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Abstract 
The effect of high-pass filtering on near-fault ground motion records is to completely eliminate the permanent ground 
displacement and significantly reduce the dynamic ground displacement. This may considerably influence the calculated 
seismic response of a spatially extended engineering structure crossing a fault rupture zone. To demonstrate the importance 
of incorporating permanent ground displacements in the analysis and design of extended structures under specific fault 
crossing conditions, the dynamic response of a seismically isolated bridge located in the vicinity of a surface fault rupture 
(“Case A”) or crossing a fault rupture zone (“Case B”) is calculated by utilizing a near-fault ground motion record 
processed with and without a displacement offset. The seismically isolated bridge considered in this study is a 10-span 
continuous structure supported by 11 piers, resembling a typical segment of the 2.3 km long Bolu Viaduct 1 located in west-
central Turkey. The Lucerne Valley record from the 1992 Mw 7.2 Landers earthquake, which preserves a permanent ground 
displacement in the fault-parallel direction and exhibits a large velocity pulse in the fault-normal direction, is used as the 
basis for investigating the effect of high-pass filtering on the dynamic response of the bridge. For the seismically isolated 
bridge located in the vicinity of the surface fault rupture (“Case A”), the utilization of the high-pass filtered ground motion 
leads to underestimating the demands of pier top, pier bottom and deck displacements. However, the demands of isolation 
displacement, isolation permanent displacement and pier drift – quantities associated predominantly with the dynamic 
response of the bridge – are almost identical for both the unfiltered and filtered versions of the ground motion record. On 
the other hand, for the seismically isolated bridge traversed by a fault rupture zone (“Case B”), all response quantities are 
significantly underestimated when the high-pass filtered ground motion is used. These results, though limited to a single 
bridge structure and a single ground motion input, clearly indicate the importance of permanent ground displacement on the 
dynamic response of spatially extended engineering structures crossing fault rupture zones. 
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1. Introduction 

Strong motion records are of fundamental importance in earthquake engineering design, but quite frequently 
they are contaminated by broadband noise limiting the frequency range over which useful data can be obtained. 
The influence of noise in strong motion records is most pronounced at high and low frequencies where the 
signal-to-noise ratio is typically low compared to that at the intermediate frequencies [1]. 

 For analog accelerographs the high-frequency noise is primarily associated with the correction for 
instrument response, whereas for digital accelerographs the high-frequency noise is commonly related to the low 
resolution of the analog-to-digital converter, the effect of ambient, wind or wave sources at the location of the 
instrument, and the monoharmonic high-frequency noise caused by the proximity of the instrument to electrical 
generators or vibrating machinery [2]. The high-frequency noise is usually removed by applying a low-pass 



16th World Conference on Earthquake Engineering, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017

2 

(high-cut) filter to the accelerogram, a correction that may not always be necessary depending on the intended 
use of the data and the particular characteristics of the high-frequency noise. 

 On the other hand, the low-frequency noise has been attributed to instrumental errors such as transducer 
misalignment and cross-axis sensitivity [3, 4], mechanical or electrical hysteresis within the transducer system 
[5], and analog-to-digital conversion [6, 7], as well as to natural distortions such as tilting and torsion of the 
ground in the vicinity of the instrument [8-12]. These instrumental errors and natural distortions generate small 
offsets in the baseline of the recorded ground accelerations, which in turn amplify upon integration resulting in 
significant drifts in the ground velocities and displacements, as well as in noticeable effects on the long-period 
range of the corresponding response spectra. The low-frequency noise is typically removed by high-pass (low-
cut) filtering with corner frequencies often chosen based on the shape of the Fourier amplitude spectrum and the 
signal-to-noise ratio. 

 Though high-pass filtering is effective in reducing the low-frequency noise in accelerograms, this may not 
always be the most desirable approach for processing near-fault records with a large permanent ground 
displacement interpreted as coseismic displacement of the ground due to slip on the fault. The reason is that 
high-pass filtering does not allow for displacement time series to have a static offset (corresponding to zero 
frequency), and therefore this lack of a permanent ground displacement in near-fault records may significantly 
affect the calculated seismic response of spatially extended engineering structures under specific fault crossing 
conditions. However, retrieving the true permanent ground displacement directly from an accelerogram is still an 
open problem in strong motion seismology as discussed in Section 2. 

The main objective of this study is to demonstrate the importance of incorporating permanent ground 
displacements in the analysis and design of spatially extended engineering structures under specific fault 
crossing conditions. To accomplish this objective, the dynamic response of a seismically isolated bridge located 
in the vicinity of a surface fault rupture (“Case A”) or crossing a fault rupture zone (“Case B”) is calculated by 
utilizing a near-fault ground motion record processed with and without a displacement offset. 

2. Permanent Ground Displacement 

Permanent ground displacement (also known as static displacement, residual displacement, displacement offset, 
permanent translation or fling step) is the flat level near the end of the baseline-corrected displacement time 
series derived from accelerograms at stations in the vicinity of a fault. The permanent ground displacement is 
interpreted as the coseismic deformation of the ground due to dislocation across the fault surfaces. The 
permanent ground displacement typically varies between a few centimeters to several meters depending on the 
local slip (i.e. slip on the immediate fault segment), the depth of burial of the fault, and the fault-to-station 
distance. An informative discussion on the characteristics of the permanent ground displacement in the vicinity 
of a fault for various types of movement (strike-slip, oblique, dip-slip), faulting depth (surface vs. buried), and 
slip distribution (uniform vs. variable) based on numerical simulations is presented by Dreger et al. [13]. The 
permanent ground displacement appears in the direction of the slip vector on the fault, and therefore manifests 
itself in the strike-parallel direction for strike-slip faults and in the strike-normal and vertical directions for dip-
slips faults (e.g. [14, 15]). It should also be noted that permanent translation along with forward rupture 
directivity are the two main causes of the pulse-like ground motions observed in the near-fault region (e.g. [14, 
15]) which have been identified as critical in the design of structures (e.g. [16-18]). 

A considerable effort has been expended by seismologists and engineers over the last four decades to 
maximize the data return from accelerographs by retrieving the permanent ground displacement (e.g. [5, 11, 19-
30]). These studies have proposed various processing schemes that involve, instead of high-pass filtering, 
baseline correction in an attempt to recover the permanent ground displacement directly from accelerograms. 
However, this problem has proved to be particularly challenging because the computed displacement offset may 
not be the true permanent ground displacement, but it may also incorporate the effects of natural distortions 
(such as tilting and torsion of the ground in the vicinity of the instrument) and instrumental errors (such as 
transducer misalignment and cross-axis sensitivity, mechanical or electrical hysteresis within the transducer 
system, and analog-to-digital conversion). These natural distortions and instrumental errors cause small offsets 
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in the baseline of the accelerograms resulting in drifts in the velocity and displacement time series upon 
integration, making it difficult to fully understand the source of the baseline offsets for any given record and 
eventually recover the true permanent ground displacement. Evidently, these offsets cannot be removed by 
applying a high-pass filter to the accelerogram because such a procedure would preclude extracting the 
permanent ground displacement from the acceleration record. 

 Early studies indicated that permanent ground displacements derived directly from accelerograms using 
empirical baseline correction schemes are in most cases sensitive to the choice of the parameters for the baseline 
correction, and variations of these parameters may yield seemingly plausible displacement waveforms with very 
different offsets (e.g. [11, 22]). To reduce this uncertainty, subsequent research studies focused on providing 
more robust guidelines for the selection of the parameters for baseline correction and then grid searching for 
displacement waveforms that most resemble a ramp or step function (e.g. [23, 26, 28]). 

Independently determined geoedetic data, such as Global Positioning System (GPS) measurements 
(preferably at stations collocated with accelerograph stations) and Interferometric Synthetic Aperture Radar 
(InSAR) observations, have also been used to assess the accuracy of baseline correction schemes in estimating 
the true permanent ground displacement (e.g. [11, 22, 23, 28-30]). This presumes that the entire static 
displacement (obtained from static GPS measurements or InSAR observations) occurs during the earthquake 
with no postseismic deformation taking place in the averaging period following the event. These studies have 
shown that permanent ground displacements obtained from baseline correction schemes do not routinely 
converge to the correct value of the static displacement as inferred from static GPS measurements. Even the 
addition of static GPS data as a constraint to the baseline correction procedure does not necessarily guarantee 
convergence to the correct value of the static displacement, and even if the correct static offset is obtained the 
dynamic component of the displacement waveform may be in error by large amounts [30]. 

 To overcome these limitations, recent studies have utilized high-rate GPS measurements (which provide 
accurate displacement data in a kinematic mode) as an additional constraint in the computation of the ground 
displacement time series during strong shaking and after strong shaking has ceased (e.g. [24, 27, 30]). This is 
accomplished by combining high-rate GPS and accelerometer data to produce broadband displacements (i.e. 
displacements capturing both transient phenomena and static deformation) using a Kalman filter or other similar 
methods proposed in the literature. These studies have shown promising results in producing reliable broadband 
displacements without any subjective judgement. However, as pointed out by Melgar et al. [30], the collocation 
of high-rate GPS and strong motion stations is still the exception rather than the norm. 

 The explanation for the difficulties in retrieving the true permanent ground displacement directly from 
accelerograms has been provided by Graizer [9, 10, 31] and Trifunac and Todorovska [12]. Permanent ground 
displacements can accurately be calculated provided that all six components of strong motion at a particular 
point (corresponding to three translational and three rotational degrees of freedom) have simultaneously been 
recorded, and the records are corrected for instrumental errors. This is particularly true in the near-fault region 
where the response of the ground may be nonlinear [12]. However, six-component accelerometers measuring 
three translations and three rotations (or alternatively three-component translational accelerometers in 
combination with gyroscopes) are not commercially available. Therefore, the three-component translational 
accelerometers used in practice are incapable of distinguishing between translational and rotational motions. As 
a result, rotational motions are registered as fictitious translations causing offsets in the baseline of the 
accelerograms and leading to unphysical drifts in velocity and displacement waveforms upon integration. 
Therefore, as stated by Graizer [31], additional information (such as simultaneous recording of rotations) should 
be used to verify the recovered permanent ground displacement. If this information is not available, classic data 
processing methods combining integration with bandpass filtering (e.g. [32, 33]) should be used to provide 
reliable calculation of ground displacements in a limited frequency range, evidently sacrificing the estimated 
permanent ground displacement which may not be reliable after all. 

Therefore, it becomes evident that the objective of retrieving the permanent ground displacement and 
obtaining broadband baseline-corrected displacements on a routine basis from accelerometer data alone remains 
elusive. As stated by Graizer [10, 31], only on a record-by-record basis and under special circumstances or 
favorable conditions (i.e. ground motion is purely translational or rotational components of ground motion are 
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recorded, record satisfies signal-to-noise ratio requirement, pre- and post-event memory portions of 
accelerogram are of low amplitude and sufficient duration), it may be possible to recover the permanent ground 
displacement and obtain reliable estimates of the broadband displacement time series from acceleration records. 

3. Effect of Ground Motion Filtering on Lucerne Valley Record 

The 1992 Mw 7.2 Landers earthquake occurred on a system of vertical right-lateral strike-slip faults in southern 
California [34]. The ground shaking was recorded on an SMA-2 accelerograph installed at the Lucerne Valley 
(LUC) station at a distance of approximately 1.1 km from the surface rupture (Fig. 1). This is considered to be an 
important strong motion record because LUC was the only station in the immediate vicinity of the 1992 Landers 
earthquake and was affected both by forward rupture directivity and permanent translation effects. 

Iwan and Chen [21] (see also Chen [35]) developed and validated a data processing procedure to perform 
instrument and baseline corrections for the LUC record in an attempt to recover useful long-period information. 
The LUC record processed by Iwan and Chen [21], which preserves a permanent ground displacement in the 
fault-parallel direction and exhibits a large velocity pulse in the fault-normal direction, is used in the present 
study as the basis for investigating the effect of high-pass filtering on the dynamic response of a seismically 
isolated bridge located in the vicinity of a surface fault rupture (“Case A”) or crossing a fault rupture zone 
(“Case B”). 

 Fig. 2a illustrates the unfiltered and filtered time series of ground acceleration, velocity and displacement 
in the fault-normal and fault-parallel directions at LUC station affected by forward rupture directivity and 
permanent translation, respectively. The unfiltered version is the ground motion record as processed by Iwan and 
Chen [21], whereas the filtered version was obtained by applying the processing scheme proposed by Ancheta et 
al. [36] to the unfiltered ground acceleration. This processing scheme involves various steps including 
application of a fourth-order high-pass acausal Butterworth filter with a corner frequency of 0.08 Hz to the 
unfiltered ground acceleration, baseline correction forcing the ground velocity and displacement time series to 
go to zero at the end of the record, and integration of the filtered and baseline-corrected ground acceleration to 
obtain compatible ground velocity and displacement time series. It should be noted that the corner frequency of 
0.08 Hz used in this study corresponds to the ~50th percentile of the distribution of high-pass corner frequencies 
within the NGA-West2 ground motion database for earthquake magnitudes greater than or equal to 6.0 and 
distances less than or equal to 20 km [37]. 

 
Fig. 1 – Map view of the 1992 Mw 7.2 Landers earthquake illustrating the epicenter, the location of LUC station, 

and the fault trace. 
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Fig. 2 – Unfiltered (black) and filtered (gray) acceleration, velocity and displacement time series in the fault-
normal and fault-parallel directions (a) recorded at LUC station (Side I) and (b) generated on Side II in the 

vicinity of LUC station using a simplified approach. 

Fig. 2a shows that high-pass filtering has (a) negligible effect on the ground acceleration time series in the 
fault-normal and fault-parallel directions, (b) small-to-moderate effect on the ground velocity and displacement 
time series in the fault-normal direction, and (c) moderate-to-large effect on the velocity and displacement time 
series in the fault-parallel direction. It is evident that high-pass filtering completely eliminates the permanent 
ground displacement and significantly reduces the dynamic ground displacement in the fault-parallel direction. 
In general, the level of reduction in the dynamic ground displacement depends on the selected value of the high-
pass corner frequency [37]. 

 The ground acceleration, velocity and displacement time series shown in Fig. 2a were recorded at LUC 
station (Side I in Fig. 1). For investigating the effects of fault crossing on spatially extended engineering 
structures, it is also necessary to have knowledge of the ground motion on the opposite side of the surface 
rupture (Side II in Fig. 1). Since this information is not available for the 1992 Landers earthquake, the ground 
motion on Side II in the vicinity of LUC station was estimated using the simplified approach described by Ucak 
et al. [38]. Specifically, the fault-normal component for Side II was assumed to be identical to the fault-normal 
component for Side I in order to ensure kinematic continuity in the fault-normal direction. To account for the 
ground dislocation in the fault-parallel direction across the rupture, the fault-parallel component for Side II was 
assumed to be equal in magnitude to the fault-parallel component for Side I but with reversed polarity. Fig. 2b 
illustrates the horizontal ground motions on Side II generated using the aforementioned simplified approach. 

 It should be pointed out that this approach is based on the following assumptions: (a) the ground 
dislocation is distributed equally among the two sides of the fault, and (b) the LUC record (obtained at a distance 
of ~1.1 km from the surface rupture) is representative of the ground shaking adjacent to the fault. The first 



16th World Conference on Earthquake Engineering, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017

6 

assumption is readily satisfied because the 1992 Landers earthquake was caused by a vertical fault that 
experienced pure strike-slip motion. On the other hand, the second assumption involves some level of 
approximation, but is considered to be appropriate for the following reasons: (a) the objective of this study is not 
to model the response of an actual bridge traversed by the fault rupture zone of the 1992 Landers earthquake, an 
analysis that would require knowledge of the actual ground motion on opposite sides of the surface rupture at the 
fault crossing location, but rather to demonstrate the effect of high-pass filtering on the dynamic response of 
spatially extended engineering structures, and (b) no other record exists closer to a surface fault rupture 
characterized by documented evidence of permanent ground displacement and decoupling of forward rupture 
directivity and permanent translation effects. 

4. Bridge Structure and Finite Element Model 

Nonlinear time history analyses are conducted to investigate the effect of ground motion filtering on the dynamic 
response of a seismically isolated bridge with and without fault crossing considerations. The seismically isolated 
bridge considered in this study is a 10-span continuous structure supported by 11 piers 39.2 m apart from each 
other (Fig. 3a). It resembles a typical segment of the 2.3 km long Bolu Viaduct 1 located in west-central Turkey, 
which was subjected to fault crossing during the 1999 Mw 7.2 Duzce earthquake [38]. The geometric and 
mechanical properties of the bridge under consideration are identical to the ones described by Ucak et al. [38], 
except for the pier height which is assumed to be 30 m in this study. Each pier is equipped with two bilinear 
elastoplastic isolation bearings. The force-displacement relationship of the isolation system lumped at each pier 
(two bearings) is shown in Fig. 4. 

 
Fig. 3 – Schematic presentations of (a) analyzed bridge segment and (b) finite element model of a typical pier. 
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Fig. 4 – Force-displacement relationship of isolation system. 

 The nonlinear time history analyses are performed using the commercially available finite element 
software Abaqus/Standard [39]. A 3D stick model, similar to the one used by Ucak et al. [38], is employed. The 
pier, cap beam and deck are modeled with 3D elastic beam elements, whereas the foundation is modeled with 
elastic translational and rotational springs. The isolation system is modeled with 3D elastoplastic pipe elements. 
The centroid of the deck is connected to the isolation system with rigid links. The finite element model of a 
typical pier is shown in Fig. 3b. 

 Two different scenarios are considered in this study. In the first scenario (“Case A”), the bridge is 
assumed to be located in the vicinity of a right-lateral strike-slip fault (Fig. 5a). In the second scenario (“Case 
B”), the bridge is assumed to cross a right-lateral strike-slip fault between piers P44 and P45 (Fig. 5b). In both 
scenarios, the angle between the fault strike and the longitudinal axis of the bridge is assumed to be 30°. For 
“Case A”, all piers are excited at their bases by the same longitudinal and transverse ground motions (Side II). 
For “Case B”, piers P40 through P44 are excited by the longitudinal and transverse ground motions obtained on 
Side II, whereas piers P45 through P50 are excited by the longitudinal and transverse ground motions on Side I. 
Because the considered bridge segment is relatively short, the effect of wave passage on the spatial variability of 
ground motion is ignored in both scenarios. It should be noted that the longitudinal and transverse ground 
motions on opposite sides of the surface rupture are obtained by rotating the fault-normal and fault-parallel 
components of ground motion shown in Fig. 2 to the longitudinal and transverse directions of the bridge. The 
nonlinear time history analyses are conducted using both the unfiltered and filtered versions of the LUC record 
to facilitate comparison. 

 
Fig. 5 –Schematic presentations of the analyzed bridge segment (a) located in the immediate vicinity of the 

surface fault rupture (“Case A”) and (b) crossing the fault rupture zone between piers P44 and P45 at an angle of 
30° (“Case B”). 
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5. Analysis Results 

Fig. 6 shows the time histories of deck displacement, pier top displacement, pier base displacement, isolation 
displacement and pier drift in the longitudinal and transverse directions for “Case A” at pier P44 obtained using 
the unfiltered and filtered LUC record. The isolation displacement is defined as the relative displacement 
between the deck and the pier top. Fig. 6 indicates that while high-pass filtering affects the deck, pier top and 
pier bottom displacement time histories, the time histories of the isolation displacement and pier drift are almost 
identical for the unfiltered and filtered versions of the LUC record. This implies that the removal of the 
permanent ground displacement through filtering does not affect significantly the dynamic response of the 
seismically isolated bridge located in the vicinity of the surface fault rupture. A similar observation was made by 
Burks and Baker [40] with regard to the collapse capacity of nonlinear single-degree-of-freedom systems using 
records with permanent ground displacement preserved via baseline correction and permanent ground 
displacements removed via filtering. 

 Fig. 7 summarizes the computed demands of deck displacement, pier top displacement, isolation 
displacement, isolation permanent displacement and pier drift for the analyzed bridge segment of “Case A” (Fig. 
5a) obtained using the unfiltered and filtered LUC record. It can be observed that the differences in the isolation 
displacement demands and pier drift demands computed using the unfiltered and filtered versions of the LUC 
record are ~7% and ~3%, respectively. Finally, the computed demands of isolation permanent displacement for 
both cases are negligible and certainly not affected by the permanent ground displacement. These results suggest 
that standard processing schemes for ground motion records, which do not preserve the permanent ground 
displacement, may result in dynamic loads on structures in the vicinity of the surface fault rupture that are 
similar to those introduced by unfiltered ground motions. 

 
Fig. 6 – Time history responses of deck displacement, pier top displacement, pier base displacement, isolation 
displacement, and pier drift at pier P44 for “Case A” (ignoring fault crossing) using the unfiltered and filtered 

LUC record. 
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Fig. 7 – Demands of deck displacement, pier top displacement, isolation displacement, isolation permanent 

displacement, and pier drift for “Case A” (ignoring fault crossing) using the unfiltered and filtered LUC record. 

 Fig. 8 shows the time histories of deck displacement, pier top displacement, pier base displacement, 
isolation displacement and pier drift in the longitudinal and transverse directions for “Case B” at piers P44 and 
P45 obtained using the unfiltered and filtered LUC record. It should be noted that piers P44 and P45 are located 
on opposite sides of the surface rupture (see Fig. 5b). Fig. 8 indicates that high-pass filtering greatly affects the 
time histories of pier top displacement, pier base displacement, isolation displacement, and pier drift. As a matter 
of fact, the offset between the isolation displacement time histories for the unfiltered and filtered versions of the 
LUC record is approximately equal to the permanent ground displacement. On the other hand, the deck 
displacements for piers P44 and P45 appear to be relatively small and the effect of high-pass filtering on their 
time histories is insignificant (Fig. 8). However, the deck displacements for other piers located away from the 
fault crossing location are significantly greater than those of piers P44 and P45, and high-pass filtering appears 
to have a significant effect on their time histories (i.e. similar to the effect observed in Fig. 8 for pier top 
displacement, pier base displacement, isolation displacement, and pier drift). 

 
Fig. 8 – Time history responses of deck displacement, pier top displacement, pier base displacement, isolation 

displacement, and pier drift at piers P44 and P45 for “Case B” (accounting for fault crossing) using the unfiltered 
and filtered LUC record. 
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Fig. 9 – Demands of deck displacement, pier top displacement, isolation displacement, isolation permanent 

displacement and pier drift for “Case B” (accounting for fault crossing) using the unfiltered and filtered LUC 
record. 

Fig. 9 summarizes the computed demands of deck displacement, pier top displacement, isolation 
displacement, isolation permanent displacement and pier drift for the analyzed bridge segment of “Case B” (Fig. 
5b) obtained using the unfiltered and filtered LUC record. The isolation displacement demand computed using 
the unfiltered motion is about three times as much the demand computed using the filtered motion. Similarly, the 
pier drift demand computed with the unfiltered motion is 78% greater than the one computed with the filtered 
motion. Finally, the isolation permanent displacement demand computed using the unfiltered motion is 1.98 m, 
whereas the one computed using the filtered motion is negligible. 

6. Conclusions 

The effect of high-pass filtering on near-fault ground motion records is to completely eliminate the permanent 
ground displacement and significantly reduce the dynamic ground displacement. This may considerably 
influence the calculated seismic response of a spatially extended engineering structure crossing a fault rupture 
zone. To demonstrate the importance of incorporating permanent ground displacements in the analysis and 
design of extended structures under specific fault crossing conditions, the dynamic response of a seismically 
isolated bridge located in the vicinity of a surface fault rupture (“Case A”) or crossing a fault rupture zone 
(“Case B”) was calculated by utilizing a near-fault ground motion record processed with and without a 
displacement offset. 

 For the seismically isolated bridge located in the vicinity of the surface fault rupture (“Case A”), the 
utilization of the high-pass filtered ground motion led to underestimating the demands of pier top, pier bottom 
and deck displacements. However, the demands of isolation displacement, isolation permanent displacement and 
pier drift – quantities associated predominantly with the dynamic response of the bridge – were almost identical 
for both the unfiltered and filtered versions of the ground motion record. On the other hand, for the seismically 
isolated bridge traversed by a fault rupture zone (“Case B”), all response quantities were significantly 
underestimated when the high-pass filtered ground motion was used. 

These results, though limited to a single bridge structure and a single ground motion input associated with 
the surface rupture of a vertical strike-slip fault, clearly indicate the importance of permanent ground 
displacement on the dynamic response of spatially extended engineering structures crossing fault rupture zones. 
These findings also suggest that caution should be utilized when high-pass filtered records obtained from strong 
motion databases are used for the analysis and design of extended structures potentially traversed by fault 
rupture zones. 
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