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Abstract 

Recorded ground motions require filtering and baseline correction to remove noise that results 
in unrealistic velocity and displacement time histories. The effect of ground motion processing 
is well studied for elastic and inelastic oscillators; however, it has not been studied for the 
rocking oscillator. The behavior of the rocking oscillator is used to describe a wide range of 
systems; such as masonry structures, unanchored equipment, and ancient Greco Roman and 
Chinese temples. This paper investigates the effect of ground motion processing on the response 
of the rocking oscillator. Different types of digital ground motions (pulse like and non pulse 
like) and different processing schemes and scheme parameter values are presented to illustrate 
this effect on the displacement spectra for planar rocking blocks. Based on the results of this 
paper, on a single ground motion basis, ground motion processing has an effect on the rocking 
spectra which is basically similar to the elastic oscillator. However, when treating the problem 
in a statistical way (by comparing the statistics of the response to sets of ground motions, not 
to a single ground motion - as seismic design typically requires), the effect is significantly re-
duced. In fact, as long as the system is not close to overturning (failure), the rocking spectra 
only loosely depend on the processing scheme. 

Keywords: Near-field ground motions, Ground motion processing, Rocking, Digital filtering, 
Uplifting structures. 
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1 INTRODUCTION 
Starting with Housner's seminal paper in 1963 [1], the study of the rocking oscillator has 

gained an increasing attention due to its ability to describe a wide range of systems that cannot 
be adequately described by the elastic oscillator [2-12]. Moreover, rocking motion can be used 
as a seismic isolation mechanism [13-19]. Interestingly, rocking has been used since more than 
40 years as a seismic isolation method in the former USSR countries via intentionally designing 
a soft rocking story that limits the force transmitted to the super structure [20].  

The use of ground motion records for time history analysis is a cornerstone in earthquake 
engineering. However, these recorded motions are often plagued by diverse sources of noise. 
Noise can be defined as any distortion in the record that lead to physically unrealistic velocity 
or displacement traces. The velocity trace should show zero values at the end of the record. On 
the other hand, the displacement trace should reflect the residual displacement (often referred 
to as the fling step) at the recording site, acquired from geodetic data. Practically, many ground 
motion processing schemes (including the procedure adopted by the widely-used NGA West 2 
[21] ground motion database) neglect the effect of the fling step, mainly due to the lack of 
geodetic data or lack of interest in the fling step effect (e.g., in the case of far-field motions). 
Therefore, the use of processing and noise filtration schemes is inevitable. 

Processing of strong ground motions typically starts with removing the mean value of the 
pre-event buffer (or the mean of the whole record in case pre-event data are not available, which 
is the case in analog ground motion records). The next step, which is the essential part, is to 
apply a low and high pass Butterworth filters, of which, the most important is the high-pass 
filter (low-cut filter) which aims to remove the long period noise that exists in both analog and 
digital records. Two types of digital filters are typically used; causal and acausal (zero-phase) 
filters. Causal filters result in shifted filtered ground motion signal in contrary to acausal filters. 
Acausal filters is the state of the art within ground motion processing context. NGA West 1 
project used causal filtered ground motions, while acausal filters were used in the updated ver-
sion of the project, NGA West 2 [21]. Moreover, the use of time domain baseline corrections 
is often combined with the use of filters. The choice of filter parameters (order and corner fre-
quency) involves some degree of subjective judgement since the noise source is not well un-
derstood, especially the long period noise [22]. Boore and Bommer [22] claimed that there is 
no way to identify a best processing technique for an individual ground motion and that the 
uncertainty of the whole procedure should be appreciated by the end users of the processed 
record. 

In this study, a procedure based on the procedure adopted by PEER NGA West 2 database 
was implemented with variations in the low-cut filter corner frequency. The variations in the 
cut-off frequency, being the most important parameter in ground motion processing, are aimed 
at simulation of the uncertainty and subjectivity in that choice. In addition, the effect of filter 
causality is also discussed. These variations of ground motion filtering are used to quantify the 
effect of ground motion processing on the response of rocking structures. As a proxy for under-
standing the behavior of rocking structures, the rocking displacement spectra is used, as dis-
cussed in Section 2 of this paper. 

2 ROCKING DISPLACEMENT SPECTRA 
This section briefly describes the rocking oscillator and underline some of its properties that 

will facilitate the study of the dependence of its response on ground motion correction methods. 
The equation of in-plane motion for a rigid rectangular rocking block (Figure 1a) with slender-
ness ratio α and a semi-diagonal length R is:  
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2 (sin[ ] cos[ ])gu
p

g
    = − − +  −                                  (1) 

where (3 ) / (4 )p g R=  is the frequency parameter of the rocking column. The upper and 
the lower sign in front of α corresponds to a positive and a negative rocking angle θ, respectively, 
with respect to the defined coordinate system in Figure 1a. It is assumed that energy is only 
dissipated during impact. Housner [1] assumed that (a) the impact is instantaneous and (b) the 
impact forces are concentrated on the impacting corner (Point O in Figure 1a). Based on these 
assumptions, the ratio of post to pre-impact rotational velocities (coefficient of restitution) is: 

231 sin
2

r = −        (2) 

Inspecting equation (1), one can conclude that the rotational response of a rocking block to 
a given ground motion is a function of α and R. Similarly, for the elastic oscillator, the response 
is a function of the eigen period, T, and damping ratio ζ  [23]. One difference between the 
rocking and the elastic oscillator is that in the case of the former, both R and α strongly influence 
the rotational response whereas in the latter one parameter (T) is more influential than the other 
(ζ). Manzo and Vassiliou [23] suggested that using displacement response instead of rotational 
response will further reduce the dimensionality of the rocking oscillator problem. The top dis-
placement, u, of the rocking block can be obtained by a one-to-one mapping of rotation, θ, (see 
Figure 1a): 

2 sin( ) 2 sin( )u R R  =  −  −                                    (3) 

 

Figure 1: Displacement-based analysis of rocking blocks: (a) geometry of the rigid rocking block showing 
angle of rotation (θ) and horizontal displacement (u) (b) median rocking displacement spectra median for differ-

ent sizes for a set of near‐field pulse‐like records [23]. 

 
They concluded that a large and a small rocking block of the same slenderness will have the 

same top displacement, given that both are away from overturning (they named this conclusion: 
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“equal displacement rule of rocking structures”). They obtained the same result using analytical 
pulses and actual ground motion records (FEMA P695 [24] ground motion sets) as input exci-
tations. The condition that the blocks are not close to overturning is a design requirement, so 
practically, slenderness is the only parameter affecting the displacement response, not the block 
size. Vassiliou et al. [25] have proven that rigid rocking blocks with the same height (H) at-
tached to massless foundations of the same size behave identically, no matter what their actual 
column width is. Therefore, it is more meaningful to use H as a size parameter instead of R, 
even if the former does not explicitly appear in the equation of motion. Figure 1b depicts the 
median rocking displacement spectra for different sizes (expressed in terms of height 2H) for a 
set of near‐field pulse‐like records. The rocking spectrum throughout this paper refers to the 
relationship between the tangent of the slenderness angle on the horizontal axis and the maxi-
mum displacement response due to the ground excitation on the vertical axis. The figure shows 
the equal displacement rule and also shows some deviation when the block is near overturning 
(see block with size 2H = 20 m). 

Accordingly, in this paper, a block with height (2H) of 2000 meters was used to study the 
effect of different processing/filtering variations on the displacement response of rocking struc-
tures. A height of 2000 m represent the case when 2H→∞ which is being studied for mathe-
matical completeness (having spectrum ordinates at very low tangent of the slenderness angle). 

3 GROUND MOTIONS SELECTION 
In total, 12 digital ground motions were selected and split into two groups (near field pulse-

like and near field non pulse-like) as described in FEMA P695 [24]. The nature of noise and 
baseline tilts in analog records are very distinct from digital records [22]. A discussion of this 
different nature is offered in [22, 26]. In digital records, the velocity trace noise typically ap-
pears to have a linearly increasing baseline offset. This paper focuses on digital records. 

A source-site distance (defined as the Joyner-Boore distance [27]) of 10 km was used to 
separate near- and far-field records. Only strong motions (magnitude > 6.5) were considered. 
For each ground motion, the two horizontal components were treated as different records, re-
sulting in 24 records in total. The vertical component of the ground motion was not used in this 
study, as it seems that it does not significantly influence the response of the rocking oscillator 
[28, 29]. The ground motions were classified as pulse- or non pulse-like based on the classifi-
cation of PEER NGA West 2 database, if the ground motion is available there. Otherwise, the 
methodology and the code developed by [30, 31] are used to classify the records. 

Tables 1 summarizes the ground motion database. The PGA, PGV, and PGD values in Ta-
bles 1 and 2 are calculated using the records corrected using acausal filtering (discussed later 
in the paper) with a high-pass filter corner frequency 0.1 Hz. These values are taken as the 
maximum of the temporal maximum of each of the two horizontal components of each record, 
i.e. PGA=max(PGAx,PGAy). 

4 GROUND MOTION PROCESSING PARAMETERS 
The adopted processing scheme comprised a baseline correction and an application of a 

causal or acausal filter. Figure 2 depicts the adopted processing schemes for acausal filtering. 
The scheme was based on the NGA West 2 processing methodology [21, 32]. It starts by re-
moving the pre-event buffer mean. Then the start and the end of the signal are tapered using 
cosine tapers with a length equal to 1% of the trace length [33]. The next step is to apply zero 
pads at the end of the record so that the number of points in the time series is a power of two 
since the filtering is conducted in the frequency-domain using the Fast Fourier transform (FFT) 
[34]. 
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1NSMONS: National Strong-Motion Observation Network System of China. 
2TSMIP: Taiwan Strong Motion Instrumentation Program. 
3 GeoNet: The New Zealand GeoNet project. 
4CESMD: Center for Engineering Strong Motion Data [35], with stations that belong to different networks including coast and geodetic survey 
(C&GS), California Strong Motion Instrumentation Program (CSMIP), and United States National Strong-Motion Network (NSMP). 
5K-NET, KiK-net: Japan network of strong-motion seismographs, JMA: Japan Meteorological Agency. 

Table 1: Details of the selected digital records used in this paper. 

 

Read uncorrected acceleration time series

Taper the begining and the end of the record

Add zero pads to the end of the data

Apply High-Pass and Low-Pass Acausal 
Butterworth Filter in the Frequency domain

Remove the zero pads and perform time domain 
integration to obtain velocity and displacement

Fit 6th order polynomial to displacement (restraint: 
zeroth and first order coefficient = zero)

Subtract the second derivative of the 
polynomial from the acceleration trace

Integrate acceleration record to obtain velocity and 
displacement time series

Use corrected time series to compute 
response  

Figure 2: The adopted processing algorithm for acausal filtering based on the PEER NGA West 2 processing 
scheme [21, 32]. 

Event M Station Network Rjb 
(km) 

PGA PGV PGD Pulse/No-
Pulse (m/s2) (m/s) (m) 

2008 Wenchuan, 
China 7.90 Mianzuqing-

ping NSMONS1 0.00 7.127 0.905 0.565 Pulse-like 

1999 Chi-Chi, Tai-
wan 7.62 

TCU049 TSMIP2 3.76 2.658 0.625 0.348 Pulse-like 
TCU068 TSMIP 0.00 5.014 1.560 1.401 Pulse-like 
TCU102 TSMIP 1.49 2.909 0.829 0.728 Pulse-like 
TCU082 TSMIP 5.16 2.119 0.431 0.378 Pulse-like 
TCU065 TSMIP 0.57 7.750 1.158 0.710 Pulse-like 

2016 Kaikoura 7.80 
KEKS GeoNet3 3.00 10.909 1.054 0.453 No-pulse 
WDFS GeoNet 8.50 12.232 0.922 0.348 No-pulse 
WTMC GeoNet 0.70 10.345 1.064 0.367 No-pulse 

2015 Nepal 7.80 KATNP CESMD4 0.10 1.655 0.983 0.843 No-pulse 

2016 Kumamoto 7.00 KMM004 K-NET, KiK-net, and 
JMA5 

3.90 3.439 0.777 0.457 No-pulse 
KMMH16 0.50 11.574 1.343 0.455 No-pulse 
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Thereafter, high pass and low pass acausal Butterworth filters are applied to the acceleration 

time series in the frequency domain. Then, the zero pads are removed and a 6th order polynomial 
is fitted to the displacement trace (obtained by double integration of the acceleration trace) and 
the second derivative of the polynomial is subtracted from the acceleration time history. A sim-
ilar procedure was used for the causal filtering scheme with a causal Butterworth filter (Figure 
3). For causal filters the tapering and zero padding steps are not included since they are only 
needed for the acausal filtering [32, 36]. 

Apart from the baseline correction and filtering, the time series for all ground motion records 
were checked for non-standard noise (e.g., unrealistic spikes) on a single record basis. The 
MATLAB code used in this study was based on the codes of Akkar [21, 32] and Abrahamson 
[32]. The used corner periods of the high-pass filters were 10, 15, 20, 30, 40, and 60 seconds, 
with longer periods corresponding to more relaxed filtering and shorter periods corresponding 
to more intense filtering.  The chosen high-pass corner periods range was based on [37] in 
which the effects of long-period processing on structural collapse predictions of steel moment 
frames was investigated. The low-pass filter (causal and acausal) corner frequency was chosen 
to be 25 Hz (i.e. corner period equal to 0.04 seconds). 

 

Read uncorrected acceleration time series

Apply High-Pass and Low-Pass Causal 
Butterworth Filter in the Frequency domain

Remove the zero pads and perform time domain 
integration to obtain velocity and displacement

Fit 6th order polynomial to displacement (restraint: 
zeroth and first order coefficient = zero)

Subtract the second derivative of the 
polynomial from the acceleration trace

Integrate acceleration record to obtain velocity and 
displacement time series

Use corrected time series to compute 
response  

Figure 3: The adopted processing algorithm for causal filtering. 
 

Figure 4 shows the filter frequency response function (magnitude and phase) for the adopted 
causal and acausal (zero phase) filters with 8 poles for different cut-off periods. The figure 
depicts the difference in phase shifts between causal and acausal filters as discussed earlier. It 
is also worth mentioning that discussions about usable spectral periods (often expressed relative 
to the filter corner period) are irrelevant to the rocking oscillator since its “period” is amplitude 
dependent and can take values from zero to infinity [1]. Verification of the adopted processing 
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scheme is presented in [26]. Notably, in this study, the Zero Order Corrected (ZOC) record 
refers to the record with mean removed (mean of the pre-event portion as discussed earlier). 

 

Figure 4: Filter response function (magnitude and phase in radian) of the adopted acausal (zero phase) and causal 
high-pass filters (number of poles = 8). 

 

5 RESULTS 
As discussed earlier, the rocking spectra presented in this study plot the maximum top dis-

placement of a rigid block versus the tangent of the slenderness angle. Accordingly, the rocking 
spectrum is not to be confused with the linear elastic oscillator spectrum (elastic spectrum). The 
rocking spectrum is highly non-linear and is not correlated to the elastic spectrum [7]. For rea-
sons that will be discussed later in this section, all ground motions were scaled to have a PGV 
of 50 cm/s. As the raw ground motion results in unrealistically high PGVs, the scaling factor 
for different corner periods and for the same component was kept constant and equal to the one 
needed to scale the record that was processed with the 10 seconds cut off period and an acausal 
filter to a PGV of 50 cm/s. As the number of analyses was high, the ETH Zurich scientific 
computing cluster (Euler) was used for performing the analysis. 

Figure 5 shows some indicative rocking spectra for causal and acausal filtering. To develop 
Figure 5, the recordings at the following stations were used: El Centro for El Mayor Cucapah 
earthquake and WTMC for Kaikoura earthquake. One can observe that causal filtering resulted 
in higher variability than acausal filtering, an observation that agrees with previous studies for 
elastic systems [36]. In addition, in all cases in Figure 5, the variability of the spectrum due to 
the choice of different cut-off frequencies decreases with increasing tangent of the slenderness 
angle α. There is a physical reason for this: As the slenderness angle decreases, the rocking 
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block tilts to larger angles. Larger tilt angles lead to larger periods [1], where the variability due 
to high-pass filtering typically is expected to increase, as in elastic systems [36]. 

The discussion up till this point only focused on the spectra on a single ground motion basis. 
As rocking is a very sensitive problem to all the parameters that define it, Yim et al. [38], as 
early as 1980, have suggested that a sensitivity analysis of the rocking oscillator should be 
performed in a statistical sense, namely by comparing the statistics of the response to an en-
semble of ground motions, rather than to individual excitations [39]. Such a statistical approach 
is not only applied to rocking structures: Riddell and Newmark [40] produced inelastic spectra 
for yielding structures based on statistics on ensembles of excitations. In fact, this approach is 
consistent with the fundamental seismic design problem, which involves computing the re-
sponse to a set of ground motions, rather than to an individual one [41, 42].  

 
Figure 5: Example rocking spectra for different categories of filtering schemes and ground motions for digital 

ground motion records (left: far field, middle: near field pulse like, right: near field non pulse-like). 
 
For an ensemble of ground motions to be useful, in this paper all ground motions were scaled 

to the same PGV. PGV was used as an intensity measure, as it performs better than PGA or 
PGD for rocking structures [43, 44].  

 
Figures 6 and 7 show the median rocking spectra for the near-field pulse-like and near-field 

non pulse-like record bins, derived for different processing schemes. As stated earlier, all the 
rocking spectra in this paper are derived for size (2H) of 2000 meters which represent the case 
when 2H→∞ that is being studied for mathematical completeness. Then, these rocking spectra 
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could be used to determine the response of rocking blocks of finite size. Moreover, Figures 6 
and 7 show the 95% confidence interval of the median (over the ground motions of each set) 
response for the zero-order corrected case (ZOC), i.e. of the case were only the mean of the 
record was removed. The 95% confidence interval (CI) was constructed using the bootstrap 
method [45] by taking 1000 response samples for each value of tanα. Taking 10,000 response 
samples did not seem to change the CIs.  

Based on the median rocking spectra (Figures 6 and 7), one can observe that for larger tanα 
(resulting into smaller displacements) the rocking spectra only loosely depend on the processing 
scheme, as it can also be observed on an individual motion base (Figure 5). For smaller tanα, 
there seems to be some non-negligible influence of the response on the processing scheme, but 
in most cases, the curves for the different processing schemes fall within the 95% confidence 
interval of the rocking spectrum of the zero-order corrected (ZOC) case, indicating that the 
motion-to-motion variability is larger than the variability caused by the different correction 
schemes. Moreover, there is not trend of the response with respect to increasing or decreasing 
corner period or with respect to causal or acausal filtering. Therefore, even if the different pro-
cessing schemes do influence the rocking response, the bias of this influence seems negligible 
– at least for the parameter values examined. The above conclusion seems to be independent of 
whether the ground motion is pulse like or non pulse like. 

 

 
Figure 6: Median estimates of the rocking spectra for different correction schemes for the near-field pulse-like 

record set (the confidence interval is derived for the ZOC spectrum). 

 

 
Figure 7: Median estimates of the rocking spectra for different correction schemes for the near-field non 

pulse-like record set (the confidence interval is derived for the ZOC spectrum). 
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Figure 8 shows the standard deviation and the coefficient of variation (COV, calculated as 
the standard deviation divided by the mean value) of the median estimates of the rocking spectra 
(Figures 6 and 7) for the cases presented in this study. The standard deviation values decrease 
for all the cases with increasing tanα, confirming that the variability decreases with tanα. For 
higher tangent of the slenderness angle, the COV reaches large values (on the order of 250%), 
but this only because in this region the mean tends to zero. Notably, for all the cases, the COV 
for the lower values of the tangent of the slenderness angle had almost a constant value of less 
than 0.2 on average. 

 

 
Figure 8: Variability (standard deviation and coefficient of variation) of the median estimates of the rocking 

spectra for different processing schemes derived for the studies sets of ground motions (left: near field pulse like, 
right: near field non pulse-like). 

6 CONCLUSIONS 
This paper studies the influence of ground motion filtering on the response of the rocking 

isolator. To this end, different kinds of ground motions and variations of processing schemes 
were used to explore their effect on the rocking displacement spectra for planar rocking blocks. 
On a single ground motion basis, it can be concluded that:  

• Causal filtering results in higher variability than acausal filtering; agreeing with pre-
vious studies on the elastic oscillator.  

• The variability of the spectrum due to the choice of different cut-off frequencies de-
creases with increasing tangent of the slenderness angle.  

However, the seismic design problem does not involve the response to an individual ground 
motion but the statistics of the responses to a set of ground motions that characterize the seismic 
hazard. Therefore, this paper has argued that the influence of processing schemes should be 
evaluated statistically, essentially by evaluating whether they induce bias in the spectra. This 
work followed such an approach and showed that the median rocking displacement spectra to 
sets of ground motions are not significantly sensitive to the ground motion processing scheme. 
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In most cases, the curves for the different processing schemes fall within the 95% confidence 
interval of the rocking spectrum of the zero-order corrected (ZOC) case. Therefore, the motion-
to-motion variability was more important than the processing scheme. This conclusion holds 
for filter cut off periods larger than or equal to 10 seconds and applies to both causal and acausal 
filters, and to all near field pulse like and near field non pulse like records. 
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