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Summary

The achievement of adequate performance objectives for buildings under

increasing seismic intensities is not only related to the performance of struc-

tural members but also to the behavior of nonstructural elements. The need

to properly design nonstructural elements for earthquakes has been largely

demonstrated in the last few years and has become an important objective

within the earthquake engineering community. A crucial aspect in the proper

design of nonstructural elements is the definition of the seismic demand in

terms of both absolute acceleration and relative displacement floor response

spectra. In the first part of this study, relative displacement and absolute accel-

eration floor response spectra were computed for four reinforced concrete

moment‐resisting archetype frames via dynamic time‐history analyses and

were compared with floor response spectra predicted by means of two recent

simplified methodologies available in the literature. It was observed that one

of the existing methodologies is generally unable to predict consistent absolute

acceleration and relative displacement floor response spectra. An improved

procedure is developed for estimating consistent floor response spectra for

building structures subjected to low and medium‐high seismic intensities. This

new procedure improves the predictions of a relative displacement floor

response spectrum by constraining its ordinates at long nonstructural periods

to the expected peak absolute displacement of the floor. The resulting acceler-

ation and relative displacement response spectra are then consistently related

by the well‐known pseudo‐spectral relationship over the entire nonstructural

period range. The effectiveness of the proposed methodology was appraised

against floor response spectra computed from nonlinear time‐history analyses.
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1 | INTRODUCTION

Recent advancements in performance‐based earthquake engineering have pointed out the importance of the seismic
design of nonstructural elements (NSEs) in buildings. Damage observed during the past earthquakes that have struck
densely built regions,1-3 as well as recent loss estimation studies,4,5 indicate that NSEs significantly affect the immediate
functionality and economic losses in typical buildings. For example, Miranda et al1 described the damage that occurred
© 2019 John Wiley & Sons, Ltd.wileyonlinelibrary.com/journal/eqe 261
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at the Santiago International Airport following the 2010 Chile earthquake. The airport terminal did not suffer any sig-
nificant structural damage but was closed for several days because of severe damage to pressurized fire suppression
sprinkler piping systems interacting with ceiling systems.1 During the same earthquake, four hospitals completely lost
their functionality, and over 10 more lost 75% of their functionality because of damage to sprinkler piping systems.1

Similarly, post‐earthquake surveys carried out by Perrone et al2 following the 2016 Central Italy earthquake identified
damage to NSEs in important facilities such as city halls, factories, hospitals and schools. Major damage was reported to
ceiling systems, partitions, piping systems, and shelves. The importance of NSEs is highlighted by the FEMA P‐58 seis-
mic loss estimation methodology6 that explicitly considers the contributions of NSEs to the expected losses. A recent
study dealing with the seismic loss assessment of school buildings in Italy reported that for reinforced and prestressed
concrete school buildings, up to 80% of earthquake related losses might be associated to NSEs.4

NSEs are generally divided into two main categories for damage assessment and design purposes: displacement sen-
sitive and acceleration sensitive. For displacement‐sensitive NSEs, the damage is mainly related to the inter‐story drifts
in the supporting structure. Typical examples of displacement‐sensitive NSEs are wall partitions and glazing facades.
The damage induced in acceleration‐sensitive NSEs is mainly due to the overturning or excessive displacements relative
to the supporting structure caused by inertia forces arising from horizontal and vertical floor accelerations. Examples of
acceleration‐sensitive NSEs are piping systems, ceiling systems and anchored or free‐standing mechanical equipment.
Seismic provisions in modern building codes deal with the seismic design of displacement‐sensitive NSEs by imposing
inter‐story drift limits to the supporting structures, while the performance of acceleration‐sensitive NSEs is verified
using simplified force‐based approaches that calculate design inertia forces to be applied at the center of mass of the
NSEs.7,8 To overcome the shortcomings of the force‐based seismic design approaches, Filiatrault et al9 recently proposed
a direct displacement‐based design (DDBD) procedure similar to the DDBD methodology originally proposed for struc-
tures.10 The methodology applies to NSEs attached to a single location in the supporting structure and for which dam-
age is the result of excessive displacements relative to the supporting structure. One of the key aspects of this DDBD
methodology is the definition of the seismic demand in terms of relative displacement floor response spectra (FRS).
In addition, current seismic code design provisions for NSEs require the calculation of the relative displacements of
NSEs relative to the supporting structure to provide sufficient clearance and avoid undesirable interactions between
NSEs and structural elements. A simple methodology capable of accurately predicting relative displacement FRS would
be a powerful tool to improve the seismic design of NSEs.

In the last few years, significant efforts have focused on the evaluation of the acceleration demand on NSEs in typical
structural typologies. Lin and Mahin11 and Sewell et al12 conducted pioneering works in the evaluation of peak floor
accelerations in yielding structures. Sewell et al12 demonstrated that the amplification of FRS peaks is influenced by
the localized nonlinear behavior occurring in the supporting structure. Medina et al13 studied peak floor accelerations
and FRS for light NSEs mounted in regular moment‐resisting frames and concluded that seismic code provisions do not
always provide adequate estimations of peak floor accelerations. In addition, the modal properties and the yielding of
the supporting structure significantly influence FRS, with the latter reducing the maximum expected demand on NSEs.
Sankaranarayanan and Medina14 studied the main factors that caused amplification or reduction in FRS ordinates and
concluded that the peak acceleration experienced by an NSE is strongly related to its location in the building, the ratio
between its period and the period of the building, its damping ratio, and the level of inelastic response exhibited by the
supporting structure. Chaudhuri and Villaverde15 and Chaudhuri and Hutchinson16 stated that an amplification of peak
spectral acceleration because of building nonlinearity could occur when the NSEs are located at the lower floors of a
building and the NSEs are tuned to one of its higher modes. A correlation with the ground motions characteristics
was also observed.

To improve code prescriptions for NSEs,7,8 some authors have proposed more accurate methodologies to predict FRS
for Single degree‐of‐freedom (SDOF) and multi degree‐of‐freedom (MDOF) systems. Miranda and Taghavi17 proposed
an approximate method to estimate floor acceleration demands in multistory buildings responding elastically or
quasi‐elastically.17 Singh et al18,19 proposed two different formulas to evaluate the seismic forces on rigid and flexible
NSEs. Politopoulos and Feau20 investigated the influence of the nonlinear behavior of the supporting structure on accel-
eration FRS by means of simplified models. Politopoulos21 extended the previous study to MDOF nonlinear structures
and concluded that, generally, nonlinearity has a beneficial effect on FRS. More recently, Petrone et al22 proposed a
methodology to construct FRS for European buildings designed according to Eurocode 8 prescriptions8 and subjected
to frequent (serviceability level) earthquake ground motions. Likewise, Vukobratović and Fajfar23 proposed a simple
methodology to construct FRS that was calibrated both for elastic and inelastic supporting structures. The methodology
highlights the significant influence of higher modes on FRS. Similar considerations were introduced in the methodology
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recently developed by Sullivan et al.24 This methodology was originally proposed for linear and nonlinear SDOF struc-
tures and was recently extended to nonlinear MDOF systems.24-26

Despite the significant efforts to develop simple methodologies to predict absolute acceleration FRS, relative displace-
ment FRS have received almost no attention. To the author's knowledge, only two recent studies deal with the predic-
tion of the seismic demand for NSEs in terms of relative displacements.27,28 Obando and Lopez‐Garcia27 characterized
inelastic displacement ratios of inelastic acceleration‐sensitive nonstructural components subjected to floor accelera-
tions. Calvi28 proposed a methodology to predict relative displacement FRS. In particular, Calvi further developed the
work by Sullivan et al24,25 by applying some of their concepts to the prediction of relative displacement FRS for nonlin-
ear SDOF supporting structures. The methodology provides expressions that are valid in a range of nonstructural
periods up to the fundamental period of the supporting structure followed by constant spectral displacements for longer
nonstructural periods. This approach would lead to inaccuracy when designing or assessing NSEs with periods longer
than the period of the supporting structure, such as pendant lighting fixtures, steel storage‐racks, vibration isolated
mechanical equipment, or important artworks that could be seismically base isolated.29-31 The recent “recommenda-
tions for improved seismic performance of nonstructural components” developed by the National Institute of Standards
and Technology (NIST)32 provides some statistical data on the ratios between the fundamental periods of NSEs and of
supporting structures. For flexible NSEs attached to a supporting structure having a fundamental period equal to 0.3
seconds, the probability that the period of a NSE be longer than the fundamental period of the supporting structure
is approximately 45%, while for a supporting structure having a fundamental period equal to 0.85 seconds, the corre-
sponding probability is 15%. There is a need to better define relative displacement FRS for the seismic design and assess-
ment of NSEs characterized by periods longer than the fundamental period of the supporting structure.

Based on these considerations, and in order to develop an effective methodology to be used for the application of
displacement‐based seismic design and assessment of NSEs,9,33 this study focuses on the development of a simple
code‐oriented methodology able to provide compatible relative displacement and absolute acceleration FRS. The pro-
posed method modifies the Sullivan et al24-26 methodology focusing on reinforced concrete (RC) moment‐resisting
frames. The effectiveness of the proposed changes was appraised through the results of dynamic nonlinear time‐history
(NLTH) analyses.
2 | PREDICTIONS OF FRS

Significant efforts have been made in recent years to develop simple code‐oriented methodologies able to predict, with
reasonable accuracy, absolute acceleration FRS in RC and steel buildings. The most recent methodologies23-26 consider
four essential factors affecting absolute acceleration FRS (Figure 1):

1. The influence of the dynamic filtering offered by the vibration modes of the supporting structure. If the natural
period of the NSE (Ta) is close to the natural period of the supporting structure (Ti), an amplification of the spectral
acceleration demand occurs (Figure 1C). On the other hand, a de‐amplification of the acceleration demand is
observed for increasing difference between Ta and Ti, with the acceleration spectrum of the ground itself being a
lower limit.
FIGURE 1 Overview of the main factors affecting absolute acceleration floor response spectra22 [Colour figure can be viewed at

wileyonlinelibrary.com]
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2. The influence of damping characteristics of the NSEs. As illustrated in Figure 1C, the spectral accelerations affect-
ing the NSEs are significantly influenced by the effective damping of NSEs. Increasing the effective damping causes
a reduction in the acceleration demand on NSEs. Ignoring this aspect is one of the main shortcomings of current
code provisions and several simplified procedures.

3. The influence of the inelastic response of the supporting structure. For low seismic intensity, with a SDOF
supporting structure responding mainly in the elastic range, the absolute acceleration FRS is characterized by a sin-
gle peak that lies at the fundamental period of the supporting structure. If the seismic input intensity increases and
the maximum strength of the supporting structure is mobilized through inelastic response (Figure 1B), the maxi-
mum floor spectral acceleration is capped by the lateral force capacity of the supporting structure. This peak, how-
ever, extends into a plateau over a wider range of periods because the effective stiffness of the supporting structure
degrades, and its effective period lengthens (Figure 1D).

4. Finally, the response of the NSEs should be also taken into account. The inelastic response of the NSEs, in partic-
ular in the resonance region, could significantly affect the prediction of the FRS.

The most recent methodologies proposed by Sullivan et al24-26 and Vukobratović and Fajfar23 to predict absolute
acceleration response spectra, which are the focus of this paper, consider the above factors,34,35 as described below.
2.1 | The Sullivan et al methodology

The methodology originally proposed by Sullivan et al24 to predict absolute acceleration FRS of nonlinear SDOF systems
was extended by Calvi and Sullivan to linear elastic MDOF structures25 and was further modified by Welch and Sulli-
van26 to account for nonlinear response of MDOF structures. The first step of the procedure consists in performing an
eigenvalue analysis of the supporting structure in order to evaluate its elastic natural periods and mode shapes. Using
the results of the eigenvalue analysis and the design ground response spectrum, the peak acceleration for mode i at floor
j of the supporting structure, ai,j, is calculated using basic dynamic analysis36 as follows:

ai; j ¼ ϕi; jΓi
SA T i; ξp
� �
Ri

0
@

1
A; (1)

where ϕi,j is the mode shape for mode i at floor j, Γi is the participation factor for mode i, ξp is the inherent damping of the
supporting structure, and SA (Ti, ξp) is the design ground spectral acceleration associated to mode i and damping ratio ξp.
Ri in Equation (1) represents the modal reduction factor of the spectral peak of mode i that can be approximated by:26

Ri ¼ μαi ; (2)

where μ is the ductility demand on the supporting structure evaluated according to a rational procedure such as the
displacement‐based assessment method10 or the N2 methodology.37 The exponent αi in Equation (2) depends on mode
i and on the structural typology of the supporting structure. Welch and Sullivan26 recommended values of αi for steel
moment‐resisting frames: αi = 1.0 for the first mode and αi = 0.6 for higher modes. Additionally, Welch and Sullivan26

suggested considering the first four vibration modes when the supporting structure has less than eight stories and the
first five modes for supporting structures with more than eight stories.

The following set of equations is then used to compute the contribution of each mode to the absolute acceleration
FRS:

SAF i; j Tað Þ ¼ Ta

T i

� �2

ai; j DAFmax − 1ð Þ� �þ ai; j for Ta < T i; (3)

SAF;i; j Tað Þ ¼ DAFai; j for T i ≤ Ta ≤ Te;i; (4)

SAF i; j Tað Þ ¼ ai; j 1−
Ta

Te;i

� �2

þ 0:5ξp þ ξa
� �" #−0:667

for Ta > Te;i; (5)
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where SAFi,j (Ta) is the floor spectral acceleration calculated for mode i at floor j for an NSE with a fundamental period
equal to Ta, Ti is the ith elastic period of the supporting structure, ai,j is the peak floor acceleration for mode i at floor j
(Equation 1), DAF represents the dynamic amplification factor, Te,i is the ith effective period of the supporting structure,
while ξa is the equivalent damping ratio of the NSE. For RC frames, the effective period for mode i, Te,i, is evaluated by:

Te;1 ¼ T1
ffiffiffiffiffi
μ;

p
(6)

Te;i ¼ T i for i ≥ 2: (7)

If the supporting structures remains in the elastic range, its effective periods are equal to its elastic periods (Te,i = Ti

for all modes i), and the FRS is calculated only using Equations (3) and (5). Welch and Sullivan26 proposed the following
three equations to estimate the dynamic amplification factor, DAF, taking into account both the inherent damping ratio
of the supporting structure and of the NSE:

DAFmax ¼ 0:5ξp þ ξa
� �−0:667

; (8)

DAF ¼ DAFmax 0:55þ 0:45
T i

TB

� �
for T i ≤ TB; (9)

DAF ¼ DAFmax for T i > TB; (10)

in which TB is the period that marks the start of the constant acceleration region of the design ground acceleration
spectrum.7,8

Finally, the absolute acceleration FRS for the upper floors (floors located above the mid‐height of the supporting
structure) are obtained by computing the square root sum of the squares (SRSS) of the modal spectral ordinates at each
period (Equations 3‐5). For the lower floor levels, the absolute acceleration FRS is obtained by taking the envelope of
the ground acceleration response spectrum and the spectral acceleration obtained using the same procedure used for
the upper floors.
2.2 | The Vukobratović and Fajfar methodology

Inspired by the work of Yasui et al,38 Vukobratović and Fajfar23,34,35 proposed a procedure to estimate absolute accel-
eration FRS for both linear and nonlinear MDOF structures. The method requires to perform an eigenvalue analysis
to compute the modal properties of the supporting structure and to apply the N2 method37 to estimate the response
modification factor, Rμ, which is related to the ductility demand on the supporting structure. The absolute acceleration
FRS for mode i at floor j, SAF i,j, is estimated by:

SAF i; j ¼
Γiϕi; j

Ta=T ið Þ2 − 1
		 		

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sep;i
Rμ

� �2

þ Ta=T ið Þ2Ses

 �2

;

s
(11)

with

SAF i; j ≤ AMPiΓiϕi; j
Sep;i
Rμ

; (12)

where Sep,i is the elastic spectral acceleration at the ith period of the supporting structure associated to the inherent
damping ratio of the supporting structure and obtained from the elastic ground acceleration response spectrum at the
site of interest. On the other hand, Ses is the same elastic ground acceleration response spectrum at the level of damping
of the NSE (ξa) defined for all the nonstructural period range. In other words, while Sep,i is a constant value, Ses varies
with nonstructural period. All the other variables were already defined previously. Finally, AMPi in Equation (12) is
the acceleration amplification of the floor spectrum related to ith mode of the supporting structure and given by:
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AMPi ¼ 2:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10

5þ ξað Þ

s
for

T i

TC
¼ 0; (13)

AMPi ¼ linear between AMPi
T i

TC
¼ 0

� �
and AMPi T i=TC > 0:2ð Þ for 0 ≤

T i

TC
≤ 0:2; (14)

AMPi ¼ 10ffiffiffiffi
ξa

p for T i=TC > 0:2; (15)

where Tc is the upper limit of the constant spectral acceleration branch of the ground spectrum prescribed by CEN8 and
based on the soil type at the site. To calculate SAF i,j, Equation (11) is applied in the off‐resonance region while
Equation (12) is used for the resonance region. According to Vukobratović and Fajfar,34 the resonance region roughly
falls in the range 0.8Ti < Ta < 1.25Ti. However, the boundaries of the resonance region are not fixed and are determined
automatically by taking into account the upper limit imposed by Equation (12). Despite not being explicitly stated in the
original methodology proposed by Vukobratović and Fajfar, it is suggested to account for a lower limit in the generation
of the absolute acceleration FRS; this limit is represented by the ground spectrum.39 In this work, this limit was applied
to the floors in the lower half of the supporting structure as recommended in Calvi and Sullivan.25 Note that if the inelas-
tic behavior of the supporting structure is to be accounted for, its first inelastic mode shape, as determined using the N2
method, should replace the first elastic mode of the structure and the effective period Te,1 (Equation 6) should replace T1

in Equations (11) through (15). Once the contribution of each mode to the absolute acceleration FRS is defined, these
modal contributions are combined to predict the final absolute acceleration FRS. Vukobratović and Fajfar23,35 recom-
mend using the SRSS combination for nonstructural periods between zero and the period marking the end of the reso-
nance region of the first mode. Beyond this limit, the algebraic sum of each contribution, taking into account the sign of
the mode shape values (ϕi,j), should be used.
2.3 | Limitations of available methodologies

The methodologies proposed by Sullivan et al24-26 and Vukobratović and Fajfar23,34,35,39 both provide reasonable esti-
mates of absolute acceleration FRS but do not provide any indication on the predictions of relative displacement
FRS. To calculate the relative displacement FRS starting from an absolute acceleration FRS, SAF, the pseudo‐spectral
relationship can be used36:

SDF ¼ T2
a

4π2
SAF g; (16)

in which SDF is the relative spectral displacement at a nonstructural period Ta and g is the acceleration of gravity. The
direct application of Equation (16) to estimate the relative displacement FRS using the Vukobratović and Fajfar meth-
odology would lead to increasing relative displacements in the resonance region of the FRS. To overcome this issue, a
plateau, similar to the one applied to the prediction of the absolute acceleration FRS, is also assumed for the relative
displacement FRS. The peak of the relative displacement FRS is computed by applying Equation (16) at the resonance
point and then using this as an upper limit for the spectral values.39 The limitations of the two methodologies in
predicting absolute acceleration and relative displacement FRS are highlighted here through an illustrative example.
The top floor absolute acceleration and relative displacement FRS of a four‐story RC moment‐resisting frame were eval-
uated through NLTH analyses using an ensemble of 20 historical ground motions representative of a medium‐high seis-
mic zone in Italy. The median FRS obtained through NLTH analyses were compared with those predicted by the two
simplified methodologies. All the details on the analyzed RC frame and the ground motion ensemble are provided in
the next section. A serviceability seismicity level, with a 70‐year return period, was considered for this illustrative exam-
ple so that the RC frame remained in the elastic range for all 20 ground motions. Figure 2 compares the absolute accel-
eration (Figure 2A) and relative displacement (Figure 2B) FRS predicted by the Vukobratović and Fajfar and Sullivan
et al methodologies with the median top floor absolute acceleration and relative displacement FRS obtained from the
NLTH analyses (assuming a nonstructural damping ratio equal to 5%).



FIGURE 2 Comparison between FRS predicted by the Vukobratović and Fajfar and Sullivan et al methodologies with median FRS

obtained from NLTH analyses on a four‐story RC frame: (A) absolute acceleration FRS and (B) relative displacement FRS. FRS, floor

response spectra; NLTH, nonlinear time‐history; RC, reinforced concrete
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As shown in Figure 2, the shapes of both median absolute acceleration and relative displacement FRS are predicted
reasonably well by the Vukobratović and Fajfar methodology. This is not surprising considering that it is based on the
spectral shape proposed by Yasui et al38 obtained by using the Duhamel integral to directly integrate the equations of
motion for SDOF systems. However, the peak spectral absolute accelerations and relative displacements at the modal
periods of the supporting structure are under‐predicted. One of the reasons why the Vukobratović and Fajfar method-
ology underestimates the spectral values in the resonance region is because it implicitly includes a broadening of the
spectral peaks, which is generally combined with a reduction of peak values of about 15%.39,40 It is also important to
note that the peak values strongly depend on the period of the supporting structure and of the NSE as well as on the
characteristics of the ground motion.

Figure 2 also shows the comparison between the top floor median FRS obtained from NLTH analyses and the FRS
predicted by the Sullivan et al methodology. A good agreement is observed in terms of absolute acceleration FRS both in
terms of shape and peak spectral absolute accelerations at the modal periods of the supporting structure. Slightly con-
servative spectral accelerations are predicted for periods longer than the fundamental period of the supporting structure.
The evaluation of the relative displacement FRS using the pseudo‐spectral relationship exhibit also a good agreement up
to the fundamental period of the supporting structure, but much higher spectral relative displacements are predicted for
longer nonstructural periods. Equation (5) predicts relative spectral displacements that decrease slightly beyond the fun-
damental period of the supporting structure and, beyond 2.0 seconds, start to increase without bounds for very long
nonstructural periods. This physically inconsistent behavior is related to the limiting values of Equation (5) that consist
of a binomial expression raised to the power of a negative fraction.

The results of this illustrative example show that the methodology proposed by Vukobratović and Fajfar seems to
provide consistent absolute acceleration and relative displacement FRS shapes. The methodology proposed by Sullivan
et al, on the other hand, seems to provide slightly less consistent absolute acceleration and relative displacement FRS
shapes and would benefit from some modifications. The introduction of simple physical‐based rules, for example, could
lead to consistent absolute acceleration and relative displacement FRS by keeping the simplicity of the methodology.
With this in mind, the methodology proposed by Sullivan et al was modified in this study.
3 | ARCHETYPE FRAMES

The modifications to the methodology proposed by Sullivan et al,24-26 in order to better predict consistent absolute accel-
eration and relative displacement FRS, needed to be carried out and appraised using realistic archetype buildings. For
this purpose, the results of NLTH analyses carried out on four RC archetypes frames were used to define physical‐based
rules/modifications to be applied to the Sullivan et al methodology. The RC frames were taken from an extensive data-
base representative of the Italian RC building stock,41 in which the geometrical and mechanical properties of the build-
ings were randomly generated assuming the typical variability observed in Italy.
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3.1 | Description of archetype frames and numerical modelling

The four archetype RC frames are assumed part of different symmetrical moment‐resisting RC frame buildings. The
buildings are assumed to be located in a site near Cassino (Italy), which is characterized by a peak ground acceleration
on firm soil equal to 0.21 g (for a return period of 475 years). The RC frames (Figure 3) were designed according to the
Italian Building Code42 with a ductility class B (the force reduction factor is assumed to be 3.75). Table 1 lists the main
geometrical and mechanical properties of the four archetype RC frames. The number of stories (S) varies between 2 and
8, while the number of bays (B) is assumed equal to 4 or 6. The length of the bays (Lb) varies between 3.25 and 3.00 m,
while the height of the stories (Hs) varies between 2.75 and 3.25 m. The concrete compressive strength ( f ′c) and rein-
forcing steel yield strength ( f y) were varied in the typical ranges observed in the Italian building stock, as reported in
Table 1. Different typologies of building usage were also simulated by varying the live loads on the beams (qk).

To simplify the seismic design of the archetype RC frames, the section of the beams was kept constant at all stories
and the columns were not tapered. Table 2 lists the geometrical properties of the beams and columns.

The numerical models of the archetype RC frames were developed using the open source software OpenSees.43 A
lumped plasticity approach was used when modelling the beams and columns. Fiber sections were assigned in locations
of possible plastic hinges (ie, extreme ends of the elements). Elastic sections were given a reduced moment of inertia in
order to simulate the initial cracking of the concrete.8 The fiber sections were discretized using 20 fibers along the depth
of the elements and 10 along their width. The constitutive model assumed for the steel reinforcement was the Steel01
material in OpenSees, while the Concrete01 material was assigned to the concrete. The material properties of the con-
fined concrete (peak compressive strength and strain at peak strength) were determined using the recommendations
given by Priestley et al,10 while the ultimate compressive strain was assumed as five times the compressive strain at peak
strength.43 The effects of the floor concrete slabs were taken into account by enforcing a rigid diaphragm constraint for
all the nodes of each story. The gravity loads were introduced in the models through distributed loads on the beams.
Nonlinear geometric effects because of large displacements were considered by assigning the P‐Δ geometric transforma-
tion to the columns. Rayleigh tangent stiffness proportional viscous damping was introduced in the numerical models
with 5% of critical damping specified in the first two elastic modes of vibration of each frame.
FIGURE 3 Geometrical configuration archetype reinforced concrete (RC) frames

TABLE 1 Main geometrical and mechanical properties of archetype RC frames

ID Number of Stories Number of Bays Lb, m Hs, m f′c, MPa fy, MPa qk, kN/m

1 2 4 3.25 3.25 32 430 7.3

2 4 4 3.25 2.75 32 430 9.75

3 6 6 3.00 3.00 32 430 9.1

4 8 6 3.00 3.00 30 375 9.1

Abbreviation: RC, reinforced concrete.
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Eigenvalue and pushover analyses were conducted on each of the four archetype RC frames in order to obtain the
information required to calculate the FRS according to the two simplified methodologies considered herein. Table 3 lists
the elastic modal periods and the mode shapes of the four archetype RC frames. Figure 4 shows the pushover curves
(Figure 4A) and the normalized displacement of each story at the maximum base shear capacity of the four archetype
RC frames (Figure 4B).
3.2 | Hazard and ground motion selections

A site near the city of Cassino, Italy, was chosen for the ground motions selection. This site is characterized by a peak
ground acceleration on stiff soil equal to 0.21 g for a 475‐year return period.

In order to verify the effectiveness of the Sullivan et al24-26 methodology and to develop the required modifications,
the ground motion selection was carried out for two seismic intensities representative of return periods equal to 70 and
2475 years. The 70‐year return period represents a serviceability seismic intensity level aimed at investigating the elastic
response of the archetype RC frames. This is particularly important not only to calibrate the modifications in the elastic
range but also because the damage to NSEs at low serviceability level seismic intensities often controls the expected
annual economic losses suffered by buildings. The 2475‐year return period is considered as maximum considered earth-
quake intensity level according to the Italian seismic provisions for residential buildings. The conventional design
return period equal to 475 years was considered only for design purposes and was not taken into account in the numer-
ical analyses because the archetype RC frames did not exhibit significant inelastic responses at that design intensity (the
required strength of the frames was controlled by gravity loads).

Twenty historical ground motion records were selected from the PEER NGA‐West database.44 The geometric means
of the record pairs were selected to match the conditional mean spectrum according to the methodology proposed by
Jayaram et al.45 Only the first component of each record pair was considered in the analyses. Figure 5 shows the median
and individual response spectra of all 20 selected ground motions, in the spectral acceleration (Sa)‐spectral displacement
(Sd) response spectrum (ADRS) format, for the 70‐year (Figure 5A) and 2475‐year (Figure 5B) return periods assuming a
conditional period equal to 1.0 second and a damping ratio (ξp) equal to 5%. The spectral acceleration (Sa) at 1.0 second
was retrieved from the hazard curve at the site and was found to be 0.075 and 0.67 g for a return period equal to 70 and
2475 years, respectively.
4 | IMPROVED METHODOLOGY TO PREDICT CONSISTENT RELATIVE
DISPLACEMENT AND ABSOLUTE ACCELERATION FRS

The methodology proposed by Sullivan et al24-26 is modified in this study in order to predict consistent absolute accel-
eration and relative displacements FRS. The main issue with this procedure for the prediction of relative displacement
FRS lies in Equation (5), which is transformed through the pseudo‐spectrum relationship to predict the FRS for non-
structural periods longer than the supporting structure's effective period. Sullivan et al24,26 derived this equation by
empirically modifying the form for the dynamic amplification of a shock spectrum for an undamped SDOF system. This
formulation provides a theoretical basis to the equation but is not consistent when relative displacement FRS are calcu-
lated. From a physical point of view, the relative displacement FRS decreases beyond the effective period of the
supporting structure toward the peak floor absolute displacement at very long nonstructural periods. Considering the
shape of traditional ground response spectra, it would be natural to assume that the third branch (Equation 5) of the
relative displacement FRS (for Ta > Te,i) is proportional to Ta

n, with n < 0 since the spectral displacements should
decrease with increasing nonstructural periods. The chosen functional form for the third branch of the relative displace-
ment FRS should be such that when multiplying it by 4π2/Ta

2, it would yield the correct form of the acceleration FRS,
which would then be proportional to Ta

n−2, with (n − 2) < −2. According to Equation (3), the first branch of the accel-
eration FRS varies proportionally to Ta

2, making the first branch of the relative displacement FRS vary proportionally to
Ta

4. It is proposed here to modify the third branch of the absolute acceleration FRS (Equation 5) in order to make it vary
proportionally to Ta

−4. Consequently, the relative displacement FRS will vary proportionally to Ta
−2. The following

equation is proposed to predict the spectral displacements, SDF,i,j, for long periods (ie, Ta > Te,i):

SDF;i; j ¼ C1 þ C2

T2
a

for Ta > Te;i; (17)
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FIGURE 4 Nonlinear response of the case archetype reinforced concrete (RC) frames: (A) pushover curves in which Vb/W represents the

ratio between the base shear capacity (Vb) and the seismic weight (W) plotted against the roof relative displacement; (B) normalized displaced

shape at the maximum capacity of the RC frames, in which z/H is the relative elevation along the height of the RC frame and δ represents the
displacement of each story normalized by the displacement of the roof at maximum base shear

FIGURE 5 Median and individual response spectra of all 20 selected ground motions, in acceleration‐spectral displacement response

spectrum (ADRS) format and assuming ξp = 5.0%, for a conditional period equal to 1.0 second: (A) 70‐year return period and (B) 2475‐

year return period
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where C1 and C2 are constants determined using two boundary conditions. The first boundary condition is obtained by
calculating the value of SDF,i,j at the effective period, Te,i, of the supporting structure. As pointed out by Calvi,28 this
value is obtained by Equation (16) for the modal peak floor spectral absolute acceleration (SAF,i,j,max), obtained by Equa-
tion (4). The second boundary condition is taken as the peak floor absolute displacement for which the relative displace-
ment FRS converges toward at very long nonstructural periods. The value of the peak floor absolute displacement is
influenced by both the ground displacement and the relative displacement of the floor. Since the peak relative displace-
ment of the floor has contributions from all the modes of the structure, the peak floor absolute displacement is also
composed of contributions from each structural mode. For this reason, a new variable, Δab,i,j, is defined as the contribu-
tion of mode i to the peak floor absolute displacement of floor j of the supporting structure. According to these two
boundary conditions, SDF,i,j (for Ta = Te,i) = (Te,i

2/4π2) SAFi,j max and SDF,i,j (for Ta = ∞) = Δab,i,j, the constants C1

and C2 in Equation (17) can be solved, and the following equation is obtained for predicting the relative spectral dis-
placements for periods longer than the supporting structure's effective periods:

SDF;i; j ¼ Δab i; j þ Te;i

Ta

� �2 T2
e;i

4π2
SAF;max;i; jg − Δab i; j

 !
for Ta > Te;i: (18)
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4.1 | Estimating peak floor absolute displacement in buildings under the serviceability
seismic intensity (70‐year return period)

The total peak floor absolute displacement, Δab,j, of floor j of a supporting elastic structure, subjected to serviceability
seismic intensity (70‐year return period ground motions in this study) is related to the peak floor relative displacement
of the same floor and to the peak ground displacement (PGD). Since the displacement of the ground is generally not
perfectly in phase with the relative displacement of the supporting structure, it can be assumed that Δab,j can be esti-
mated by the SRSS of the PGD and the modal peak floor relative displacements (ΔR,i,j):

Δab; j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
Δ2
R;i; j þ PGD2;

s
(19)

in which i represents the mode shape, while j is the considered floor. For stiff structures, the floor relative displacement
of the supporting structure tends to be more in phase with the ground displacement. Even though Equation (19) is built
on the assumption that they are not perfectly in phase, it still produces an accurate estimate of the peak floor absolute
displacement because the peak floor relative displacement of stiff structures tends to be small and their peak floor abso-
lute displacement converges to the PGD. The consequence of Equation (19) is that the individual modal contributions
(Δab,i,j) to the peak floor absolute displacement, Δab,j, in Equation (18) can be expressed in the following way:

Δab;1; j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔR;1; j

2 þ PGD2;
q

(20)

Δab;i; j ¼ ΔR;i; j for i > 1: (21)

These two equations insure that the absolute displacement of floor j, Δab,j, is obtained through an SRSS combination
of the modal contributions of the relative displacements of floor j and the PGD. In other words, the SRSS combinations
of Equations (20) and (21) are equal to Equation (19). Equations (20) and (21) assume, for convenience, that the ground
displacement affects only the contribution of the first mode to the peak floor absolute displacement. The usefulness of
this assumption in estimating consistent FRS will become apparent in Section 4.3. Even though this assumption is made
only for practical convenience, in most practical cases, the contributions of the higher modes to peak floor relative dis-
placement, and therefore to the peak floor absolute displacement, are small. The results of NLTH analyses carried out
on the four archetype RC frames presented in Section 3 are used to validate Equation (19) (and by extension Equa-
tions 20 and 21 since their SRSS combinations produce Equation 19).
4.1.1 | Validation by NLTH analyses

The peak floor absolute displacements predicted by Equation (19) for the four archetype RC moment‐resisting frames
were compared with those obtained from NLTH analyses under the 70‐year ground motions. The predicted peak floor
absolute displacements were computed with the results of the modal analysis presented in Section 3 and with the
median PGD value obtained from the displacement time‐histories of the records shown in Figure 5A (return period
of 70 years). Figure 6 shows the comparison between the predicted peak floor absolute displacement values and those
obtained from NLTH analyses for three representative floors of the RC frames (first, mid‐height, top). Because of space
limitation, the results are shown only for the two‐, four‐, and eight‐story frames. In Figure 6, the vertical axis reports the
peak floor absolute displacement values obtained from the NLTH analyses (Δab,NTHA), while the horizontal axis reports
the results obtained from Equation (19) (Δab,SRSS) for each of the 20 records. The regression line that best fit the results,
in terms of coefficient of determination (R2), is also plotted (dotted line) along with a regression line representing a one‐
to‐one correlation (solid line).

The values of R2 obtained for the regression line characterized by a slope (m) equal to unity (ie, one‐to‐one correla-
tion) vary from 0.91 to 1.00, with the lowest values obtained at the highest floors. The values of the slopes m of the best‐
fit regression lines vary from 0.99 to 1.10 with R2 varying between 0.93 and 1.00. Even though the estimation of the opti-
mal slope, m, is associated with a slightly higher correlation than that associated with a slope of unity, Equation (19)
provides a very good estimate of the peak floor absolute displacements for the four archetype RC frames considered.
In other words, for the analyzed archetype RC frames responding in the elastic range under the 70‐year ground motions,



FIGURE 6 Peak floor absolute displacements from NLTH analyses (vertical axes) and from Equation (19) (horizontal axes) obtained for

the two‐, four‐, and eight‐story RC frames (each in one column) under 70‐year ground motions. NLTH, nonlinear time‐history; RC,

reinforced concrete; SRSS, square root sum of the squares
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Δab,j can be accurately predicted by performing an SRSS combination between the modal components of the peak floor
relative displacement and the PGD.
4.2 | Estimating the peak floor relative displacement in buildings under the maximum
considered earthquake (2475‐year return period)

The prediction of peak floor relative displacements for structures subjected to the 2475‐year ground motions requires a
more detailed approach to account for the possible inelastic response of the supporting structures. Some methodologies
are available in the literature to estimate relative displacements of nonlinear supporting structures.10,37,46 Even though
the N2 methodology allows estimating peak floor relative displacements without any iterations, the Displacement‐Based
assessment methodology, first proposed by Priestley et al,10 is used in this study because it produced better results for
the specific RC frames analyzed herein. The main steps required to estimate the peak floor relative displacements are
listed and briefly described below.

1. The first step requires to compute the capacity (pushover) curve of the supporting structure. The capacity curve is
required in order to estimate: the base shear corresponding to the seismic demand (Vb), the first inelastic mode
shape (δ), and the yield displacement (Δy).

2. The second step consists in transforming the MDOF supporting structure into an equivalent linear SDOF system.
The effective mass (me) of the equivalent SDOF system can be calculated by:
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me ¼
∑n

j¼1mjδj
� �2
∑n

j¼1mjδ2j
; (22)

where mj is the mass at the jth floor of the supporting structure and δj represents the first inelastic mode shape at the
same jth story, with n being the number of stories. The first inelastic mode shape should be defined at the maximum
base shear capacity of the structure. Note that δj may change with the displacement demand, although this is usually
not the case for supporting structures designed according to modern building standards.10,37 To convert the MDOF sys-
tem to an equivalent SDOF system, the yield displacement (Δy) of the equivalent SDOF system has to be computed.
Assuming that the first inelastic mode shape is representative of the displacement shape at yielding for RC moment‐
resisting frames, the following equation can be used:

Δy ¼
∑n

j¼1mjδ2j
∑n

j¼1mjδj

Δy;n

δn

� �
; (23)

where Δy,n is the roof yield displacement obtained from pushover analysis (n represents the top floor) and δn is the value
of the inelastic mode shape at the roof (because of how δ is normalized here, these values equal to one).

3. The third step consists in defining the seismic hazard for a given seismic intensity. The ground response spectrum
should be initially computed for the inherent damping ratio of the supporting structure (ξp).

4. The fourth step consists in calculating the displacement demand, Δd, of the equivalent SDOF system when subjected
to the ground response spectrum from step 3. The calculation of Δd requires an iterative procedure. The following
steps have to be followed to define Δd:

a. Assume a hypothetical value of Δd.
b. Compute the ductility demand μ of the equivalent SDOF system as μ = Δd/Δy.
c. Compute the equivalent viscous damping, ξe. For RC moment‐resisting frames, the equation proposed by Dwairi

et al47 could be used:
ξe ¼ 0:05þ 0:444
μ − 1ð Þ
πμ

: (24)
Dwairi et al47 calibrated Equation (24) using results of NLTH analyses from a comprehensive parametric study. The
equation was corrected to avoid producing the unrealistically high values of equivalent viscous damping computed
using the classical equal area approach.

d. Compute the spectral reduction factor8: Rξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:07= 0:02þ ξeð Þp

.
e. Reduce the ground response spectrum, defined in step 3, by Rξ.
f. Compute the base shear (Vb) corresponding to Δd.
g. Compute the effective stiffness at the displacement demand as Ke = Vb/Δd.
h. Evaluate the effective period as: Te ¼ 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
me=Ke

p
.

i. Enter the reduced ground response spectrum with Te, and read the corresponding value of SD (Te,ξe). This value is
assumed as Δd for the next iteration. The procedure is repeated until Δd converges.

j. The final step involves transforming the results from the equivalent SDOF system to the original MDOF supporting
structure. Therefore, the peak floor relative displacements related to the first inelastic mode shape of each of the jth
floors of the supporting structure, ΔR,1,j, can be computed as follows:

ΔR;1; j ¼
∑n

j¼1mjδj
∑n

j¼1mjδ2j
δjΔd (25)

Equation (25) considers only the peak floor relative displacements related to the first inelastic mode. The contribu-
tions of the higher modes can be simply estimated from an elastic modal response spectrum analysis. According to
Priestley et al,10 the contributions of the higher modes to the overall displacement of a floor are generally negligible.



MERINO ET AL.276
4.2.1 | Validation by NLTH analyses

The inelastic peak floor absolute displacements (Δab,j) predicted using Equation (19), and for which ΔR,i,j was calculated
using the procedure presented in Section 4.2, were compared with those obtained from NLTH analyses under the 2475‐
year ground motions. The results of the pushover analysis presented in Section 3.1 were used in the iterative procedure
required to estimate the peak floor relative displacement of the first mode for the archetype RC frames. Table 4 summa-
rizes the data required to compute ΔR,1,j using Equations (22) to (24) and the displaced shapes reported in Figure 4B.

The predicted values of peak floor absolute displacements for supporting structures under the 2475‐year ground
motions (Figure 5B) are presented in Figure 7 using the same format as for the case of the 70‐year ground motions
TABLE 4 Data required to compute ΔR,1,j according to the procedure proposed in Section 4.2 for archetype frames under 2475‐year ground

motions

Two Stories Four Stories Six Stories Eight Stories

me, kNs
2/mm 0.06 0.11 0.23 0.30

Δy, mm 62.5 92.7 123.3 147.6

ΔD, mm 108.0 129.0 143.0 156.0

μ 1.73 1.39 1.16 1.06

Vb, kN 225 300 320 510

FIGURE 7 Peak floor absolute displacements from NLTH analyses (vertical axes) and from Equation (19) (horizontal axes) obtained for

the two‐, four‐, and eight‐story RC frames (each in one column) under 2475‐year ground motions. NLTH, nonlinear time‐history; RC,

reinforced concrete; SRSS, square root sum of the squares
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presented in Figure 6. Again, the R2 values of a regression line with m = 1.0 and with the best‐fit slope are presented in
each plot.

From the results shown in Figure 7, Equation (19) is able to predict reasonably well the peak floor relative displace-
ments for the two‐, four‐, and eight‐story frames as demonstrated by the high values of R2. The worst predictions by
Equation (19) are observed for the top floors of the frames, for which R2 equals 0.86 and 0.85 respectively. For all the
other floors, R2 is always higher than 0.9. These trends are the results of the peak floor absolute displacements of the
lower floors being highly influenced by the ground motions. The responses of the upper floors, on the other hand, are
highly influenced by the dynamic response of the structure. The regression lines characterized by the best‐fit slopes
are also very close to unity, further demonstrating the accuracy of Equation (19) for the archetype RC frames considered.

As expected, the results shown in Figures 6 and 7 indicate that the prediction capability of Equation (19) slightly
reduces when considering supporting structures subjected to the 2475‐years return period for which nonlinear behavior
is observed (see Table 4). This result is due to the fact that the procedure used to predict the peak floor relative displace-
ment relies on empirical relations that are influenced by both the nature of the supporting structure and the nature of
the ground motion records. Despite this limitation, the results presented herein demonstrate that Equation (19) is ade-
quate to use as part of the estimation of consistent absolute acceleration and relative displacement FRS within a simpli-
fied formulation.
4.3 | Summary of the proposed methodology to estimate consistent FRS

This section summarizes the procedure proposed to estimate consistent absolute acceleration and relative displacement
FRS for the seismic design and assessment of NSEs. The procedure is general for both structures under low and
medium‐high seismic intensities. Based on the seismic intensity, and in particular to the expected behavior of the struc-
ture (linear/nonlinear), the proposed procedure is slightly different. The procedure consists in the following steps:

1. Perform an eigenvalue analysis of the supporting structure to compute its elastic periods (Ti) and mode shapes. Fol-
lowing the recommendations by Welch and Sullivan26 for RC frames characterized by less than eight stories, the
first four modes should be considered, while for RC frames with eight or more stories, the first five modes should
be taken into account.

2. Compute the seismic hazard in terms of a ground response spectrum at the damping ratio of the supporting struc-
ture (ξp) for the considered return period.

3. Evaluate the capacity (pushover) curve of the supporting structure. This step is required to determine if the
supporting structures yields or not under the seismic hazard level established in step 2.

4. Evaluate the modal contributions to the peak floor acceleration (ai,j) and the peak floor relative displacement (ΔR,i,j).
The procedure to evaluate these two parameters differs for linear and nonlinear supporting structures. In the case of
linear supporting structures, ai,j and ΔR,i,j are evaluated according to the following two equations:

ai; j ¼
∑n

j¼1mjϕi; j

∑n
j¼1mjϕ2

i; j

ϕi; jSA T i; ξp
� �

; (26)

ΔR;i; j ¼
∑n

j¼1mjϕi; j

∑n
j¼1mjϕ2

i; j

ϕi; jSD T i; ξp
� �

; (27)

where SA (Ti, ξp) is the spectral ground acceleration at the ith structural period and at the equivalent damping ratio of
the supporting structure, ξp, SD (Ti, ξp) is the corresponding spectral displacement, mj is the seismic mass at floor j, and
ϕi,j is the value of the ith mode shape at floor j.

In order to evaluate the modal contributions to the peak floor acceleration (ai,j) and the peak floor relative displace-
ment (ΔR,i,j) for supporting structures behaving in the nonlinear range, the following effects have to be considered. As
the supporting structure yields, its first mode forces saturate and its effective fundamental period lengthens. The forces
associated with higher modes keep increasing as seismic intensity increases. On the other hand, the effective period of
the higher modes lengthens with increasing seismic intensity because of the decrease in effective stiffness associated to
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the first mode.48,49 The procedure to evaluate ΔR1,j is described in detail in Section 4.2. The following equations are
suggested to predict the contributions of the first mode to the peak floor acceleration and the peak floor relative
displacement:

a1; j ¼ δj
∑n

j¼1mjδj
Vb; (28)

ΔR;1; j ¼
∑n

j¼1mjδj
∑n

j¼1mjδ2j
δjΔd; (29)

where δj is the value of the first inelastic mode shape at floor j, Vb is the base shear capacity at the displacement demand
on the supporting structure, and Δd is the displacement demand of the equivalent SDOF system representative of the
supporting structure obtained from the process explained in Section 4.2. Note that the contribution of the first mode
to the peak floor acceleration of floor j (a1,j) saturates at the acceleration level causing yielding of the supporting struc-
ture.9 Because of this, a1,j can be estimated by dividing the supporting structure's lateral resistance by the effective mass
of the first inelastic mode shape and then distributing it up the height of the structure according to the same mode
shape; Equation (28) is obtained as a result of this process.

5. The PGD at the construction site must be estimated in order to obtain the final value of the peak floor absolute dis-
placement from Equations (20) and (21). Estimating the PGD is not a simple issue because of lack of information in
modern building codes.7,8 In the last few years, some significant efforts have been made to reduce the uncertainties
related to the estimation of PGD. Recently, Smerzini et al50 and Faccioli and Villani51 developed a new procedure
for the evaluation of more accurate design response spectra in the European context including probabilistic seismic
hazard analysis (PSHA) results at long periods. The use of PSHA results is recommended as a first option in order to
obtain FRS with consistent seismic hazard return period for the entire range of nonstructural periods.

6. The DAF must be computed according to Equations (8) to (10), then the peak floor spectral acceleration can be cal-
culated as follows:

SAF;max;i; j ¼ DAFai; j: (30)
7. The parameters gathered in the previous steps are used to compute the contribution of each mode to the relative
displacement and absolute acceleration FRS. The following equations are used to predict the relative displace-
ment FRS:

SDF;i; j Tað Þ ¼ 1
4π2

T2
a

T i

� �2

SAF;max;i; j − ai; j
� 

gþ T2
a

4π2
ai; jg if Ta ≤ T i; (31)

SDF;i; j Tað Þ ¼ T2
a

4π2
SAF;max;i; j if T i < Ta ≤ Te;i; (32)

SDF; i; j Tað Þ ¼ Δab; i; j þ Te; i

Ta

� �2 T2
e; i

4π2
SAF;max; i; j g − Δab; i; j

 !
if Ta > Te; i: (33)

Applying the pseudo‐spectral relationship (Equation 16) to the previous three equations, the consistent absolute
acceleration FRS can be estimated as follows:

SAF;i; j Tað Þ ¼ Ta

T i

� �2

SAF;max;i; j − ai; j
� þ ai; j if Ta ≤ T i; (34)

SAF;i; j Tað Þ ¼ SAF;max;i; j if T i < Ta ≤ Te;i; (35)
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SAFi; jTa ¼ 4π2

T2
ag
Δab; i; j þ 4π2

g
Te; i

T2
a

� �2 T2
e; i

4π2
SAF; max; i; j g − Δab; i; j

 !
if Ta > Te; i: (36)

As with the Sullivan et al24 methodology described in Section 2.1 for a supporting structure remaining elastic (ie, Te,i

= Ti for all modes), the relative displacement FRS is estimated using only Equations (31) and (33), while the absolute
acceleration FRS is estimated using only Equations 34 and 36. The effective period, Te,i, to be used for the prediction of
FRS in supporting structures behaving in the nonlinear range can be estimated according to the following simplified
equations:

Te;i ¼ T i
ffiffiffi
μ

p
if i ≤ 2; (37)

Te;i ¼ T i if i > 2: (38)

Equation 37 implies that the second mode period elongates as much as the first mode period when the ductility
demand increases. Although in reality the second mode of RC frames does not experience so much elongation,
Equation (37) is deemed conservative and in good agreement with the results obtained in this study. Additionally, no
detailed studies exist that quantify the expected lengthening of higher modes in frame structures (some information
exists for cantilever structures26,48,49). Equations (37) and (38) are intended only for RC supporting structures; for steel
supporting structures, better modelled by an elastic perfectly plastic behavior, period lengthening in FRS is often not
observed and Te,i = Ti for all modes.20,26 One alternative to Equations (37) and (38) to find the effective periods of higher
modes is to perform an elastic eigenvalue analysis with the initially cracked stiffness properties of the plastic hinge loca-
tions divided by the ductility demand μ.10

8. Finally, the contributions of each mode are combined through SRSS. Note that by applying the SRSS combination of
the individual modal contributions to the FRS, the limiting value at very long periods of the final estimate of the
FRS is the peak floor absolute displacement predicted by Equation (19). For the floors in the lower half of the build-
ing, the envelope between the ground spectrum and the SRSS combination of each mode should be used as a final
estimate. Furthermore, for periods beyond the fundamental period of the supporting structure, it is recommended
that the envelope of the ground spectrum and the SRSS combination of the individual modes be considered for all
floors. This last point is necessary to account for the possible amplification of the response of the supporting struc-
ture because of long‐period seismic waves.
5 | APPRAISAL OF PROPOSED METHODOLOGY THROUGH NLTH
ANALYSES

The archetype RC frames were analyzed using NLTH analyses for both the 70‐ and 2475‐year ground motions. The FRS
computed from NLTH analyses are compared with the FRS predicted by the proposed methodology described in Section
4.3 as well as by the methodology proposed by Vukobratović and Fajfar.23,39 The comparison is presented in ADRS for-
mat assuming a 5.0% nonstructural damping ratio (ξa = 0.05). Relative displacement FRS are also compared on a linear
period scale. The median ground spectra obtained from the two ground motion ensembles (Figure 5A,B) were used to
define the input parameters required to apply the simplified procedures. The PGD was taken as the median from the
displacement time histories of the same records.

Figure 8 shows the comparison of FRS for three representative floors (first, mid‐height, and top) of the two‐, four‐,
and eight‐story archetype frames under the 70‐year ground motions. A good agreement between the median spectral
values obtained from NLTH analyses and those predicted by the proposed methodology is observed for all three arche-
type RC frames. The peak spectral absolute accelerations and relative displacements at the fundamental periods of the
supporting structures are predicted reasonably well with peak spectral relative displacements at the first period slightly
underestimated at some floors. For the two‐story RC frame, the proposed methodology produces un‐conservative esti-
mates of the spectral displacements for periods longer than 1.5 seconds. The worst predictions were observed at the first
floors, due, again, to the strong influence of the ground motions. The mean absolute error between the predicted spec-
tral absolute accelerations and spectral relative displacements and those obtained from the NLTH analyses, evaluated
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across all archetype frames, for nonstructural periods up to 3.0 seconds, are equal to 15.9 % and 15.3 %, respectively.
These results demonstrate the adequate prediction capability of the proposed simplified methodology. Note that the gen-
eral shape of the FRS is well predicted also in the off‐resonance regions. Comparing the results obtained from NLTH
analyses with those predicted by the Vukobratović and Fajfar methodology, a good match is observed in terms of shape
of the FRS. The peak absolute accelerations and relative displacements are often under predicted, probably due to the
broadening of the peaks in the absolute acceleration and relative displacement FRS. For nonstructural periods longer
than the fundamental period of the supporting structure, the prediction capability of the Vukobratović and Fajfar meth-
odology is lower for intermediate floors (second floor of the four‐story RC frame and fourth floor of the eight‐story
frame). Note that the introduction of a lower limit represented by the ground spectrum39 improves considerably the
match with the results of the NLTH analyses for the bottom floors of the analyzed frames but not for the other floors
in the lower half of the analyzed buildings.

Figure 9 compares the FRS for the 2475‐year ground motions. As for the 70‐year ground motions, the proposed meth-
odology provides good estimations of the absolute acceleration and relative displacement FRS. Both the FRS shapes and
the peak spectral absolute accelerations and relative displacements at the fundamental periods of the supporting struc-
tures are well predicted. Similar to the 70‐year ground motions case, the mean absolute errors are 15.8% and 16.0% for
spectral accelerations and displacements, respectively. The predictions are generally conservative for most of the non-
structural period range, with few exceptions for longer periods (longer than 3.0 s), and at the lowest floors. For the
two‐story frame, un‐conservative predictions can be observed for period longer than 1.5 seconds. The slightly un‐
conservative results at very long nonstructural periods are probably due to the long‐period seismic waves of the ground



FIGURE 9 Comparison between the FRS obtained from NLTH analyses and the predictions made by the proposed methodology and the
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motion itself. If the corner period of the ground motions is longer than the fundamental period of the supporting struc-
ture, many of the seismic waves in the constant displacement region of the ground spectrum could be amplified by the
structure. It is unlikely that NSEs would have effective periods longer than 3.0 seconds. The same considerations
pointed out for the 70‐year ground motions can be extended to the 2475‐year ground motions for the methodology pro-
posed by Vukobratović and Fajfar. A good match in the shape of the FRS is generally observed; the peaks of the absolute
acceleration and relative displacement FRS are underestimated in some cases, despite the comparison being improved
with respect to the 70‐year ground motions. For the RC frames with more significant nonlinear response (two‐ and four‐
story RC frames), the procedure produces slightly un‐conservative spectral acceleration and displacement values at the
top story for nonstructural periods shorter than the fundamental period of the supporting structure; this is likely due to
the fact that the effective period is used in Equations (11) through (15) when the supporting structure experiences non-
linear response. For nonstructural periods longer than the fundamental period of the supporting structure, the proce-
dure predicts conservative results at the top floors of all the RC frames and un‐conservative results for the fourth
floor of the eight‐story RC frame.
6 | CONCLUSIONS

The seismic design and assessment of NSEs require the accurate estimation of the seismic demand through the predic-
tion of FRS. The definition of consistent absolute acceleration and relative displacement FRS is the most suitable
approach to gain all the information required for the design of many typologies of NSEs. This study modified an existing
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methodology to predict absolute acceleration FRS to provide consistent estimates of relative displacement FRS. The
main findings of the study are listed below:

1. A simple correction procedure was proposed herein to modify the Sullivan et al procedure24-26 in order to predict
consistent absolute acceleration and relative displacement FRS. The modified procedure applies both to supporting
structures subjected to low and medium‐high seismic intensities. For the latter intensity, a nonlinear response can
be expected.

2. The modified approach relies on the physical requirement that at very long nonstructural periods, the relative dis-
placement of the NSEs converges to the peak absolute displacement of the floor on which they are supported.

3. A simplified procedure for estimating the peak floor absolute displacement was proposed. This simplified approach
estimates the peak floor absolute displacement through the SRSS combination of the modal contributions to the
peak floor relative displacement and the PGD at the site of interest. For the archetype RC frames of various heights
considered in this study, the peak floor absolute displacements predicted by the simplified approach were in good
agreement with those obtained from time‐history analyses.

4. The effectiveness of the proposed procedure, for estimating both absolute acceleration and relative displacement
FRS, was assessed through the results of dynamic NLTH analyses on the four archetype RC frames. The peak spec-
tral absolute accelerations and relative displacements, as well as the general shape of the FRS, were well predicted
both for 70‐ and 2475‐year ground motions. The proposed methodology allows to predict reasonably well consistent
FRS for NSE periods longer than the fundamental period of the supporting structure, with some discrepancies only
for nonstructural periods longer than 3.0 seconds. It is unlikely that NSEs would exhibit such long periods.

The proposed methodology provides an effective tool for the prediction of the seismic demand on NSEs and for the
application of a recently developed DDBD procedure of NSEs, which requires the estimation of relative displacement
FRS. The proposed methodology should, however, be further assessed for a variety of supporting structural typologies
responding both in the linear and nonlinear ranges. Furthermore, the proposed methodology should be also validated
for other locations where the seismic demand on the supporting structure is expected to be higher (eg, western coast of
the United States) with a more pronounced nonlinear response of the supporting structure.
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