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The effect of spectral shape on damping
modification factors

Sebastian Miranda,” © M.EERI, Eduardo Miranda,” M.EERI and Juan Carlos
de la Llera,® M.EERI
The main objective of this study is to investigate the effect of spectral shape
on damping modification factors 7 used in equivalent static and response
spectrum analyses of structures with damping ratios that are different from
5% critical damping. Record-to-record variability of 7 is also evaluated
through a statistical analysis of 5,270 ground motions records from 1,137
interface earthquakes recorded in Chile. The effect of spectral shape is studied
by using recently developed spectral shape metrics SaRatio and epsilon
(¢) and evaluating their use as possible predictors for 7. Similarly to previous
investigations, this paper also examines the effect of oscillator period,
earthquake magnitude and duration for different levels of damping ratio.
Results suggest that SaRatio is an effective predictor of 7, particularly for
highly damped structures. On the other hand, results also indicate that for
rock and firm sites, earthquake faulting mechanism and site class do not have
a significant influence on 7. A simple period-independent regression model for 7
as a function of SaRatio and damping ratio is proposed. A comparison between
median 7 from this study and those in current Chilean seismic codes shows that

code factors are unconservative.

INTRODUCTION

Seismic design procedures require an intensity measure (IM), typically a spectral ordinate
at a given vibration period Sa (77), taken from a pseudo-acceleration design spectrum or a
ground motion prediction model (GMPM). In most cases, both approaches consider 5%
damped spectral ordinates. However, there are several situations in which one is interested in

estimating response spectrum ordinates for damping ratios higher than 5% (for example, in
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structures with seismic isolation or with energy dissipation devices) or damping ratios smaller

than 5% (for instance in high-rise buildings).

When systems with damping ratios different from 5% are under analysis, two approaches
are typically considered: (1) using a GMPM specially developed for the desired damping ratio
or; (2) scaling 5% damped ordinates by using damping modification factors 7. The former
approach has a significant limitation as there are only a few GMPMs that have been developed
for damping ratios other than 5% and the few that are available have only been developed for
specific seismically active regions. Furthermore, probabilistic seismic hazard analysis is
typically only available for 5% spectral ordinates. That is why the latter approach is more
frequently used, and it is currently implemented in most seismic design codes (e.g., ASCE/SEI

7-16 and NCh2745). This research is focused on damping modification factors 7.

Damping modification factor 7 is defined as the ratio of the peak displacement of a linear
SDOF with oscillator period T and damping ratio & to the peak displacement of a linear SDOF
with the same oscillator period 7' and damping ratio 5%, as shown in the following expression:

Sd (T, f) _ A(T, f)
Si(T,§ =5%) A(T, ¢ = 5%)

n(T,§) =

where
Sd (T: f) = |u(t) Imax

and u(t) is the displacement of the oscillator under analysis. A(T, ) is the pseudo-acceleration

spectral ordinate given by

A(T, f) = (‘)nZSd (T, E)
where w,, is the circular frequency of vibration of the system.

The effects of viscous damping on the seismic response of linear SDOF systems have been
studied since almost half a century when Newmark and Hall (1982) conducted their pioneer
study. Since then, many models have been proposed to estimate 7 as a function of: (1) oscillator
parameters, namely period of vibration T and damping ratio &; (2) earthquake magnitude and/or
duration and distance to the source; and (3) site class. Lin et al. (2005) compared most relevant
models to that date against mean damping modification factors computed with 216 ground

motion records from firm sites in California.
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Although most authors agree that 77 depends strongly on oscillator damping ratio and period
of vibration, this period-dependence is currently neglected in most seismic design codes.
Earthquake duration also affects 7. In general, as duration increases, the effect of damping on

the peak displacement becomes more pronounced.

Bommer and Mendis (2005) studied several GMPMs developed for damping ratios
different from 5% and concluded that 7 is strongly dependent on earthquake magnitude and
source-to-site distance. Cameron and Green (2007) performed a statistical analysis on 1,268
ground motion records finding that oscillator damping ratio and period of vibration, earthquake
magnitude, and site class should be considered as predictors for 77 when the damping ratio is
equal or higher than 2%. Also, they included source-to-site distance as a predictor for 77 when
the damping ratio is equal to 1%. Moreover, several authors, including Boomer and Mendis
(2005), Lin and Chang (2004), and Daneshvar et al. (2016) concluded that for rock and firm

sites, site class does not have a significant influence on damping modification factors.

Stafford et al. (2008) developed a comprehensive study on damping modification factors
considering different measures of duration but their recommendations were period
independent. Rezaeian et al. (2012) developed a damping modification factor prediction model
considering 2,250 horizontal ground motion records with rupture distances smaller than 50 km.
They found a significant influence of earthquake duration on 7. However, they noted that since
earthquake duration is not explicitly considered when defining a seismic design scenario, they
included the effect of duration indirectly through the use of magnitude as a predictor in their
model given the strong positive correlation between duration and magnitude. Source-to-site
distance, damping ratio, and oscillator period were also considered in their study as predictors
for . Bradley (2015) studied how some source-specific and site-specific effects influence the
period-dependence of the damping modification factors 77 using ground motion records in New

Zealand.

More recently, Daneshvar et al. (2016) performed a study of damping modification factors
using ground motion records associated with the seismic hazard in southwestern British
Columbia, Canada. This work differs from previous studies in the sense that it included the
earthquake faulting mechanism as a predictor to estimate 7. The inclusion of the type of seismic

source was motivated by the fact that the seismic hazard in British Columbia includes shallow
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crustal, deep inslab, and interface subduction earthquakes. They concluded that the earthquake

faulting mechanism influences the damping modification factors 7.

The main objectives of this research are: (1) to study the influence of magnitude, duration
and site class on damping modification factors 77 computed from ground motions recorded
during subduction earthquakes in Chile; (2) to investigate if there are any systematic
differences in 77 computed from ground motions recorded in interplate or intraplate subduction
earthquakes; (3) to study the influence of spectral shape on 7; (4) to investigate the
performance of two recently-proposed spectral shape proxy parameters as predictors of 7; (5)
to propose a simple period-independent model to estimate 7 as a function of SaRatio and
damping ratio; and (6) to compare computed median 7 values to damping modification factors

Bp and By, specified in the current Chilean Code NCh2745 for seismic isolation.

GROUND MOTION DATABASE

The ground motion set used in this study consisted of 5,270 ground motion time histories
recorded during 1,137 seismic events that occurred in Chile between 1985 and 2015. The
seismic database used in this work was provided by the project SIBER-RISK (SIBER-RISK
2019). This database includes 1,004 interface events and 133 intraplate (inslab) events,
resulting in 4,126 and 1,144 ground motions records, respectively.

Only events with magnitudes greater or equal than 5.0 were considered. The database
includes several large-magnitude interface events that have taken place in Chile in recent years,
including the 2010 M,, 8.8 Maule, 2014 M,, 8.2 Iquique, and 2015 M,, 8.4 Illapel earthquakes.

Site classes at the recording stations were classified using ASCE/SEI 7-16 (ASCE 2017)
criteria based on the average shear wave velocity in the upper 30 meters of the site profile,
Vs30. The database considers 68 records in site class A, 1,122 records in site class B, 3,014
records in site class C, and 1,066 records in site class D.

Figure 1 shows the magnitude versus source-to-site distance distribution (using Ry, the
minimum distance between the site and the rupture plane) for the ground motion set used in
this study. The mean magnitude and the mean source-to-site distance in the dataset are 5.8 and
136 km, respectively, and are indicated by a red circle in Figure 1. Recorded peak ground
accelerations in the dataset range from 0.01 g to 0.98 g.

While the arbitrary horizontal component approach is frequently used for

engineering purposes, other horizontal component definitions as RotDxx or Rotlxx
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(Boore 2010) are preferred when sensor orientation significantly influences the seismic
characterization, e.g., ground motion records reflecting directivity effects. In this study,
the damping modification factors were calculated for arbitrary horizontal components
and RotIS0 horizontal components, and results show that, for the Chilean dataset under
analysis, the difference between both approaches is negligible, as it can be seen in Figure

4. Based on this fact, this study is developed using the arbitrary component approach.
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Figure 1. Magnitude versus source-to-site distance (minimum distance between source and site,
R;yp) for the considered ground motion database.

For each recorded ground motion, two different significant durations were computed,
namely Ds_-5 and Ds_g5 (Bommer and Martinez-Pereira 1999). Figure 2 shows that for the
ground motions considered in this study, the correlation between duration and moment
magnitude is quite similar for both duration parameters with coefficients of determination (R?)
0f 0.22 for Ds_-5 and 0.23 for Ds_gs, indicating no relevant difference between the use of one
or the other. This is consistent with results by Stafford et al. (2008) that concluded that there
was no significant difference between both duration measurements when used as a predictor to

estimate 7. Figure 3 shows the correlation between both duration measures and source-to-site
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136 coefficients of determination (R?) 0.32 and 0.16, respectively.
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Figure 3. Variability of record duration as a function of source-to-site distance (minimum
distance between source and site, Ry,p); (a) Ds_75 versus Ry, and (b) Ds_g5 versus Ry,

DAMPING MODIFICATION FACTORS

To assess the relationship between 7 and different predictors, damping modification
factors were computed using the ground motion database described above for damping ratios
of & = 0.5%, 1%, 2%, 3%, 4%, 5%, 8%, 10%, 12%, 15%, 18%, 20%, 25%, 30%, and 50%

and a range of oscillator periods between 0.05 s and 6 s, with a period interval of 0.01 s.

Figure 4 shows median 7 values as a function of oscillator period for the complete
ground motion dataset and selected damping ratios & = 1%, 2%, 3%, 10%, 20%, and
30%. Median values were calculated for arbitrary horizontal components and RotI5S0
horizontal components, and results are shown in blue solid and red dashed lines,
respectively. The shaded area represents the 7-values between the 16™ and 84" percentiles,
showing that dispersion around the median significantly increases as the damping ratios depart

from 5%.
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Figure 4. Effect of damping ratio and oscillator period on median 7 values, considering arbitrary
horizontal components and RotI50 horizontal components, in blue solid and red dashed lines,
respectively. The shaded area represents values between the 16™ and 84" percentiles of 7.

As it has been extensively stated in the literature (Bommer and Mendis 2005, Rezaeian et
al. 2012) earthquake magnitude and duration have a relevant effect on damping modification
factors 7. Higher magnitude earthquakes tend to have longer duration, leading to more
significant response reductions in highly damped systems, and more significant response
increases in low damping systems. Figure 5 shows the calculated median of 7 as a function of
oscillator period when the ground motion dataset is binned by magnitude. Considered
magnitude intervals were [5.0 - 6.0), [6.0 - 7.0), [7.0 - 8.0), and above 8.0, with 3202, 1698,
218, and 152 ground motion records, respectively. To isolate the effect of magnitude and to
neutralize any relevant site effect, damping modification factors were normalized to a
constant V3o value of 760 m/s, by implementing the damping modification factor
prediction model developed by Akkar et al. (2014) for assessment of the normalizing
factor. Median 7 values calculated without normalization and median 7 values

normalized to Vy3g = 760 m/s are shown in solid and dashed lines, respectively. It is
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observed that site correction has a mild influence on median values, especially in

oscillators with vibration periods higher than 4.0 seconds and high damping ratio.

Results show a strong influence of earthquake magnitude on 7. For example, an oscillator
with a vibration period of 3.0 s and 20% damping ratio shows median 7 values of 0.89 and
0.61, for earthquakes in the [5.0 - 6.0) and the above 8.0 intervals, respectively, indicating an
additional reduction in spectral ordinates of 31% in the higher magnitude scenario. Larger
jaggedness in the curves corresponding to the two larger magnitudes bins, particularly for

damping ratios of 1% and 2%, are the result of the smaller number of ground motions in these

bins.
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To investigate if differences in 7 calculated in this study and those calculated by Lin and
Chang (2004) are due to differences in the earthquake faulting mechanism or due to differences

in magnitudes, two subsets of the Chilean database were considered by selecting records
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and calculated with site effect normalization, in solid and dashed lines, respectively.



188
189

190
191
192
193
194
195
196
197
198
199

200
201
202
203
204
205
206
207

208
209
210
211
212
213
214
215
216
217

associated with: (i) events of minimum magnitude 5.7 (to achieve a mean magnitude similar to

that in Lin and Chang, 2004); and (ii) events of magnitude 8.0 or above.

Figure 6 compares median damping modification factors 7 computed in this study
(for two subsets with minimum magnitudes of 5.7 and 8.0) with: (i) those currently
specified in the Chilean code for seismically isolated structures NCh2745; (ii) those
proposed by Lin and Chang (2004); and (iii) those currently specified in ASCE/SEI 7-16.
Results show that median 7 values from this study, when the 5.7 minimum magnitude
subset and damping levels higher than 5% are considered, are much closer to the
equation proposed by Lin and Chang (2004) for crustal earthquakes in the United States
than to the equations used in the Chilean code NCh2745. On the other hand, results for
the 8.0 minimum magnitude subset tend to be more consistent with the trends proposed

by Chilean code NCh2745.

Results from Figure 6 also show that damping modification factors specified by the
Chilean code NCh2745 (INN 2013) are unconservative in the complete period range when
damping ratios higher than 5% are considered. For example, for a hypothetical case of an
isolated building with an effective oscillator period of 3.0 s and an effective damping ratio of
20%, the 5% design spectral ordinate is reduced, according to the Chilean code procedure, by
a factor of 0.52. However, the median value of 7 obtained for the 5.7 minimum magnitude
ground motion subset is 0.70. In other words, the code is unconservative as the spectral ordinate

is reduced 25% more than the median reduction computed from recorded ground motions.

Damping modification factors in the Chilean code were based on a set of records from the
1985 Chile earthquake (M,, 7.9) that were spectrally matched in the frequency domain to the
NCh2745 design spectrum. Naeim and Lew (1995) found that frequency-domain spectrally-
matched ground motions could include high levels of input energy spread in a wide band of
periods, then the 7 factors obtained from these synthetic records tend to overestimate the
reduction in the response. As stated by Hancock et al. (2006) this effect could be minimized
by using an improved time-domain spectral matching approach that simultaneously matches
spectra corresponding to different levels of damping. Consequently, it is recommended that
new versions of the code define damping modification factors from time-domain spectrally

matched records or from real earthquake records, like the ones presented in this study.
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It should be noted that expressions in NCh2745 were never intended to be applied for

structures with internal damping less than 5%, but if such expressions are used, for example in

the design of high rise buildings whose damping ratios in the fundamental period are much

smaller than 5%, they will lead to conservative results.

The Chilean code for earthquake-resistant design of industrial structures and facilities,

NCh2369 (INN2003), considers a period-independent expression given by n = (0.05/&)%*.

In this case, for the hypothetical case of a system with an effective damping ratio of 20%, a

reduction factor of 0.57 is applied resulting also in an unconservative design.
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Figure 6. Damping modification factors: (i) median values calculated from a sub-set of Chilean
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ground motions with a minimum magnitude of 5.7; (ii) values currently specified in NCh 2745; (iii)

values predicted by Lin and Chang (2004) model; (iv) values currently specified in ASCE/SEI 7-16
and (v) median values calculated from a sub-set of Chilean ground motions with a minimum

magnitude of 8.0

b

Daneshvar et al. (2016) proposed damping modification factors that depend on the

earthquake faulting mechanism, as the seismic hazard in British Columbia is affected by

shallow crustal, deep inslab, and interface subduction earthquakes. The authors studied the



235
236
237
238
239
240
241

242
243
244
245
246
247
248
249
250
251
252
253
254

differences in frequency content in inslab and interface events, by using their mean period T,
(Rathje et al. 2004) concluding that inslab events have, on average, a lower mean period
resulting in smaller damping modification factors 77 for short period structures. However, it
should be noted that, in their study, in addition to changes in the frequency content of
ground motions recorded from inslab or interface events, there may be significant
differences between their durations and magnitudes, that should also be considered when

predicting 7 factors.

To investigate the effect of seismic source on 7, ground motions considered in this
study were classified based on their faulting mechanism. Figure 7 shows the distribution
of magnitudes and D5_g5 durations for interface and inslab records. Interface events
present higher magnitudes than their corresponding inslab events with mean magnitudes
of 5.9 and 5.6, respectively. This difference in magnitudes in interface and inslab events
was found to be statistically significant. This statistically significant difference in
magnitudes in interface and inslab events was also found to occur when examining the
magnitude of subduction events contained in the NGA-Sub project (Bozorgnia and
Stewart 2020). However, for the ground motions in our database the mean Ds_q5 duration is
29 s for both source cases. Bommer and Mendis (2005) studied the effect of both magnitude
and duration on 7. They concluded that duration, which is strongly correlated to earthquake
magnitude, has a relevant effect on 7; therefore, it is important to evaluate the effect of the

faulting mechanism separate from the effect of earthquake magnitude or duration.
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Figure 7. Duration Ds_g5 versus magnitude; (a) interface subduction events, and (b) inslab events.

To evaluate the effect of faulting mechanism, the median 7 values for two subsets of
interface and inslab events with the same mean magnitude of 5.42 and the same mean
Ds_g5 duration of 11.3 s are displayed in Figure 8. As shown in this figure, when events with
similar magnitudes and durations are compared, there are no systematic differences between
the median 7 values. Variability in 7 also does not seem to be significantly influenced by the

type of source mechanism.
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Figure 8. Median 7 values as a function of oscillator period for interface ground motion set and
inslab ground motion set, in solid and dashed lines, respectively.

Lin and Chang (2004) performed a study on the site class effect on 7. When considering
rock and firm soils they concluded that site class produced differences smaller than 5% on
mean 7 values. In this study, 7 factors were grouped as a function of site conditions at each
recording station using the site classes defined in ASCE/SEI 7-16 according to the
Vs30 parameter. To purely reflect the site class effect, damping modification factors were
normalized to: i) a constant magnitude of 5.8, and ii) a rupture distance of 136 km, by
implementing the damping modification factor prediction model developed by Akkar et
al. (2014). These normalizing values were selected since they are the mean magnitude and

the mean distance for the complete ground motion dataset.

Figure 9 compares median normalized 7 factors for ground motions recorded at site
classes A, B, C, and D. As shown in this figure, site class (for those site classes) does not have
a significant effect on median 7. There is a greater effect in site class D and higher damping
ratios (equal or higher than 20%). The jaggedness shown in the curves corresponding to site

class A is due to the significantly smaller number of ground motions recorded in this site class
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Figure 9. Effects of site class (following ASCE/SEI 7-16 classification) on median 1 values as a
function of oscillator period.

SPECTRAL SHAPE METRICS

Consistent with previous studies, we found that 7 factors are primarily dependent on the
damping ratio and the period of vibration of the oscillators. However, while most seismic
design codes consider the damping ratio dependency, most specify period independent 7
factors. Another weakness of current design procedures is that earthquake magnitude or
duration, are also not explicitly considered in the estimation of 7, although their influence has
been widely established in the literature (e.g., Bommer and Mendis 2005, Rezaeian et al. 2012)

and also corroborated by the results of this work.

Recent studies have shown that in addition to causal parameters such as earthquake

magnitude and source-to-site distance, spectral shape may have an important influence on the
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seismic response of structures. To study the influence of spectral shape on 7 factors, two

different spectral shape metrics were evaluated as possible predictors when estimating 7.

The first approximate measure of spectral shape that was evaluated was epsilon (&) which
is defined as the number of logarithmic standard deviations that a given spectral ordinate is
above or below the median value predicted by a GMPM and is evaluated by the following

expression:

_ InSa(T) — pinsa(M,R, T)gmpm
e(T) =

O1nsa(T)empm

where In Sa(T) is the natural logarithm of the spectral pseudo-acceleration ordinate at a
given vibration period T, and p;,,54(M,R, T)gupy and 61,54 (T)gupu are the values of the
mean and the standard deviation of In Sa(T), respectively, as predicted by a
representative GMPM, being all the defined quantities typically calculated for a 5%
damping ratio. Epsilon (¢) depends on the GMPM selected for its evaluation, but Baker and
Cornell (2006) concluded that its value does not show a strong dependency on the GMPM used
in its calculation. Consequently, in this work epsilon (&) values were calculated using the
GMPM developed by Montalva et al. (2017) for the Chilean subduction zone given that the
ground motion set used in our statistical study is quite similar to the set used for the
development of their GMPM. It should be noted that as Montalva GMPM predicts
geomean spectral ordinates and this study considers arbitrary horizontal components, a
correction factor, based on the results presented in Beyer and Bommer (2006), was

considered when epsilon (&) values were calculated.

The second approximate measure of spectral shape is SaRatio, whose robustness as
collapse predictor was analyzed by Eads et al. (2016). It is defined as the 5% damping ratio
spectral ordinate at the oscillator period of interest T, normalized by the geometric mean
of the 5% damping ratio spectral ordinates over a period range, defined by two non-
negative parameters a and b, and is evaluated with the expression:

Sa(Ty,§ =5%)

SaRatio =
Saavg([a Ty, b Tq])

where

=

N
Saavg(la-Ty,b-Ty]) = (]_[Sa (Ti =5 %))

i=1
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and

(-1

Ti=<a+m

b-a)T,

N is the number of ordinates, typically equally spaced, considered in the average. In this study

we used 100 equally spaced spectral ordinates.

For instance, Eads et al. (2016) found that for a wide range of buildings, the values of a
and b that maximize the correlation between SaRatio and collapse intensity are 0.2 and 3.0,
respectively. An optimal period range needs to be selected to maximize the correlation between
SaRatio and 7 by selecting appropriate values for a and b factors. An extensive calculation
was implemented herein for this purpose considering SDOF oscillators with vibration periods
T=0.25s,0.50s,0.75s,1.00s,1.25s,1.50s, 1.75s,2.00s,2.25s,2.50s,2.75 s, and 3.00 s
and damping ratios of & = 1%, 2%, 10%, and 20%, leading to a total of 48 cases. Parameters 7
and SaRatio were calculated for each ground motion record and the quality of a linear
regression was evaluated through their coefficient of determination R?, which was computed
for each pair of a and b factors. Indeed, this procedure was repeated for all possible

combinations of a and b, ranging from 0.02 to 0.98 and 1.04 to 4.00, respectively.

Figure 10 displays contour curves of equal R? for each a and b pair, considering SDOF
systems with vibration periods T=0.50s, 1.50 s, and 3.00 s, and 2% and 20% critical damping
ratio, showing that the maximum coefficient of determination R? between 7 and SaRatio is
higher for highly damped systems and reaches a maximum value of 0.62 for an oscillator with
T, =3s and & = 20%. On the other hand, systems with low damping, say 2%, show
significantly smaller correlation and reach a maximum R? value of 0.30 for T, = 3 s and & =

2%.
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Figure 10. Contour curves of equal R? for 7 as a function of SaRatio for different a and b pairs: (1)
T=05sandé=2%;(2)T =15sandé =2%; (3) T =3.0sandé =2%; (4T =05sandé =
20%; (5)T =15sand ¢ = 20%; and (6) T = 3.0 s and £ = 20%.

The optimal b factor, that is the one that maximizes the coefficient of determination R?,
varies with the oscillator period and the damping ratio, but it is typically between 1.1 and 1.4.
There is, however, a small increment of b with increasing values of &. On the other hand,
optimum values of a present more variability ranging from 0.02 (i.e., the complete spectral
zone to the left of the vibration period of interest) to 0.8. In general, optimum values of a
decrease as the oscillator period increases. This variability is summarized in Figure 11, which

shows how optimal values of a and b vary as a function of vibration period and damping ratio.

Results of Figure 10 suggest that there is a significant correlation between 7 and
SaRatio, especially in systems with high damping ratio and long vibration period (e.g.,
structures with seismic isolation or energy dissipators devices). However, as Figure 11
shows, the optimal values of a and b that maximize this correlation are period dependent,

thus presenting an additional complexity when using SaRatio as a predictor.
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Figure 11. a and b factor optimal values as a function of vibration period for different damping

ratios.

To propose a simplification in the SaRatio calculation procedure, an interval of
[0.2-T4,1.3-T,] independent of vibration period and damping ratio was used to
evaluate the correlation between 7 and SaRatio. Figure 12 compares the values of
R? calculated when using optimal values of a and b, depending on the oscillator
parameters when computing SaRatio, and when using a and b fixed to 0.2 and 1.3,
respectively. As shown in this figure, there is a significant difference between the R?
values computed using optimal versus constant a and b factors for short period
oscillators with high-damping ratios. However, in structures with low damping ratios,
regardless of vibration period, and in structures with high damping ratios and vibration
periods longer than T = 1.0 s the difference is relatively small (less than 10% difference
from the optimal R? value). Hence, this constant interval appears to provide relatively good
results leading to a more straightforward procedure, especially in structures equipped with
seismic isolation whose effective periods tend to be long. Therefore, this approach will be used

in the remaining sections of this document.
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Figure 12. R? values measuring the correlation between 7 and SaRatio as a function of vibration
period and damping ratio for two different methodologies to compute SaRatio: (1) considering optimal
values of a and b factors; and (2) considering constant values of a and b factors, displayed with
markers and solid lines, respectively.

EVALUATION OF POSSIBLE PREDICTORS

Having already defined the period range for SaRatio calculation, the capabilities of
different parameters were assessed as possible predictors of damping modification factors 7.
Figure 13 shows scatter plots of 7, calculated for an SDOF oscillator with T = 3.0 s and
& = 20%, as a function of magnitude, significant duration D5_g5, epsilon (&), and SaRatio
for the complete dataset of ground motion records. It should be explicitly stated here that
spectral shape metrics epsilon (&) and SaRatio were calculated considering 5% damping
ratio, as their capabilities as spectral shape proxies are not strongly dependent on the

damping ratio considered in their calculation.

A regression curve (linear or exponential, the one that fits best) is drawn through the data.
As shown in Figure 13, SaRatio performs significantly better as a predictor than the other three

parameters showing a coefficient of determination R? of 0.56 with an exponential model,
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followed by earthquake magnitude with an R? value of 0.33, duration Ds_g5 with an R? value
of 0.15, and finally epsilon showing practically no correlation with 7. The same conclusion
can be drawn when the Akaike information criterion (AIC) was implemented to compare the
relative quality of the models. Due to space limitations, only results for this oscillator period
and damping ratio are shown, but this trend was observed in all the oscillators with damping
ratios higher than 10%. In the electronic supplement of this manuscript, plots for different

periods of vibration and damping ratios are included.
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Figure 13. 7 values as a function of earthquake magnitude, duration Ds_g5, epsilon (€), and SaRatio
for the complete ground motion set and an SDOF oscillator with T=3.0 sand £ = 20% .

Coefficients of determination R? for regression of 7 as a function of SaRatio are presented
for different vibration periods and damping ratios in the first subplot of Figure 14. R? values
higher than 0.4 are obtained for SDOF systems with vibration periods longer than 0.5 s and
damping ratios higher than 10%; this correlation metric increases rapidly as the damping ratio
increases. For example, an SDOF with T = 1.0 s and ¢ = 50% has a coefficient of
determination of 0.72, indicating that most of the record-to-record variation in damping

modification factors 77 is due to changes in SaRatio. As shown in the figure, for systems with



412  damping ratios lower than 10% correlation decreases rapidly regardless of the oscillator period

413  considered.
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415 Figure 14. Contour curves of equal R? for different combinations of oscillator periods and damping
416 ratios when using different predictors: a) SaRatio; b) SaRatio and earthquake magnitude; ¢) SaRatio
417 and duration Ds_gs; and d) SaRatio, earthquake magnitude, and duration Dg_gs.
418 To evaluate if this exponential model could be improved by including more than one

419  predictor, the following functional forms were also evaluated:

420 1 = a, - exp (by - SaRatio + ¢, - M)
421 n = a, - exp(b, - SaRatio + ¢, - Dg_q5)
422 1N = as - exp(bsz - SaRatio + c3 - M,, + d3 - D5_qg5)

423  where a;, b;, ¢; and d; are constants obtained through nonlinear regression to minimize

424  differences between the observed and estimated values of 7.

425 Contour plots for these models are also displayed in Figure 14 on plots b), c¢), and d),
426  respectively. A mild improvement is observed, when including additional predictors in addition

427  to SaRatio, especially for long period oscillators and damping ratios higher than 30%. Figure
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15 presents coefficients of determination R? for the four models considered in this study (based
on SaRatio and additional predictors M,, and D5_o5) and those of: (1) a model with source-to-
site distance R, as the only predictor; (2) a model with earthquake magnitude M,, as the only
predictor; and (3) a model with earthquake magnitude M,, and source-to-site distance R, as
predictors. The comparison was performed at damping ratios of 2%, 10%, and 20%, and a
range of periods of vibration between T = 0.05 s and 3.00 s. Since the correlation level is
relatively low for periods of vibration less than T = 1.0 s and a damping ratio of 2%, there are
no significant differences between the different models in this period range. However, as the
oscillator period and the damping ratio increase, models using only SaRatio or SaRatio
combined with additional parameters as predictors, significantly improve their R?. Even
though additional improvement can be achieved by using more complex models, herein only

the model predicting 77 as a function of SaRatio (in addition to T and &) will be further pursued.
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Figure 15. Coefficient of determination R? as a function of oscillator period for different regression
models: a) 2% damping ratio; b) 10% damping ratio; and c¢) 20% damping ratio.

Figure 16 shows another relevant benefit of using SaRatio as a predictor for the damping
modification factor 77. Median 7 values as a function of SaRatio are plotted for the binned by
magnitude ground motion dataset, using the same magnitude intervals of Figure 5, for damping
levels & = 1%, 2%, 3%, 10%, 20%, and 30%. For systems with damping levels higher than
2%, the n versus SaRatio relationship shows considerably less dependency on earthquake
magnitudes than the 7 versus period of vibration relationship. Based on this fact, regression-

based prediction expressions for 77 are considerably simpler and more robust if SaRatio is used



450  as a predictor, as their regression parameters will not depend on the magnitude range used for
451  the statistical analysis. This means that most of the influence of magnitude on 7 is computed

452 by considering SaRatio as a predictor.
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454 Figure 16. Median 7 values as a function of SaRatio for magnitude-binned ground motion records.
455 REGRESSION MODEL
456 Damping modification factor 7 is dependent on damping ratio and oscillator period, as it

457  has been extensively documented in the literature and confirmed by results from this study. On
458  the other hand, earthquake duration and/or event magnitude, are also known to influence 7.
459  However, based on the results of this study, their correlations are not as strong as the one with
460  SaRatio, especially for systems with high damping. Additionally, as it can be seen in Figure
461 16, the n versus SaRatio relationship presents only a minor magnitude dependency for the

462  complete SaRatio range and damping ratios above 2%.

463 Figure 17 shows scatter plots of 7 as a function of SaRatio, for systems with 10% and 20%

464  critical damping and vibration periods T = 0.5 s, 1.5 s, and 3.0 s. As it can be seen in this
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figure, the relationship between 7 and SaRatio is not strongly influenced by the oscillator
period for which SaRatio is calculated. As the oscillator period shortens, the maximum value
of SaRatio increases; however, the exponential trend between these two variables is similar,
regardless of the oscillator period under consideration. Based on this fact, the variation of 7 as
a function of SaRatio could be treated approximately as period independent, and a simplified

model for evaluating 7 only as a function of SaRatio and & can be proposed.
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Figure 17. 1 versus SaRatio scattered data for different oscillator periods.

Figure 18 shows a tridimensional scatter plot of the three variables under study. On the
horizontal plane, the axes are & and SaRatio, and the vertical axis is 7. SaRatio and 7 values
were calculated for six vibration periods T=0.5s, 1.0s, 1.5s,2.0s,2.5s, and 3.0 s for the
complete ground motion set, resulting in a total of 31,620 points for each damping ratio. As
the calculation was repeated for damping ratios of & = 10%, 12%, 15%, 18%, 20%, and 25%,

the total number of (&, SaRatio, ) samples increases to 189,720
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Figure 18. 189,720 (&, SaRatio, ) sample points to perform non-linear regression.

Several functional forms were studied to propose a sufficiently simple, but reasonably
accurate, model. A functional form composed by the addition of two exponential terms is

finally proposed:
n (&, SaRatio) = exp (a, - &) + exp (a, - SaRatio)
where coefficients a; and a, were determined through a nonlinear least square regression.

After performing the regression, the calculated values were a; = —3.66 and a, = —3.22.
The proposed model is intended to be used with damping ratios between 0.10 and 0.25 and
SaRatio values ranging from 0.40 to 1.60. The corresponding coefficient of determination R?
over these ranges of SaRatio and damping ratios is 0.56. Figures 19 and 20 show a surface
fitted through regression and plots of residual, respectively. Residuals are plotted as a function

of SaRatio for different damping ratios.
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494 Figure 19. Proposed model to estimate 7 as a function of damping ratio & and SaRatio (same data,
495 different views).
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Figure 20. Residuals between observed and estimated damping modification factors 7 as a
function of & and SaRatio.

SUMMARY AND CONCLUSIONS

This study has presented a statistical analysis of damping modification factors 7 that permit
to estimate spectral ordinates corresponding to any value of damping ratio as a function of 5%
spectral ordinates. Damping modification factors were computed for a recently compiled
Chilean ground motion dataset that includes 5,270 ground motions recorded during 1,137
seismic events. Displacement modification factors were computed for oscillators with periods
of vibration ranging from T = 0.05 s to T = 6.0 s, and damping ratios ranging from 0.5% to
50%. These displacement modification factors were calculated considering arbitrary horizontal
components and RotI50 horizontal components, being the difference between these two
calculation approaches negligible. Results from statistical analysis are generally consistent
with widely used regression models from previous studies when the same magnitude bounds

are considered.
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The novelty in this study is the evaluation of the effect of spectral shape on 7, using two
recently-proposed spectral shape proxy parameters as epsilon (¢) and SaRatio. A detailed
analysis is presented to determine the optimal period range to be used for SaRatio calculation.
Although strictly speaking optimal period range is period and damping dependent, reasonable
results are obtained when a constant period range of [0.2 - T, 1.3 - T; ] is used for calculating
SaRatio to estimate the peak displacement response of systems with damping ratio different

than 5%.

Results show that SaRatio is a better predictor than earthquake magnitude or than duration,
especially in moderate and long-period systems, and in highly damped structures. On the other

hand, epsilon (€¢) does not show any significant statistical correlation with 7.

In highly damped structures, the 7 versus SaRatio relationship was proven to be only mildly
dependent on oscillator period and earthquake magnitude. Therefore, based on this interesting
observation, a straightforward regression model is proposed, which enables to estimate 7 only

based on two predictors: damping ratio and SaRatio.

Earthquake faulting mechanism was found not to have a significant influence on 7 when
events with similar magnitudes and durations are compared. The effect of soil class was also
studied, and its influence on 7 variability was also found to be negligible for site classes A, B

C, and D.

A comparison between median 7 values from this statistical analysis and currently
implemented B or By, demand reduction values in Chilean code NCh 2745 was performed.
Results show that 7 factors are strongly dependent on earthquake magnitude, an aspect that is
currently neglected and could be introduced in future versions of the code. Larger magnitude
earthquakes tend to show reductions that are, on average, 16% smaller than the reductions
prescribed by the code, while smaller magnitude earthquakes lead to reductions significantly

smaller than the ones predicted by the code.
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