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SUMMARY:

The present paper deals with the dynamic respdnsersstructural components of civil and industbaildings
under seismic excitations. Recent seismic evenirstgmb out that a huge lack of knowledge still affeboth
analysis procedures and design or assessment rsaethogntly adopted for the rather wide class dfjéots”
generally referred as “non-structural componengsy).( partitions, masonry infill, suspended ce#infinishing
and so on). Since the most common code provisiowk quidelines addressing the issue of non-structura
components provide rather diverse relationshipsef@uating the maximum earthquake-induced actionthe
non-structural components, a wide parametric aialyased on a 2DOF system is presented. It sinsuthe
coupled response of both main structure and namtstral component. The key parameters which agtuall
control the dynamic response of non-structural comepts emerge from this study and are consideretein
preliminary proposal of a simplified formula to éwate the maximum earthquake-induced inertial astio
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1. INTRODUCTION

In the last decades, the research efforts cartikedooformulate sound design criteria for strucsuire
seismic areas led to the current generation ohdeisodes (i.e., EN 1998-1, 2004). They provide
designers with a consistent performance-based agiprimr protecting structures against earthquake-
induced actions (FEMA 356, 2000). However, recamthgjuake events, such as the one which struck
L'Aquila in 2009, emphasised a series of criticeduies which are not completely covered by the
current provisions (Verderame et al., 2009). Onsuzth critical issues is related to the predictién
the seismic response of “non-structural componegi&RI 1984; EFRC 2005; De Sortis et al, 2009).
The first critical aspect in handling such issueslsl with properly defining the very wide class of
components mentioned above (FEMA 356, 2000). Sedefanitions are currently available in both
codes of standards and scientific studies. Howeagra matter of principle, any “object” which is
supposed not to play a role in defining the schetoesidered in common structural analyses (under
both gravity and seismic actions) can be considaged “non-structural” or “secondary” component.
This is probably the broadest definition of norustural components and is adopted within the ptesen
study. Under this standpoint, partitions, masomfjllj suspended ceilings, finishing, as well as
specific equipment can be generally regarded as-&tactural” components. The various seismic
codes and guidelines currently in force in earthgyarone countries (e.g., EN 1998-1, 2004; SIA 261
2003; IBC 2006; NBCC 2005; NZS 4203 1992) providesigners with simple (and generally
simplistic) rules and relationships for determinitite maximum inertial action induced by the
expected seismic shaking on non-structural compsndiney are based on few parameters dealing
with:

- the intensity of the expected seismic event;

- the elastic properties of both the main structume: the non-structural component;

- the position in height of the non-structural comgatis within the main structure.

Some of the most recent codes also consider atredyzarameter related to the inelastic response of



the secondary component. On the contrary, the meari behaviour of the main structure is either
disregarded or not explicitly considered in the \abanentioned code provisions, even though it
clearly affects the excitation of the non-struckutamponents by “filtering” the seismic signal
(Villaverde and Chauduri 2008).

This paper is basically aimed at formulating a cmehpnsive (though simplified) method for
determining the actions induced on “non-structucalfnponent during seismic events.

A wide parametric analysis aimed at quantifying thertial actions induced on non-structural
components is presented in Section 2. It is basesltavo-degree-of-freedom (2DOF) system which is
the simplest way to analyse the nonlinear respofise secondary member connected to a primary
structure whose cyclic response is often investiahrough a single-degree-of-freedom (SDOF)
system. The key results of the parametric analgses summarised in section 3 and compared in
section 4 with the predictions of the above memiboode relationships.

2. PARAMETRIC DYNAMIC ANALYSIS

The simplified formulae currently available in cedend guidelines lead to rather diverse predictions
of the maximum earthquake-induced actions on naucisiral components. Moreover, they generally
neglect important parameters, such as those rdiatibe elastic and post-elastic response of tha ma
structure. In fact, only the period ratig/T; is generally considered. On the contrary, the same
relationships generally involve neither the elagigriod T, nor a parameter related with the force
reduction factor (or design ratio) of the main stame. As far as the latter is of concern, it is
reasonable to figure out that the lower the elastiength of the main structure, the lower its
accelerations and, consequently, the inertial astinduced in the non-structural components.

The three following subsections introduce the k@grmation about the numerical model adopted for
this parametric investigation, the seismic sigmraiployed in the nonlinear time-history analyses and
the range of variation of the key parameters cameilin the present study.

2.1. A simplified numerical model

The two-degree-of-freedom (2DOF) system considerdflis numerical investigation is the simplest
possible representation of the dynamic interadtieiveen the main structure, connected to the ground
and directly shaken by the earthquake motion, Badon-structural component which is connected to
the main structure under consideration. The systesohematically represented in Figure 1.
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Figure 1. The 2DOF system considered in the nonlinear tissry analyses
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The main structure is represented by its maswhich is connected to the ground by an elastic-
perfectly-plastic element whose elastic stiffnkessd yielding forcd=, are also represented in Figure



1. The relative displacement of the main systenh wespect to the ground is denotedxbyiscous
damping is also considered through the coefficiewhich relates the viscous force with the relative
velocity X.

The non-structural component is represented bmassm, which is connected to the main structure.
The relative displacement of the former (still wittsspect to the ground) is denoted withand a
simple elastic behaviour is considered for the memmhich connects the non-structural component to
the main structure. The stiffnekgs and the damping coefficielt completely describe the dynamic
properties of such a member.

As a matter of principle, nonlinear behaviour cobkl generally considered for the non-structural
component, too. Nevertheless, since this studyasiyn devoted at evaluating the maximum inertial
actions induced on that component (and does nardbe aspects related to displacements) an elastic
behaviour is considered for the secondary compoasnassumed in other similar studies already
available in the literature (Oropeza et al 2010).tRe contrary, for the sake of generality, thepted
behaviour of the system represented in Figure doissidered in the analyses, even though similar
studies (Lin and Mahin 1985; Oropeza et al 201@) aften carried out by considering two single-
degree-of-freedom (SDOF) systems in series. In fattte mass ratio is kept small (i.e/m—0), the
dynamic response of the main structure is not anbsily influenced by the mass, and can be
simulated by a SDOF system whose response canltmseguently, considered as the base motion for
the secondary system, represented in turn by an8D®F system. However, this approximation is
not considered herein and the following coupledlégxgiium equations are actually solved:
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where Uy represents the seismic action in terms of grownelaration. The reactidf(x;k,F) is the

only nonlinear part in equations in (2.1) and iwed both the main structure relative displacement x
and its elastic and inelastic properties (namelgndF,) represented in Figure 1. The equations (2.1)
are solved numerically by means of a piecewise aggtr which is needed for the “non-smooth”
nature of the seismic input. Moreover, a numeriglglorithm inspired to the well-known Beta-
Newmark family (Clough and Penzien 1993) has begsiemented for handling nonlinearities in the
dynamic response of the system.

2.2. Natural seismic signals considered in this study

A set of 264 natural records was collected to bpleyed in the nonlinear time-history analyses which
have been carried out in the present research.dbitebase of those records has been built by
considering the same seismic events and possiblgdme records (which was the case for the large
majority of signal actually collected within thetlseonsidered by Miranda (2000). Thus, a very wide
parametric analysis can be carried out. Moreover,dispersion of results deriving by the aleatoric
nature of the seismic input can be described thrat@tistical measures.

2.3. Thestructural parametersof relevance

Figure 1 clearly points out the main parametersegung the dynamic response of the system under
consideration. Besides the mass ratigm, the key parameters needed to describe the respins
SDOF oscillators can be considered for both thenns&iucture and the non-structural component.
Thus, the elastic periofl and the damping ratié (Clough and Penzien 1993) can be defined for both
parts of the 2DOF system:

- main structure:
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- non-structural component:
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The properties defined in (2.2)-(2.5) completelntcol the response of the 2DOF system in the linear
elastic range. Thus, for a given seismic signalntdgimum inertial force&e andF, ¢ induced on the
main structure and the non-structural componemspeetively, can be determined through a linear
time-history analysis. Then, the elastic threshglevhich corresponds in principle to a given value of
the force reduction factor R, can be easily definedh further parameter of interest for the present
parametric analysis:

F
F - el
y _R (2.6)

As a matter of principle, the yielding force of then-structural components could be defined in a
completely similar way. However, in this study tiesponse of the non-structural component is kept in
the linear range. Finally, the range of variatibthe parameters defined above is reported below:

- mass ratio m,/m1{0.01;0.001};

- main structure period  T;0[0.2s; 2.0 s];

- secondary period T.[0.05 s; 5.0 s];

- force-reduction factor  RO[1; 6].

The other parameters are kept constant. In paatichibth damping ratiocsand &, will be assumed

equal to 0.05.

3.RESULTS

Since five values of; and nine forT, have been considered within the ranges reportéteagnd of
section 2.3, a total number of 142560 nonlineaethistory analyses have been carried out on 2DOF
systems like the one represented in Figure 1 andidering the 264 seismic signals mentioned in
section 2.2, two mass ratios and six values offthee-reduction factoR. General trends of the
dynamic response of the non-structural componeat presented in the following, along with a
comparison against the code provisions of EN 1998d05). Then, the results in terms of two
relevant response parameters, already defined ensthentific literature (Lin and Mahin 1985;
Oropeza et al 2010) are quantified and discussed.

3.1. Preliminary observations

General trends can be captured by analysing thdtsesbtained in numerical analyses introduced in
section 2. Since the comparison between the camasjons is the first aim of this discussion, Figur



2 and Figure 3 reports the ratio of the maximunohlte acceleratiorfr,/m, and the corresponding
peak ground acceleratio®GA=Sg=aSg against the period ratid,/T, for various values of the
reduction factoR. It is worth to precise that each point represgimeerms of./m.Sg is the average

of the same ratio obtained for the 264 seismicagyoonsidered in the present parametric study. In
particular, Figure 2 refers to the case of a speriod structureT;=0,2 s) and shows that the ratios
FJ/mSq are significantly affected by the force reductifawtors. The simplified code provisions
basically miss this effect; the EN 1998-1 (2005nfala is generally in good agreement only in the
case of R3+4, which is the range of values of the g-factengyally adopted for a large majority of
new structures.
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Figure 2. Maximum absolute acceleration on the structunahgonents (70,2 s)

Similar comments can be reported for Figure 3 wihieals with the case of a medium-to-long-period
main structure. The maximum values of the ratimfSa,, obtained around the unit period ratio are
lower than the corresponding ones representedgar&i2. This is a result of the reduction in the
acceleration induced by the main structure whoseges T,=1,0 s. However, the force reduction
factor still affects significantly the dynamic resyse of the non-structural component and in thie ca
the predictions based on EN 1998-1 (2005) are géinerery conservative.
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Figure 3. Maximum absolute acceleration on the structupahgonents (7=1,0 s)
3.2. Definition of relevant response parameters

The numerical results reported in section 3.1 aadiqularly the comparison with the simplified
formula adopted in EN 1998-1 (2005) points out lidted predictive capacity of the considered



formulation. A wider number of parameters needs¢oconsidered for enhancing that capacity.

Moreover, the definition of more consistent resgommrameters can also be useful for better

understanding the key features of the dynamic respaf non-structural components. Two of such

parameters are already defined in the scientticdiure:

- the Amplification Factor AF, which is the ratio tie maximum total acceleration in the non-
structural member evaluated for an inelastic maincture and the corresponding one derived by
considering an elastic behaviour of the latter:

AF = Fa(R;-E'Ta/-Ev n’&/ nn{’é'a) . (31)

Fa(Rzl;-E’Ta/-E' m/ mf-fa) ,

- the Resonance Factor RF, which is the ratio ohtheimum total acceleration of the non-structural
component over the maximum value of the total a&reéibn in the main structure:

FRLT/Tm/ m&&)/ m’

3.3. The Resonance Factor

The results of the parametric analysis carriedmotitis study can be easily presented in termsotii b
parameters defined in 3.2. For instance, the aioglibn factor AF can be plotted against the period
of the non-structural component for various valoéshe factor R and a given period. Tigure 4
reports this diagram which actually comply with then-monotonic shape of the various curves
already described by Lin and Mahin (1985). It confi once again the key role played by the factor R
(especially in the case of low period componentsictvis completely neglected by the current code
formulations.
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Figure 4. Amplification factor against thg {T;=0,3 s)

However, the research for a more compact reprasamtaf the huge amount of numerical results
obtained in the parametric analysis can be accaehmgadi by considering the Resonance Factor. Since
the denominator of RF in (3.2) is clearly represdatthe inelastic spectral pseudo-acceleratighef
main structure for the period, Bnd the damping rati® the possible analytical description of RF in
terms of the other relevant parameters would githigvardly lead to the quantification of.FThe
following figures report the values obtained for &Fough the nonlinear time-history analyses. Each
point has to be intended as the average of 264salarived by considering the set of seismic sggnal
outlined in section 2.2.

Figure 5 reports the mean values of RF for the oaseT,=0,2 s main structure. As a result of both
the short period of the main structure and the easfgvariation of the secondary system periods (see
section 2.3) the JT; ratio spans over a rather wide range. Thus, tivesuone for each value of the
R factor) clearly highlight the following key feas of RF:

- all curves stem out from the unit af T,=0, as a clear consequence of the definition of RF;



- an almost linear branch connects the unit withnlaaimum value of RF (denoted as Rfin the
following) which depends on a resonance conditietwieen the two components and is almost
unaffected by R (at least for R>2);

- a decreasing branch follows the resonance pointdasdribes the behaviour of RF which clearly
vanishes as JT;—o.
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Figure 5. Mean value of RF against the period ra§i®, (T,=0,2 s)

A rather similar behaviour can be read in Figurettich refers to the case 0f30,3 s and the key
points listed above can be easily recognised alsis case. Moreover, similar shapes are repredent
in Figure 7, Figure 8 and Figure 9, for longer pdsi.
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Figure 7. Mean value of RF against the period ratiol' T (T,=0,5 s)
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Figure 9. Mean value of RF against the period ragi®; (T,=2,0 S)

Similar results have been found for the higher matse m/m=0,01; thus, they are omitted herein for
the sake of brevity. Since only the mean valuehefkey numerical results have been reported & thi
paper, a final comment addresses the key propeshssrved for the distribution of RF due to the
variability of the seismic input. In particular etldistribution of RF obtained for a given structure

the analyses under the 264 seismic signals comesidier this study is represented in Figure 10.
Although no further details are present herein alits aspect, it is apparent that the variabilityhe

seismic response of the non-structural componeshicied by the aleatoric nature of the seismic
signals can be described by a lognormal statistiistdibution.
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Figure 10. Typical distribution of RF for the consideredsseic signals

As a matter of principle, such a distribution candescribed by two independent parameters, i.e. the
mean value and the standard variatmp. Since the former has been already described, soiye
information about the latter are needed for a jessiomplete description of the variability of the



structural response due to the seismic signalss,TRigure 11 shows the values of the standard
variation against the period raflg/'T; for all the numerical results fon/m=0.001.
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Figure 11. Standard Deviation of RF against the period raligT;

It points out a key property of the dispersion pagters which is basically influenced by only the
period ratio, whereas it is slightly influencedthg other relevant parameters (ile.andR).

4. PRELIMINARY PROPOSAL FOR A SIMPLIFIED FORMULATION

Based on the results observed in section 3.3, silpesanalytical formulation can be proposed for
making explicit the relationship of the mean vaRlig, of the resonance factor with the period ratio
TJ/T1. In particular, the following double branch analgt expression can be adopted for describing
the mean value of RF:

1+(RFmaX—1)[-sTi for 1a<1
T 1
RFy = A@[—B{‘] T (4.1)
_— for 2>1

L) k
T
whereRF,, A, B andC depend on both the force reduction factor R aedntitural period Tof the

main structure. Of cours&®Rax = A & B for the sake of continuity of the function (4.1) To/T,=1.

As a matter of principle, their expressions carcékbrated on the numerical results obtained in the
parametric analysis described in sections 2 and't® definition of the expressions of such
coefficients depending on the above mentioned esupf parameters is still in progress and will be
presented in one of the very next stages of tlssareh. Moreover, a similar procedure can be chrrie
out for calibrating an analytical relationship adreg describing the variability of the responseaciuhi
derives from the aleatoric nature of the signakssd®l on the results in Figure 11 it would be much
simpler than the relationship (4.1), &g basically depends on the period ratio only.

5. CONCLUDING REMARKS

This paper addresses the issue of determining tAginmam actions induced in non-structural
components of buildings under earthquake excitafowide parametric analysis has been presented
and it results can be summarised as follows:

- the available code provisions lack in predicting ieismic response of non-structural components;



- the response of the main structure plays a key (although neglected in the mentioned
provisions) in influencing such a response;

- the definition of the “response factor” RF is a k&tgp in quantifying the maximum seismic-
induced actions;

- the relationship between RF and the other parametearly emerged by the parametric analysis:
the main period {, the ratio T, and the reduction factor R are key quantities windluence the
average value of RF determined in the nonlineae-fmstory analyses carried out on a wide set of
recorded seismic signals;

- the standard deviation of RF is basically affedigdhe period ratio JT; only.

Finally, the explicit evaluation of the relationghibetween Rfand the mentioned parameters is the

next step in the future development of this studpreover, validating such relationships on the

results of analyses carried out on multi-degre&eddom systems is the final goal of this research.
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