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1 | INTRODUCTION

1.1 |

| Danilo D’Angela’ ©® |

Technical background

Giuseppe Maddaloni’

Abstract

A shake table protocol for seismic assessment and qualification of acceleration-
sensitive nonstructural elements (NEs) is developed. The paper critically reviews
existing protocols and highlights their criticalities, pointing out the need for the
development of novel assessment and qualification approaches and protocols.
The protocol is developed in light of these criticalities, considering the most
recent advances in the field and the specific expertise of the research team. The
most significant and contributing parts of the developed protocol consist of the
definition of novel required response spectra and the generation of signals for
seismic performance evaluation tests. The reliability and robustness of the proto-
col are evidenced in the paper considering real-floor motions as a reference, also
proving the superiority of the developed protocol with respect to the reference
alternatives. The defined approach and procedures are generally applicable and
easily extendable to different case studies, as the process is highly versatile and
modifiable. The implementation of the developed approach and protocol in the
literature and in practice will significantly enhance seismic assessment and qual-
ification of acceleration-sensitive NEs. This will possibly have a strong impact on
public safety and economy.

assessment of nonstructural elements (NEs) according
to current regulations, codes, and guidelines are typi-
cally based on performance-based earthquake engineering
(PBEE; ASCE, 2016; CEN, 2005; INN, 2015; MIT, 2018;

The estimation and mitigation of the effects of catas-
trophic events such as earthquakes on infrastructural
and structural systems are among the most challenging
aims of the modern era and are increasingly pushing
researchers and engineers to develop innovative solu-
tions (Javadinasab Hormozabad et al., 2021). Design and

NRCC, 2015; NZS, 2009; UTCB, 2013). These documents
often provide methods and criteria for both behavior
assessment and performance evaluation of NEs; seismic
qualification and certification procedures are also defined
in ASCE 7-16 (ASCE, 2016). Seismic performance evalua-
tion of NEs typically consists in (a) assessing the seismic
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capacity of NEs associated with relevant damage states
(DSs) and (b) correlating this capacity to consistent mea-
sures of seismic demand or targets, often defined by regu-
lations/codes. The definition of both seismic capacity and
demand is based on the performance levels of interest. The
capacity to demand evaluation is typically performed via
statistical-based approaches, possibly accounting for rele-
vant uncertainty sources, considering effective engineer-
ing demand parameters for the quantitative assessment.
Seismic qualification of NEs is an assessment and evalu-
ation process aimed at satisfying specific NE performance
levels, according to strict requirements and rules typically
defined by regulations and codes. The seismic qualifi-
cation process includes the assessment of the seismic
behavior of the NEs, involving the dynamic identifica-
tion of NEs, which is an essential task for robust seismic
assessment of engineering systems (Amezquita-Sanchez
et al., 2017; Perez-Ramirez et al., 2016). The seismic certi-
fication procedure typically includes seismic qualification
processes carried out according to specific certification
requirements and criteria, aimed at achieving the high-
est possible level of credibility, and operated through the
intervention of subjects accredited by the institutions/
authorities that regulate and issue the certifications. Seis-
mic certification, meant as the outcome of a certification
procedure, is a standardized certificate recognized by ref-
erence institutions. ASCE 7-16 establishes requirements
and criteria for performing (special) seismic certification
of NEs. In particular, mechanical and electrical equipment
that has to be functioning under the design earthquake
ground motion, NEs with hazardous substances, and NEs
with an importance factor equal to 1.5 (ASCE 7-16, Section
13.1.3) shall be certified by the manufacturer consider-
ing operativity/functioning as a performance level. Other
national regulations and industrial codes define require-
ments and criteria for seismic performance evaluation and
certification of NEs (BSI, 2013; IEEE PES, 2013). Over-
all, seismic qualification, or seismic certification, when
required, shall be carried out via one of the following meth-
ods: (a) analysis; (b) (experimental) testing; (c) experience
data; and (d) a combination of methods (a), (b), and (c).
Experimental testing (i.e., method (b)) is the most com-
mon method to qualify/certify NEs, as this is typically
considered to be the most reliable and robust. Experimen-
tal qualification is performed according to strict protocols
and requirements. Quasi-static and dynamic testing pro-
cedures are typically associated with the qualification
of displacement- and acceleration-sensitive NEs, respec-
tively. However, dynamic testing is generally preferred
(a) for NEs that show marked sensitivity to multi-
ple demand parameters (e.g., both acceleration- and
displacement-sensitive) and (b) in the case of NEs expected
to exhibit a complex and irregular dynamic response
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that can (only) be identified and characterized through
dynamic loading procedures, which are more representa-
tive of actual seismic demand. Dynamic testing also allows
the assessment of the dynamic properties of the elements
(e.g., dynamic identification). Shake table testing repre-
sents state-of-the-art dynamic testing (Bianchi et al., 2021;
Filiatrault et al., 2004; Ghith et al., 2019; Jun et al., 2020;
Kim & Shin, 2021; Lee & Jung, 2020; Luo et al., 2021; Magli-
uloetal.,2014; Qietal., 2021; Tian et al., 2015; T. Zhou et al.,
2021).

Numerical/analytical assessment of NEs is typically
complex but represents a powerful method, often eco-
nomic and fast, and easily implementable if the relevant
models are effective and relatively reliable. However, these
conditions are not often verified due to limited use and
inadequate knowledge. According to IEEE 344 (IEEE PES,
2013), analysis is not recommended for equipment and
systems that cannot be modeled in an adequate manner.
Similar provisions regarding active mechanical and elec-
trical equipment are supplied in ASCE 7-16 (ASCE, 2016).
Qualification through experience data is even less typical
than using analysis methods. There are extremely limited
supporting data and information, especially considering
the wide variability of the characteristics of NEs, build-
ings, and ground motions. Therefore, experimental testing
is generally preferential and considered to be more reliable
and applicable among the qualification methods.

1.2 | Inadequacy of existing shake table
protocols

The technical definition of both loading and testing pro-
tocols is of paramount importance for the seismic qual-
ification of NEs through shake table testing. However,
both regulation provisions and literature criteria defining
loading/testing protocols for NEs are inadequate, as it is
motivated by the following.

As a first comment, it should be noted that seismic
demands on NEs became a topical issue for research only
in the very last years. Before, the existence of seismic
demand formulations, despite these were reliable or not,
was already an achievement since NEs were meant to
be objects of “second rank” of interest. In particular, the
existing shake table protocols used for seismic assessment
and qualification of NEs were often developed considering
insolated and self-referential approaches, often associ-
ated with peculiar applications (e.g., a specific type of
equipment).

Both response and performance of NEs subjected to
seismic events are significantly conditioned by loading his-
tory, which cannot generally be univocally correlated with
given values of intensity measures (IMs) associated with
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the seismic events (e.g., peak accelerations; Cao & Ronagh,
2014). The seismic input properties significantly affect the
response of NEs. For example, the time-varying frequency
content may significantly affect the system response, and
a nonstationary earthquake ground motion model could
guarantee a relatively reliable seismic assessment, captur-
ing the temporal nonstationarity of realistic earthquake
scenarios (Li et al., 2016; Zhou & Adeli, 2003a).

The definition of the protocols, with particular regard to
required response spectra (RRS), was often not based on
the evaluation of the pre-existing methods/formulations,
and in many cases, it did not even consider reference
responses to calibrate these formulations. Conversely,
safe, consistent, and updated formulations of the seismic
demand need to be considered to develop reliable qual-
ification protocols, with particular regard to RRS. The
existing protocols and reference RRS except for AC156
(ICC-ES, 2012) are not clearly associated with real or
analytical demand formulations, also taking into account
potential building scenarios (e.g., FEMA, 2007; Telcordia,
2006). Perrone et al. (2019) modified ISO 13033 (BSI, 2013)
formulation to be compliant with the Eurocode 8 (CEN,
2005) in terms of seismic demand on NEs, even though
they considered AC156 provisions for the corner frequen-
cies. Their study stresses the lack of adherence between the
protocol and the compliant seismic demand formulations
and highlights the need for further studies. AC156 RRS, or
equivalently ASCE 7-16 seismic demand formulation, was
found to potentially underestimate the seismic demands
on building acceleration-sensitive NEs (Anajafi & Medina,
2018; D’Angela et al., 2021c; Perrone et al., 2019). Further-
more, standards and specific rules should be defined by the
protocols to guarantee analysis, finalization, and extension
of qualification outcomes in a robust and reliable manner.
The existing protocols do not often provide univocal and
consistent rules and criteria (e.g., BSIL, 2013) or provide dif-
ficultly implementable and extremely complex procedures
(e.g., FEMA, 2007), especially regarding the generation
and processing of the protocol-compliant testing proto-
col and program. However, baseline generation and signal
processing procedures define the features of the seis-
mic inputs and appropriate generation/processing meth-
ods/techniques allow to characterize and enhance the key
characteristics of the seismic inputs (e.g., Zhou & Adeli,
2003b). For example, the analytical procedures for enforc-
ing the spectrum compatibility are rarely defined within
the protocols, especially regarding the signal processing/
adjustment methods and techniques (Amiri et al., 2012;
Hancock et al., 2006).

Finally, the seismic qualification is typically referred to
specific critical elements (e.g., telecommunication equip-
ment; Telcordia, 2006), and, more importantly, the relevant
rules are not general and strongly depend on the devel-
oper’s discretion. In the opinion of the authors, this should
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not be acceptable for seismic qualification procedures.
These should be as general and universal as possible.
Qualification should be possibly applicable to any NE
and the related protocols should be provided by mini-
mizing any conflict of interest. Both loading inputs and
testing protocols should be validated considering their
representativeness and reliability concerning severe real
ground and floor motions, as these later represent the most
essential reference for comparison purposes. Accordingly,
current approaches for performing seismic qualification
need major revision and testing/loading protocols urge
technical updating and significant enhancement.

1.3 | Aim, objectives, and organization of
the paper

This study is motivated by both the inadequacy of the
existing protocols and the critical need for reliable and
consistent protocols. After a technical review of existing
protocols, a novel assessment and qualification protocol
are developed in this study. The loading input and testing
procedure are defined to solve the criticalities associated
with the current codes, considering (a) a novel assessment
and qualification approach recently implemented in the
literature, (b) a consistent code-compliant formulation of
the seismic demand on acceleration-sensitive NEs, (c) a
series of technical consolidated rules and criteria for devel-
oping and filtering the loading input, and (d) an evaluation
and validation process.

Section 2 reports a solid and robust technical back-
ground/methodology description, from the elementary
ingredients to the newly defined methodology framework.
The literature contribution associated with this section is
expressed in terms of original synthesis, assessment, eval-
uation, discussion, and validation of the state-of-the-art
shake table qualification of NEs, with particular regard
to the methodological and procedural levels. Section 3
defines a novel code-compliant shake table protocol by
particularizing the methodology framework representing
an outcome in terms of valuable product/outcome/item.
Signal-based evaluation and validation of the developed
protocol are reported in Section 4, where alternative proto-
cols and real-floor motions are considered as a reference.

2 | METHODOLOGY

2.1 | Case-study nonstructural elements
(NEs) and shake table protocols

The case-study NEs consist in a linear elastic single degree
of freedom (SDOF) systems, which are assumed to not
interact with the structure (and with the shake table).
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The protocol is suitable for real-acceleration-sensitive ele-
ments, which might be associated with complex and
nonlinear responses. The interaction between the shake
table and the tested NEs is typically not accounted for or
neglected since the basic hypothesis of no expected inter-
action is often reasonably assumed to be valid. However,
depending on the mass and stiffness—and, more generally,
dynamic properties of NEs—and on the element to shake
table connections, a non-negligible interaction might be
exhibited in real cases. With regard to experimental test-
ing, the assessment of the interaction is investigated in
terms of actual experimental response, whereas the shake
table protocols do not account for the interaction. There-
fore, the application can be considered to be reliable in this
context.

Floor response spectra and shake table protocols gener-
ally assume NEs as linear elastic SDOF systems. Indeed,
acceleration-sensitive NEs are generally meant to be SDOF
systems in the literature (Akkar & Bommer, 2007; Merino
et al., 2020; Petrone et al., 2015), and the assessment
methodology, also including the seismic demand estima-
tion, is based on SDOF hypotheses and spectral responses
according to most authoritative national and interna-
tional regulations and codes (ASCE 7-16; BSI, 2013; MIT,
2018). Representative examples of NEs compatible with
SDOF systems include, but are not limited to, operating
lights, projectors, antennas, base-anchored cabinets, and
museum artifacts.

AC156 (ICC-ES, 2012) is intended to support data for
seismic certification of systems that are sensitive to the
accelerations, that is, architectural, mechanical, electrical,
and other nonstructural systems attached to structures.
FEMA 461 (FEMA, 2007) establishes a protocol for shake
table testing of structural members and NEs that are
sensitive to the dynamic effects of motion transferred
to the component through a single point of attachment
(acceleration-sensitive); the protocol also includes the
methodology for the PBEE assessment via fragility esti-
mation. ISO 13033 (BSI, 2013) defines the procedure to
derive seismic actions and seismic performances of NEs.
This code is not intended for mechanical and electrical
equipment of industrial facilities, including nuclear power
plants. However, the standard might be applied to these
facilities.

AC156, FEMA 461, and ISO 13033 are intended for
generic (acceleration-sensitive) NEs, whereas other proto-
cols describe methods and criteria for seismic qualification
of specific or peculiar NEs, such as mechanical and elec-
trical equipment. GR-63-CORE (Telcordia, 2006) provides
a protocol for shake table testing of telecommunications
equipment, systems, or service facilities. IEEE 344 (IEEE
PES, 2013) describes methods for seismic qualification of
nuclear power plant equipment. The protocol can be used
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to perform the seismic/dynamic evaluation of NEs: from
the tests to the analysis and up to the experienced-based
evaluations. The code encloses common methods cur-
rently used in seismic qualification. IEEE 693 (IEEE PES,
2018) provides the minimum requirements for seismic
qualification of electrical substation equipment. Regu-
latory Guide 1.60 (USNRC, 2014) (referred to below as
RG-1.60) of the US Nuclear Regulatory Commission estab-
lishes design response spectra for the seismic design of
nuclear power plants. The international standard IEC
60068-2-57 (IEC, 2013) outlines methods and standards
for testing components, equipment, and electrotechnical
products including the testing procedure for seismic appli-
cations. It extends the general requirements for seismic
testing described in a separate standard, IEC 60068-3-3
(IEC, 2019).

2.2 | Loading input

221 | Outline

The definition of input signals according to assessment
and qualification/certification protocols and compliant
codes/guidelines is a complex process that often involves
several phases and multiple key parameters and fea-
tures. Typically, shake table signals are artificially obtained
(FEMA, 2007; ICC-ES, 2012), but they can also be defined
following empirical approaches (IEEE PES, 2018; IEC,
2013). For example, two groups of strong ground motion
records and one group of artificial waves were used for the
input excitations by Lu et al. (2018) and Luo et al. (2021). In
Takhirov et al. (2017), a set of an earthquake and synthetic
strong-motion records were generated according to IEEE
693 for the seismic qualification of NEs.

The definition process of artificially obtained shake table
inputs is generally based on the definition of the following
features: (a) IM, (b) baseline signal, (c) RRS, (d) compli-
ance/compatibility criteria and rules, and (e) instrument
characteristics and capacities. It should be mentioned that
no studies or literature documents define or describe these
features, which were systematically defined and discussed
in this study, according to personal experience regarding
shake table testing and literature/code references.

2.2.2 | Intensity measure (IM)

The most common IM typically consists of peak table
acceleration, and this is representative of peak ground
acceleration (PGA) or peak floor acceleration (PFA). The
reference IM of the input test signal defined accord-
ing to AC156 is the design earthquake spectral response
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acceleration parameter at short periods, that is, Spg (ASCE,
2016). FEMA 461 recommends the use of spectral accel-
eration at the appropriate natural frequency of the NE as
an IM, that is, (S,(T,)). IEEE 693 employs the site-specific
hazard method, considering PGA. GR-63-CORE supplies
four earthquake risk zones as a parameter to be used for
defining input test signal intensity level.

2.2.3 | Baseline signal

The key features of the baseline signal are discussed in
the following reference protocols and literature. (1) The
baseline time interval envelope typically includes (a) accel-
eration ramp-up or rise part (RP), (b) hold time or strong
motion part (SMP), and (c) de-acceleration ring down-
time or decay part (DP). AC156 and IEEE 693 require
that the total duration of the input motion shall have
at least 20 s of SMP, whereas signal duration should be
equal to 60 and 32 s according to FEMA 461 and GR-
63-CORE, respectively. IEC 60068 requires the duration
of SMP to be a given percentage of the total duration,
whereas the typical total duration is 30 s with a min-
imum SMP duration equal to 20 s. (2) Fixed sampling
rate/frequency is typically assumed for the baseline; AC156
and IEEE 693 do not define that, whereas FEMA 461
and GR-63-CORE recommend a sampling rate equal to
100 Hz and equal to or larger than 200 Hz, respectively.
(3) The energy content (Luise & Vitetta, 2009) of the
theoretical input signal is typically associated with given
frequency ranges and resolutions. Energy content should
be ranging from 1.3 to 33.3 Hz with one-third-octave and
one-sixth-octave bandwidth resolution corresponding to
analog and digital synthesis equipment, respectively, for
AC156, whereas FEMA 461 provides signals with frequency
contents ranging from 0.5 to 32 Hz and one-third-octave
bandwidth resolution. IEEE 693 requires that the input
motion includes the lower corner point frequency of the
RRS equal to 1.1 Hz. GR-63-CORE inputs should have
frequency contents ranging from 0.5 to 50 Hz. The time
history obtained according to IEC 60068 shall be gener-
ated by the composition of frequencies included within a
specified range (typically frequency range from 1 to 35 Hz;
Takhirov et al., 2004) and through an appropriate resolu-
tion as a function of the specimen damping: the larger the
specimen damping (v), the lower the frequency resolution.

2.2.4 | Required response spectra (RRS)

RRS or target spectra can be obtained through empiri-
cal, analytical, and standard code approaches. Empirical
methods consist of assessing reference RRS according to
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(ground or floor) time histories recorded during the seis-
mic events (Takhirov et al., 2004, 2017). The analytical
approach typically involves numerical analysis of struc-
tures and/or NEs for the estimations of RRS (Blasi et al.,
2021; Singh & Gupta, 2021). Finally, the approach based
on standard code provisions uses closed-form RRS for-
mulations, depending on relevant parameters of buildings
and/or NEs and often also referred to for NE design
purposes; this latter approach is the one typically rec-
ommended by shake table protocols (BSI, 2013; ICC-ES,
2012). The procedure used to define standard code RRS
is not typically described/provided by the relevant codes
and guidelines. It should be noted that code-based floor
demand estimations might not be reliable according to
recent studies, where numerical estimations (Chichino
etal., 2021; D’Angela et al., 2021a; Di Domenico et al., 2021;
Salari et al., 2022) or real records (Anajafi & Medina, 2018;
D’Angela et al., 2021b; Piirgstaller et al., 2020) were consid-
ered as a reference, stressing the need for technical revision
of code prescriptions.

AC156 defines 5%-damped RRS according to the for-
mulation of the horizontal seismic design force and the
definition of flexible and rigid NEs provided by ASCE 7-
16. RRS were defined considering two regions: amplified
region and zero period acceleration (ZPA) region, sepa-
rated by 8.3 Hz; for the computation of the spectral demand
acceleration, 16.7 Hz is considered as a threshold for defin-
ing flexible and rigid NEs; however, this discrepancy only
seems to be formal and does not affect the RRS. FEMA 461
does not define RRS but provides some rules regarding the
response spectra of the input signals. The response spec-
tra should be defined considering 5% damping. The signal
shall be scaled to have (a) acceleration response spectra
amplitude equal to 1 g within 2-32 Hz and (b) the displace-
ment response spectra would be approximately uniform
below 2 Hz. IEEE 693 supplies two RRS, associated with
high- and moderate-performance levels; these spectra are
provided as a function of the NE damping, considering a
range of values ranging from 2% to 20%. GR-63-CORE pro-
vides RRS associated with four earthquake zones (Zones
1 to 4 in the United States), considering a damping value
equal to 2%. Unlike other cases, GR-63-CORE RRS spectra
have shapes varying for different areas. ISO 13033 follows
an approach similar to the one recommended in AC156
for the definition of RRS; however, the former can also
be extended to other regulations and building codes. For
example, in Perrone et al. (2019), the approach proposed
by ISO 13033 was modified to provide RRS compatible
with the design horizontal equivalent static force evaluated
according to Eurocode 8 (CEN, 2005). RG-1.60 provides
RRS associated with five damping ratios, that s, 0.5%, 2.0%,
5.0%, 7.0%, and 10% (for different damping ratios, a linear
interpolation should be used). These RRS correspond to a
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FIGURE 1

Comparison among required response spectra (RRS) and input response spectra related to reference protocols considering

(a) peak ground acceleration (PGA) equal to 0.50 g and (b) spectral ordinate S, corresponding to 32 Hz equal to 1.0 g

PGA equal to 1.0 g and peak ground displacement equal
to 0.91 m. For different design earthquakes, the RRS can
be linearly scaled in proportion to the specified PGA (e.g.,
PGA =0.5g). IEC 60068 defines three RRS, associated with
2%, 5%, and 10% damping ratios. These RRS exhibit a gen-
eralized form that is based on simple correlations among
the corner frequencies, and the specific corner frequencies
depend on assumptions regarding the frequency range of
sensitivity of the NE.

Figure 1a shows a comparison among the response spec-
tra related to the protocols of interest, where FEMA 461
long and trans stand for FEMA 461 signals along horizontal
longitudinal and transversal directions. All spectra but GR-
63-CORE RRS (a) are related to 5% damping and (b) were
computed considering PGA equal to 0.50 g and assum-
ing a building acceleration amplification factor according
to the specific protocol (a value equal to 2.5 was assumed
for FEMA 461, which does not provide this ratio). Both
Z/H equal to zero and one conditions are depicted for
AC156 and ISO 13033 RRS. IEEE 693 RRS are associated
with a moderate-performance level, and FEMA 461 spec-
tra were obtained by scaling the protocol input signals.
In particular, these seismic inputs were provided by the
protocol considering specific levels of acceleration (e.g.,
PFA equal to about 0.2-0.25), and in this study, these sig-
nals were scaled to obtain PGA equal to 0.50 g (Figure 1a)
and spectral ordinate S, corresponding to 32 Hz equal to
1.0 g (Figure 1b). GR-63-CORE RRS are associated with 2%
damping, as the protocol only considers this damping con-
dition. For this latter protocol, RRS spectra associated with
earthquake risk Zones 3 and 4 are depicted, which corre-
spond to expected PGA in the range 0of 0.2 - 0.4 gand 0.4 -
0.8 g, respectively.

FEMA 461 spectra exhibit higher spectral ordinates
than all other RRS for frequencies higher than about 2 Hz,
whereas for lower frequencies, they cross all other RRS
and become the lowest spectra over the lowest frequencies
(e.g., lower than 0.7-1.0 Hz). AC156 and ISO 13033 are
identical for z/H equal to zero condition, whereas ISO
13033 presents significantly higher ordinates for z/H equal
to one condition. In particular, z/H equal to zero spectra
present the lowest ordinates for frequencies larger than
about 1 Hz. GR-63-CORE and IEEE 693 RRS are the most
amplified spectra over most frequencies, but it is recalled
that the former is associated with 2% damping, whereas
the latter spectra are associated with 5%. The spectral
shape is quite similar among the different RRS, whereas
FEMA 461 inputs present a different trend of the ordinates
over the frequencies. Sections of the response spectra can
be identified for FEMA 461 signals: (a) increasing branch
up to about 2 Hz and (b) plateau for larger frequencies.
The increasing branch crosses all other spectra, whereas
the plateau has ordinates significantly larger than the
other RRS ones.

Figure 1b depicts a comparison among the protocol
spectra considering a different comparison criterion. In
particular, the spectra are calculated under the assump-
tions described in Figure 1a, but they are scaled to have
spectral ordinate equal to 1.0 g corresponding to 32 Hz,
which represents the highest frequency (lowest period)
common to all protocols. The spectral response associated
with this frequency is related to the response of an approx-
imately rigid NE. Accordingly, Figure 1b highlights the
spectral amplification associated with the flexible to the
rigid response of NEs. All spectra but FEMA 461 and AC156
z/H =1 ones are quite similar among them, whereas these
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latter provide significantly lower ordinates. GR-63-CORE
spectra (2% damping) and IEC 60068 present the high-
est plateau ordinate, while IEEE 693, AC156 z/H = 0, and
ISO 13033 spectra (5% damping) present a similar, lower,
ordinate, still significantly larger than AC156 z/H =1 and
FEMA 461 ones. Further comments are omitted for the
sake of brevity.

2.2.,5 | Spectrum compatibility
Test response spectra (TRS) should be compatible with
RRS to satisfy specific target levels, considering both
theoretical signals and recorded signals. IEEE 693 sup-
plies different compatibility rules for theoretical and
recorded inputs. For all other protocols, no distinction
is made between theoretical and recorded input com-
patibility rules. In general, the spectrum-compatibility
rules include: (a) the spectral resolution definition of
TRS, (b) the frequency range against which to perform
the spectrum-compatibility check, (c) spectrum ordinate
amplitude tolerance range, expressed in terms of RRS,
that quantifies the compatibility spectrum ordinate check
for TRS (e.g., inferior or superior ordinate tolerance). The
spectral resolution represents the interval between two
frequency data points of spectral analysis. AC156 proto-
col states that TRS must envelop the RRS at 5% damping
based on a maximum-one-sixth octave bandwidth reso-
lution over the frequency range from 1.3 to 33.3 Hz. TRS
should not exceed the RRS by more than 30% over the
amplified region of the RRS (i.e., frequencies lower than
or equal to 8.3 Hz). The protocol provides exemption rules
applicable to both the amplified region and ZPA region
(i.e., frequencies larger than or equal to 8.3 Hz).
Theoretical TRS to RRS compatibility should be checked
at 24 divisions per octave resolution or higher, and TRS
ordinate should be within +10% of the RRS at 5% damp-
ing; TRS shall include the lower corner point frequency of
the RRS (1.1 Hz) for comparison with the RRS. IEEE 693
defines compatibility criteria as less restrictive for recorded
inputs. In particular, the shake table output TRS shall
envelop the RRS within a -10%/+50% tolerance band at
12 divisions per octave resolution or higher. Exemptions
are provided regarding both upper and lower limitations.
According to GR-63-CORE, TRS must meet or exceed RRS
for the applicable earthquake risk zone in the range from
1.0 to 50 Hz. In particular, TRS evaluated considering 2%
damping should not exceed RRS by more than 30% in the
frequency range of 1 to 7 Hz. A test may be invalid if an
equipment failure occurs when the TRS exceeds the RRS
by more than 30% in this frequency range. ISO 13033 and
RG-1.60 do not provide criteria regarding the spectrum
compatibility. IEC 60068 establishes that the TRS shall be
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checked in the specified range at least in one-sixth octave
bandwidth resolution in the general case, that is, specimen
damping lying between 2% and 10%. The tolerance to be
applied to the RRS shall be in a range between 0% and 50%.
Moreover, after the plateau zone of the RRS, a tolerance of
more than 50% is permitted.

While protocols often provide spectrum-compatibility
verification rules, the procedure to achieve or enforce this
condition is not typically addressed. In order to achieve the
best possible spectrum compatibility, Crewe (2012) recom-
mends that (a) the iterative matching process for each time
history should be continued beyond initial convergence to
capture later iterations that may be a much closer match
to the RRS, (b) the spectra-matching procedure should be
always conducted at a minimum of one-24th-octave points,
(c) high-pass filtering of input motions should not be used
to limit the demand placed on the shake table by TRS,
and (d) matching over a reduced frequency range is more
effective and results in a TRS that matches the RRS more
closely.

The response spectrum compatibility is often performed
in the literature using software products and tools based on
analytical methods and formulations. Zaghi et al. (2012)
and Tran et al. (2021) generated an artificial earthquake
using the SIMQKE software (Gasparini & Vanmarcke,
1976). In Magliulo et al. (2012) and Di Sarno et al. (2019), the
signal was enhanced using the spectrum-matching pro-
cedure of the RSPMatch software (Hancock et al., 2006).
Yazdani and Takada (2009) developed a method for modi-
fying many realistic earthquake ground motions through
linear/nonlinear response spectra and energy matching.
Amiri et al. (2014) introduced a method to generate a
suite of artificial near-fault ground motion time histo-
ries for specified earthquakes based on the superposition
of a coherent extracted velocity pulse with a random
acceleration record corresponding to a wavelet-based non-
stationary model and multiplied by a time-modulating
envelope function. Several other authors conducted shake
table tests and implemented artificial acceleration time
histories using the STEX program of MTS (Jeon et al., 2021;
Takhirov et al., 2004).

2.2.6 | Signal processing and instrumentation
compatibility

Capacities and limitations of shake table and testing
instrumentation must be met by the spectrum-compatible
signals, and this should be checked prior to performing the
tests. Among the possible parameters to be checked, maxi-
mum accelerations, velocities, and displacements expected
to be achieved by the table should be assessed and com-
pared to the shake table and instrumentation capacities.
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For example, low-frequency content in the input signal
typically imposes large displacement demands on the
table, which can often exceed the shake table displace-
ment capacity; this limitation is typically critical to verify
(Takhirov et al., 2017). If the capacity compatibility is not
achieved, the input signal might be adjusted. In particu-
lar, the acceleration time history of the theoretical input
motion could be filtered to meet the capacities of the shake
table.

AC156 recommends that the general requirement for
enveloping RRS by the TRS can be modified under cer-
tain conditions. When no resonance response phenomena
exist below 5 Hz, TRS is required to envelop the RRS down
to 3.5 Hz (instead of 1.3 Hz), whereas TRS is required to
envelop the RRS only down to 75% of the lowest frequency
of resonance (instead of 1.3 Hz) if resonance below 5 Hz
exists. According to IEEE 693, the theoretical input may be
high-pass-filtered at frequencies lower than or equal to 70%
of the lowest fundamental frequency of the specimen but
not higher than 2 Hz. The lowest fundamental frequency
of the specimen should be assessed through experimental
tests (i.e., dynamic identification tests as described in the
following sections). GR-63-CORE requires that the cutoff
of the high-pass filter does not exceed 0.20 Hz, while the
cutoff of the low-pass filter should not be below 50 Hz.
FEMA 461 and ISO 13033 do not establish a procedure to
process the signals to obtain compatibility with the shake
table limitations. However, FEMA 461 provides a proce-
dure for filtering input motions to remove energy contents
close to the excitation frequency that has already caused a
DS to occur or, more generally, that is not of interest (i.e.,
notch filtering).

The filtering procedure used to reduce shake table dis-
placement demands often consists in applying a high-pass
filter in the frequency domain. However, it might be neces-
sary to also reduce the high-frequency contents of the input
signals according to other capacities and limitations of the
shake table (e.g., 50 Hz). Therefore, a band-pass filter is
often applied to solve both problems of maximum displace-
ments and high-frequency contents. In several studies (Jun
et al., 2020; Magliulo et al., 2012; Petrone et al., 2014, 2017),
the acceleration time histories were filtered through low-
pass and band-pass filters to meet the instrument and
facility capacities, for example, to reduce the maximum
shake table displacements. Takhirov et al. (2017) proposed
several filtered options suitable for most of the shake tables
worldwide for the seismic qualification of NEs according to
IEEE 693.

2.2.7 | Analytical and experimental validation

The decisive step of the loading input definition should
be the signal verification and the validation of the experi-
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mental procedure, especially if further filtering procedures
were implemented. Generally, adherence to both theoret-
ical and recorded signals is considered to be sufficient
for verifying and validating the experimental qualification
procedure, and this is based on spectrum-compatibility
criteria. However, the protocol compliance of (recorded)
signals might be critical since shake table and testing
instrumentation might not generally reproduce a compli-
ant signal given to instrumental and diverse reasons, and
this stresses the need for strict verification and validation
rules and criteria (e.g., Maddaloni et al., 2011).

2.3 | Testing procedure

2.3.1 | Outline

The testing program typically involves pretest and testing
phases. For the pretest phase, FEMA 461, AC156, IEEE
693, and GR-63-CORE require pretest inspection and func-
tional verification to be documented. The testing phase
generally consists of dynamic identification tests and seis-
mic performance evaluation tests. FEMA 461 includes an
additional testing type, named failure tests. Failure tests
are carried out to induce DSs that could pose life safety
risks and DSs corresponding to the incipient failure of the
test specimen. Failure tests are typically performed as part
of the performance evaluation tests.

The current testing protocols implicitly recommend
that the dynamic identification tests should be performed
prior to seismic performance evaluation tests. However,
FEMA 461, which recommends an incremental perfor-
mance evaluation test procedure, establishes that dynamic
identification tests should be conducted prior to and after
each performance evaluation test. In literature, several
studies followed this approach. For example, in Cosenza
et al. (2015) and Petrone et al. (2017), the dynamic identifi-
cation was carried out over the incremental tests, and both
dynamic properties and exhibited damage were correlated
to the testing intensities.

2.3.2 | Dynamic identification tests

To perform an exhaustive assessment, vibration modes,
fundamental periods/frequencies, and damping ratios evo-
lution should be associated with the damage process
evolution, considering undamaged, partially, and fully
damaged conditions (or at least all the DSs reached dur-
ing the tests). Another parameter that also accounts for
the dynamic properties of NEs is the dynamic compo-
nent amplification factor, often defined a, by regulations
and codes (ASCE, 2016; CEN, 2005; INN, 2015; MIT, 2018;
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NRCC, 2015; NZS, 2009; UTCB, 2013). In most regulations
and codes, a, is a key parameter for computing seismic
demand forces on NEs (ASCE, 2016; CEN, 2005; INN,
2015; MIT, 2018; NRCC, 2015; NZS, 2009; UTCB, 2013).
This parameter is typically expressed by conservative for-
mulations or values and is rarely estimated with regard
to specific NEs through experimental or numerical pro-
cedures. Reference shake table protocols do not require
estimations of this parameter even though it is essential
for reliable estimations of RRS or seismic demands.

Disregarding a,), the input of the dynamic identification
tests is generally expressed by a low-intensity accelera-
tion time history signal, which is defined by the reference
protocol in some cases. FEMA 461 establishes that single-
axis identification tests should be carried out along each
principal direction of the test specimen, considering four
alternative types of tests: white noise tests, single-axis
acceleration-controlled sinusoidal sweep tests, resonance
tests, and static pull-back tests. AC156 and GR-63-CORE
recommend single-axis acceleration-controlled sinusoidal
sweep tests, IEEE 693 indicates sine sweep or random noise
excitation test, and ISO 13033 includes the dynamic tests
but does not describe the testing procedure and input.

Several testing methods were used in the literature to
identify the dynamic characteristics of NEs. Random noise
excitation tests (Cosenza et al., 2015; Di Sarno et al., 2019;
Fiorinoetal.,2019; Jun etal., 2020; Luetal., 2018; Luo et al.,
2021; Petrone et al., 2017; Qi et al., 2021) and sine sweep
tests (Kim & Shin, 2021; Lee & Jung, 2020; Lin et al., 2014;
Son et al., 2020) are among the most used ones, and no
studies, to the knowledge of the authors, identified the dif-
ferences among the different methods in terms of dynamic
properties assessment results or supplied motivations for
preferring the use of one specific method. Even though
the methods defined within the relevant protocols or in
the literature can be considered to be relatively reliable,
the absence of a preferred method and the lack of stan-
dardized definitions might condition the robustness of the
estimations, especially considering comparison purposes.
This evidence stresses the need for defining a unique reli-
able and robust dynamic identification test method that
(a) complies with specific technical procedures for defin-
ing the input signal, (b) minimizes the analyst bias, (c) is
widely applicable, (d) strengthens the accuracy of the esti-
mations, and (e) fosters consistent comparisons and result
in extrapolations.

2.3.3 | Seismic performance evaluation tests

According to most protocols, seismic performance evalu-
ation tests are defined by the tests performed considering
the seismic intensity associated with the target perfor-
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mance level(s) that the specimen should meet. ISO 13033,
AC156, IEEE 693, and GR-63-CORE do not specify a min-
imum number of performance evaluation tests to perform
or do not provide recommendations for defining a testing
program. Conversely, FEMA 461 supplies criteria to define
the testing program according to an incremental approach.
In particular, this protocol requires at least three different
shaking intensities and indicates that the intensities of the
performance evaluation tests should be defined to induce
relevant DS occurrence, that is, functioning interruption
and repair/replacement intervention, for seismic perfor-
mance evaluation tests, and severe damage, incipient
failure, and life-threatening risk, for failure tests. FEMA
461 also defines the minimum intensity step increment
between consecutive intensity-level tests, which is equal
to 25%.

Seismic performance evaluation tests are generally car-
ried out by applying the input motions simultaneously
along the principal axes of the specimens. In particular,
AC156, IEEE 693, GR-63-CORE, and FEMA 461 establish
that the performance evaluation tests (and failure tests for
FEMA 461) should be performed through triaxial tests with
input motions applied simultaneously along all principal
axes of the test specimen; alternatively, multiple biaxial
tests can be used (along horizontal and vertical directions)
according to an exhaustive approach. FEMA 461 estab-
lishes that horizontal tests (biaxial or uniaxial) could be
performed if the effect of vertical motion on the seismic
response of the test specimen is negligible; the other pro-
tocols do not address this condition, which can be quite
common for typical NEs (e.g., partitions or infill panels).
In particular, FEMA 461 recommends that this condition
may be acceptable if the vertical fundamental frequency
of vibration of the test specimen is at least 10 times larger
than horizontal fundamental frequencies or if the vertical
natural frequency of the test specimen falls outside the fre-
quency range of the input motions. AC156 allows uniaxial
tests, which should be performed along each of the three
principal directions of the specimens.

In several literature studies, shake table tests were
performed through incremental procedures despite only
FEMA 461, among several protocols, recommending per-
forming multiple (incremental) tests for assessing the
seismic performance and qualifying NEs. It is worth recall-
ing that this latter protocol is not intended for seismic
certification, and therefore this approach (i.e., incremental
tests) is not required to be applied for seismic certifi-
cation purposes. In some literature studies, shake table
inputs compliant with protocols other than FEMA 461
(e.g., AC156) were scaled according to relatively dense
incremental procedures (Di Sarno et al., 2019; Fiorino
et al., 2019; Magliulo et al., 2014; Petrone et al., 2017), that
is, FEMA 461 approach was applied considering seismic
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inputs other than this latter approach. This stresses the
lack and inconsistency of the current seismic qualifica-
tion approaches and protocols. In particular, they do not
seem to give significance to incremental procedures, which
are certainly associated with more reliable and robust
assessment and evaluation, also compliant with the PBEE
approach (Porter, 2021).

2.3.4 | Representativeness of qualification
and certification

The test specimens should effectively represent the class
or type of components intended to be qualified/certified by
the manufacturer to achieve the target representativeness
of the qualification/certification; this representativeness
strongly depends on the objective of the assessment or
qualification. A relatively adequate number of shake table
tests should be performed considering a minimum number
of test specimens. AC156 provides the criteria for defining
test specimen configuration requirements for an element
product line. The selection can be achieved based on
the least seismic capacity offered by the structural con-
figurations, mounting configurations, mass distribution,
and specimen components and subassemblies. Other cur-
rent protocols do not provide requirements or information
on the representativeness of the qualification/certification
procedure. GR-63-CORE only provides recommendations
regarding installation conditions for equipment and sys-
tems. Only FEMA 461 recommends a minimum number
of specimens to test, which is equal to three.

2.4 | Critical evaluation of existing
protocols

Table 1 summarizes the key parameters and features that
are essential for the definition and implementation of qual-
ification procedures defined by the reference protocols.
Most of the parameters reported in Table 1 were described
and discussed in previous sections; therefore, redundant
comments are omitted for the sake of brevity, and the
focus of this section is on the most significant compar-
isons and critical evaluation. AC156, FEMA 461, and ISO
13033 are intended for any type of element (i.e., generic
NEs), whereas IEEE 693, GR-63-CORE, and RG-1.60 are
defined for specific equipment or systems. However, it is
not clear how the type of target specimens conditioned the
definition of the protocol characteristics, especially for the
specific equipment protocols. Even regarding the sensitiv-
ity of the target specimens, there are no clear requirements
for several protocols (e.g., specific equipment protocols).
However, the authors believe that there is a common
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skepticism about using shake table testing (protocols) to
assess and qualify NEs that are (also) sensitive to displace-
ments/drifts, as it can also be identified in AC156 criteria.
Indeed, the fact that shake table testing is the best option to
assess dynamic effects/response should not limit the use of
the reference protocols to assess NEs that are also sensitive
to drifts/deformations or that, more generally, have a com-
plex response that can only be reasonably assessed through
dynamic tests. This critical issue will be addressed further
in the following section, where the proposed approach and
the novel protocol are described. Regarding the bound-
ary conditions of the target specimens, most protocols are
intended to provide criteria for anchored or attached ele-
ments. However, due to the absence of reliable protocols
intended for unanchored or freestanding equipment, the
reference protocols were often used in the literature also to
assess these peculiar NEs (e.g., Di Sarno et al., 2019; Ghith
et al., 2019; Huang et al., 2021; Prota et al., 2022; Wittich &
Hutchinson, 2014)).

Sinusoidal sweep and white noise tests are the most ref-
erenced by the protocols, and these methods are the most
used in the literature as previously discussed. However,
the protocols do not provide clear information and techni-
cal guidance on how to develop the dynamic identification
test inputs, or rather they do not follow general and widely
applicable approaches.

Regarding RRS, the reference protocols provide quite
dispersed and varied requirements and information,
which are associated with significant differences among
the protocols. These differences might be significant
in terms of RRS details/specification/information, site
dependency, scalability of RRS, frequency range and cor-
ner frequencies, and component and floor amplification
factors.

This parameter variability might significantly condi-
tion the reliability of the protocols as tools to qualify the
NEs. For example, the plateau to ZPA amplification pro-
vided by AC156 RRS (related to z/H) is significantly lower
than the one related to other protocols. This was already
proven to underestimate seismic demands associated with
strong floor motions (D’Angela et al., 2021b). This is likely
due to an upper limitation criterion defined by the pro-
tocol, which was already criticized by literature studies
(D’Angela et al., 2021a; Perrone et al., 2019; Petrone, et al.,
2016). Another critical definition of RRS is related to IEEE
693 criteria, which seem to not intrinsically account for
the building acceleration amplification, which should be
included by RRS amplifications by the signal analysts.

RRS definition should be based on consolidated and
consistent formulations of seismic ground and building
demands on NEs, which should be reported by the proto-
cols and proven to be reliable and robust and also relatively
simple to implement.
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Significant variability is also associated with the protocol
definition of the test input to perform seismic perfor-
mance evaluation tests, and similarly to the case of RRS,
this can significantly affect the reliability of the assess-
ment, qualification, or certification procedure. The present
paper has already stressed the significance of the seismic
loading history characteristics on the reliability of the seis-
mic evaluation. The spectrum-compatibility criteria are
more comparable among the different protocols and follow
more common approaches. However, some non-negligible
differences can also be identified as can be seen in
Table 1.

As a conclusive comment, the authors believe that the
seismic performance of NEs should be assessed through
incremental procedures of excitation by scaling the input
signals to be representative of the seismic scenario actions
that would potentially excite the specimen at the structure-
to-element interfaces. This is compliant with the PBEE and
is recommended in FEMA 461. In particular, it is desirable
that the results of the qualification tests are documented
for each significant intensity level and regarding relevant
DSs and used for fragility or vulnerability assessment.
These aspects are not addressed by reference protocols
except FEMA 461. Therefore, novel approaches and proto-
cols should be defined to favor reliable and robust assess-
ment, qualification, and certification procedures according
to incremental procedures and evaluations based on the
PBEE.

3 | DEFINITION OF A NOVEL
CODE-COMPLIANT TESTING PROTOCOL
3.1 | Outline

A novel code-compliant shake table testing procedure,
namely, testing protocol, is defined in this section. The pro-
tocol defines the procedure and requirements for seismic
assessment of acceleration-sensitive NEs by shake table
testing, with particular reference to seismic qualification
and certification processes. The protocol is applicable for
NEs having fundamental frequencies greater than or equal
to 1.0 Hz. In the following, the seismic input used for the
seismic performance evaluation test is also referred to as
the loading protocol, as this represents the most significant
feature of the testing protocol.

3.2 | Seismic qualification approaches

Two different approaches can be considered for qualify-
ing NEs: (a) specific performance-level qualification and
(b) extensive qualification. The former approach is inspired
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by the procedures typically defined by existing shake table
protocols (BSI, 2013; ICC-ES, 2012; IEEE PES, 2018; Tel-
cordia, 2006). Accordingly, the qualification is aimed at
checking whether the component fulfills (or not) a spe-
cific performance level, associated with a target level of
a relevant (seismic) intensity parameter (i.e., pass or fail
test). The seismic intensity parameter and the relevant tar-
get levels are typically defined by regulations or codes.
Acceleration spectral response S, is typically considered
to be a seismic intensity parameter for the assessment of
acceleration-sensitive elements and is referred to within
several national and international codes (ASCE, 2016;
CEN, 2005; INN, 2015; MIT, 2018; NRCC, 2015; NZS, 2009;
UTCB, 2013). However, PGA or PFA might also be consid-
ered, if appropriate, as they might be equally reliable as
seismic intensity demands. Target seismic intensity param-
eters should not be confused with testing IMs, even though
testing IMs might also be considered to be seismic intensity
parameters, when possible and appropriate. It is funda-
mental that the target intensity parameter measures are
established from the basic parameters (e.g., hazard or soil
conditions) following consistent and robust approaches
and formulations/specifications, which should also be
compatible with the qualification protocol. In particular,
the target levels can be defined according to specific site-
building-component scenarios or can be more general and
referred to entire regions and wide representative scenar-
ios. For example, if the building site and NE installation
height (over building height) are known, NE could be qual-
ified considering the specific scenario associated with this
location, according to reference seismic demand formula-
tions. Regional or national maximum demand scenarios
are typically considered for the identification of the qual-
ification intensity level(s), especially if the qualification is
carried out by manufacturers. Further comments on target
seismic intensity parameters are omitted as their definition
should be addressed, through conventional decisions, by
regulations, codes, and technical guidelines.

The extensive qualification reflects the technical-
scientific requirement for a more exhaustive assessment
and evaluation of the seismic performance of NEs, not only
meeting a conventional requirement target but developing
novel technical and applicative knowledge. This approach
was developed in light of the recent literature in the field,
where incremental complex shake table procedures were
implemented (Cosenza et al., 2015; Di Sarno et al., 2019;
Fiorino et al., 2019; Ghith et al., 2019; Kim & Shin, 2021;
Tian et al., 2015; Zaghi et al., 2012). In particular, the exten-
sive qualification is aimed at characterizing the behavior
and the damage response of NEs considering multiple
incremental intensity levels, identifying the NE capacity
thresholds corresponding to the significant performance
levels. Target levels of seismic intensity parameters should
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be defined for the relevant performance levels as it is
described for specific performance-level qualification.

The extensive qualification is a complete and exhaus-
tive identification and characterization of the NE in terms
of seismic behavior, capacity, and performance, provid-
ing robust and reliable capacity thresholds to evaluate the
fulfillment of the target performance levels, whereas the
specific performance-level qualification is only associated
with the fulfillment of a conventional performance-level
requirement. The use of one approach over another should
be regulated by national and international regulations and
qualification or certification rules/standards. In particular,
the importance and representativeness of the NE should be
among the most significant key parameters for providing
these criteria.

The manufacturer could prefer to perform an exten-
sive qualification even if a specific performance level is
required by the relevant regulatory requirements, as this
would shed light on the complete performance of the
NE, providing significant additional technical informa-
tion to the specific performance-level check. For exam-
ple, the specific performance-level qualification does not
allow determining the safety conditions regarding the
performance-level demand, as the result of this quali-
fication process is checking that the performance level
is satisfied, without quantifying the capacity and safety
margins. This specific margin quantification could be con-
sidered to be of primal importance; for example, in the
case of nuclear power facilities or hospitals, where safety
is expected to matter more than the economic aspects.
Moreover, identifying the capacity margins associated with
the relevant performance levels would be essential for an
efficient design of the NE. Finally, an incremental qual-
ification procedure would also allow the assessment of
the seismic fragility and vulnerability associated with NE,
essential features for the PBEE. For these and other rea-
sons, particular focus is given to the extensive qualification
approach in this study.

3.3 | Damage states (DSs) and limit states
Four representative DSs associated with the NE can be
defined to perform seismic qualification through both
possible approaches: absent damage DSO, minor damage
DS1, moderate damage DS2, and major damage DS3. DS1
achievement implies the need for minor repair interven-
tions and/or rearrangement of specimens to restore the
original conditions; in general, DS1 does not affect the
functioning of the element. DS2 implies that the test speci-
men is damaged so it should be partially replaced, and this
results in loss of functioning. DS1 and DS2 are typically
associated with serviceability limit states (CEN, 2005). DS3
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implies that the damage level is such that the test speci-
men needs to be totally replaced/repaired and life safety is
not ensured. DS3 is typically associated with ultimate limit
states (CEN, 2005).

The technical definition of the damage level associated
with DS, which is defined by damage-to-DS criteria or cor-
relations (viz., damage scheme), strongly depends on the
type, features, and arrangement of NEs. An example of
the DS definition for seismic qualification of a temporary
partition wall was proposed by Petrone et al. (2017). In
this context, the DS definition and related consequences
are based on the definition given by Taghavi and Miranda
(2003). In particular, the correlation between each DS and
the loss can be expressed in terms of the three “D” (FEMA,
2012): (a) human casualties (Deaths), (b) direct economic
loss due to the repair or replacement of NCs (Dollars),
and (c) occupancy or service loss (Downtime). Damage
schemes should be defined for each type of damage and for
each significant component of the test specimen (e.g., pan-
els, studs, horizontal elements, rails, and screws in Petrone
et al., 2017). The more the damage scheme is defined
by quantitative and univocal engineering parameters and
measures, the more this is efficient and robust.

Regarding shake table tests, damage to NEs should be
observed after each seismic performance evaluation test
by inspecting the physical conditions of the test speci-
men, and an appropriate damage survey form should be
compiled. The achievement of DSs should be identified
by analysis of the damage survey forms according to the
criteria defined within the damage scheme, and the DSs
should be correlated to efficient intensity parameter mea-
sures that are representative of the seismic demands. The
limit state verifications should be performed according to
the qualification approach and the compliant regulations.

3.4 | Testspecimens and loading program
The selection of the test specimen should follow the aim of
the manufacturer and the requirements of the relevant reg-
ulations. In particular, the test specimen should be more
or less representative of a production line according to the
expected wideness and representativeness of the qualifica-
tion results. Generally, the test specimen should represent
a conservative condition to obtain the least seismic capac-
ity associated with the system of interest. The number
of specimens to be tested should also be compliant with
the relevant requirements and should reasonably depend
on (a) desired qualification robustness and (b) potential
uncertainty associated with the production and response
of the specimen.

The loading program consists of a series of dynamic
tests, including both dynamic identification tests and
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seismic performance evaluation tests. According to the
extensive qualification approach, the seismic performance
evaluation tests should be performed through an incre-
mental procedure. The initial, incremental, and final
testing IM level should be chosen according to the expected
behavior and damage exhibited by the specimen with
regard to the performance target (e.g., operativity condi-
tions) and should be compatible with the capacities of the
shake table and instrumentation. Before and after each
significant performance evaluation test, a dynamic iden-
tification test should be conducted along each principal
direction of the test specimen. Generally, the performance
evaluation tests should be performed via triaxial tests, with
motions applied in the principal directions of the NEs.
However, biaxial (horizontal) tests may be carried out if
the element can be reasonably assumed to be not sensi-
tive to the accelerations along the vertical direction; this
condition could be considered to be applicable if the ver-
tical fundamental period is at least an order of magnitude
lower than a maximum horizontal fundamental period or
if the vertical fundamental period is outside the significant
frequency range of the signal.

3.5 | Dynamic identification tests

White noise tests are recommended in this study to iden-
tify natural frequencies and damping of the test specimen
(Cosenza et al., 2015; Di Sarno et al., 2015; Fiorino et al.,
2019; Jun et al., 2020; Lu et al., 2018; Luo et al., 2021;
Magliulo et al., 2014; Qi et al., 2021). In practice, white noise
is a theoretical idealization since no system can generate a
uniform spectrum for all frequencies extended from zero
to infinity. In real applications, white noise signals present
spectral ordinates having values oscillating around the ref-
erence spectral value over a range of frequencies. Typically,
the white noise signals present greater amplitude at low
frequencies and a smaller amplitude tending to zero at
higher frequencies (Luise & Vitetta, 2009).

The random noise excitation should be obtained by a
uniform random stationary process (Clough & Penzien,
2003). The acceleration peaks of the signal shall be at most
of 0.10 + 0.05 g; this intensity threshold should prevent
causing damage to the specimen; however, in some cases,
a lower (or higher) intensity might be considered. The sig-
nal should have a significant energy content ranging from
1to 32 Hz, a minimum duration of 60 s, and a sampling fre-
quency of 200 Hz. The baseline can be filtered to provide
the abovementioned frequency contents to the random
noise excitation or to eliminate frequencies not compatible
with the instrumental facility capacity; in the latter case,
it should be verified that the cut of the critical frequencies
does not affect the reliability of the signal and the robust-
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(a) acceleration time history; (b) Fourier amplitude spectrum (FAS)

Example of random noise excitation history:

ness of the dynamic identification (e.g., by proving that
the specimen does not exhibit significant sensitivity to
those frequencies). In particular, a fourth-order low-pass
Butterworth filter with a cutoff frequency of 40 Hz was
used in the context of the proposed protocol, according
to the literature review and expertise of the authors. The
signal was then modified with a window function to have a
rise time and decay time equal to 5% of the signal duration.

Figure 2a shows a representative random noise exci-
tation developed according to this procedure. Figure 2b
shows the corresponding Fourier amplitude spectrum
(Zhou & Adeli, 2003a) that extends from 1.0 to 40 Hz and
envelops the frequency range of interest.

3.6 | Seismic performance evaluation
tests
3.6.1 | Required response spectra (RRS)

The proposed RRS were developed according to the
NTC 2018 (MIT, 2018) formulation and literature studies
(Petrone et al., 2015, 2016). NTC 2018 defines the total
design horizontal force on NE, F,, defined as

_ SaWaq

F
T qq

@

In particular, F, is the horizontal seismic design force
applied at the component’s center of gravity and dis-
tributed relative to the component’s mass distribution, S,
is the horizontal spectral design acceleration of the NE
attached at level i of the building structure for the limit
state in question, W, is the weight of the NE, and g, is
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the NE response modification factor or behavior factor,
that is, a factor aimed at reducing the elastic design forces
accounting for the expected inelastic response; g, can be
specified according to the ductility and overstrength of
the NE, referring to regulations/codes (ASCE 7-16, 2016;
CEN, 2005; MIT, 2018) and/or literature studies (Johnson
& Dowell, 2017; NIST, 2018; Kazantzi et al., 2020).

The floor response spectrum (S,) used to calculate the
horizontal equivalent static force is given by:

max ocS(l + i) —2 __|,aS}forT, < aT,
H T

1+(ap—1)<1—ﬁ>

Sy = as (1 + %) apforaT; < T, < bT; 2

,aS ¢forT, > bT;

!

max < aS (1+ %) -
1+(ap—1)<1—%)

according to NTC commentary (MIT, 2019); this formula-
tion was derived from Petrone et al. (2015, 2016) and was
already proven to be reliable by recent literature studies,
considering bare and infilled RC buildings as a reference
(Chichino et al., 2021; Di Domenico et al., 2021). In par-
ticular, o is the ratio between the design PGA on stiff
soil for the relevant limit state and acceleration of grav-
ity; S is the soil amplification factor; z is the height of the
building point of attachment of the component, measured
from the foundations; H is the average roof height of the
building measured from the foundations; T, is the fun-
damental period of the component-attachment system, T,
is the fundamental period of the building; and a, b, and
a, are parameters defined according to the fundamental
period of the building (tab. C7.2.1I, Section C7.2.3, NTC
commentary).

If the dynamic proprieties of the building are not
defined, it is not possible to evaluate the RRS through
Equation (2). In particular, regarding (generic) seismic
qualification, NEs should be assumed to be installed in dif-
ferent types of buildings, and the RRS should not depend
on specific dynamic characteristics of the building. In
order to supply a valid and applicable qualification, a novel
RRS formulation was developed considering a wide and
representative range of building fundamental periods, that
is, from 0.1 to 2.0 s; this range was defined according
to representative European building scenarios (Housner
et al., 1953; Rodriguez et al., 2021). Figure 3 shows the
dimensionless floor response spectra for z/H = 1, obtained
considering the range of periods of interest (5% damping).
The proposed RRS envelop 0.1 to 2.0 s building period floor
response spectra evaluated according to:
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FIGURE 4 RRS (5% damping) derivation according to the
proposed protocol

s (14 2)+ iy sorg, <,
Sa _ s(1+§) forfi<fu<f: (3)

forfo 2 f>

as it is depicted in Figure 4. The formulation is reported in
Equation (3), where fy, f;, and f, are set equal to 1.00, 1.40,
and 12.5 Hz, respectively.

Considering the most relevant z/H condition (i.e., equal
to unity), the proposed RRS are compared with reference
protocol RRS and input spectral responses (for FEMA 461)
in Figure 5, following the same comparison approach used
in Figure 1. Considering PGA equal to 0.50 g, the proposed
RRS is the most conservative RRS, whereas it is among
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FIGURE 5 Comparison between proposed RRS and RRS and input response spectra related to reference protocols considering (a) PGA

equal to 0.50 g and (b) spectral ordinate corresponding to 32 Hz (S,(32 Hz)) equal to 1.0 g

the most conservative RRS if PFA equal to 1.0 g is con-
sidered. The plateau frequency range of the proposed RRS
is larger than other protocols. Even if few reference RRS
provide slightly higher ordinates corresponding to narrow
frequency ranges, the proposed RRS is overall the most
conservative one, especially considering the reference RRS
envelope and both PGA equal to 0.50 g (Figure 5a) and
S,(32 Hz) equal to 1.0 g (Figure 5b) conditions. The ref-
erence spectra that exceed the proposed RRS ordinates
in some regions are associated with significantly lower
responses in other regions. It should be noted that the pro-
posed RRS matches significantly well the plateau of FEMA
461 input spectra. The proposed RRS associated with z/H
equal to zero is also more severe than other reference
protocol RRS, especially considering PGA equal to 0.50 g
condition (Figure 5a).

3.6.2 |
input

Seismic performance evaluation test

The generation and processing of the seismic performance
evaluation test input in terms of acceleration time his-
tory were implemented considering the RRS described in
Section 3.6.1. In this specific case, the RRS provided by For-
mula (3) was detailed assuming 5% damping, z/H =1, and
a'S = 0.4 g, which is representative of high seismicity in
Italy. However, the procedure is general and easily appli-
cable considering different seismic demand formulations
or RRS.

An artificial procedure was carried out through
three phases: (1) baseline generation, (2) RRS spectrum-
compatibility enforcement, and (3) further signal processing,
including (4) exceptions, which are described in the
following.

The procedure is described with regard to horizontal
components, but it is generalizable for the vertical direc-
tion. According to the literature, the authors recommend
that if triaxial tests are to be performed, the response
spectra of the vertical input should be compatible with
80% of the horizontal RRS.

1. Baseline generation: The baseline signal was generated
by enforcing the following features: nonstationary ran-
dom signal with an energy content ranging from 1.0 to
32.0 Hz; one-sixth octave bandwidth resolution, that is,
for each octave, two consecutive frequencies have a ratio
equal to 2%; sampling rate of 400 Hz; total duration
equal to 30 s; at least 20 s of strong motion; non-
stationary time history with rise (RP), strong motion
(SMP) and decay (DP) parts of 5, 20, and 5 s, respec-
tively. For each frequency (f;) a sinusoidal wave with a
duration of 30 s was defined as follows:

X (t) :ASln(Zﬁflt'l'ng) (4)

In particular, A is the amplitude of the sinusoidal wave;
the time step (t) is the reciprocal of the sampling rate, that
is, equal to 0.0025 s; ¢; is the phase angle of the sinusoidal
wave, defined according to:

T
Pip1=—+ @ (5)

The phase angle of the first sinusoidal wave was set
equal to ¢, = a 7/ny, where nyis the number of frequencies
in the range from 1.0 to 32.0 Hz, and a is a harmonizing
factor that modifies the phase of the strong motion of
baseline. In particular, a defines the quantitative manner
of combination of the elementary frequency contents
in terms of harmonic functions. This parameter is
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FIGURE 6 Example of baseline for developing a seismic

performance evaluation test input. The gray part represents rise part
and decay part of the signal, whereas the black one represents the
strong motion part

responsible for the unicity of the baseline and accounts
for the “random” character. The value of a for each base-
line was assumed by implementing a random function in
Matlab, which selects, randomly, real numbers (for further
details regarding this issue, see Bendat & Piersol, 2010;
Clough & Penzien, 2003). This factor allows to obtain
a smooth signal and to avoid abrupt discontinuities of
the baseline. The baseline was obtained by adding the
three parts, that is, RP, SMP, and DP: SMP (ygyp (1)) was
determined as the mean of all sinusoidal waves for each
time step in the range from 5 to 25 s; RP was defined
with a growth exponential signal in the range from 0 to
5 seconds, according to:

t
ety = 22 O ©

where b is the harmonizing factor of RP of the baseline;
finally, DP was defined with a negative exponential signal
in the range from 25 to 30 s using:

—(1-25

yoplt) = 2 O Q
where cis the harmonizing factor of the DP of the baseline.
Figure 6 shows an example of a baseline signal, where
RP and DP are depicted in gray and SMP in black. Figure 7
shows the spectrogram (power spectral density) of the
baseline highlighting how the frequency content varies
with time. The maximum spectral power is concentrated

in the frequency range of interest and in the SMP.

2. RRS spectrum-compatibility — enforcement: The
spectrum-compatibility enforcement was carried
out using RSPMatch (Hancock et al., 2006). In particu-
lar, the procedure was applied through a time-domain
modification of the baseline signal to enforce the RRS
spectrum compatibility. The signal matching procedure
was implemented according to the recommendations
provided by Hancock et al. (2006). In particular, various
wavelets were added to the signal acceleration time
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PSD [db]

FIGURE 7 Power spectral density (PSD) of the baseline

history in the time domain, according to Sudrez and
Montejo (2005), that is, sinusoidal corrected displace-
ment compatible wavelet using explicit integration
(model 14, according to RSPMatch manual).

The spectrum compatibility was enforced by consider-
ing the frequency’s sixths octaves used to generate the
baseline to optimize the procedure. In particular, the
seismic performance evaluation test input should be asso-
ciated with response spectra that envelop RRS considering
a maximum one-sixth-octave bandwidth resolution over
the frequency range from 1 to 32 Hz. The amplitude of
each matched spectrum ordinate should be independently
adjusted until the response spectrum envelops the RRS.
The response spectrum ordinates should not be lower than
RRS and larger than 1.3 times RRS. For these reasons, the
RSPMatch reference RRS was obtained by considering a
10% increase of the RRS described in Section 3.6.1.

The spectrum compatibility should be checked con-
sidering both signals to assign to the table (theoretical
signals) and signals recorded by the table during the
seismic performance evaluation tests (actual signals). The-
oretical signals associated with spectra that fall below the
RRS ordinates are generally not acceptable, whereas the
spectrum-compatibility criteria to check the actual (i.e.,
reproduced/recorded) signals are less stringent. In the lat-
ter case, a maximum of two of the one-sixth octave analysis
points may be below RRS, in terms of spectral ordinate,
by 10% or less, provided that, for each point, the adjacent
one-sixth-octave points are at least equal to RRS. This con-
dition can occur in both the amplified region of the RRS
(frequencies less than or equal to 12.5 Hz) and ZPA region
(frequencies greater than 12.5 Hz).

3. Further signal processing: The maximum accelera-
tions, velocities, and displacements associated with the
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theoretical inputs should be estimated considering the
maximum expected levels of shaking intensity defined
in the loading program. These estimations should be
compared with the capacities of the instrumentation
and shake table to guarantee consistent tests and to
guarantee the reliability of the results. In the case of
exceedance of the capacity thresholds, the input might
be subjected to further filtering processing. The filter-
ing procedure is described in the following considering
a representative case-study application.

4. Exceptions: There might be cases in which sig-
nal processing procedures are not able to guarantee
full compatibility of the signal with the limitations/
capacities/features, and the signal cannot be adequately
reproduced by the shake table (i.e., the theoretical sig-
nal is spectrum-compatible and the reproduced signal
is not). These difficulties might be associated with two
crucial issues: significantly larger peak displacements
of the tables and/or major resonance of the shake table
with testing facilities or infrastructures. When the fil-
tering procedures do not solve the abovementioned
problems, a novel approach could be used to opera-
tively solve the problem. The first step is the detection
of the unique frequency range that is associated with
the abovementioned problems, if it exists, for example,
typically lower frequencies for higher displacements
or facility/infrastructure fundamental frequencies for
resonance issues. Once the frequency range is identi-
fied, if this is sufficiently reduced, that is, it does not
exceed a one-sixth octave interval, the baseline can be
generated by assuming a parameter A corresponding
to these two one-sixth octave elementary harmonics
that is lower than the value assumed for all other har-
monics; this value might even be set equal to zero.
The spectrum-matching procedure is then carried out
considering the modified baseline as an input, and if
the spectrum compatibility is fully achieved, the out-
put signal could be fully considered to be compliant
with the protocol. As a matter of fact, pilot studies
carried out by the authors found that this procedure
lowers the Fourier transform amplitude correspond-
ing to the critical frequencies (for a maximum of two
one-sixths octave) still enforcing the full spectrum com-
patibility. In particular, the matching procedure adds
wavelets that also correspond to the two critical one-
sixths octave to achieve the compatibility. Lowering
the transform amplitudes eases the reproducibility of
the signal since the energy content associated with the
critical frequencies is lower, even though the signal is
fully compliant with the RRS. In particular, the low-
ering of A should be balanced by an enhancement of
the signal reproducibility by the shake table. The value
of parameter A to assume depends on the criticality
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of the reproducibility issues and should be calibrated
by iterative signal generation processes and experimen-
tal calibrations/tests at the discretion of the analysts.
This exception does not affect the signal severity since
the presence of the energy contents related to the
critical frequencies is guaranteed (wavelets added by
matching procedure) and the spectrum compatibility is
achieved.

Considering the present application and concerning the
facilities of the Laboratory of the University of Naples Fed-
erico II (Italy), the maximum displacement limits were
assumed to be equal to +25.0 cm. These limits are likely
to be compatible with most shake tables and earthquake
simulators (Takhirov et al., 2017). However, the procedure
described in the following is generalizable and applicable
to different capacity limits. Since displacement time histo-
ries typically present peaks due to long-period components
of the accelerograms, a low-cut filter can be applied to
the signals to reduce maximum displacements (Trifunac,
1971). The obtained matched record was, then, filtered with
a band-pass Butterworth filter, order equal to four, over
the range of frequency 0.4 + 40 Hz. This filter is among
the most used in literature, as well as it can be consid-
ered among the most effective and robust ones for reducing
the long-period noise in accelerograms (Boore & Bommer,
2005). The need to keep the signal energy content ranging
from 1.0 to 32.0 Hz justified the use of a band-pass filter. In
particular, the lower cutoff frequency was determined by
the need to correct the signal according to the procedure by
Boore and Bommer (2005) and to keep the energy content
from 1 Hz, whereas the higher cutoff frequency was deter-
mined considering the frequency limit of the shake table
(in this specific case equal to 50 Hz) and the upper limit of
the energy content of the signal. The acausal filter was used
to not produce any phase distortion in the signal (Boore &
Bommer, 2005). Moreover, the low-frequency content was
eliminated from the test signals records for not exceeding
the displacement and velocity capacities of the shake table.

The definite signals should be verified to be spectrum
compatible, and preliminary (empty table) tests should be
performed to fully check the experimental reproducibility.
In case the conditions associated with Exceptions apply,
the previously proposed procedure can be used to foster the
generation of fully reproducible signals.

The acceleration, velocity, and displacement time his-
tories of the test signal before and after the filtering
procedure are shown in Figure 8. The difference between
filtered and unfiltered velocities and accelerations is neg-
ligible, while the maximum displacement was reduced
to about 200 mm, lower than the table limit, and the
mean deviation was zeroed. Figure 9 depicts the spectrum-
compatibility check performed with respect to the protocol
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FIGURE 8 Acceleration, velocity, and displacement time
histories of the test signal: output by RSPMatch (gray), and output
after the filtering procedure (black)
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FIGURE 9 Spectrum-compatibility check of the test response
spectrum (TRS) with RRS and RRS limits: TRS of the baseline
signal, TRS of the RSPMatch output signal, and TRS of the (further)
filtered signal

requirements, considering baseline, signal after spectrum
compatibility, and signal after further filtering.

4 | EVALUATION AND VALIDATION

4.1 | Methodology

In this section, the proposed protocol is evaluated and
validated considering a set of seven representative
performance evaluation test acceleration signals. These

/@ ZITO ET AL.

TABLE 2 Definition of strong floor motion duration (SFMD),
specific energy density (SED), and predominant period (T,)

X
IE Ia(TD)

L(O)= = g[aa)fdr

SFMD = to; —t; ty =F|I, ()=

Ty 3
SED = [ [v(t)]"dt
0
— Y. C:(/f)
z.C
Note: Ty, is the total duration of the signal, I, is the Arias intensity (Arias, 1970),
C; are the Fourier amplitude coefficients, and f; are the discrete fast Fourier
transform (FFT) frequencies between 0.25 and 20 Hz.

Ty,

signals are referred to as novel protocol (acceleration)
signals (NPSs). NPSs are tested through a multi-level
criteria approach, which is associated with signal-based
assessment.

Time history assessment: Acceleration, velocity, and
displacement time histories of NPSs are analyzed, also
referring to their spectral response.

Seismic parameter assessment: Representative seismic
parameters typically correlated with seismic damage of
dynamic systems are computed for NPSs, and they are
assessed considering representative real-floor motions as a
reference, referred to as FMs. In particular, Table 2 reports
the seismic parameters considered for the analysis, that
is, strong floor motion duration (SFMD) (Rodriguez et al.,
2021; Trifunac & Brady, 1975), peak floor velocity (PFV) to
PFA ratio (D’Angela et al., 2021b; Kramer, 1996), specific
energy density (Cao & Ronagh, 2014; Nguyen et al., 2020),
and predominant period (T,,; Nguyen et al., 2020; Rathje
et al., 2004). These parameters were generally found to be
well-correlated with both (seismic) damage potential and
exhibited damage of structures and NEs, even though they
cannot be considered to be exhaustive.

Spectral assessment: Elastic acceleration response spec-
tra of NPSs are assessed considering FMs and alternative
protocols as a reference, considering 5% damping.

Time history and seismic parameter assessments do
not imply the assumption of specific models for the
case-study acceleration-sensitive elements, whereas the
spectral assessment procedure implicitly assumes a linear
elastic SDOF response, which is consistent with the case-
study elements (see Section 2.1). It should be mentioned
that a damage-based evaluation should be carried out and
an experimental validation should be performed to fully
validate the protocol for regulation/code implementation
purposes.

FMs are signals recorded in instrumented US build-
ings and derived from Center for engineering strong
motion data (CESMD) database (Partner Data Centers
& Networks, 2017); for each seismic event and building,
the most amplified (acceleration) response was selected
over the building floors. In particular, reinforced concrete
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FIGURE 10 (a) Acceleration, velocity, and displacement time histories related to novel protocol signal (NPS) #1 and (b) response
spectra related to reference protocol signals (time histories NPS #2 to #7 are reported in the Appendix). NPSs are related to RRS having PGA

equal to 0.40 g and assuming z/H equal to one

buildings designed/built from 1923 to 1975 are considered
as a reference. Two sets of FMs are considered for both
seismic parameter and spectral assessment: (Set 1 FMs)
24 records related to an equal number of low-,
medium-, and high-rise buildings, equally including
near- and far-field ground motions, with PGA ranging
in 0.05 to 0.45 g; (Set 2 FMs) seven records related to
low-, medium-, and high-rise buildings, including both
near- and far-field ground motions, with PGA larger than
0.20 g. Set 2 is included within Set 1. Further details on
the selected floor motions are omitted as the same FM sets
were used in D’Angela et al. (2021b).

4.2 | Results

Figure 10a depicts a representative NPS (#1) expressed
in terms of acceleration, velocity, and displacement time
histories; the other reference NPSs are reported in the
Appendix. The response spectra associated with the devel-
oped time histories are shown in Figure 10b. NPSs are
developed considering PGA equal to 0.40 g and assum-
ing z/H equal to one. Qualitatively, the time histories are
not dissimilar to real ground and floor records (D’Angela
et al., 2021b), as well as they are quite similar to the ones
developed according to other protocols, such as AC156 ones
(Kim & Shin, 2021; Luo et al., 2021; Petrone et al., 2017).
RP, SMP, and DP are quite regular, and several signifi-
cant peaks are observed in SMP, especially in the first
and last part. The time histories have (multiple) signifi-
cantly high peaks; PFA, PFV, and peak floor displacement

range in 1.45-1.88 g, 1.15-1.40 m/s, and 0.146-0.184 m, with
median values equal to 1.76 g, 1.21 m/s, and 0.156 m, and
coefficient of variation equal to 0.098, 0.076, and 0.081,
respectively. The response spectra are overall relatively
smooth, even though a minor (genuine) dispersion can
be observed among the different spectra, especially in the
amplified frequencies region. The spectrum-compatibility
criteria determine spectral ordinates overall slightly larger
than RRS ones.

Figure 11 depicts the comparison between NPSs and
(Set 1 and Set 2) FMs in terms of (a) SFMD, (b) PFV/PFA,
(c) SED, and (d) T,,. The results are reported considering
each signal and percentile/median threshold for NPSs and
FMs, respectively.

Considering all parameters, NPSs provide values larger
(smaller) than the median (86th percentile) related to Set 1
FM ones, whereas NPS values match very well (are larger
than) median values of set 2 FM considering PFV/PFA
and T,, (SFMD and SED). A higher parameter value is
typically associated with higher damage potential for the
investigated parameters. NPSs provide a reduced disper-
sion, associated with limited uncertainty and variability
due to the signal generation/development process. These
findings confirm the reliability of the protocol procedure
and prove that the protocol loading histories are potentially
associated with relatively high and representative damage
severity, according to efficient seismic parameters.

Figure 12 shows the acceleration response spectra of
NPSs normalized considering (a) PFA and (b) PGA, com-
pared with (1) Set 1 and (2) Set 2 FMs, respectively,
whereas Figure 13 depicts the spectral comparisons among
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Comparison between NPSs and (Set 1 and Set 2) floor motions (FMs) considering (a) strong floor motion duration (SFMD),

(b) peak floor velocity (PFV)/peak floor acceleration (PFA), (c) specific energy density (SED), and (d) predominant period (T,,)

reference protocol inputs, NPSs, and FMs (PGA equal to
0.50 g).

Considering the component amplification, that is,
looking at spectral response normalized using PFA, the
response spectra related to NPSs envelop very well to the
median spectrum of Set 1 FMs (Figure 12al); moreover,
they also envelop the 84th percentile spectrum except for
few peak responses, associated with 1.59 to 4 Hz. However,
enveloping the 84th percentile would certainly be too
conservative, as the median spectral response (over seven
spectra) is typically considered to be reliable for (structural
assessment) spectrum compatibility (e.g., CEN, 2005).
Therefore, NPSs are conservative but not in an excessive
manner, accounting for a wide and representative range
of low-to-high seismicity hazard, building, site, and soil
type scenarios. Regarding Set 2 FMs, median FM spectra
exceed NPS spectra only in the narrow vicinity of 3 Hz,

even though with a magnitude not larger than 20%
(Figure 12a2); in other frequency ranges, NPS spectra are
significantly higher than median FM ones. However, it is
to be noted that unscaled (natural) Set 2 FMs are associated
with an average PGA equal to 0.32 g, which is consistent
with high-to-very high seismicity in Europe. Set 2 FM PGA
is 88% higher than the value associated with Set 1 FMs.
Furthermore, unscaled (natural) Set 2 FM also present
PGV, PFA, and PFV (120%, 76%, and 100%, respectively)
larger than related values of Set 1 FMs. For further details
regarding Set 1 and Set 2 FMs, refer to D’Angela et al.
(2021D).

Considering both building and component amplifica-
tion, that is, looking at spectral response normalized
considering PGA, NPS spectra present ordinates signif-
icantly higher than both Set 1 (Figure 12bl) and Set 2
(Figure 12b2) FMs, whereas FM 84th percentiles slightly
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exceed and exceed NPS spectra in the narrow vicinity of
3 Hz considering Set 1 and Set 2 FM, respectively. Fur-
ther comments on the conservativity associated with 84th
percentiles of FMs are omitted as this was previously
discussed.

The safe compatibility between NPSs and FM stresses
the reliability of the developed protocol with regard to
seismic and building scenarios considered to develop the
seismic demand associated with RRS. Moreover, this evi-
dence proves the generality and wide applicability of the
developed protocol. Extensive comparisons between RRS
of NPSs and alternative reference protocols were reported
in the previous sections. However, as an additional evalua-
tion and validation means, reference protocol spectra (RRS
and input spectra) are compared with NPS spectra and FMs
in Figure 13a,b, respectively.

GR-63-CORE RRS is not reported as this is defined for
2% damping (and all other spectra, including NPS ones
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Acceleration response spectra of NPSs normalized considering (a) PFA and (b) PGA, compared with (1) Set 1 and (2) Set 2

refer to 5% damping). The spectra are reported consid-
ering PGA equal to 0.50 g since this allows assessing
both building and component amplification response. Ref-
erence protocols provide spectral ordinates significantly
lower than the NPS ones (Figure 13a) and, in some cases,
lower than Set 1 and Set 2 FM median responses. This
points out the superiority of the developed RRS and NPSs
and, overall, of the developed protocol.

5 | CONCLUSION

The study addresses seismic assessment and qualification
of NEs by means of shake table testing; in particular,
a novel testing protocol is developed and analytically
validated. The protocol development is based on the syn-
thesis among (a) technical critical evaluation of reference
existing protocols, (b) recent advances in the field, also
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FIGURE 13 Comparison between RRS/input response spectra related to reference protocols and (a) NPS spectra and (b) FM spectra,

considering PGA equal to 0.50 g. All spectra are related to 5% damping

accounting for latest literature studies and testing applica-
tions, and (c) expertise and experience gained in the field
by the research team.

Novel testing approaches are developed toward seis-
mic assessment and qualification performed following
the PBEE. Technical criteria are developed for defining
a robust qualification protocol. This protocol is demon-
strated to provide more reliable testing procedures, promis-
ingly associated with more robust assessment and qualifi-
cation outcomes.

The most significant and substantial feature of the
protocol is associated with a consistent code-compliant
definition of the loading histories to perform seismic eval-
uation tests. This definition follows the extension of a
recently developed seismic demand formulation, which
is compliant with reliable estimations and proven reli-
ability. This formulation is implemented considering an
innovative approach, which accounts for a wide variability
of building periods. The most critical part of the seis-
mic signal development is associated with the analysis
and processing procedures that are carried out through
consolidated methodologies, which are clearly described
and discussed in the paper, also providing technical and
detailed guidance for implementation.

The reliability and the general applicability of the devel-
oped protocol are assessed and confirmed by an extensive
evaluation and validation process based on analysis of
time history signals, seismic parameters, and spectral
response. Representative real-floor motions are considered
as a reference for the validation, considering both seismic
parameter and response spectra assessment. The superior-
ity and generality of the developed signals and protocol are

also confirmed by considering the existing protocols as a
reference.

The developed protocol, with particular regard to devel-
oped RRS and signal generation/processing, overcomes
the technical inadequacies highlighted in the paper and
within the literature studies. This is due to (1) a more
reliable formulation of RRS, (2) more consistent signal
development (e.g., clear baseline definition, robust match-
ing criteria, and consistent signal processing techniques),
(3) spectral and signal-based superiority considering exist-
ing protocols, and (4) quantitative validation considering
real-floor motions as a reference.

The use and development of the proposed protocol
promisingly result in more reliable seismic assessment and
qualification processes, completely renewing the existing
assessment and qualification methodologies and proce-
dures. The developed approach and protocol are extendible
to different case studies, suiting specific needs or require-
ments (e.g., different seismic demand formulations or
specific testing facility capacities). Further studies should
be carried out to validate the protocol by means of a
damage-based validation procedure.
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APPENDIX

The time history signals associated with NPSs #2 to #7 are depicted in Figure Al.
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FIGURE A1l Acceleration, velocity, and displacement time histories related to NPS #2 to #7 (sorted from the left to the right and from
the top to the bottom). NPSs are related to RRS having PGA equal to 0.40 g and assuming z/H equal to one
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