake scenarios. While not entirely realistic, the ground motion simulations provide a spatially dense set of synthetic seismograms with many of the features of recorded motion. The simulations can contribute to elucidating the relationship between the spatial variability of structural response in the epicentral region and that of the corresponding ground motion. To examine structural response with simple models, several vibration periods are considered, to represent long-period structures and shorter-period structures down to 0.5 sec. Comparisons between ground motion parameters and structural response are made for the scenario events, and the near-fault factors in the 1997 Uniform Building Code (ICBO, 1997) are evaluated using the regional simulation.

Simulation of Scenario Earthquake Events

The model for ground motion simulation considered in this study consists of an elastic layer on an elastic halfspace, as shown in Figure 1, to represent a 20 km by 20 km region of rock material. We consider a buried strike-slip fault (Figure 1a) and a buried thrust fault (Figure 1b) to represent two of the most common types of earthquake mechanisms. The top edge of the vertical fault is 1 km beneath the interface between the layer and the halfspace, whereas the top edge of the inclined fault touches the interface. The dip angle (40º) of the thrust fault is similar to the 1994 Northridge earthquake source. Solid circles in Figure 1 denote the hypocenters of the earthquakes and their epicenters. In the idealized model, the density, shear-wave velocity, and P-wave velocity, of the layer are 2.6 g/cm3, 2.0 km/sec, 4.0 km/sec, respectively, and the corresponding values for the halfspace are 2.7 g/cm3, 3.46 km/sec, 6.0 km/sec. Material attenuation is not considered in the ground motion simulations.
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	(a) Strike-slip fault scenario
	(b) Thrust fault scenario


Figure 1. Model of faults in a homogeneous elastic layer on a homogeneous elastic halfspace.

The model for the strike-slip fault event is the same as the one used by a group of modelers, including some of this paper’s authors, to verify finite difference and finite element codes for simulating earthquake ground motion in large regions (Day, 2002). Despite their simplicity, models of this type are capable of capturing the essential nature of earthquake ground motion in the near-fault region. For example, in a recent simulation of the 1992 Landers earthquake in southern California, Hisada and Bielak (2004) modeled the crustal region as a single layer on a halfspace, as in the present study. The causative fault was modeled by piecewise strike-slip planar surfaces, and the ground motion at the Lucerne Valley station was calculated using an integral representation technique (Hisada and Bielak, 2003). A comparison of the corresponding observed and synthetic velocity seismograms in Figure 2 shows very good agreement between the two sets of results for this long-period simulation.


[image: image2]
Figure 2. Observed (solid line) and synthetic (dashed line) velocity seismograms at Lucerne Valley Station in the 1992 Landers earthquake (Hisada and Bielak, 2003).

Although the simulated ground motion in this study is not meant to represent a specific earthquake, it incorporates the characteristics of actual ground motion. To excite structural models with vibration periods ranging from 0.5 sec to 8 sec, the spectrum of the simulated ground motion must contain significant components not only for long periods but for frequencies up to,say, 5 Hz, corresponding to a cut-off period of 0.2 sec. The 5 Hz cutoff frequency is set well above the highest structural vibration frequency of 2 Hz to assure fidelity of synthetics in the frequency range of the structures. The idea of simulating broadband strong ground motion time histories dates back to Hartzell (1978) and Irikura (1978) and their use of empirical Green’s functions to estimate ground motion due to strong earthquakes. These techniques were later extended to include stochastic representation of source and path effects, such as Boore (1983), Hartzell (1989), and Zeng (1994), and most recently with hybrid techniques that compute the low frequency and high frequency ranges separately and then combine them (e.g., Hartzell et al, 1999; Graves and Pitarka, 2003). 
      
In the present simulations, kinematic rupture of the fault is modeled by a dislocation across the fault through equivalent body forces (Aki and Richards, 1980). The rake of the slip is 0º and 90º for the vertical and the inclined faults, respectively; that is, the particle motion across the fault is along the length of the fault in both cases. For the vertical fault the motion is right lateral strike-slip, and for the inclined fault the motion of the hanging wall is upward and that of the footwall is downward (thrust slip). The variation of the dislocation with time is defined by a slip rate function with spatially uniform slip, consisting of a linear term times a negative exponential, with an effective slip duration of about 0.6 sec. This slip duration is compatible with the empirical source scaling relations given by Somerville et al (1999) for earthquakes of these magnitudes.   The peak slip rate for the strike-slip event is 0.46 m/s, and 0.20 m/s for the thrust-fault earthquake. The rupture propagation velocity is 3.0 km/sec.  These values allow modeling seismic waves up to 5.0 Hz. For the scenario events, Mw= 6.0 and 5.8 are selected for the strike-slip fault and the thrust fault events, respectively, such that the peak ground velocity for each event is of the order of 1.80 m/sec. This is the maximum value recorded during the 1994 Northridge earthquake. The corresponding slip for the two events is 0.125 m and 0.054 m. Although these values are less than would be expected for earthquakes of such magnitudes, it is noteworthy that the average slip of the 2004 Parkfield strike-slip earthquake on the San Andreas fault (Mw=6.0) has been estimated at 0.15 m (Langbein et al., 2005). 
To simulate slip on the fault and the resulting ground motion within the domain, we use a scalable, parallel, elastic wave propagation, finite element code developed for modeling earthquake ground motion in large sedimentary basins (Bao et al., 1998). In earlier studies, Bao (1998) found that numerical dispersion could be kept to less than five percent over distances of 50 km by using 8 to 10 linear tetrahedral elements per wavelength. Thus, for the present application the mesh size is 40 m for the top layer and 80 m for the halfspace to represent ground motion up to 5 Hz. The discretized equations of motion (N=180 million) were solved on 128 processors of the Cray T3E at the Pittsburgh Supercomputing Center.

STRIKE-SLIP FAULT

Figure 3 shows the fault-parallel (FP) and fault-normal (FN) components of the peak displacements and velocities at the ground surface for the simulations of the strike-slip event, as well as the maximum amplitudes of the corresponding resultant displacement and velocity vector fields. Most of the dynamic effect on the velocity in the FP direction occurs near the epicenter. The FN component of velocity exhibits a strong forward dynamic directivity effect in the eastward direction from the epicenter.  The ground motion contours are plotted for a 12 km square region since the near the edges of the 20 km square domain, there is a small amount of spurious reflection from the absorbing boundaries.
Until recently there was little instrumental data of ground motion in the vicinity of a fault. This situation changed with the occurrence of the 2004 Parkfield earthquake and the recovery of 56 strong-motion records within 20 km of the fault, of which 48 were within 10 km (Shakal et al, 2005). While analysis of the data is still preliminary, Shakal et al. report that the strong-motion measurements in the near-fault region are highly variable, with significant variations over relatively short distances. Accelerations in the near-fault region range from 0.13g to more than 2.5g, with dominant motion between 0.6 and 1 sec. The largest peak accelerations occurred at the northwest end of the inferred rupture zone, although large peaks also occurred at the southeast end. The distribution of PGA with fault distance indicates both forward and backward directivity effects at distances greater than 10 km from the fault, with some indication of bilateral rupture. The PGA in the forward direction appears to attenuate slightly more slowly than in the backward direction. Even though the near-fault motion is complex, there are clear fault-normal pulses at stations near the end of the rupture. At intermediate stations in the central part of the fault, the fault-normal pulse is absent or small. Also, the amplitude of the fault normal pulse decays rapidly from the fault.
Based on the recorded accelerations from the 2004 Parkfield earthquake, Rubinstein and Beroza (2005) have generated a preliminary contour map of near-fault peak ground velocity (PGV), following a procedure developed by Boatwright et al (2003) that uses ShakeMap data, as shown in Figure 4. Despite the complex geology around the rupture, including the fact that the material north of the rupture is stiffer than that to the south, the PGV shows a clear pattern. There are distinct directivity effects in the two directions along the fault, with a quieter zone around the epicenter. There also is a rapid reduction of peak ground motion away from the fault, with a somewhat faster reduction north of the fault because of the different characteristics of the crust on the two sides of the rupture. The pattern of observed ground motion in Parkfield has strong qualitative similarities to that exhibited by the scenario strike-slip fault event shown in Figure 3. Differences in the details between the two are to be expected because of the simplicity of the geological model and of the kinematic model for the scenario, such as the assumption of constant rupture velocity.
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Figure 3. Strike-slip fault event. Spatial distribution of the absolute values of the fault parallel and fault normal components the peak velocity and displacement at the ground surface, and the maximum amplitudes of the corresponding resultant velocities and displacements. The epicenter is denoted by a white circle and the fault projection on the free surface by a white line.
The simulated ground motion varies in duration and frequency content depending on location. Figure 5 shows seismograms of ground velocity in two orthogonal directions at selected locations. Open circles indicate the locations of the observation points, and the direction of particle motion at each location is perpendicular to the time axis of the corresponding seismogram. Thus, for example, the point at station S3 has a peak velocity of 1.92 m/sec in the north (FN) direction and a peak value of 0.03 m/sec in the west (FP) direction. It is noteworthy that for stations in the forward directivity direction (e.g., S3, S4, S7, S8) the FN component of velocity exhibits a strong pulse-like ground motion. Farther away, the seismograms become more complex and their duration becomes longer; also, the dominant periods appear to become longer with distance from the fault (e.g., S15).
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Figure 4. Contours of peak ground velocity for 2004 Parkfield earthquake in near-fault region Rubinstein and Beroza (2005), in cm/sec.
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Figure 5. Strike-slip fault event. Seismograms of velocity (m/sec) in two orthogonal directions at selected locations on the ground surface. Open circles indicate the locations of the observation points, and the direction of motion is denoted by the orientation of the seismograms. The direction of particle motion at each location is perpendicular to the time axes of the corresponding seismogram.

To examine differences in frequency content it is useful to use response spectra, since the spectra also provide insight into the spatial distribution of the dynamic response of elastic SDF systems to the ground motion. Figure 6 show the response spectra for five percent damping in the FN direction, calculated from the corresponding synthetic seismograms. The spectra are plotted in a tripartite logarithmic representation of the pseudo-velocity, Sv versus the vibration period, T, between 0.5 sec 10.0 sec. Also shown on the spectra plots are the peak ground acceleration (PGA), peak ground velocity (PGV), and peak ground displacement (PGD) as piecewise straight lines.
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Figure 6. Strike-slip fault event. Response spectra for 5 percent damping for ground motion in the fault normal direction. The spectra are plotted in tripartite logarithmic form with pseudo-velocity (Sv) on the vertical axis and period on the horizontal axis. The period range is 0.5 sec to 10.0 sec.


The largest pseudo-velocity occurs, not surprisingly, at stations where the effects of forward directivity are strongest (e.g., S3, S4, S7, S8). The largest values occur at periods where the lines representing the PGA and PGD intersect (around a period of 0.6 sec). The PGV line lies above the point of intersection of the constant PGA and PGD lines, and is, therefore, not shown. For long periods, the response spectrum is close to the constant PGD line and for the shorter periods it approaches the constant PGA line. Immediately adjacent to the fault in the backward-directivity direction, the shape of the response spectra is quite similar to that in the forward direction, though with smaller amplitude. Farther north from the fault, the spectral shape changes, acquiring a clear velocity-sensitive band. The period at which the pseudo-velocity attains a peak value also increases with distance from the fault, e.g., the peak pseudo-velocity for station S15 occurs at 2.2 sec.

Response spectra such as those shown in Figure 6 can also be used to examine how the spatial decay of the synthetic ground motion with distance from the fault compares with frequently used attenuation relationships. Figure 7 shows the attenuation for spectral acceleration from the Abrahamson and Silva (1997) attenuation relationship  and the simulated ground motions for the strike-slip fault event. The attenuation relationship is for the mean of the fault-normal and fault-parallel components as a function of the rupture distance. The attenuation relationship is shown as dashed lines in the figure for the median spectral acceleration and ±1 and ±2 standard deviations. For the simulated strike-slip fault event, the mean of the two components is computed and the ranges are plotted as shaded area in Figure 7. Since the empirical attenuation relationship is based on regression analysis of recorded ground motion, a comparison can be made with simulated ground motion with appropriate averaging. To compute the mean spectral acceleration of simulated ground motion, a distance range of 0.5 km is selected and the mean of the log of spectral acceleration of each distance range is computed and plotted as a solid line. Also shown are ±1 standard deviations of spectral acceleration in each distance range. Figure 7 shows that the decay of the synthetic ground motion is within ±1 standard deviation of empirical attenuation relationship. This agreement with the Abrahamson and Silva (1997) attenuation relationship is particularly good for a period of 1 sec. Although the differences at longer and shorter periods are greater, the attenuation of the mean spectral acceleration of simulated ground motion remains within ±1 standard deviation of the empirical attenuation relationship, indicating the realism of the simplified scenario for the strike-slip event.
[image: image12.wmf]
Figure 7. Comparison of Abramhamson and Silva (1997) attenuation relationship with average horizontal spectral acceleration from the simulated strike-slip fault event. Dashed line: Abrahamson and Silva model for median spectral acceleration an ±1 and 2 standard deviations. Solid line: average horizontal spectral acceleration of 0.5 km distance range for simulated ground motions and ±1 standard deviation. Shade: spectral acceleration of simulated ground motions.
THRUST FAULT

As with the scenario strike-slip fault event, the synthetics for the thrust fault event have a strong spatial and temporal dependence with the location of the observer with respect to the fault. Slip occurs in the direction of the hanging wall relative to the footwall, and 90º rake is such that the thrust of the hanging wall points in the west direction. Figure 8 shows the absolute values of the EW (strike normal) and NS (strike parallel) components of the peak displacements and velocities at the ground surface. The white circle denotes the epicenter and the white rectangle is the projection of the causative fault plane onto the free surface. The most salient feature in Figure 8 is the directivity in the updip direction around the upper corners of the strike normal component and on the entire western edge of the fault in the strike parallel direction. In addition, the strike normal component of velocity exhibits large amplitude velocity in a zone beyond the rupture region. This distribution is qualitatively similar to that of the 1994 Northridge earthquake, in which the largest ground motion occurred in the Santa Susana Mountains, beyond the intersection of the extended fault with the surface (Wald, 1994). Backward directivity, although present, is much less than forward directivity effects.
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Figure 8. Thrust fault event. Spatial distribution of the absolute values of the strike normal and strike parallel components of the peak velocity and displacement at the ground surface. White dot denotes the location of the epicenter and white rectangle the projection of the causative fault on the horizontal plane. 
Besides the differences in amplitude of motion illustrated in Figure 8, the ground motion also varies in duration and frequency content, depending on location. Figure 9 shows seismograms of ground velocity in two orthogonal directions at selected locations.  At stations near the western edge of the fault, where directivity effects are largest, the velocity has a strong pulse-like ground motion. 
The response spectra for the slip parallel (EW) direction of the thrust fault event is shown in Figure 10.  The main features are: (a) away from the western edge of the fault, the response spectra exhibit distinct acceleration-sensitive, velocity-sensitive, and displacement-sensitive bands; (b) in the forward directivity zone closer to the edge of the fault, the velocity-sensitive band becomes narrower, or practically disappears, and (c) the dominant periods become longer with distance from the edge of the fault. It is noteworthy that the synthetic ground motion near the fault edge and the shape of the response spectra are similar to that of the Rinaldi Reservoir station in the 1994 Northridge earthquake (Chopra and Chintanapakdee, 2001), which was located in the forward directivity zone of the event.
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Figure 9. Thrust fault event. Seismograms of velocity (m/sec) in two orthogonal directions at selected locations on the ground surface. Open circles indicate the locations of the observation points, and the direction of motion is denoted by the orientation of the seismograms. The direction of particle motion at each location is perpendicular to the time axes of the corresponding seismogram
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Figure 10. Thrust fault event. Response spectra for 5 percent damping for ground motion in the strike-normal (EW) direction. The spectra are plotted in the tripartite logarithmic form with pseudo-velocity (Sv) on the vertical axis and period on the axis. The periods considered range from 0.5 sec to 8.0 sec. 
Single Degree-of-freedom STRUCTURAL Response To
Simulated Ground Motion
As discussed previously, although the ground motion synthetics are for an idealized setting, they resemble those observed during actual earthquakes in important respects. Thus, it is reasonable to use the synthetic accelerograms for improving understanding of the spatial distribution of structural response in near-fault regions, and as a baseline for future studies. Simplified structural models, represented as single degree-of-freedom systems with elastic-perfectly plastic force-deformation relationship are used to investigate the spatial distribution of structural response for the scenario events. Using standard structural dynamics theory (e.g., Chopra, 2001), a SDF elastoplastic system is defined by its elastic vibration period, 
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. The SDF structural analysis is performed at each third grid point (120 m spacing) using the synthetic horizontal acceleration records from the ground motion simulation. At each of these grid points, the nonlinear equation of motion is solved numerically for the structural displacement response history 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 of 0.5 sec, which includes the upper range of short-period structures, is used 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 extreme, an 8-sec period is useful as a limiting case for very long-period structures. As will be discussed in the subsequent section, the yield displacement of the SDF system is selected to give prescribed levels of displacement ductility. To examine the effect of orientation on unidirectional structural response at each grid point, eight SDF systems are oriented at 22.5 deg intervals. The maximum displacement is the largest structural displacement in any of the eight directions, unless noted otherwise. Bi-directional response was not considered. Considering the ranges of periods, yield displacements and orientations at 25,000 grid points, approximately 1.6 million SDF systems are considered for each scenario event.

The constant-ductility spectrum is an important tool for examining the inelastic earthquake response of SDF models of structures (Veletsos and Newmark 1960; Chopra 2001). For a given ground motion record, elastic vibration period, and viscous damping ratio, a constant ductility spectrum gives the yield displacement (or yield coefficient, 
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) <<<Greg: Need to define Cy; Eq. 1 mentioned in response to reviewers is missing here>>> such that a SDF system does not exceed a specified displacement ductility.  The concept of the constant ductility spectrum is extended to examine how the spatial distribution of ground motion affects the spatial distribution of structural inelastic response. For a prescribed elastic vibration period and damping ratio, the maximum displacement ductility ratio is computed at each grid point by analyzing a number of SDF systems with varying yield displacement until the target displacement ductility is reached. To cover a range of structural behavior, displacement ductility ratios of, =1, 2, 3, and 4 are considered. A ductility of unity represents the elastic case, and a ratio of 4 is a reasonable ductility level for many structures.

SDF Response For simulated Strike-SLip fault EVent

The contours of maximum structural displacement of SDF systems is shown in Figure 11, in which each set gives the results for a vibration period and the four displacement ductility ratios. The plot shows the distribution of inelastic displacement for a yield displacement that gives the target ductility.  Note that the scale of the contour color bar is different in each set because the maximum displacement is a strongly varying function of period. 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 11, the largest structural displacement is in the forward rupture directivity direction (strike east). The maximum structural displacement occurs in the FN 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 5. 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 for the ductility levels considered. The largest displacements occur in the FN direction in the forward-directivity zone. Significant displacements, approximately one-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 3. 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 using the largest yield displacement for a specified ductility.
The largest structural displacements of 2- and 4-sec period structures occur in the FN 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 the structural displacement attenuates less rapidly as the vibration period lengthens. The attenuation of ground motion and structural response quantities 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 structures than for moderate period ones. 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.
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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

[image: image34.jpg]distance (km)

distance (km)

N
3
N
S
S

I

[}

10

distance (km) distance (km)

0.25

0.z20

0.15

0.10

0.05

0.00




(e) 8-sec period SDF systems

Figure 11. Spatial distribution of maximum structural displacement (umax) of SDF systems with ductility ratios of 1, 2, 3, and 4 for the strike-slip fault event. Arrows show the orientation of the SDF system with the largest structural displacement.

It is useful to compare the spatial distributions of maximum structural displacement in Figure 11 with contours of peak ground motion parameters shown in Figure 3. 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).

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 ratio for very short periods. For longer period structures the 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 firm soil sites.

The simulations for the strike-slip fault event allow examination of the equal displacement rule for structural displacements. Figure 12 shows contours of the ratio of maximum inelastic displacement to elastic displacement in the region. It is well to point out that this ratio is independent of the value of the peak ground motion.  The ratio is shown only for locations where the inelastic displacement is greater than 20 percent of the largest displacement in the entire region; this spatial filtering is done to de-emphasize the ratios at grid points with small displacements. The contour scale in Figure 12 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.  The displacement ratio plotted in Figure 12 is equal to 
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is the strength reduction factor due to ductility (Chopra, 2001), so the plots are also related to the inverse of the strength reduction factor needed for the target ductility.
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 greater 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 where there is 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.

Attenuation Relationships for Strike-slip fault Event

The attenuation of ground motion and structural response parameters with distance from a fault is a key ingredient in seismic 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 Abrahamson and Silva (1997), Boore et al. (1997) and Campbell (1997).

The simulation of the strike-slip fault event can be used to examine attenuation. A traverse perpendicular to the strike-slip 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, Figure 13 plots the attenuation of maximum structural displacement in the fault normal direction. The plots also 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.
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Figure 12. Spatial distribution of the ratio between maximum displacement (umax) and elastic displacement (Sd) of SDF systems for the strike-slip fault event. Values are shown for locations at which the umax is greater than 20 percent of the largest displacement in the region.
The peak ground displacement attenuates more slowly than peak ground velocity. The attenuation of structural displacement for structures for a vibration period is essentially independent of the ductility ratio in the vicinity of the fault, as expected from the results in Figure 11. 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 structural displacement for the 4-sec period system is closer to that of peak ground displacement. Although not shown, the attenuation for 8-sec period structures is almost identical to the attenuation of peak ground displacement. At intermediate periods, there is a clear transition of the attenuation maximum displacement from the PGV to the PGD attenuation curves. At distances that vary from about 3 to 5 km depending on period, the motion regains strength, possibly due to surface waves.  
SDF Response For Simulated Thrust fault Event

The analysis of SDF system response in the region is repeated for the simulated thrust fault event. Figure 14 shows the spatial distribution of maximum structural displacement for the elastic case (=1) and inelastic cases (=2, 3, 4) for the five vibration periods. 

The forward directivity of the fault rupture in the updip 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. This is because the frequency content of the ground motion is strong around this period, as can be seen in Fig. 10. The particular period for which the ground motion is largest may depend strongly on the fault slip rise time used in generating the simulated ground motion. It is worth noting that the elastic response spectrum for the ground motion recorded at the Rinaldi Reservoir Station ( Chopra and Chintanapakdee, 2001) during the 1994 Northridge earthquake also exhibits a (single) peak at a period of 1 sec. As the vibration period lengthens, the zone of large structural displacement increases in size. The comparison between distribution of peak ground motion in Figure 8 and structural response for the thrust fault event is less clear than the similar comparison for the strike-slip fault event. However, the distribution of structural displacement for T=0.5 sec (Figure 14a) is qualitatively similar to the PGV in Figure 8. For longer periods (T>2 sec), the structural displacement begins to approach the PGD. The case of T=2 sec has a more complex spatial distribution of structural displacement.
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Figure 13. Attenuation of normalized maximum displacement (
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), peak ground velocity (PGV), and peak ground displacement (PGD) in the fault normal direction along a line perpendicular to the strike-slip fault event, 1-km east of fault, as a function of distance from the fault for the strike-slip fault event.

The effect of ductility on maximum displacement is relatively small for the thrust fault event. The zones of large structural displacement decrease slightly in size as the ductility increases, but the trend is relatively minor with the exception of the T=2 sec case. Figure 15 shows the ratio of the maximum inelastic structural displacement to the elastic structural displacement. The displacement ratio is plotted for grid points at which the displacement is greater than 20 percent of the largest displacement in the region. 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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= 4 in the zones where the response is largest.

Evaluation of Building COde Provisions for NEAR-Fault Effects

Building code provisions have been modified to include the effects of near-fault ground motion. This section examines the response of inelastic SDF systems with the strength required by the 1997 Uniform Building Code (ICBO, 1997) for the two simulated earthquake events. It is assumed that the events are associated with seismic hazard represented by zone 4, seismic source type B, and soil type SB. The UBC near-source factors are used as a function of the closest distance to the fault. The strength reduction factor is selected as [image: image41.wmf]  
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 and with the assumption of an over-strength ratio equal to 2, implies a system response factor R=8. The minimum yield strength for Zone 4 is used.
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 region are computed for both events. The largest ductility demand among the eight orientations at each grid point is plotted in Figure 16(a) for the strike-slip fault event. The 0.5-sec and 1-sec period structures develop ductility demands significantly greater than the value of 4 implicit in the UBC strength provisions in both the forward directivity zone and the neutral directivity zone within 2 to 4 km 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.
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(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 14. Spatial distribution of maximum displacement (umax) of SDF systems for ductility ratio of 1, 2, 3, and 4 for the thrust fault event. Arrows show the orientation of the SDF system with the maximum displacement.
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Figure 15. Spatial distribution of the ratio between maximum displacement (umax) and elastic displacement (Sd) of SDF systems for the thrust fault event. Values are shown for locations in which the umax is greater than 20 percent of the largest displacement in the region.

The same analysis is performed for the thrust fault event and the spatial distribution of ductility demand is shown in Figure 16(b). The energy from the fault rupture is focused on structures located in the forward directivity zone in the updip direction. Short to moderate period structures, 0.5-sec and 1-sec, in the near-fault zone have ductility demands exceeding 10, significantly greater than the value of 4 implicit in the force-based design. The ductility demand for longer-period structures is less than 4 in much of the rest of region, primarily because of the UBC minimum strength requirement.
Conclusions

The spatial and temporal distribution of ground motion near the causative faults for two earthquake events have been examined using computational simulation with the objective of studying structural response in the near field. Although the models of the crustal structure, causative fault, and the slip are idealized, the synthetic ground motion exhibits many of the significant characteristics of ground motion recorded during actual earthquakes. Moreover, the high spatial resolution that can be achieved through simulation provides information that cannot be gleaned from recorded ground motion data alone.

[image: image48.jpg]Distance (km)

Distance (km)

5
Distance (km)

10

5
Distance (km)

10




(a) strike-slip fault event 
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(b) thrust fault event
Figure 16. Spatial distribution of ductility for SDF systems with strength based on 1997 UBC with [image: image50.wmf]  
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 , including near-fault factors, for the simulated earthquake events. The color bar for ductility demand is log scale.

Observations from earthquakes have shown that the large structural damage is concentrated at the locations near earthquake faults. Therefore, spatial distribution of ground motion and structural response parameters in the region near an earthquake fault is an important indicator of possible structural damage. Investigations of near-fault effects, however, have been limited by the few ground motion records obtained near faults producing large earthquakes and the general lack of systematic data about structural damage. This study is a first step to studying the impacts of earthquakes based on computational simulation. A dense spatial sampling of ground motion synthetics for two scenarios, a strike-slip fault event and a thrust fault event, are used to investigate the response of simplified models of structures located near the faults. The structural models are single degree-of-freedom elastic-perfectly plastic systems characterized by a range of vibration periods and yield displacements.

Based on the structural simulations for the two events, the spatial variability of structural response is strongly related to the distribution of peak ground motion parameters: for long period structures (4 and 8 sec), the distribution of largest SDF structural displacements are similar to the distribution of peak ground displacement; for shorter period structures (0.5 and 1 sec), the displacement distributions are similar to peak ground velocity distribution. This observation is further confirmed by response attenuation of response for the strike-slip fault event.  The orientation of the SDF systems with respect to the fault is also important: for the thrust-fault event, the largest structural displacements occur in the updip direction; for the strike-slip fault event, the largest displacements occur in the fault normal direction in the forward directivity zone.

The simulations for the two events show that the equal-displacement rule is valid within a 20 percent tolerance in the near-fault region. The spatial distribution of maximum displacement of SDF systems with strength according to the 1997 Uniform Building Code, including the near-fault factors, indicate that structures with vibration periods of 1 sec or less have ductility demands that may greatly exceed a ductility ratio of 4 at locations in the forward-directivity zone. Long period structures have sufficient strength to limit their deformation based on an SDF model, although more investigation is needed to examine the effects on multi-degree-of-freedom models.  In particular, more research is needed to investigate the effect of geological structure and kinematic source parameters on the spatial distribution of structural response. While the results herein show important relationships between ground motion parameters and structural response, they should not be extrapolated beyond the two simplified earthquake events without further study.
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