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ITEPIAHWH

O oyedoUOC TOV UN SOUIKDV GTOEIDV GTOVE TEPIGGOTEPOVG AVTIGEIGUIKOVG KOVOVIGUOVG
Boocileton oV EKTIUNON TOV GEICUIKOV Oomolthoe®mV (OmOAVTNG) ERMTAYLVONG GTOVG
opopovg, Bewpavtag cuvnbéotepa 5% kpiocyun amdcPeon yia ta otoyeia avtd. 26TdG0, N
TPUYUOTIKY KPIGIUT 0TOGPEST) TOV 1N SOUIK®OV oTotyEiv eival yvwotd 0Tl amotelel pia
aféPoun TopaUETPO, TOV UTOPEL VO OTOKAIVEL GTLAVTIKG, OO TV TOPATAVED TR, EVO 1
EMPPON NG TAPOUEVEL EVOL TTESTI0 TO 0010 OEV £xel digpevvn el KON ETOPKDGS.

Mo ™ perétn emppong g amdsPecnc TV un SoOMKOV oToEIV 0TS EMPAALOUEVEG GE
OVTA CEIGIKEG oot oElg emAéyOnkay 113 Kataypapég GEICUIKDY EMLTAYLVGEDY 0POPOV
oe ktipia tTov HILA. H pedém koatéinée ota €€ng: (o) m xpnomn dopbmtikod cuviedeotn
amocPeong Paciouévov ce €d0QIKEG EMITOYOVOEIS O0ev evdeikvutal Yoo T O10pbmon
POGUOTIKOV ETLTOYOVOEDY U SOUKOV otoyeiov kot (B) n emppon ¢ amdoPeong un
SOLK®DV OTOLYEIDV OTIC ETPAALOUEVES GE OVTO PUGLLOTIKEG ETLTAYVVOELS OpOP®V EAPTATOL
o€ peydro Pabuod amd T oyéon g W10mePLOO0L TOVG UE ekeivn Tov KTipiov. Bdoel tov
TOPOTAVE® KoL LOC AETTOUEPOVG GTATIGTIKNG OVAAVGONG, TPOTEIVOVTAL GUVOPTHOELS Y10 TOV
VITOAOYIGUO TNG LEGTIG TIUAG KOl TNG O1GTOPES TOV d10pBmTIKOD cuVTEAEGT amOGfeong yio
urn SoUKA GTOLYE .
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The damping effect on the seismic demands of nonstructural

components and building contents

Athanasia K. Kazantzi', Dimitrios Vamvatsikos’, Eduardo Miranda’

ABSTRACT

In most seismic code provisions, the design of nonstructural elements is based on the
evaluation of the (absolute) acceleration demands at the floor levels, usually assuming a
critical damping of 5% for those elements. However, the actual critical damping for the
nonstructural components is well known to be an unknown parameter, that could well deviate
from the abovementioned value, whereas its influence remains by large an unexplored field.

To study the effect of damping on the seismic demands of nonstructural elements 113 actual
seismic records obtained from instrumented buildings in the USA were selected. The study
concluded that: (a) the use of damping modification factors evaluated based on ground level
excitations are not suitable for correcting the nonstructural component spectral accelerations
demands and (b) the component damping effect on the imposed to the nonstructural elements
floor spectral demands is highly dependent on the proximity of their natural period to that of
the building. On account of the above and a detailed statistical analysis two equations are
proposed for estimating the mean and coefficient of variation of the component damping
modification factors.
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1 INTRODUCTION

Nonstructural components typically represent between 70 and 85% of the initial construction cost
of commercial building [1]. Furthermore, in most buildings the ground motion intensity level that
triggers nonstructural damage is usually much smaller than the one required to initiate structural
damage. Therefore, nonstructural components are often one of the main contributors to economic
losses from earthquakes [2].

A large percentage on nonstructural components are primarily acceleration-sensitive ones [3]. If
the weight of the component is small relative to the weight of the floor system (e.g., less than
0.1%), then it is possible to neglect the dynamic interaction effects between the primary and
secondary systems [4-5] and use floor spectra ordinates to estimate seismic demands on the
secondary systems, what is sometime referred to as “cascade analysis” [6].

The design of nonstructural components in most seismic design codes is based on the evaluation
of the acceleration demands imposed on them, often provided as floor acceleration spectra that
form the basis for computing the maximum inertia forces. A floor spectrum is computed
considering a Single Degree Of Freedom (SDOF) oscillator that is subjected to floor (absolute)
acceleration histories. Floor acceleration histories, and consequently floor spectra, can be
evaluated either (semi) empirically, i.e., via floor recordings obtained from instrumented
buildings, or purely analytically, on the basis of structural response time-history analyses of the
supporting structure. So far, pertinent literature has focused on the latter approach.

Floor spectra are typically computed for a component damping ratio &, equal to 5% (&,=5%). Past
analytical studies (e.g. [7-12]) have demonstrated that the effect of the secondary system damping
is a crucial factor that could strongly affect the floor acceleration demands. However, the majority
of these analytical studies carry within them uncertainties related to the primary structure
modelling and analysis choices, potentially limiting the validity of the resulting expressions. For
instance, most of them are limited to the realm of simplified models for the supporting structure,
that could be either represented by means of SDOF systems or linear 2D regular MDOF models.
A further significant source of bias is also associated with the Rayleigh damping assumption for
the primary structural system, that requires highly uncertain assumptions to be made for the
damping ratio of usually the 3™ or the 4" structural mode of vibration.

Further to the above, our knowledge on the actual component damping ratio and its effect on
systems subjected to floor motions is, for the time being, incomplete. In fact, the uncertainty
associated with the component damping level is deemed to be either equal to or greater than the
uncertainty associated with the building damping level, which has already been acknowledged
by several past studies to be a highly uncertain property (e.g., [13]).

The influential effect of structural damping on the seismic demands of buildings has long been
recognized and taken into account by means of the damping modification factor (DMF), Cs;. By
idealizing the primary structure as an SDOF, the DMF is the ratio of the peak response
(displacement, velocity or acceleration) of a linear SDOF having damping ratio ¢ and period equal
to that of the building, over the peak response of a linear SDOF having the same period of
vibration but a damping ratio equal to 5% [14]. Evidently from the above definition, Cg; is no
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more than a scaling factor that is used to modify the elastic 5% spectrum to a response spectrum
representing a higher or a lower damping level.

This same concept could be employed to transform floor acceleration spectra from the typical 5%
damping to the damping of the non-structural or secondary component. Expressions for the
secondary system DMF are typically based on regressing analytical results from timehistory
analyses and have appeared, for example, in the work of Sullivan et al. [10], Calvi and Sullivan
[15] and Vukobratovic and Fajfar [16-17]. However, they are subject to the limitations outlined
before for the analytical studies (e.g. structural modeling simplifications, structural damping
assumptions etc.).

Hence, in order to overcome these issues, in the proposed study we have decided to employ a
semi-empirical approach for DMF estimation, using actual floor recordings from instrumented
buildings of California as the basis for explicitly exploring the period dependency and the
potential effect of higher modes on the DMF. The proposed study will also employ the
binormalization concept of the floor spectra that is deemed to provide a better characterization of
the peak component acceleration demands for narrow-band spectra. Likewise, binormalized
response spectra provide enhanced lateral force demand estimates for very soft soil deposits [18]
or in the cases of soil-structure interaction (e.g., [19]).

2 FLOOR RECORDS ENSEMBLE

We considered a total of 113 floor acceleration recordings obtained from 47 instrumented
buildings located in California, with heights ranging from 2 to 52 stories. The floor recordings
were selected from a large database [20] on account that their 5% damped floor response spectral
accelerations are larger than 0.9g at any predominant modal periods of the considered
instrumented buildings. The resulting floor acceleration data was recorded during eight major
earthquake events, mostly at the roof level (where accelerometers are typically located), but also
at intermediate floors, when available. The selected floor recordings are further discretized into
two groups, with Group 1 containing 86 floor recordings having their maximum 5% spectral
acceleration ordinate at the fundamental translational period of the instrumented building and
Group 2 containing 27 floor recordings that have their maximum 5% spectral acceleration
ordinate at the second or third vibration period of the building in the translational direction of
interest. A more elaborate description of the floor motions and instrumented buildings considered
in this study may be found in [21].

3 DMFS FOR NONSTRUCTURAL ELEMENTS

Similar to the soft soil deposits that filter and modify the ground motions frequency content,
buildings also filter and modify the frequency content of motions. In both cases, this process
results in the filtered motions producing narrow-band spectra, ie. spectra with large
amplifications for structures with periods close the predominant period of the ground motion in
the case of soft soils or for components with periods close to a modal period of the supporting
structure in the case of components attached to upper building floors.



MaveAAiivio ouvébpio
ANTIZEIZMIKHI MHXANIKHX
TEXNIKHI XEIXMOAOIIAX

AVnva, 5-7 SenteuBpiov 2019
ETAM / TEE

Miranda [18] proposed to undertake a normalization of the periods in the abscissas by the
predominant period of the ground prior to average the narrow-band spectra from different soft
soil sites having different predominant periods. Herein, the same normalization process is
adopted for the floor narrow-band spectra, with the abscissas of the periods normalized by the
building’s resonant period. The scope of this process is to maintain the information related to the
period of the supporting structure since the level of amplification in the acceleration ordinates
depends on how close the nonstructural component period (7,) is to being tuned to the modal
period of the building (7). Kazantzi et al. [22] demonstrated that averaging not-normalized
narrow-band floor spectra, results in a systematic underestimation of the narrow-band floor
spectra peaks and, with reference to the present study, of the estimated period-dependent DMFs.

The DMF for nonstructural elements Cg, may be defined as:

T, _ PCAgy,
Cen (7)) = pan, 1)

where, PCAg, is the Peak Component (spectral) Acceleration ordinate for a given component
period and damping level =% and PCAsy, 1s the Peak Component (spectral) Acceleration
ordinate at the same component period and a damping level of £,=5%.

4 STATISTICAL RESULTS AND ANALYTICAL EXPRESSION

For each building-floor recording pair, a total of 591 Cs; factors have been evaluated for five
component damping ratio levels (&, =1%, 2%, 3%, 5%, and 7%). That yields for the 113 building-
floor recording pairs that were considered in this study, a total of 333,915 Cs; factors evaluated
at equally spaced normalized period (7,=7,/T) intervals between 0 to 3. Both the mean and the
coefficient of variation (CoV) of Cs; have been computed. Results are presented separately for
the two considered groups of records (i.e. Group 1 and 2).

Figures 1a and 1b present the mean Cg, corresponding to component damping ratios of 1%, 2%,
3%, 5%, and 7%, as these were obtained considering (a) the 86 first-mode-tuned recordings of
Group 1, and (b) the 27 higher-mode-tuned recordings of Group 2, respectively. Apparently, the
mean Cg, follows the same trends at all the examined component damping ratio levels, showing
considerable period dependence. Overall, there is significant amplification/deamplification with
damping lower/higher than 5% around 7, =1, where the component matches the predominant
building period (i.e., the fundamental mode for Group 1 or higher ones for Group 2), as well as
around 7,=0.3 in Group 1 and 7,=0.5-0.6 in Group 2, which generally correspond to even higher
modes.

In fact, the effect of the period of the nonstructural contents being tuned to the predominant
building period (7= 1) is more dominant for lower component damping ratios, in which case the
mean DMF becomes as high as 2.1 for &, = 1%. To fully acknowledge the consequences of the
aforementioned observation one may consider the damping correction factor # proposed by
Eurocode 8 [23], which was derived via broadband ground motions, to account for different
building damping ratios:
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n= /(Sm > 0.55 ©)

For &, = 1% the aforementioned equation suggests that the 5% ground spectral acceleration
ordinates may be amplified by a factor of 1.29 to account for the lower actual damping. If we
apply this value, which is intended to convert the 5% ground spectral acceleration of broadband
motions, to adjust the PCAs resulting from narrow-band motions for &, = 1% we will end up
underestimating the component acceleration/displacement demands by ~60% for the particular
case of 7, = 1. By contrast, for a §, = 7% and T, = 1 Equation (2) suggests a damping correction
factor of about 0.91 when only about 0.81 is needed. This scenario would result to an overdesign
of any relevant anchoring system by ~10%. Although over-design is usually not a problem, at
least in terms of occupants’ safety, under-design could have various adverse consequences in the
seismic resilience of the building contents and the building itself.

Figures 1c and 1d illustrate the coefficient of variation (CoV) of Cg, for the considered levels of
damping for both groups of floor motion recordings. Obviously, there is zero variability at the
baseline damping of 5%, as Ca, becomes 1.0 by definition. The variability increases with both
higher and lower damping values, albeit more slowly when increasing rather than decreasing
damping.
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Figure 1: Mean of Cg; for (a) Group 1 and (b) Group 2 and CoV of Cg; for (¢) Group 1 and (d) Group 2 floor
recordings at five component damping ratios, &,.
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5 PROPOSED DMF PROBABILISTIC MODEL

The Lilliefors [24] test confidence intervals for a confidence level of 5%, showed that the
lognormal probability distribution provides a reasonable representation of the empirical
distribution for the DMFs. Thus, fitting the mean (or median) and dispersion (or CoV) is adequate
for defining a two-parameter probabilistic model.

A simplified equation is proposed for estimating the mean Cg; values for use in practical
nonstructural component design applications with damping ratios ranging from &,=1% to £,=7%.
This was obtained by undertaking a nonlinear least square regression analysis and is a function
of the component damping ratio &, and the period ratio 7’

Meey, =1+ a-(0.05—¢,) - {A+ B+ C + D}

(In(7,))?
T ¢ J;p]

B =d-T -exp|~f -(n( ) —g- [5,] Q

¢ = SRR 1))

() —1)2]
k

A =exp

D=Fr-exp

Table 1 summarizes the eleven constants, a-k, for the two Groups of floor motions that were
considered. Figures 2a and 2b compare the mean Cs; computed using Equation (3) against the
mean Cg; evaluated using the data from the recorded floor motions. Evidently, the proposed
equation fits well the recorded data for all considered component damping ratios, ¢, across the
entire range of 7, ratios from 0 to 3s. The coefficient of determination, R?, was evaluated to be
0.99 and 0.98 for Group 1 (see Figure 2a) and Group 2 (see Figure 2b), respectively. The overall
fitting error can be considered to be negligible for all practical purposes.

Table 1: Coefficients evaluated for the Cg; regression of Equation (3).

Coefficient Group 1 Group 2
a 18.21 22.11
b 5.31 2.60
c 7.41 9.33
d 1.85 0.72
e 5.55 -1.09
f 187.36 136.80
g 10.96 5.04
h 8.32 1.69
i 3.96 8.96
] 3.38 1.25
k 2.85 0.11
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For the small values of dispersion attained, the latter is practically identical to the CoV displayed

in Figures 1c and 1d [25]. Given the noise present in the data, and the overall lack of significant
variation, a simpler model is adopted:

Cincens = {ao —TZ if T, €[0,0.2]
o,,  otherwise 4)

T,
0.

{a (005 -¢,), if & € [1%,5%]
g, =
° 7 b (& —005), if &€ (5%, 7%]

Figure 2: Mean of Cg; using Equation (3) for (a) Group 1 and (b) Group 2 and CoV of Cg; using Equation (4) for
(c) Group 1 and (d) Group 2 floor recordings. Solid lines show the computed values, while dashed lines show the
fit.

The two coefficients, a-b, appear in Table 2, while the fitted results are shown in Figures 2¢ and
2d. Typically, a lognormal model is estimated based on the logarithmic mean and standard
deviation. While, the latter is directly available from Equation (4), we chose instead to provide a
model for the mean, mce, rather than the logarithmic mean, mu,ce;, via Equation (3), as the mean
is often considered more compatible with deterministic applications (e.g., in a design code). Still,
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it is an easy operation to determine mi.cs; from Equations (3) and (4) for the lognormal
distribution [25]:

Mincey, = INMego, — 0.5010c59, 5)

Table 2: Coefficients evaluated for the oy,c, regression of Equation (4).

Coefficient Group 1 Group 2
a 4.11 4.25
b 2.36 2.43

6  CONCLUSIONS

Our primary scope was to explore the effect of the component damping on the seismic
acceleration demands imposed on them using actual recordings of floor motions rather than
analytically derived ones. On account of 113 recorded motions from US instrumented buildings
and eight major seismic events, we confirmed that the effect of the component damping on the
floor spectral demands is strongly period dependent and it depends on how far or close the period
of the component is to the modes of the supporting structure. Specifically, the component
damping effect becomes more severe when the component period is tuned to any modal period
of the supporting structure and the amplification of the acceleration demands within this region
is more severe for lower component damping ratios. On account of the above findings, a
comprehensive probabilistic model is proposed for estimating the distribution of component
DMFs based on (a) the component damping and (b) the ratio of the component period over the
predominant building period.
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