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ABSTRACT

In this paper a parametric study is conducted in order to evaluate the seismic demand on light
acceleration-sensitive nonstructural components caused by frequent earthquakes. The study is
motivated by the inconsistent approach of current building codes to the design of
nonstructural components; moreover, the extensive nonstructural damage recorded after
recent low intensity earthquakes also encouraged such a study.

A set of reinforced concrete frame structures with different number of stories, i.e. 1 to 10
stories, are selected and designed according to Eurocode 8. The structures are subjected to a
set of frequent earthquakes, i.e. 63% probability of exceedance in 50 years. Dynamic
nonlinear analyses are performed on the reference structures in order to assess the accuracy of
the equations to predict seismic forces acting on nonstructural components and systems in
Eurocode. It is concluded that the Eurocode equations underestimate the acceleration demand
on nonstructural components for a wide range of periods, especially in the vicinity of the
higher mode periods of vibration of the reference structures; for periods sufficiently larger
than the fundamental period of the structure, instead, the Eurocode formulation gives a good
approximation of the floor spectra. Finally, a novel formulation is proposed for an easy
implementation in future building codes based on the actual Eurocode provisions. The
proposed formulation gives a good estimation of the floor spectral accelerations and is able to
envelope the floor spectral peaks due to the higher modes.
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1 INTRODUCTION

Nonstructural components are all the systems and components attached to the floors and walls
of a building that are not part of the main structural system [1]. They can be classified in
different categories according to the structural response parameter that is better correlated to
their damage [2]. Acceleration-sensitive components, e.g. parapets and suspended ceilings,
can be distinguished from (relative) displacement-sensitive components, e.g. windows and
elevator cabins. The majority of the components can be classified as both acceleration- and
displacement-sensitive components [3], such as fire sprinklers and heavy infill walls. For this
reason consideration of both forces and displacements is prudent for all nonstructural systems.
The seismic performance of nonstructural components is nowadays recognized to be a key
issue in the framework of the performance-based earthquake engineering.

e The failure of nonstructural components can cause injuries or deaths; for instance, the
failure of cladding panels in precast buildings was the main cause of fatalities in the
2012 Emilia earthquake (Northern Italy) [4].

e The nonstructural components generally exhibit damage for low seismic demand
levels. Their damage can impair the functioning of the buildings. This issue is vital in
emergency facilities, such as hospitals or fire stations, that should remain operative
soon after the seismic event. The seismic performance of nonstructural components is
especially important in frequent, and less intense, earthquakes, in which their damage
can cause the inoperability of several buildings. For instance, a 4.9 My earthquake,
that struck the northern part of the Campania region in Italy on 29 December 2013
caused many building evacuations mainly due to nonstructural component damage,
such as internal partitions and infill walls (Figure 1).

e The cost connected to nonstructural components represents the largest portion of a
commercial building construction [2]; the economic loss due to the failure of
nonstructural components may exceed the replacement cost of the building, in case the
loss of inventory and the downtime loss caused by nonstructural components are taken
into account [5].

a b
Figure 1. Damage to((g) infill walls and to (b) internal partition after a 4.9(M)W Italian earthquake.
It is therefore widely recognized that the nonstructural components should be carefully
designed for seismic actions. Many research studies were conducted with the purpose of
assessing the seismic demand on nonstructural components, especially the acceleration-
sensitive ones, as well as the seismic capacity of such components [6, 7]. First studies on the
evaluation of the seismic demand on acceleration-sensitive components, i.e. floor response
spectra, were performed by Lin and Mahin [8] and Sewell et al. [9, 10]; they investigated the
influence of the nonlinear behavior of the primary structure on the floor response spectra.
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More recent studies are performed on the same topic [11, 12] both for a SDOF and MDOF
primary structures; in the latter study, the floor spectra of a multi-story frame respecting
capacity design requirements are also investigated.

Rodriguez et al. [13] evaluated the earthquake-induced floor horizontal accelerations in
cantilever wall buildings built with rigid diaphragms. They described several methods
prescribed by design standards and proposed a new method for the evaluation of the design
horizontal forces. Singh et al. [14, 15] proposed two methods for calculating the seismic
design forces for flexible and rigid nonstructural components. The methods exploited the
dynamic characteristics of the component, expressed in terms of fundamental periods and
damping ratios, and of the supporting structure to calculate the seismic demand on
nonstructural components. The validity of such methods was verified by comparing their floor
response spectra with the ones obtained for an ensemble of earthquakes exciting several
buildings with different numbers of stories. Fathali and Lizundia [16] analyzed the recorded
ground and floor motion data collected in the framework of the California Strong Motion
Instrumentation Program (CSMIP). They proposed a nonlinear relationship between the peak
floor acceleration (PFA) and the corresponding height of the component in the building.
Moreover, they proposed a three-segment floor spectrum composed of a linear rise at short
periods, a flat segment at medium-range periods and a nonlinear decaying segment at longer
periods. Sullivan et al. [17] addressed the shortcomings of the Eurocode 8 formulation for the
definition of floor response spectra both in an 8-story and in a 20-story cantilever RC wall
structure. They also proposed calibrated equations to predict floor spectra on single degree of
freedom supporting structures. They finally encouraged further researches on multi-degree of
freedom supporting structures.

In this paper a parametric study is conducted in order to evaluate the seismic demand on light
acceleration-sensitive nonstructural components caused by frequent earthquakes. The study is
motivated by the inconsistent approach of the current European and Italian building codes, as
detailed in the Section 2. The above mentioned nonstructural damage exhibited after low
intensity earthquakes also encouraged such a study. Moreover, very limited studies
concerning the Eurocode 8 [18] formulation for the evaluation of the floor spectral
acceleration were performed, according to which the seismic demand on a given nonstructural
component is evaluated. Past studies were usually focused either on simple structures, e.g.
SDOF structures, or on steel and wall buildings.

A set of RC frame structures are selected and designed according to Eurocode 8. Dynamic
nonlinear analyses are performed on the reference structures in order to validate the Eurocode
formulation. The floor response spectra are compared to the Eurocode 8 formulation; some
considerations on the peak floor acceleration and on the component amplification are also
included. Finally, a novel approach for the definition of the design floor response spectra is
proposed for an easy implementation in future building codes.

2 MOTIVATIONS: WHY TO INVESTIGATE FLOOR SPECTRA CAUSED BY
FREQUENT EARTHQUAKES?

Current building codes, such as Eurocode 8 (EC8) [18] and Italian Building Code (NTC 08)
[19], provide that the ultimate limit states should not to be exceeded for a rare earthquake, e.g.
475-year return period earthquakes for ordinary buildings, and the damage/serviceability limit
states are not to be overcome for a frequent earthquake, e.g. 50-year return period earthquakes
for ordinary buildings, according to the approach included in [20]. The ultimate limit states
concern the safety of the people and of the structure, whereas the serviceability limit states
concern the functioning of the structure.

The Italian Building Code accurately defines the two limit states considered during the design
phase as a function of the damage that occurs both at structural and nonstructural components.



The ultimate limit state achievement implies that nonstructural components are already failed
and the structural components are damaged, but the structure still has a safety margin with
respect to the collapse. The damage limit state, instead, is attained in case structural
components, nonstructural components and contents exhibit a minor damage level that does
not threaten the life safety and does not reduce the safety of the building. The structural
performance objectives can be deduced from these limit state definitions: both nonstructural
and structural components should not be damaged for a frequent seismic event, whereas for a
rare event the nonstructural components can collapse and the structural components can
exhibit damage without implying the failure of the structure.

The “damage limitation requirement” is deemed to be satisfied by just limiting the structural
interstorey drifts for frequent earthquakes; the limitation implies that displacement-sensitive
nonstructural components are not damaged in case a frequent earthquake occurs. Both EC8
and NTC 08 provide that acceleration-sensitive nonstructural components, instead, are
designed in order to withstand the seismic demand caused by a rare earthquake, e.g. a 475-
year return period event for ordinary buildings. This approach is inconsistent: indeed, while it
is implicitly accepted that displacement-sensitive nonstructural components may collapse for
a rare earthquake, acceleration-sensitive components should not collapse for such an intense
motion.

It is definitely important to verify that nonstructural components do not exhibit major damage
for a frequent earthquake, considering the limit state definitions/performance objectives
mentioned above. Instead, it is questionable to verify such components against a rare
earthquake; it does not make sense to verify their safety, while, according to the definition of
the ultimate limit state, it is accepted that they can collapse for a rare earthquake. The
verification for a rare earthquake could be conducted only for nonstructural components that
can threaten the life safety in case of failure. Therefore, it seems reasonable to design
acceleration-sensitive nonstructural components in ordinary buildings according to frequent
earthquakes. For this reason, the research study aims at evaluating the seismic demand on
acceleration-sensitive nonstructural components caused by frequent earthquakes. It should be
underlined that the following considerations are limited to ordinary buildings, i.e. Importance
Class Il buildings according to EC8. Indeed, nonstructural components inserted in strategic
facilities, such as hospitals, must remain operational even for rare earthquakes [21].

An important advantage is connected to the study of the seismic demand on nonstructural
components due to frequent earthquakes. Indeed, floor response spectra obtained from
dynamic analysis for rare earthquakes show that the nonstructural components acceleration
demand depends on the ductility demand level of the primary structure [22, 23]. However, the
ductility demand is not easily predictable during the design phase, because the structural
overstrength reduces the ductility demand compared to the one assumed during the design
phase [24, 25]. For frequent earthquakes it can be assumed that the primary structure does not
exhibit large excursions in plastic range. In this case it is not necessary to rigorously assess
the level of ductility and the structural overstrength for evaluating the acceleration demand on
nonstructural components.

Finally, different studies available in literature [14, 17] evidenced that rare earthquakes induce
large floor accelerations in buildings, that are typically underestimated by the code formulas.
The question arises how to design a nonstructural component in order to withstand such a
large acceleration demand, that may be larger than 10 - 20 times the peak ground acceleration
[14].



3 METHODOLOGY
3.1 Design of the reference structures

Five multi-story RC frame structures are designed according to Eurocode 8 (EC8) [18]
provisions. These reference structures are characterized by a different number of stories, i.e.
one, two, three, five and ten stories, and by a 3 m interstorey height and two 5 m wide bays in
each direction. RC frame structure is a very common structural typology in Italy and Europe,
as pointed out by different literature studies [26, 27].

Modal response spectrum analyses are performed considering a 0.25 g design ground
acceleration on stiff soil ag. The horizontal elastic response spectrum is defined referring to a
5% damping ratio and a 1.2 soil factor, i.e. soil type B. The seismic design meets the ductility
class “high” (DCH) requirements: the assumed behavior factor is 4.95 for the one-story frame
and 5.85 for the multi-story frames. According to EC8, a halved moment of inertia is
considered for the primary elements, in order to take into account the effect of cracking. The
design fundamental periods of the reference structures are listed in Figure 2.

The mass is lumped at each story considering the actual column and beam cross sections. The
dead weight of the slab is evaluated according to the typical RC slab dimensions used in
European constructions. The mass per square meter ranges from 0.87 t/m? at the 1% floor of
the 1-story structure to 1.39 t/m? at the 1% floor of the 10-story structure.

The dimensions of the column cross sections are strongly influenced by the restricted value of
normalized design axial force; indeed, the average compressive stress over the concrete
compression strength must not exceed 0.55. The limitation is especially valid for tall
structures.

3.2  Modeling

Dynamic analyses are carried out for a set of seven earthquake records, on both linear and
nonlinear models. Both linear and nonlinear analyses are performed on the central 2D frame
of the reference structures (Figure 2). RC slabs and rigid diaphragms are considered for each
floor; a third of the seismic mass is assigned to a master joint at each floor. Analyses are
performed using the OpenSees program [28].

The study is focused on light nonstructural components. Hence, dynamic nonstructural
component-structure interaction effects can be neglected.
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Figure 2 Lateral view of the considered building models and their design fundamental period (Tges). The
dimensions of the cross sections are in [cm].

The mechanical characteristics for the steel and the concrete are calculated according to
Eurocode 2 [29].

The primary elements are modeled as elastic beam-column elements in the linear model of the
structures: the gross moment of inertia is considered. The concrete is modeled as an elastic
material with a modulus of elasticity equal to 31476 N/mm?, according to the C25/30 class
concrete assumed during the design phase.

A distributed plasticity approach is selected in order to define the nonlinear model of the
structures. This approach allows investigating the pre- and post-cracking behavior of the
elements. The primary elements are modeled as nonlinear force-based elements [28]. For each
element appropriate cross sections are defined considering the actual geometry and steel
reinforcement. The cross section is divided into fibers and a stress-strain relationship is
defined for each of them. Different constitutive laws are assigned to three different kinds of
fibers: an unconfined concrete law is associated to the cover fibers, a confined concrete law is
associated to the core fibers, a steel law is associated to the longitudinal reinforcement fibers.
The stress—strain relationship for both unconfined and confined concrete are evaluated
according to Mander et al. [30]. The tensile concrete strength is also considered.

The class B450C for the steel is used and a bilinear with hardening relationship is adopted.

3.3 Ground motion records

A set of accelerograms representative of the frequent earthquake ground motion at the
considered site is defined according to the motivations included in Section 2. Eurocode 8 does
not provide a formulation for the definition of the spectrum corresponding to a frequent
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earthquake. The Italian Building Code, instead, provides detailed hazard maps (a grid of more
than 16,000 points) corresponding to different probabilities of exceedance in 50 years; the
maps allow defining the spectrum that envelopes the uniform hazard spectrum at the site
characterized by a given probability of exceedance. The maps are defined upon a probabilistic
seismic hazard assessment (PSHA) of Italy performed by Stucchi et al. [31].

In order to be consistent with the spectrum adopted during the design phase, the selected point
of the Italian grid exhibits a 475-y return period spectrum very close to the one assumed
during the design phase. Indeed, the point, located close to the epicenter of (6.9 M) 1980
Irpinia earthquake, is characterized by a peak ground acceleration on stiff soil equal to 0.25 g
for a 10% probability of exceedance in 50 years.

According to the Italian Building Code, a frequent earthquake is characterized by a 63%
probability of exceedance in 50 years, i.e. by a 50-year return period; for the selected grid
point the peak ground acceleration on stiff soil, characterized by a 63% probability of
exceedance in 50 years, is equal to 0.078 g. The 50- year return period spectrum is shown in
solid thin line in Figure 3.

A suitable set of 7 European accelerograms (Table 1) recorded on soil type B is then
provided, according to the EC8 recommendations [32], matching the 50-year return period
spectrum:

e the mean of zero-period spectral response acceleration values is larger than 0.094 g,
i.e. the peak ground acceleration (PGA) considering a soil type B;

e the mean elastic spectrum of the selected ground motions is larger than 90% of the
target elastic response spectrum (Figure 3) in the range of periods between 0.2T 1,min
and 2T 1,max, Where T1min and T1,max are, respectively, the minimum and the maximum
fundamental period of the reference structures.

05t = Mean Spectrum
Design Spectrum
i-th Spectrum

Figure 3. Comparison between design and mean natural spectrum at damage limit state.



Epicentral

Waveform Earthquake Earthquake Date M, Distance  Direction PGA
ID ID Name [0]
[km]
Umbria
761 292 Marche 14/10/1997 5.6 21 X 0.109
(aftershock)
2017 664 Drama 09/11/1985 5.2 19 y 0.085
49 34 Friuli 06/05/1976 6.5 42 y 0.088
Almiros
2006 700 (aftershock) 11/08/1980 5.2 14 y 0.072
231 108 Montenegro  »4/05/1979 6.2 21 X 0.132
(aftershock)
336 159 Preveza 10/03/1981 5.4 28 X 0.136
293 146 Cfmpano 23/11/1980 6.9 33 y 0.099
ucano

Table 1. Information about the earthquakes used for the dynamic analyses [33].

The selected ground motion amplitudes are not scaled. Even though the selected input
motions are characterized by a significant dispersion, this phenomenon should not affect the
mean response of the reference structures, as pointed out by Maddaloni et al. [32].

Vertical ground accelerations were not considered in the study. However, frame structures
characterized by common, e.g. less than 6 m, bays do not evidence significant amplification
of the vertical floor accelerations.

4 RESULTS AND DISCUSSION
4.1 Elastic and inelastic floor response spectra

Dynamic analyses on the elastic and inelastic models are performed. The floor response
spectrum at a given story is evaluated as the mean of the floor response spectra evaluated
subjecting the structure to the 7 accelerograms reported in Table 1. A 5% damping ratio is
considered. This spectrum vyields the maximum acceleration to which a nonstructural
component is subjected, assuming that it is schematized as a single degree of freedom with a
natural period T. The floor response spectra resulting from elastic and inelastic models are
plotted and compared in Figure 4.

Both in elastic and inelastic models, peaks are exhibited in the floor spectra for a period close
to the natural periods of the primary structure. This phenomenon is caused by the filtering
action of the primary structure that modifies the frequency content of the base input at the
different stories; the floor motion is characterized by a large frequency content for frequencies
close to the natural frequencies of the structure. The nonstructural component at a given floor,
which is characterized by a natural period close to the structural one, is subjected to the large
accelerations denoted by the peak in the floor spectra.

However, for inelastic models the peaks do not correspond to natural periods because the
primary elements, subjected both to vertical loads and horizontal seismic action, exhibit a
stiffness reduction due to the cracking, leading to the natural period elongation phenomenon.
The influence of higher modes is more evident for tall buildings, whose floor spectral
accelerations, associated to the higher modes, are greater than the ones corresponding to the
first mode. This phenomenon is more evident for inelastic models, in which the reduction of
the floor spectral ordinates mainly involves the first mode peak, whereas the peaks
corresponding to the higher modes are only slightly reduced. It is interesting to note that the
reduction of the spectral ordinates is significant despite the structural elements are not
yielded; the nonlinearity due to the cracking of the elements could be significantly beneficial



in terms of the seismic demand on nonstructural components, especially for long-period
nonstructural components in tall structures.

It should be noted that the frequent seismic action considered in this study produces a demand
on nonstructural components that is much smaller than the demand caused by the rare seismic
action considered in [23] on the same reference structures. Considering inelastic models, the
seismic demand on nonstructural component due to a frequent seismic action does not exceed
0.9 g, whereas the demand due to rare earthquakes may be close to 3 g [23].



1.8

151

1.2¢

S, [9]

0 0.5 15 2 2.5 3
T[s]
(@)
1.8 .
Floorl
. Floor2 | |
L5 - Floor3
12t !

S, [9]

S, [9]

Floorl
Floor2 | |

1

15 2 2.5 3

T[s]
(b)
1.8 .
Floorl
Floor2
1.5} Floor3 | |
Floor4
1.2 Floor5 | {
> .
< 0.9 E
L
n

e

AR R

0 1
0 0.5

1.8 .

Floor2

Floor4
1.5 Floor6

Floor8
1.2t Floor10 |
09r = .

15 2 25 3
TI[s]

(e)

1

15 2 25 3
TIs]

(d)

Figure 4. Floor response spectra in elastic (dotted lines) and inelastic (solid lines) models for (a) 1-story

structure, (b) 2-story structure, (c) 3-story structure, (d) 5-story structure and (e) 10-story structure.

10



4.2 Floor amplification evaluation

The trends of the ratio between the peak floor acceleration (PFA) and the peak ground
acceleration (PGA) are plotted in Figure 5, in order to study the acceleration amplification at
the different story levels.

Both elastic and inelastic models show almost linear trends, excepting the 10-story structure,
in which the shape of the PFA/PGA trend is influenced by the second mode displacement
shape at the top stories. A reduction of the PFA/PGA ratio is exhibited in the inelastic models
with respect to the elastic ones, due to the cracking of the primary elements; however, at
lower stories of the tallest buildings, i.e. 5- and 10-story structures, a slight increase is
recorded. This latter phenomenon could be caused by the great influence that higher modes
have when structural nonlinearity, i.e. cracking, occurs [34, 35].

The PFA/PGA trends are compared to the provisions included in ASCE 7 [36] and EC8 that
define a linear trend that goes from 1 at the base of the structure to 2.5 and 3 at the top for
EC8 and ASCE 7 respectively. Both the EC8 and ASCE 7 envelopes overestimate the
numerical outcomes; it is noted that inelastic models are considered, since they, through the
inclusion of the cracking in the elements, better predict the actual behavior of the structures.
An envelope that goes from 1 at the base of the structure to 2 at the top would better fit the
results.

1

7
/
0.9} /
/
0.8} /
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% 05t —— 5 stories
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0
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Figure 5. Ratio between peak floor acceleration (PFA) and peak ground acceleration (PGA), versus the
relative height (z/h) compared to the provisions included in ASCE7 and EC8.

4.3 Component amplification evaluation

The trends of the ratio ap between the maximum floor spectrum acceleration (Sramax) and the
PFA with respect to the relative height are shown in Figure 6, in order to study the component
acceleration magnification of the floor accelerations. The outcomes corresponding to the
elastic and inelastic models are compared: only slight differences are exhibited. The a, ratio
ranges from 3.0 to 5.2 in elastic models whereas it ranges from 2.6 to 4.8 in inelastic models.
The component acceleration magnifications in tall buildings are generally smaller than the
ones in short structures.

The trends are compared to the provisions included in ASCE7 and ECS8, that define a trend
that goes from 2.5 at the base of the structure to 2.5 and 2.2 at the top for ASCE7 and EC8
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respectively (Figure 6). Hence, a noteworthy underestimation of the ap values in the current
building codes is clearly evidenced, as shown in Medina et al. [22].
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Figure 6. Floor acceleration magnification on nonstructural components versus the relative height (z/h)
compared to the provisions included in ASCE7 and EC8.
It should be noted that the fundamental period of a nonstructural component can increase in
case either itself or its connection/anchorage exhibits a nonlinear behavior. This phenomenon
induces a different acceleration demand on the component, which results in a different ap
value.

4.4  Comparison with EC8 formula and limitations

Eurocode 8 [18] provides that the floor spectral acceleration, i.e. the maximum acceleration
on a SDOF nonstructural component, is evaluated as:

3-(1+z/H)
S —a-S|——" 7"/ _05|.g>a-S- 0
Fa,EC8 (T) o [1+(1T/T1)2 5} g=2a-5-9 (0)

where:

e o is the ratio between the peak ground acceleration on stiff soil and the gravity
acceleration;

S is a soil amplification factor;

z/H is the relative structural height at which the component is located;

T is the nonstructural component period,;

T1 is the fundamental period of the primary structure, assumed during the design
phase.

The Eurocode 8 floor response spectrum could be then compared to the floor spectra resulting
from the analyses, assuming in the formulation (1) a peak ground acceleration on stiff soil
equal to 0.078 g, i.e. the 50-year return period peak ground acceleration. In Figure 7 the floor
spectra are compared to Eurocode 8 floor spectra for the different structures considered in this
study. In order to take into account the realistic behavior of the primary structures, floor
spectra in inelastic models are considered.
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This comparison underlines that Eurocode 8 typically underestimates the acceleration demand
on nonstructural component for a wide range of periods, especially for periods close to the
structural natural periods. Eurocode floor spectra give a good approximation, typically safe-
sided, of the floor spectra for period sufficiently larger than the fundamental period of the
structure.
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They also give a good approximation of the period (Tdes in Figure 2) at which the maximum
floor spectral acceleration occurs; this is caused by the assumption of halved inertia during the
design phase, in order to take into account the effects of cracking.

Higher mode effects are not considered in the formulation (1): a significant underestimation is
recorded in the range of periods close to the higher mode periods of vibration. The effective
floor spectrum acceleration can be significantly underestimated, especially for tall buildings,
i.e. the 5- and the 10-story structures, in which the higher modes are predominant. An urgent
need to include higher modes in the code formulation is clearly evidenced.

45 Definition of a code formula

The previous sections clearly evidenced the inadequacy of the Eurocode provisions for the
evaluation of the seismic demand on acceleration-sensitive nonstructural components. The
main issues of the EC8 formulation can be summarized in: (a) the slight overestimation of the
peak floor acceleration (see Section 4.2), (b) the significant underestimation of the component
acceleration magnification at a given floor (see Section 4.3), (c) the non-inclusion of the
higher mode effects in the formulation, that leads to a significant underestimation of the floor
spectral acceleration for small periods (see Section 4.4). However, the shape of the Eurocode
floor spectrum is found to suitably catch the shape of typical floor response spectra.

In this Section a novel formulation is proposed (Figure 8): it is based on the Eurocode
formulation and on some suggestions included in [16]. A formula similar to the one already
included in the Eurocode is defined, both for the sake of simplicity and in order to facilitate
the implementation in future building codes.

- A three-branch floor response spectrum is defined (branches from no. 1 to no. 3 in
Figure 8). The branches no. 1 and no. 3 have a shape similar to the Eurocode 8 floor
spectrum. The definition of the flat branch no. 2 allows considering the peaks
corresponding to both the first and the higher modes of the primary structure; it is also
capable to include the uncertainty in the evaluation of the structural periods.

- The formula included in EC8 is slightly modified in order to directly distinguish the
different terms, i.e. ground acceleration, floor amplification and component
amplification, that influence the definition of the floor response spectrum (Sra).

- The PFA over PGA ratio trend is modified according to the evidence described in the
Section 4.2. The proposed ratio trend goes from 1 at the base of the structure to 2 at its
top.

- The amplification factor ap is increased up to 5 for short buildings and is reduced for
tall ones (Table 2), according to the analytical results (Figure 6).
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Figure 8. Proposed floor spectral shape compared to the Eurocode 8 floor spectral shape and to a typical
analytical floor spectrum.

The proposed response spectra is defined according to the following formulation:

a-S-g-(1+z/H). % ~|2a-S-g forT<a-T,
1+(a, 1)(1—%”1)
Staproposea (T)=1-S-g-(1+2/H)-a, fora-T,<T <b-T, (0)
ap
a-S-g-(1+z/H)- _|>a-5.g forT>bT,
1+(ap—1)(1-%.Tl)

The parameters a, b and a, are defined according to the fundamental period of the structure T
as reported in Table 2. They are based on the indications included in [16] and they are then
calibrated in order to ensure a good matching between the analytical floor response spectra
and the proposed floor spectra. The other parameters are the same as in Eurocode formula (1).

al] b [] a, [
T1<0.5sec 0.8 14 5.0
0.5sec<Ti1<1.0sec 0.3 1.2 4.0
T1>1.0sec 0.3 1.0 2.5

Table 2. Values of the parameters of the proposed formulation for different ranges of structural periods.

In Figure 9 the floor spectra are evaluated according to the proposed formulation (2) and
compared to the analytical floor spectra evaluated on the inelastic models. The proposed floor
spectra are typically safe-sided with respect to the analytical results. They are also capable to
include the peaks related to the structural higher modes; the reduction of the seismic demand
on very flexible nonstructural components is also caught.
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Figure 9 Floor response spectra (solid lines) on inelastic models compared to the proposed floor spectra
according to the formulation (2) (dashed lines) for the (a) 1-story, (b) 2-story, (c) 3-story, (d) 5-story and
(e) 10-story structures
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The proposed formulation yields conservative floor spectral accelerations for a wide range of
periods, especially for periods close to the fundamental period; however, this overestimation
could cover the uncertainty in the estimation of the structural period due to, for instance, the
presence of stiff infill walls and partition walls [37], as well as the uncertainty in the
estimation of the nonstructural component period during the design phase.

The definition of such a formulation requires that the designer knows the fundamental period
of the considered nonstructural component. Since it is not reasonable that a designer should
evaluate the fundamental periods of nonstructural components, the manufacturer should
include this value in its technical data sheet; some experimental activities aimed at the
evaluation of the natural frequency of nonstructural components can be also conducted, as for
instance [3, 38].

5 CONCLUSIONS

Floor response spectra are evaluated through time-history analyses on a set of five RC frame
structures with different number of stories. The floor spectra are evaluated according to a set
of accelerograms compatible to a design frequent seismic input. The investigation of floor
response spectra induced by frequent earthquakes is motivated following a detailed analysis
of the limit states definition in the actual European and Italian building codes.

Both elastic and inelastic models of the reference structures are considered. A period
elongation phenomenon is clearly evidenced in floor spectra of the inelastic models, which is
mainly caused by the cracking of the primary elements. The nonlinearity due to the cracking
of the elements also induces a reduction of the floor spectral ordinates; the reduction of the
floor spectral ordinates mainly involves the floor spectrum peak corresponding to the first
mode, whereas the peaks corresponding to the higher modes are only slightly reduced. For tall
buildings, the floor spectral accelerations associated to the higher modes are greater than
those corresponding to the first mode.

The peak floor acceleration shows an almost linear trend with the structural relative height.
The predictions included both in EC8 and ASCE 7 are conservative, i.e. they provide larger
values of peak floor acceleration compared to the accelerations that result from the analyses.
The peak component acceleration, i.e. the maximum floor spectral acceleration value at a
given story, normalized to the peak floor acceleration, exhibits an almost constant trend with
the structural relative height. Moreover, the taller the structure is, the smaller the component
amplification factor becomes. A significant unsafe-sided prediction of both EC8 and ASCE 7
provisions is demonstrated.

The comparison of the floor spectra of inelastic models with the EC8 provisions clearly
underlines that Eurocode 8 typically underestimates the acceleration demand on nonstructural
component for a wide range of periods. Eurocode floor spectra give a good approximation,
typically safe-sided, of the floor spectra for periods sufficiently larger than the fundamental
period of the structure. A significant underestimation is recorded in the range of periods close
to the higher mode periods of vibration of the reference structures.

A novel formulation is then proposed, based on the Eurocode current formulation, for an
implementation in the future building codes. The proposed formulation is able to envelope the
floor spectral peaks due to the higher modes. Moreover, it yields conservative floor spectral
acceleration for a wide range of periods, especially for periods close to the fundamental
period. However, such an overestimation could cover the uncertainty in the estimation of the
structural and the nonstructural component periods during the design phase.

It should be underlined that the above presented results and conclusions are related and
limited to a set of frame reinforced concrete structures designed according to Eurocode 8. A
larger set of structures, characterized by different materials and structural typologies, should
be considered in a future study in order to validate the proposed formulation.
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