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SCALING VS. MODIFICATION OF GROUND MOTIONS AND IMPACT
ON SEISMIC ANALYSES OF A MSW LANDFILL

Dimitrios ZEKKOS ' and Clinton CARLSON?

ABSTRACT

Given the importance of input ground motions in the results of seismic analyses, it is critical to evaluate
the impact of ground motion modification to the original ground motions and the engineering analyses.
Ground motions may be simply scaled in intensity or be spectrally modified, an approach also known as
“matching”. A total of eight ground motions representative of a shallow crustal seismic event were
selected. These ground motions were scaled in intensity and also modified using the time domain approach
to create two sets of eight ground motions and the ground motion characteristics were compared. Seismic
site response analyses for a municipal solid waste (MSW) site were performed and the results are
presented. The mean PGV and PGD are higher for the modified compared to the scaled ground motions,
but the variation is higher for the scaled ground motions. For individual ground motions, depending on the
original ground motion response spectrum and the target spectrum, a reduction in PGV and/or PGD may
be observed. The mean bracketed and mean significant duration remained essentially the same after
scaling or modification. In the seismic response analyses, the mean maximum shear stress profile and the
mean acceleration response spectrum at the surface are larger for the scaled ground motions compared to
the modified ground motions. The variance in the mean maximum shear stress and surface response
spectrum is significantly higher for the scaled ground motions than the modified ground motions. Scaled
ground motions yielded similar or larger permanent seismic displacements compared to modified ground
motions.

Keywords: ground motion modification, spectral matching, time domain, seismic analyses

INTRODUCTION

Input ground motions have a major impact on the results of dynamic analyses, so their selection is a
critical decision (e.g. Bray and Travasarou 2004, Athanasopoulos-Zekkos 2008). Recently, many studies
have been performed to assist with the selection of “appropriate” ground motions (Bommer and Acevedo
2004, Watson-Lamprey and Abrahamson 2006, Kottke and Rathje 2008). Ground motions may be simply
scaled in intensity or be spectrally modified, an approach also known as “matching”. If scaling is
employed, the ground motion is multiplied by a scaling factor so that the average of a set of selected
scaled ground motions is at least equal to the target spectrum for the frequencies of interest. Spectral
matching involves modifying the frequency content of ground motions to match the target spectrum at
desired spectral period ranges.

Despite being widely used in practice, spectral matching remains controversial (Abrahamson 2004).
However, there are many reasons why ground motion modification may represent an acceptable, or even
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attractive, approach. Spectral matching typically allows for the reduction of the number of ground motions
used in analyses (Hancock et al. 2006). It may make the selection of the original ground motion a less
critical decision, which may be particularly appealing in scenarios where recorded ground motions
representative of the design earthquake are not available. In some cases, design regulations require or
encourage the use of modification techniques to modify a recorded ground motion. Three dimensional
analyses require the use of three component ground motions, so modification of recorded ground motion
components could be used to create three component input ground motions consistent with the horizontal
and vertical component design spectra. Finally, use of spectrum compatible ground motions is particularly
attractive for seismic probabilistic risk assessments (PRA) for critical facilities such as nuclear facilities.

There are two main techniques for ground motion modification: Time domain modification and frequency
domain modification. A review of the various ground motion modification techniques has been made by
Preumont (1984) and Abrahamson (2004). Frequency domain techniques alter the Fourier amplitude
spectrum of the original ground motion based on the ratio of the target response spectrum to the ground
motion’s response spectrum, but the phase of the Fourier spectrum is not altered (e.g. Rizzo et al. 1975).
These techniques have been criticized for significantly altering the stationary characteristics of the original
time history, disturbing the velocity and displacement time histories and resulting in unrealistically high
energy content (Naeim and Lew 1995). The frequency domain technique was not used for this case study.
Time domain techniques make wavelet adjustments to a recorded acceleration time history at specific
times until the modified ground motion’s acceleration response spectrum “matches” the design spectrum.
The methodology is based on Lilhanand and Tseng (1988). The technique introduces less energy and leads
to a more focused modification of the original ground motion with reportedly limited impact on the
stationary characteristics of the original ground motion. Baseline correction is typically necessary as the
added wavelets may alter the velocity and displacement time histories.

METHODOLOGY

Whereas modifications to the amplitude and frequency content of the original ground motion are
necessarily made by all spectral matching techniques, the impact of these modifications to the ground
motions and the engineering analyses remains largely unclear (Guisbert et al. 2010).

The effects of ground motion scaling and time domain modification on the ground motion characteristics
and the seismic geotechnical engineering analyses were studied for a shallow crustal zone scenario. A
Moment Magnitude 7.9 strike-slip event at a distance of 9.9 km was identified as the design scenario. The
mean spectrum was developed using five attenuation relationships (Abrahamson and Silva 2007, Boore
and Atkinson 2007, Campbell and Bozorgnia 2007, Chiou and Youngs 2006 and Idriss 2007) and was
modified in the lower frequency range using recommendations proposed by Somerville et al. (1997) and
Abrahamson (2000) to account for directivity effects. A total of eight ground motions were selected from
the PEER database (PEER 2005) based on tectonic environment, site distance, magnitude, fault type, site
conditions and other factors such as spectral shape and forward directivity. The ground motions were
scaled by factors ranging from 0.45 to 2.5 so that the mean of the set of ground motions meets or exceeds
the target spectrum. The selected ground motions and corresponding Peak Ground Accelerations (PGA)
and scaling factors are shown in Table 1. The target spectrum with the scaled ground motions is shown in
Figure 1. The PGA of the target spectrum is 0.34 g. The scaled and time domain (TD) modified PGAs are
also shown in Table 1.

The set of eight ground motions was also modified to match the target spectrum using the time domain
modification technique and the software programs RSPM99 (Abrahamson 1992, 1998) and RSPM2005
(Hancock et al. 2006). The characteristics of the eight modified ground motions were compared to those of
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the scaled ground motions. Ground motion characteristics studied include Peak Ground Acceleration

(PGA), Peak Ground Velocity (PGV), Peak Ground Displacement (PGD), Bracketed Duration, Significant
Duration and Arias Intensity.

Table 1. Selected ground motions with recorded PGA , scale factor, and scaled and modified PGAs

GM Ground Motion PGA Scale Scaled TD PGA

# (9) Factor PGA (9) (9)

1 CDMG22074 Yermo Station, 260 component; Landers | 0.152 1.80 0.273 0.344
eq (6/28/1992)

2 | CWB99999 CHY024, east component; Chi-Chi, 0.278 1.10 0.306 0.329
Taiwan eq (9/21/1999)

3 | CWB99999 CHY006, west component; Chi-Chi, 0.364 0.80 0.292 0.356
Taiwan eq (9/21/1999)

4 | SCE24 Lucerne, 260 component; Landers eq 0.725 0.85 0.616 0.355
(6/28/1992)

5 | USGS5070 N Palm Springs, 090 component; Landers | 0.134 2.50 0.334 0.345
eq (6/28/1992)

6 | Synthetic1906 San Andreas Event forward directivity; 0.583 0.60 0.350 0.338
M,=8.0; R=10 km

7 | 9101 Tabas, Longitudinal component; Tabas eq 0.836 0.45 0.376 0.338
(9/16/1978)

8 | ERD99999 Izmit, 090 component; Kocaeli eq 0.220 1.30 0.285 0.342
(8/17/1999)
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Figure 1. Target response spectrum and scaled ground motions

Seismic site response analyses and Newmark-type analyses were then performed for a 30-m thick
Municipal Solid Waste (MSW) landfill site using each set of ground motions. The “typical” unit weight
profile recommended by Zekkos et al. (2006) and the Kavazanjian et al. (1996) shear wave velocity profile
were used. At the surface, a 1.5 m thick, higher density, higher V layer is used to model the final cover of
the landfill. Shear modulus reduction and material damping curves were selected for “typical” MSW as
recommended by Zekkos et al. (2008). The Vucetic and Dobry (1991) curves for soil with PI = 30% were
used for the cover soil layer. 1-D equivalent-linear seismic response analyses were performed using
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SHAKE2000 (Ordonez 2007). The maximum shear stress profiles and surface acceleration response
spectra were also calculated. Newmark-type analyses were performed for a shallow (1.5-m thick), and a
“deep” (28.5-m thick) sliding mass. The results of the analyses are presented.

RESULTS

Ground Motion Characteristics

The acceleration response spectra (elastic, 5% damped) of the modified ground motions are shown in
Figure 2. In the process of matching the target spectrum, the original ground motion is modified. This
modification impacts the acceleration, velocity and displacement time history. Depending on the original
ground motion and the target spectrum, some of these modifications may be significant. In some cases, the
displacement, velocity and acceleration time histories of the scaled original ground motion and the
modified ground motion are similar. An example of such a case is ground motion #8 (Figure 3). In other
cases, the acceleration and velocity time histories for the scaled and the modified ground motions are very
similar, but significant differences are observed in the displacement time histories. Such an example is
ground motion #5 (Figure 4). Figure 5 (ground motion #3) shows an example of major differences in both
the velocity and displacement time histories of the scaled and modified ground motions.
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Figure 2. Response spectra for time domain modified ground motion and target spectrum
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Figure 3. Example acceleration (a), velocity (b) and displacement (c) time histories for scaled and
time domain modified ground motion (ground motion #8).
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Figure 4. Example acceleration (a), velocity (b) and displacement (c) time histories for scaled and
time domain modified ground motion (ground motion #5).
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Figure 5. Example acceleration (a), velocity (b) and displacement (c) time histories for scaled and
time domain modified ground motion (ground motion #3).

The characteristics of the modified ground motions were compared to the scaled ground motions. The
mean () and standard deviation (o) for each characteristic of the scaled and modified ground motions
were calculated and compared. Also, the ratio of the modified to scaled ground motion characteristic is
presented.

Table 2 shows the PGD and PGV for the scaled and modified ground motions. The modified ground
motions were found to have a higher (by 10%) mean PGV and about half the standard deviation of the
scaled ground motions. The mean PGD was significantly higher (by 80%), but the standard deviation was
lower for the modified ground motions compared to the scaled ground motions.

Table 2. PGV and PGD for scaled and modified ground motions

Scaled Original Time Domain Modified TD/Scaled
Ground PGV PGD PGV PGD PGV | PGD
Motion (cm/sec) (cm) (cm/sec) (cm)
#1 53.5 44.3 44.5 27.0 0.83 | 0.61
#2 58.2 48.0 45.6 49.0 0.78 1.02
#3 44.4 20.5 65.9 90.2 148 | 4.40
#4 124.6 95.9 85.2 49.6 0.75 | 0.52
#5 36.2 13.9 45.9 34.9 1.27 | 2.51
#6 41.9 13.3 50.7 35.3 1.20 | 2.65
#7 44.0 17.4 51.0 25.3 1.16 1.45
#8 38.7 22.3 52.5 30.1 1.36 1.35
U 53.9 34.5 55.2 42.7 1.10 1.81
g 25.2 28.2 13.9 21.3 0.28 1.31

Table 3 shows the bracketed and significant durations for the scaled and modified ground motions. The
mean bracketed and significant durations were essentially the same for the scaled and modified ground
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motions although significant differences in duration (up to 56%) were observed for individual ground
motions.

Table 4 summarizes the cumulative Arias Intensity for the scaled and time domain modified ground
motions. The mean Arias Intensity is essentially the same for the scaled and the modified ground motions,
although the standard deviation is larger for the scaled ground motions. Arias Intensity increased for some
ground motions and decreased for others during modification. The changes in Arias Intensity may be
largely attributed to the differences between the response spectrum of the scaled ground motion and the
target spectrum. When the former is higher than the target spectrum, a reduction of Arias Intensity is
observed during matching. When the former is lower than the target spectrum, an increase in Arias
Intensity is observed. One of the eight ground motions experienced an increase in Arias Intensity of
greater than 50%, and two experienced a decrease of 50% or more during the modification process. These
observations suggest that changes in the ground motion characteristics are a function of the intensity and
frequency content of the original ground motion with respect to the target spectrum.

Table 3. Durations for scaled and modified ground motions

Scaled Original Time Domain Modified TD/Scaled

Ground Bracketed Significant Bracketed Significant Bracketed Significant

Motion | Duration (sec) | Duration (sec) | Duration (sec) | Duration (sec) Duration Duration
#1 39.6 18.9 41.4 24.7 1.05 1.31
#2 56.9 241 57.9 25.9 1.02 1.07
#3 57.5 24.3 49.8 25.3 0.87 1.04
#4 43.9 13.2 45.8 13.2 1.04 1.00
#5 61.7 37.0 61.9 37.2 1.00 1.01
#6 98.3 35.1 99.7 36.4 1.01 1.04
#7 28.7 16.5 241 7.2 0.84 0.44
#8 27.4 13.2 27.9 16.7 1.02 1.27
u 51.8 22.8 51.1 23.3 0.98 1.02
g 22.9 9.2 23.7 10.6 0.08 0.26

Table 4. Cumulative Arias Intensities for scaled and modified ground motions

Scaled Original Time Domain TD/Scaled

Ground Arias Intensity Arias Intensity Arias Intensity
Motion (m/sec) (m/sec)

#1 2.19 3.93 1.79

#2 2.21 2.51 1.14

#3 1.30 1.53 1.18

#4 5.04 1.51 0.30

#5 4.33 4.09 0.94

#6 2.40 2.18 0.91

#7 2.34 1.06 0.45

#8 1.37 1.91 1.39

u 2.65 2.34 1.01

g 1.34 1.12 0.48

The Arias Intensity buildup (i.e. how the Arias Intensity increases during the occurrence of the ground
motion) is also of interest. Figure 6 shows the Arias Intensity buildup (in m/sec) and Figure 7 shows the
normalized (by the cumulative value) Arias Intensity buildup. The Arias Intensity appears to increase in a
similar manner for both the scaled and the modified ground motions for five out of eight ground motions.
The scaled and modified time histories for GM#4 have a very large difference in Arias Intensity, but the
normalized buildup is very similar. The three ground motions with large variations in the normalized
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buildup also have very large differences in the cumulative Arias Intensity, and Arias Intensity buildup.
Arias Intensity appears to increase faster earlier for most of the modified ground motions.
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Figure 6. Arias Intensity buildup for scaled and time domain modified ground motions
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Figure 7. Normalized Arias Intensity buildup for scaled and time domain modified ground motions

Site Response and Newmark-Type Analyses

The mean maximum shear stress profile for the modified ground motions is lower than the mean
maximum shear stress for the scaled ground motions (Figure 8), and a larger variance is observed for the
scaled ground motions. The mean acceleration response spectra at the surface (elastic, 5% damped) for the
time domain modified ground motions is slightly less than that of the scaled ground motions with a more
noticeable difference around the peaks at 0.25 and 0.6 seconds (Figure 9). There is also significantly
greater variance in the surface response spectrum of the scaled ground motions compared to the matched
ground motions. This is expected as the modified ground motions closely match the target spectrum,



5th International Conference on Earthquake Geotechnical Engineering

January 2011, 10-13

Santiago, Chile

whereas the scaled ground motions do not. The generally lower shear stresses and lower response

spectrum of the modified ground motions compared to the scaled contradict expectations that the modified

ground motions generally have higher energy contents and result in unrealistically high structural demands

(Naeim and Lew 1995). Bommer and Acevedo (2004) also refer to a personal communication with N.

Abrahamson and to cases where matched ground motions yielded lower structural demands than scaled
ground motions.
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Figure 9. Acceleration response spectra at the surface

Figure 10 compares the calculated Newmark-type displacements for the modified and scaled ground
motions. For surficial waste slides, the scaled and modified ground motions have similar mean calculated
permanent seismic displacements. However, the calculated mean permanent seismic displacements for
“deep” waste slides are greater using the scaled ground motions than the displacements using the modified
ground motions. This observation may be partly attributed to the fact that the average spectrum of the
scaled ground motions exceeds the target spectrum for some frequencies.
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Figure 10. Calculated seismic displacement estimates for (a) surface sliding, and (b) “deep” sliding

CONCLUSIONS

The effects of scaling vs. time domain modification of ground motions on the ground motion
characteristics and seismic geotechnical engineering analyses were examined for eight ground motions
representative of a shallow crustal zone at a municipal solid waste landfill site. The results of this study
suggest that the changes in ground motion characteristics resulting from the modification are largely
dependent on the original ground motion and the target spectrum. When the spectrum of the original
ground motion is close to the target spectrum, only small modifications to the ground motions are
necessary. On the other hand, when the two spectra are different, significant modifications to the ground
motions are necessary.

The mean PGV appears to be slightly higher for the time domain modified ground motions compared to
the scaled ground motions. The mean PGD of the time domain modified ground motions nearly double
that of the scaled ground motions. However, for individual ground motions, depending on the original
ground motion response spectrum and the target spectrum, a reduction in PGV and/or PGD may be
observed. For both PGV and PGD, the variation is higher for the scaled ground motions, as expected. The
mean bracketed and mean significant duration were essentially the same for the scaled and modified
ground motions. The mean Arias Intensity is similar for the scaled and modified ground motions, but there
are differences in Arias Intensity of over 50% between the scaled and modified ground motions in some
cases. These differences appear to be related to differences between the scaled response spectrum and the
target spectrum. For many of the ground motions, the Arias Intensity appears to increase in a similar
manner for both the scaled and the modified ground motions. This may not be the case for ground motions
where Arias Intensity is changed significantly.

Seismic response analyses for a MSW landfill site indicate that the mean maximum shear stress profile for
the scaled ground motions is larger at all depths than the mean maximum shear stress profile for the
modified ground motions. The mean acceleration response spectrum at the surface is higher for the scaled
ground motions compared to the time domain modified ground motions. The variance in the maximum
shear stress and surface response spectrum is significantly higher for the scaled ground motions than the
modified ground motions. Scaled ground motions yielded similar or larger permanent seismic
displacements compared to modified ground motions for deep and surficial sliding masses. These results
suggest that scaled ground motions will not always yield the lowest seismic displacement estimates, and
results depend on a number of factors including the yield coefficient ky and the sliding mass.
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