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Abstract 

Nonstructural elements (NEs) are generally defined as elements typically 

part of or housed within buildings/facilities that are not included in the 

structural system. NEs are often classified as architectural elements, 

mechanical/electrical/hydraulic systems, and building contents. NEs are 

often associated with critical seismic risk due to high vulnerability and 

exposure to seismic actions, especially for critical facilities such as hospitals, 

museums, and nuclear plant facilities.  

NE seismic behavior typically affects facility functioning and can be 

associated with significant economic losses; moreover, damage to NEs 

might even cause human losses. The seismic capacity and performance of 

NEs can be generally assessed by means of analytical, numerical, 

experimental, observational, and mixed methods. Experimental testing is the 

most common method used to assess NEs as this is typically considered to 

be the most reliable and robust option. 

The dissertation reviews and evaluates the main international testing 

approaches and protocols for seismic assessment of NEs by means of 

experimental methods, which are also referred to for seismic qualification. 

Moreover, novel perspectives and a unified approach for seismic 

assessment and qualification of NEs are proposed. Then, shake table tests 

carried out to evaluate the seismic behavior of two critical NEs are reported, 

considering i) an innovative cleanroom used in the pharmaceutical and 

healthcare industries and ii) a typical museum display case containing a 

representative art object of the exhibition equipment of the National 

Archaeological Museum of Naples (MANN), Italy. The shake table tests were 

carried out according to the ICC-ES AC156 protocol, which represents the 

international reference for seismic qualification and certification of 

acceleration-sensitive nonstructural elements. 

After highlighting existing protocols criticalities, the dissertation points out 

the need for the development of novel assessment and qualification 

approaches and protocols. A novel testing protocol is developed in light of 

these criticalities. The most significant and scientific contribution parts of the 

developed protocol consist in the definition of novel required response 

spectra and the generation of signals for seismic performance evaluation 

tests. The seismic scenario representativity and reliability of existing 

reference shake table protocols are evaluated, also including the shake table 

protocol developed in this study. In particular, these protocols are assessed 

in terms of seismic damage potential/severity considering the inelastic single 

degree of freedom (SDOF) systems and assuming the reliability index as an 

evaluation parameter. Safety factors towards a reliability-targeted 

assessment of NEs are finally proposed. 

 

Keywords: earthquake engineering, nonstructural elements, shake table, 
testing protocol, seismic fragility, seismic reliability.  
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Sintesi in lingua italiana 

Gli elementi non strutturali (ENS) sono generalmente definiti come 

elementi installati all'interno di edifici/strutture che non fanno parte del 

sistema strutturale. Gli ENS sono spesso classificati come elementi 

architettonici, sistemi e apparecchiature meccanici/elettrici/idraulici e 

contenuti dell’edificio. Essi sono spesso associati ad un notevole rischio 

sismico a causa dell’elevata vulnerabilità ed esposizione alle azioni sismiche, 

soprattutto per le strutture critiche come ospedali, musei e impianti nucleari.  

Il comportamento sismico degli ENS influisce tipicamente sul 

funzionamento degli edifici e può essere associato a significative perdite 

economiche; inoltre, i danni agli ENS possono persino causare perdite in 

termini di vite umane. La capacità e le prestazioni sismiche degli ENS 

possono essere generalmente valutate con metodi analitici, numerici, 

sperimentali, osservazionali e misti. Le prove sperimentali sono il metodo più 

comunemente utilizzato per valutare il comportamento dinamico degli ENS, 

in quanto sono considerate come l'opzione più affidabile e robusta. 

La tesi passa in rassegna e valuta i principali approcci e protocolli di 

prova internazionali per la valutazione sismica degli ENS mediante metodi 

sperimentali, a cui si fa anche riferimento per la qualificazione sismica. 

Inoltre, vengono proposte nuove prospettive e un approccio unificato per la 

valutazione e la qualificazione sismica degli ENS. Vengono poi descritte le 

prove su tavola vibrante per valutare il comportamento sismico di due ENS 

critici/complessi: i) una camera bianca innovativa utilizzata nell’industria 

farmaceutica e sanitaria e ii) una tipica vetrina museale contenente un 

oggetto d’arte, parte dell’allestimento del Museo Archeologico Nazionale di 

Napoli (MANN), Italia. Le prove su tavola vibrante sono state condotte in 

accordo al protocollo ICC-ES AC156, che rappresenta il riferimento 

internazionale per la qualificazione e la certificazione sismica di ENS sensibili 

all'accelerazione. 

Dopo aver evidenziato le criticità dei protocolli esistenti, la tesi sottolinea 

la necessità di sviluppare nuovi approcci e protocolli di valutazione e 

qualificazione. Alla luce di queste criticità, viene sviluppato un nuovo 

protocollo di prova. Le parti più significative del protocollo e il contributo 

scientifico consistono nella definizione di nuovi spettri di risposta richiesti e 

nella generazione di segnali per le prove di valutazione delle prestazioni 

sismiche. È stata valutata la rappresentatività dello scenario sismico e 

l’affidabilità degli attuali protocolli di riferimento. I protocolli di riferimento 

sono stati valutati in termini di potenziale di danno sismico/severità 

considerando i sistemi anelastici a singolo grado di libertà (SDOF) e 

assumendo l'indice di affidabilità come parametro di valutazione. Infine, lo 

studio propone coefficienti di sicurezza finalizzati ad una valutazione degli 

elementi non strutturali basata su definiti livelli di affidabilità. 

 

Parole chiave: ingegneria sismica, elementi non strutturali, prova su tavola 
vibrante, protocollo di prova, fragilità sismica, affidabilità sismica.  
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1  Introduction 

Non-structural elements (NEs) of a building consist of building 

elements/components and contents that are not part of the structural 

resisting system (Figure 1.1). NEs can be either single elements or 

distributed systems (e.g., networks). They are typically not intended to be 

load-bearing elements and are often attached/connected to 

structural/building elements. NEs can also be not connected to the 

structure/building and can be moved or relocated during their lifetime, i.e., 

freestanding elements (e.g., furniture). 

NEs can be divided into three broad categories based on their service and 

function, namely: 1) architectural elements, such as infill and partition 

walls, curtain walls, ceiling systems, and architectural ornamentations; 2) 

mechanical, electrical, and plumbing elements for example pumps, 

chillers, fans, air handling units, motor control centers, electrical cabinets, 

distribution panels, transformers, and piping; 3) furniture, fixtures and 

equipment, and contents such as shelving and bookcases, industrial 

storage racks, medical records, computers and desktop equipment, wall 

and ceiling-mounted TVs and monitors, industrial chemicals or hazardous 

materials, museum artifacts [1]. 

  

Figure 1.1: A three-dimensional view of a portion of a building. This figure shows both 
structural and nonstructural elements. 
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1.1 Motivations  

The dynamic behavior of NEs is typically associated with high seismic risk 

since NEs are often highly vulnerable and exposed to damage caused by 

seismic actions (Figure 1.2). The critical seismic response of NEs was 

highlighted by several recent earthquake events, e.g., the 2010 Darfield, 

2011 Christchurch, and 2016 Kaikōura earthquakes in New Zealand [2-

4], the 2010 offshore Maule earthquake in Chile [5], the 2009 L’Aquila 

(Italy) earthquake [6], the 2012 Emilia (Italy) earthquake [7], the 2016 

Central Italy earthquake [8] and the 2020 Petrinja (Croatia) earthquake 

[9]. In particular, these and other seismic events proved that damage to 

NEs can be significant even within buildings that exhibited minor or 

negligible structural damage, potentially resulting in major economic 

losses and casualties. 

 
(a) 

 
(b) 

Figure 1.2: Typical damage to: a) ceiling system in commercial building during the 2010 
Darfield earthquakes in New Zealand [2], and b) display case at the Archaeological Museum 
of Zagreb during the 2020 Zagreb earthquake, Croatia [12]. 
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Earthquake ground shaking generally has four primary effects on NEs in 

buildings: (1) inertial or shaking effects, (2) distortions imposed on NEs 

when the building structure sways back and forth, (3) separation or 

pounding at the interface between adjacent structures, and (4) interaction 

between adjacent NEs [1]. There are many factors affecting the 

performance of NEs during an earthquake and the extent to which they 

will sustain damage. The degree of damage caused by the four principal 

effects previously mentioned depends upon considerations such as the 

components’ dynamic characteristics, their location in the building, and 

their proximity to other structural or NEs. Other factors include the type of 

ground motion, the structural system of the building, the location and 

placement of the loads, the type of anchorage or bracing, if any, the 

strength of the structural supports used for anchorage, potential 

interaction with other NEs.  

Damage of NEs may result in injuries or fatalities, costly property damage 

to buildings and their contents, and functioning disruptions. In particular, 

the potential consequences of earthquake damage to NEs are typically 

divided into three types of risk referred to as the 3Ds: Deaths, Dollars, and 

Downtime [1]. The first type of risk is that people could be injured or killed 

by damage (or response of) NEs. Furthermore, life safety can also be 

compromised if the damaged NEs block emergency paths and exits in a 

building [13]. Damage to life safety systems such as fire protection 

components or devices can also pose a safety concern in case of fire after 

an earthquake or prior to fully restore the system. Examples of potentially 

hazardous nonstructural damage that have occurred during past 

earthquakes include but is not limited to glass breaking, cabinets 

overturning, falling of ceilings and overhead light fixtures, rupture of gas 

lines and other piping containing hazardous materials, damage of friable 

asbestos materials, collapse of decorative molding parts, failure of 

masonry infill walls, parapets, and chimneys (e.g., [10,14]). 

The property losses (Dollars) may be the result of direct damage to NEs 

or the consequences produced by its damage/response [1]. In most 

buildings, the biggest contributor to economic losses resulting from 

earthquakes is damage to NEs. In particular, NEs represent a large 

percentage of the total construction cost [10]. Figure 1.3 presents the cost 

distribution of four sample buildings including reinforced concrete (RC) 

residential buildings, hotels, office buildings, and hospitals, in the United 

States [10,15]. The cost of NEs is the highest in hospitals, where 

approximately 92% of total construction costs are due to NEs; this number 

reduces to 87% for hotels, 82% for office buildings, and 60% for RC 

residential buildings. Furthermore, NEs are likely to exhibit moderate to 

severe damage even under relatively frequent earthquakes. Accordingly, 

the combination of major exposure and vulnerability makes NEs 

extremely critical in terms of seismic risk even over low to moderate 

seismicity areas (e.g., over the whole Italian territory). 
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Figure 1.3: Cost breakdown of RC residential buildings, office buildings, hotels, and 
hospitals [10,15]. 

The loss can be associated with private or public properties and might be 

particularly critical (even priceless) in case of damage to 

museum/historical/monumental facilities/objects or archives/storages. 

For example, the 2016 Central Italy earthquake caused major damage to 

stuccoes and decorations of monumental churches and historical palaces 

[8], the 2009 L’Aquila earthquake partial or total collapse of precious 

sculptures located in the Spanish Fortress (L’Aquila) [16], and the 2010 

Darfield earthquake caused damage to valuable furniture and artifacts in 

a church of Christchurch [2]. 

Several earthquake events highlighted that functioning of buildings can 

be typically disrupted by damage to NE even though structural damage is 

not exhibited or negligible (e.g., they were designed according to modern 

codes). For example, severe damage to masonry infills and partitions was 

observed after the 2009 L’Aquila earthquake, involving a large number of 

buildings that were designed and constructed not much time earlier than 

the earthquake; this caused significant losses in terms of Downtime [6]. 

Post-earthquake downtime is highly critical when the building/facility 

functioning is considered vital, especially in the aftermath of the event, 

e.g., for hospitals, fire stations, manufacturing facilities, and government 

offices. Furthermore, downtime has a huge impact in situations where 

seismic and other emergencies/crises (e.g., sanitary emergencies) are 

combined. For instance, in 2020, in Croatia, the combination of the 

COVID-19 pandemic and two destructive earthquakes had an extremely 

critical impact on the population in terms of physical, economical, and 

social/psychological burden [9]. 

1.2 Aim and objectives 

The current European and international codes and standards (e.g., [17–

22]) establish rules and criteria for seismic design and verification of NEs 
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considering the effects of earthquakes in terms of inertial forces (e.g., 

accelerations) and deformations (e.g., displacements). The dynamic 

proprieties of NEs should be typically known in order to apply methods 

and criteria established by the codes and standards for the determination 

of seismic demand measures, whereas the seismic capacities of NEs 

should be estimated in order to carry out the design and assessment 

safety verifications. 

In this regard, the main aim of the dissertation is the evaluation of the 

seismic behavior of critical NEs. The evaluation of the dynamic proprieties 

and seismic capacities of NEs can be carried out via different methods. 

Experimental testing is generally favored and considered to be most 

reliable and robust option, especially for critical and complex NEs [19]. 

For this reason, the seismic evaluation of the NEs considered are 

performed via experimental testing methods.  

The experimental tests are conducted through the earthquake simulator 

available at the Department of Structures for Engineering Architecture of 

University of Naples “Federico II”, i.e., a two degree of freedom shake 

table. The main objectives of the experimental tests consist in the 

evaluation of a relationship between Engineering Demand Parameters 

(EDPs), e.g., the interstory drift ratio (IDR) or the peak floor acceleration 

(PFA), and a predefined Damage States (DSs), according to the 

Performance-Based earthquake Engineering (PBEE) approach [23]. 

Another objective was the evaluation of the vibration modes, natural 

frequency, damping ratio and component amplification factor of the NEs.  

The dissertation firstly critically reviews existing methods and testing 

protocols, highlighting their strengths and criticalities and pointing out the 

need for the development of novel assessment and qualification 

approaches and protocols. For this reason, a novel protocol is developed 

in the light of the identified criticalities, considering the most recent 

advances in the field and the specific expertise of the research team 

involved in the reserach. The most significant and contributing parts of the 

developed protocol consist in the definition of novel required response 

spectra (RRS) and generation of signals for seismic performance 

evaluation tests. This study is mainly focused on acceleration-sensitive 

nonstructural elements.  

Existing reference shake table protocols defined by regulations/codes 

[24-26] and the novel protocol defined by Zito et al. [27] are assessed in 

terms of seismic damage potential/severity, considering inelastic single 

degree of freedom (SDOF) systems and assuming the reliability index as 

an evaluation parameter. The operative outcome is associated with the 

accurate estimation of the reliability index of the reference protocols and 

with the estimation of applicative safety coefficients, towards the 

reliability-targeted assessment of nonstructural elements. 
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1.3 Outline 

The dissertation is organized as follows: 

in the second chapter, the main international testing approaches, 

methods, and protocols for experimental seismic assessment of NEs are 

reviewed and technically evaluated, also referring to seismic qualification; 

in the third chapter, methodology and results regarding shake table 

performance evaluation of an innovative cleanroom with walkable ceiling 

system under operation conditions are described; 

in the fourth chapter, methodology and results regarding shake table 

tests of a typical museum display case containing an art object are 

reported; 

in the fifth chapter, a shake table protocol for seismic assessment and 

qualification of acceleration-sensitive nonstructural elements is 

developed; 

in the sixth chapter, the seismic scenario representativity and reliability 

of existing reference shake table protocols defined by regulations/codes 

is assessed; 

in the seventh chapter, conclusions and novel perspectives are drawn 

in the light of the whole study. 
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2 Experimental assessment of 

nonstructural elements: testing 

protocols and novel 

perspectives 

Nonstructural elements (NEs) are generally defined as elements typically 

housed within buildings/facilities that are not part of the structural system. 

NEs are often classified as architectural elements, 

mechanical/electrical/hydraulic systems, and building contents. NEs are 

often associated with critical seismic risk due to high vulnerability and 

exposure to seismic actions, especially for critical facilities such as 

hospitals and nuclear plant facilities. Accordingly, the combination of 

major exposure and vulnerability makes NEs extremely critical in terms of 

seismic risk even over for low to moderate seismicity. The chapter reviews 

and evaluates the main international testing approaches and protocols for 

seismic assessment of NEs by means of experimental methods, which 

are referred to for seismic qualification. Existing test protocols are 

technically analyzed considering quasi-static, single-floor dynamic and 

multi-floor dynamic procedures, supplying technical and operative 

guidance for their implementation, according to the latest advances in the 

field. The chapter proposes novel perspectives and a unified approach for 

seismic assessment and qualification of NEs. The technical 

recommendations lay the groundwork for a more robust and standardized 

testing and qualification framework. In particular, the provided data might 

represent the first step for developing code and regulation criteria for 

experimental seismic assessment and qualification of NEs. 

2.1 Introduction 

Over the last twenty years, the research community has been 

investigating seismic assessment of NEs, and copious literature was 

developed accordingly.. As a result, the current European and 

international codes and standards (e.g., [1–6]) refer to Performance-

Based Earthquake Engineering (PBEE) approach and methods for design 

and assessment of NEs. Significant attention has been recently focused 

on the estimation of (building) floor accelerations for the assessment of 

seismic demands on NEs in buildings [7–13]. Existing codes establish 

rules and criteria for seismic design and verification of NEs considering 

the effects of the earthquake in terms of forces (i.e., accelerations) and 
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displacements (i.e., deformations). The dynamic proprieties of NEs 

should be typically known in order to apply criteria and methods 

established by the codes and standards for the determination of seismic 

demand measures, whereas the seismic capacities of NEs should be 

estimated in order to carry out the design and assessment safety 

verifications. The evaluation of the seismic capacities shall be carried out 

via one of the following methods: (a) analysis, (b) (experimental) testing, 

(c) experience data, (d) a combination of methods (a), (b) and (c) 

[3,14,15]. Seismic assessment of NEs aiming at producing robust 

standard capacity estimations and safety evaluations is often referred to 

seismic qualification and, in some cases, seismic certification [3,14,16]. 

Several analytical/numerical models were developed in the literature for 

the seismic evaluation of NEs. However, each study is typically 

associated with a specific NE and is not generally extendable to different 

NE properties and characteristics [17–23]. Experimental testing is the 

most common method used to assess NEs as this is typically considered 

to be the most reliable and robust option. Many research activities 

focused on the seismic assessment/qualification of NEs by experimental 

tests, such as plaster-board partition walls [24–34], masonry infill walls 

[35–39], innovative partition walls [40–43], ceiling systems [44–50], 

curtain walls [51–54], technical equipment and systems [55–60], hospital 

components [61–63], museum artifacts and art objects [64–66], among 

many others. Seismic assessment and qualification through experience 

data might be theoretically more representative than other methods since 

the NE response is estimated according to actual seismic events, but this 

is limited to specific characteristics of NEs, buildings, and seismic events. 

Regarding experimental test methods, testing protocols available in the 

literature generally vary depending on the type of NEs involved and the 

reference code. Finally, it is possible to develop hybrid methods to 

optimize the best characteristics of the single methods. Therefore, 

experimental testing is generally favored and considered to be more 

generally applicable and efficient, especially for critical and complex NEs.  

The present chapter discusses and evaluates the main international 

testing approaches and protocols, also considering available codes and 

guidelines for seismic qualification. Existing test protocols are subdivided 

into three categories: 1) quasi-static, 2) single-floor dynamic and 3) multi-

floor dynamic. In light of the above-mentioned evaluation, the chapter 

proposes a unified approach for the seismic assessment and qualification 

of NEs, to be possibly implemented in current regulations and technical 

guidelines. The technical and scientific novelty developed in the study fills 

a critical gap identified in the literature, and the technical 

recommendations and innovative perspectives potentially contribute 

towards a more reliable and robust seismic assessment of NEs. 
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2.2 Nonstructural elements (NEs) classifications 

NEs can be divided into three broad categories based on their service and 

function, namely: 1) architectural elements, such as infill and partition 

walls, curtain walls, ceiling systems, and architectural ornamentations; 2) 

mechanical, electrical, and plumbing elements for example pumps, 

chillers, fans, air handling units, motor control centers, electrical cabinets, 

distribution panels, transformers, and piping; 3) furniture, fixtures and 

equipment, and contents such as shelving and bookcases, industrial 

storage racks, medical records, computers and desktop equipment, wall 

and ceiling-mounted TVs and monitors, industrial chemicals or hazardous 

materials, museum artifacts [67]. 

NEs are also generally classified in relation to one or more response 

parameters of the structure, namely engineering demand parameters 

(EDPs), and related damage sensitivity of NEs [68]. Seismic actions 

potentially cause damage to (building) NEs according to four main 

modalities, as it is depicted in Figure 2.1: a) inertial or shaking effects, 

causing component motion/oscillation, sliding, rocking or overturning; b) 

building deformations, damaging interconnected NEs; c) building 

separations damaging NEs at the seismic building joints due to differential 

displacements or at the boundaries of the facility; d) interaction between 

adjacent NEs having relative displacement/response [67]. According to 

the abovementioned classification, NEs can be grouped into three 

classes: a) force-sensitive or acceleration-sensitive NEs, where inertial 

forces or accelerations can be considered as main EDPs, b) 

displacement-sensitive or interstory-drift-sensitive NEs, where relative 

displacements/deformations can be assumed as main EDPs, c) 

combined force/displacement-sensitive NEs, where, both inertial 

forces/acceleration and relative displacements/deformations can be 

considered as main EDPs. There might be cases in which NEs are 

particularly sensitive to alternative or additional EDPs, such as velocities, 

as it can be observed with regard to rocking-dominated NEs [69]; 

therefore, these classifications represent the basic reference and might 

not be exhaustive over the wide range of NE scenarios, especially for 

components that exhibit complex seismic response, with regard to 

multiple response and damage mechanisms. 

NEs can also be classified as a function of their dynamic parameters. In 

particular, ASCE 7-16 establishes in relation the fundamental period of 

the NEs two types: flexible NEs, with a fundamental period larger than  

0.06 s; and rigid NEs, with a fundamental period lower than or equal to 

0.06 s. Finally, NEs can be defined according to the way they are 

built/assembled, e.g., the Italian code [2] defines two categories: built on-

site NEs and assembled/mounted on-site NEs. 
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(a) (b) 

  
(c) (d) 

Figure 2.1: Effects of seismic motion on NEs: (a) inertial, (b) imposed deformations by 
building, (c) building separations, and (d) elements outside connected to inside the 
building [70]. 

2.3 Testing protocols 

2.3.1 Outline 

Seismic tests are typically classified into quasi-static and dynamic 

according to the testing procedure and protocol. Single-floor dynamic 

tests define the traditional and most common dynamic tests, which are 

often carried out by means of shake tables. More recently, multi-floor 

dynamic testing has been developed to replicate the actual seismic 

demands on NEs in a more accurate manner; in particular, this novel 

testing approach allows to account for the response of the hosting 

buildings/facilities (in terms of both acceleration and deformation inputs) 

towards more representative and consistent seismic tests on NEs. 

2.3.2 Quasi-static testing protocols 

Quasi-static tests are often performed to test displacement-sensitive NEs, 

or more in general, to NEs that are sensitive to deformations. Examples 

of NEs that may be tested in accordance with this protocol include 

infill/cladding/partition panels (along their in-plane directions), piping and 

electrical network systems, fixed ladder systems, technical equipment 
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fixed to multiple stories, and other systems that are connected to multiple 

building parts that might exhibit relative displacement under earthquake 

actions. 

Quasi-static tests are typically carried out by implementing cyclic loading 

procedures, i.e., slow load/deformation cycles, which can be conducted 

in force or deformation control (or a combination of the two when accurate 

force and deformation da-ta are needed). Overall, it is preferred to adopt 

a deformation-controlled testing protocol, except when forces govern the 

response of the NEs or the deformation parameter is difficult to control. 

Quasi-static protocols should not be applied to NEs whose behavior is 

significantly affected by dynamic effects, or whose behavior is velocity-

sensitive, including strain-rate sensitive NEs. 

FEMA 461 

FEMA 461 [71] provides a protocol for quasi-static cyclic testing of 

structural members and NEs. The testing protocol provides technical 

guidance for the achievement of the following sequential objectives: (a) 

identification of relevant damage states (DSs); (b) identification of EDPs 

that are well correlated with DSs identified in (a); and (c) testing of NEs 

according to a well-defined testing plan and loading protocol to establish 

quantitative correlations between DS achievement and EDP thresholds. 

The protocol provides information regarding the following technical 

aspects: (1) procurement, fabrication, and inspection of testing 

specimens; (2) extrapolation and interpolation to similar components; (3) 

laboratory standards, including accreditation criterion, actuators, 

instruments, data acquisition systems, and safety procedures; (4) test 

plan and procedures; (5) testing directions and loading control parameters 

(including de-formation-controlled and force-controlled testing); (6) 

loading histories, including unidirectional testing, bidirectional testing, and 

force-controlled loading; and (7) reporting. FEMA 461 protocol could be 

used to assess fragility data and to derive constituent force-deformation 

properties and hysteretic data. In the following, deformation- and force-

controlled testing protocols are described. 

Deformation-controlled testing protocol. Deformation-controlled tests 

are typically preferred to force-controlled ones since deformation is often 

better correlated than force with seismic response of displacement-

sensitive elements; in particular, differently from force-controlled 

procedures, deformation-controlled testing typically allows to assess the 

inelastic response, with particular regard to plastic and degrading 

behavior. The deformation control EDP may be a displacement or other 

suitable deformation quantity, e.g., a rotation. This parameter should be 

correlated with a building deformation parameter, such as interstory drift 

ratio (IDR), that can be estimated, in terms of seismic demand scenarios, 

by structural analysis. The testing deformation increment should be 

selected in a manner that ensures reliability and robustness to the 

experimental test. Especially, the deformation increment should be 
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sufficiently small that: a) dynamic effects are negligible; b) the value of the 

deformation parameter, at which onset of the various DSs of interest 

initiate, is clearly identifiable; c) thermal effects due to work-hardening are 

not significant, and d) power requirements are reasonable. Moreover, the 

deformation increment should be sufficiently large that: a) the duration of 

the test is not excessive; b) material creep is not a significant effect 

(unless creep is not consistent with investigated DSs), and c) the number 

of cycles experienced by the component at the onset of significant DSs is 

of the same order of magnitude as that experienced by real components 

in buildings subjected to strong earthquake motion. Particular care should 

be taken to avoid the introduction of low-cycle fatigue behavior that is 

unlikely to be experienced by real components in buildings. 

The parameters required to define the loading history in terms of 

deformation-controlled testing protocol are the smallest targeted 

deformation amplitude of the loading history (Δ0), maximum target 

deformation amplitude of the loading history (Δm), number of steps (or 

increments) in the loading history (n), generally 10 or larger, and 

amplitude of the cycles (𝑎𝑖). Δ0 must be safely smaller than the amplitude 

at which the lowest significant DSs is first observed; a recommended 

value (in terms of IDR) is 0.0015. Δm is an estimated value of the imposed 

deformation at which the most severe damage level is expected to initiate; 

a recommended value for this amplitude (in terms of IDR) is 0.03. The 

loading history consists of repeated cycles of step-wise increasing 

deformation amplitudes. Two cycles at each amplitude shall be 

completed. The amplitude 𝑎𝑖+1 of the step i+1 is given by Equation (4.1): 

𝑎𝑖+1 = 𝑐 𝑎𝑖         (4.1) 

where 𝑎𝑖 is the amplitude of the ith and c is a parameter suggested to be 

assumed equal to 1.4.  

If the specimen has not reached the final damage state at Δm, the 

amplitude shall be increased further by the constant increment 0.3 Δm. 

Figure 2.2a shows the displacement loading history for the case an = Δm, 

a1 = 0.0048 Δm, and n=10. If bidirectional testing is required to evaluate 

the component performance, the elliptical pattern shown in Figure 2.2b 

should be followed. 
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(a) (b) 
Figure 2.2: FEMA 461 displacement-controlled quasi-static protocol: (a) loading history 
considering {an,a1,n} equal to {Δm, 0.0048 Δm,10} and (b) displacement orbit for bidirectional 
loading test. 

Force-controlled testing protocol. Force-controlled testing should be 

performed if a force quantity controls the performance of NE, or if a 

suitable deformation parameter cannot be found/assessed. The force-

controlled EDP shall be a measurable and controllable parameter 

(typically, a force) that relates well to a force-based demand quantity that 

can be predicted by structural analysis. The force increment should be 

sufficiently small that: a) dynamic effects are negligible; b) the applied 

force initiating the various damage states of interest must be identifiable; 

c) thermal effects due to work hardening are not significant, and d) power 

requirements are not unreasonable. Finally, the force increment should 

be sufficiently large that: a) the duration of the test is not excessive, and 

b) material creep is not a significant effect (unless creep is considered to 

be part of the damage states of interest).  

The reference value on which to base the amplitudes of individual cycles 

is the maximum force to which NE (or part) may be subjected to in a 

severe earthquake. Since the force demands strongly depend on 

characteristics/features of NE, building to NE interaction, building, site, it 

is impossible to develop a generally applicable force-based loading 

protocol. Therefore, the following guidelines should be employed to 

develop case-specific protocols. 

Forces are consequences of deformations, and the deformations, in 

relative magnitude, can be described by Equation (4.1) and Figure 2.3a. 

If the monotonic force-deformation response of the force-sensitive NE is 

known (e.g., Figure 2.3a), then the displacement-based loading history 

(Figure 2.2a) and the NE response can be combined to develop a force-

based loading history to be applied to NE (Figure 2.3b). 
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(a) 

 

(b) 

 
  

Figure 2.3: FEMA 461 force-controlled quasi-static protocol: (a) force-displacement NE 
response and (b) de-rived loading history. 

CUREE-Caltech 

CUREE-Caltech testing protocol [72] was developed by the Consortium 

of Universities for Research in Earthquake Engineering (CUREE) and 

California Institute of Technology (Caltech) in the framework of the 

extensive CUREE-Caltech Woodframe Project. This document provides 

recommendations for a protocol for quasi-static experimentation on 

components of wood-frame structures. Materials of interest are wood (for 

framing and panel elements), plaster and gypsum (for panel elements), 

and steel (light gauge metal studs, hold-downs, and nails). Testing 

protocols are generally concerned with the construction and 

instrumentation of test specimens, the planning and execution of 

experiments, the loading history to be applied to a test specimen, and the 

documentation of experimental results. In this document, the emphasis is 

on the development and documentation of loading histories for 

deformation and force-controlled component testing. The CUREE-

Calthech protocol gives significant importance to the development of 

loading histories for force- and deformation-controlled tests. The provided 

data are based on the findings of inelastic time history analysis of 

hysteretic systems under a wide range of ground motions (ordinary and 

near-field records). The protocol loading inputs are derived by processing 

the abovementioned results through damage accumulation concepts and 

criteria. 
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The primary aim of this loading history is to evaluate the capacity level 

seismic performance of NEs subjected to ordinary earthquake records 

with a probability of exceedance equal to 10% within 50 years. Loading 

histories associated with smaller events prior to the capacity level event 

are included in the deformation history. Similarly, to FEMA 461 protocol, 

deformation-controlled quasi-static cyclic testing should be preferred to 

force-controlled one, and this latter could be used only for NEs whose 

behavior is controlled by forces rather than deformations or if a suitable 

deformation EDP has not been found, which, in general, correspond to 

NE governed by brittle failure modes; both deformation- and force-

controlled protocols are defined. 

Figure 2.4 shows the loading protocol associated with a representative 

cyclic load test. The protocol input is defined by variations in deformation 

amplitudes, using the reference deformation Δ as an absolute measure 

of deformation amplitude. The history consists of initiation cycles, primary 

cycles, and trailing cycles. Initiation cycles are executed at the beginning 

of the loading history; they serve to check loading equipment, 

measurement devices, and the force-deformation response at small 

amplitudes. A primary cycle is a cycle that is larger than all the preceding 

cycles and is followed by smaller cycles, which are called trailing cycles. 

All trailing cycles have an amplitude that is equal to 75% of the amplitude 

of the preceding primary cycle. All cycles are symmetric in terms of 

positive and negative amplitudes. Deformation control should be 

considered throughout the experiment. 

The reference deformation is the maximum deformation that NE is 

expected to sustain according to a prescribed acceptance criterion and 

assuming that the proposed basic loading history has been applied to the 

test specimen. This is an expected measure of the deformation capacity 

of the specimen, which should be estimated prior to performing the tests. 

This capacity could be assessed according to past data or previous 

experience, monotonic test, or a consensus value that may prove to be 

useful for comparing tests of different details or configurations. The 

reference threshold Δ may depend on the specific element to test or may 

be fixed for a specific testing program according to the following steps. 1) 

Performing monotonic tests, which provide data on the (monotonic) 

deformation capacity, Δm; this capacity corresponds to the deformation at 

which the load is reduced by 20% from the maximum applied load, as it 

is depicted in Figure 2.5 [72]. 2) Using a specific fraction of Δm, i.e., γΔm, 

as the reference deformation for the basic cyclic load test. The factor γ 

accounts for the difference deformation capacity between the monotonic 

and the cyclic testing procedures in which cumulative damage will lead to 

earlier deterioration in strength; γ is suggested to be assumed equal to 

0.6. 
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Figure 2.4: Loading history for basic deformation controlled quasi-static cyclic test [72]. 

 

Figure 2.5: Definition of Δm and its relation to a cyclic test [72]. 

The CUREE protocol proposes three other versions of the loading history 

protocol: 1) an abbreviated version of the basic protocol input, based on 

a smaller number of cycles; 2) a simplified version of the basic protocol 

input, having the same amplitude of the trailing cycles of preceding 

primary cycle; and 3) a protocol input associated for near-fault records 

(i.e., seismic hazard with a 2% probability of exceedance within 50 years). 
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AAMA 501.4 and 501.6 

American Architectural Manufacturers Association (AAMA) has 

developed two test methods: AAMA 501.4 e 501.6 [73]. AAMA 501.4-01 

provides a means for evaluating the performance of curtain walls and 

storefront wall systems when subjected to specified horizontal 

displacements along the in-plane direction. The method does not account 

for dynamic, torsional, or vertical response. This method is 

complementary to AAMA 501.6, which considers ultimate limit state for 

architectural glass included in the wall or partition system, accounting for 

fallout from window wall, curtain and storefront walls. Differently, AAMA 

501.4 aims to address the seismic serviceability limit state behavior of 

wall systems and relevant changes or variations in terms of 

functioning/operation (e.g., air and water leakage rates), as a result of 

statically applied, in-plane (horizontal) racking displacements. 

AAMA 501.4 establishes the procedures to evaluate the performance of 

curtain walls and storefronts under laboratory conditions, when subjected 

to horizontal dis-placement intended to represent the effects of an 

earthquake or a significant wind event. The design displacement shall be 

determined according to the predicted inter-story deformation of the 

subject building. For multi-story mock-ups, the displacement between 

levels may vary due to different story heights. Unless otherwise specified, 

the design displacement shall be 0.010 times the largest adjacent story 

heights. The dis-placement shall be measured at the movable floor 

element, not at the specimen. Prior to conducting the displacement tests, 

the test specimen shall be, at a minimum, assessed for serviceability by 

conducting air leakage and water penetration tests. The air leakage and 

water penetration tests shall be conducted at the differential pressures 

specified for the application/functioning conditions. Moreover, the air 

leakage and water penetration tests are repeated after the displacement 

tests to evaluate the change in functionality of the wall system. In this 

case, the static displacement is evaluated considering a value equal to 

1.5 times the design displacement used in the previous step. 

AAMA 501.6 is applicable to any type of glass panel installed within wall 

system framing members, including the associated glazing elements 

(setting blocks, gaskets, fasteners, etc.). In the design of building wall 

system to resist earthquakes, in case glass-to-frame contacts cannot be 

avoided, or if the glass elements are not highly resistant to earthquake 

induced glass fallout, ASCE calls for the determination of Δfallout, i.e., the 

relative seismic displacement (drift) causing glass fallout from the curtain 

wall, storefront or partition; Δfallout should be estimated through dynamic 

tests. In particular, this testing method aims at defining a dynamic racking 

crescendo test for determining Δfallout. According to the ASCE 7-16, 

dynamic tests are not required when adequate clearance exists between 

glass edges and wall frame glazing pockets to prevent contact/interaction 
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under seismic design displacements in the main structural system of the 

building. 

AAMA 501.6 test method involves mounting individual fully glazed wall 

panel specimens on a dynamic racking test apparatus; the test loads the 

specimen through sinusoidal racking motions according to gradual 

progressive increasing racking amplitudes (Figure 2.6). Dynamic racking 

frequencies are equal to 0.8 Hz at lower racking amplitudes (i.e., ≤ ±75 

mm) and equal to 0.4 Hz at higher racking amplitudes (i.e., > ±75 mm). 

The racking amplitude associated with earlies glass fallout is assumed to 

de-fine the fallout condition for that test specimen. The lowest value of 

racking displacement causing glass fallout for the three specimens tested 

by AAMA 501.6 is the reference value of fallout for that particular wall 

system glazing configuration. This value of fallout is referred to by ASCE 

7-16 for architectural glass. 

(a) 

 

(b) 

 
Figure 2.6: Drift time history for dynamic crescendo test: a) first 30 s and b) full time history 
(AAMA 501.6 2002). 
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2.3.3 Single-floor dynamic testing protocols 

Single-floor dynamic tests are frequently performed to test acceleration-

sensitive NEs. Examples of NEs that may be tested in accordance with 

this protocol include cabinets, storage racks, bookcases, and shelves, 

appliances (refrigerators, washing machines, diesel generators), 

hoardings anchored on rooftops, antennas communication towers on 

rooftops), horizontal projections (sunshades, canopies, and marquees), 

storage ves-sels, mechanical equipment (boilers and furnaces, HVAC 

equipment), hospital cabi-nets, and museum artifacts. 

Single-floor dynamic tests are generally performed through a shake table 

or earthquake simulator, which is usually characterized by one or more 

degrees of free-dom (translational and rotational). Tests are conducted 

by assigning input signals to the earthquake simulator, which depending 

on different protocols may be generated differently (artificial or real 

earthquakes). Earthquake simulators often have perfor-mance limitations 

in terms of acceleration, velocity, displacement, and frequency range, so 

the assigned input signals must be adjusted/modified to be compatible 

with these limitations. However, the input signals must meet spectral 

compatibility condi-tions required by the testing protocols. 

FEMA 461 

FEMA 461 [71] establishes a recommended protocol for shake table 

testing of NEs to determine fragilities according to PBEE approach. This 

protocol is intended to assess the seismic performance of NEs whose 

behavior is affected by the dynamic response of the component itself, or 

whose behavior is velocity-sensitive, or sensitive to strain-rate effects. 

The protocol includes the procedures and types of testing, test plan, input 

motion, test equipment and instrumentations, and information on the test 

report. The first step of the testing procedure includes 1) preliminary 

inspection and functional verification of the test specimen and 2) definition 

of functional performance and damage states. In particular, before testing, 

the test specimen should be examined to verify its functional 

performance, and appropriate DSs should be defined. Finally, a 

preliminary estimate should be made of the excitation frequency and 

intensity expressed in peak spectral acceleration at the component 

natural frequency, at which each relevant DS is expected to occur. 

The test plan of the FEMA 461 protocol includes three types of tests: 1) 

system identification tests; 2) seismic performance evaluation tests and 

3) failure tests. System identification tests should be conducted to identify 

the dynamic characteristics of the test specimen considering the 

undamaged conditions (prior to the seismic performance evaluation test) 

and the evolution along the damage evolution (along the seismic 

performance evaluation test program). The dynamic properties to 

estimate include natural frequencies, equivalent fundamental modal 

viscous damping ratios, and mode shapes. In particular, FEMA 461 

protocol establishes that identification tests should be conducted along 
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each principal direction of the test specimen before and after each of the 

performance evaluation tests and failure tests. The dynamic identification 

tests can be carried out selecting a test type among four types of tests: 

white noise tests, single-axis acceleration-controlled sinusoidal sweep 

tests, resonance tests, and static pull-back tests.  

Seismic performance evaluation tests aim at assessing the performance 

of the specimen with regard to minor to moderate damage conditions, 

considering an artificial acceleration input and according to an 

incremental intensity procedure. Failure tests consist of seismic 

evaluation tests carried out considering higher intensities, in order to 

assess severe damage and (incipient) failure of the specimen or to assess 

DSs associated with potential safety risk. Seismic performance evaluation 

tests and failure tests description and related results should be 

documented for each intensity level to provide data for fragility 

assessment. 

The input motion parameter used to define intensity should be the peak 

spectral acceleration corresponding to the natural frequency of the 

specimen. FEMA 461 protocol establishes that at least three different 

shaking intensities should be used for the performance evaluation test, 

and in all cases, a 25% increase in intensity should be the minimum step 

size between intensity levels. Moreover, the input motions of the 

performance evaluation and failure tests should be applied along the 

principal axes of the test specimen by performing triaxial tests or biaxial 

tests (along a horizontal and vertical direction) considering both horizontal 

directions (double biaxial tests); if the effect of vertical motion on the 

seismic response of the test specimen is negligible, biaxial horizontal 

tests can be performed. The procedure for generating compliant seismic 

in-puts and provided inputs are based on work done by the U.S. Army 

Construction Engineering Research Laboratory [74]. In particular, the 

recommended shake table motions are narrow-band random sweep 

acceleration records, with scaled amplitudes depending on the sweep 

frequency, producing motions that have relatively smooth response 

spectra amplitudes. For records generated for this protocol, the bandwidth 

is 1/3 octave, and the center frequency of the records sweeps from 0.5 

Hz up to 32 Hz, at a rate of 6 octaves per minute or a total signal duration 

of 60 s. The vertical motion is scaled to have a response spectrum that is 

approximately 80% of horizontal ones. The response spectra should be 

defined considering 5% damping. The signal shall be scaled in order to 

have (a) acceleration response spectra amplitude equal to about 1 g 

within 2 - 32 Hz and (b) the displacement response spectra would be 

approximately uniform below 2 Hz. Figure 2.7 shows the shake table 

motions as they are provided by FEMA 461: (a) horizontal (longitudinal 

and transversal) and vertical acceleration time histories and (b) related 

response spectra (5 % damped). 
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(a) 

 

 

(b) 

 

 

  
Figure 2.7: Recommended shake table motions according to FEMA 461: a) horizontal 
(longitudinal and transversal) and vertical input motions and (b) acceleration response 
spectra, 5% damped. 

ICC-ES AC156 

The aim of AC156 testing protocol [16] is to establish criteria for seismic 

qualification/certification of NEs using shake table tests. In particular, 

these acceptance criteria are applicable for architectural, mechanical, 

electrical, and other nonstructural systems, components, and elements 

anchored to structures. This protocol is applicable for shake table testing 

of NEs that have fundamental frequencies greater than or equal to 1.3 Hz 

and is not intended to evaluate the effects of relative displacements on 

NEs. AC156 also reports the formal requirements for issuing the seismic 

certification.  

The testing requirement is to perform qualification testing in all three 

principal axes. When it is not possible to conduct triaxle testing due to 
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facilities limitations, bi-axial or uniaxial tests may be conducted by the 

following guidelines. (1) Biaxial tests shall be performed in two phases. 

One of two horizontal shakings and the vertical shaking of the specimen 

for a fixed specimen configuration shall be considered in the first phase 

of the test; in the second phase, the same specimen must be rotated 90 

degrees about the vertical axis. (2) Uniaxial tests shall be performed in 

three distinct, with the test specimen rotated after each phase, such that 

all three principal axes of the specimen have been tested. 

AC156 defines two types of tests: resonant frequency search tests and 

seismic simulation tests. The former is for determining the resonant 

frequencies and damping ratios along each orthogonal axis of the test 

specimen, whereas the latter are for seismic performance evaluation and 

certification purposes. The input signal of the resonant frequency search 

test shall be a low-level amplitude single-axis sinusoidal sweep from 1.3 

to 33.3 Hz. In particular, the peak input should be 0.1 ± 0.05 g, but a lower 

input level can be used to avoid specimen damage. Finally, the sweep 

rate shall be two octaves per minute, or less, to ensure adequate time for 

maximum response at the resonant frequencies. The input signal for 

seismic simulation tests shall be determined for replicating the combined 

effects of the horizontal and vertical earthquakes. Required response 

spectra (RRS) associated with both horizontal and vertical directions are 

shown in Figure 2.8; RRS shall be developed based on the formula for 

total design horizontal force, 𝐹𝑝, provided by ASCE 7-16, shown in 

Equation (4.2): 

𝐹𝑝

𝑊𝑝
=

0.4 𝑆𝐷𝑆 𝑎𝑝
𝑅𝑝

𝐼𝑝

(1 + 2
𝑧

ℎ
)       (4.2) 

and using a damping value equal to 5 % of critical damping. 

 

Figure 2.8: Required response spectra in the horizontal (black) and vertical (grey) 
directions according to AC156, 5% damped. 
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In Equation (4.2), 𝐹𝑝 is total design horizontal force applied in the center 

of mass or distributed according to the mass distribution of the NEs; 𝑊𝑝 is 

the weight of the NE; 𝑅𝑝/𝐼𝑝  is the ratio of the component response 

modification factor 𝑅𝑝 to the component importance factor 𝐼𝑝. 𝑅𝑝/𝐼𝑝 is 

considered to be a design reduction factor to account for inelastic 

response and represents the allowable inelastic energy absorption 

capacity of the component’s force-resisting system;  𝑎𝑝 is the component 

amplification factor that varies from 1.00 to 2.50; z is the height in the 

structure of the point of attachment of the element concerning the base; 

h is the average roof height of the structure for the base. The height factor 

ratio z/h accounts for above grade level component installations within the 

primary supporting structure and ranges from zero at grade level to one 

at roof level, essentially acting as a force increase factor to recognize 

building amplification as you move up within the primary structure; 𝑆𝐷𝑆 is 

the design spectral response acceleration parameter at short periods, 

while the product 0.4 𝑆𝐷𝑆 represents the point at period T = 0 s of the 

design response spectrum. 𝑆𝐷𝑆 varies depending on geographic location 

and site soil conditions ASCE 7-16 [3]. 

During the seismic simulation test, the test specimen will respond to the 

excitation and inelastic behavior might naturally occur. Therefore, the ratio 

𝑅𝑝/𝐼𝑝 shall be generally set equal to 1, which is indicative of an 

unreduced response.  𝑎𝑝 acts as a force increase factor by accounting for 

probable amplification of response associated with the inherent flexibility 

of the NEs; this parameter shall be taken from the formal definition of 

flexible and rigid elements. By definition, NE is considered flexible 

(maximum amplification  𝑎𝑝 = 2.5) for fundamental frequencies less than 

16.7 Hz, corresponding to the amplified region of the RRS. For 

fundamental frequencies greater than 16.7 Hz, NE is considered rigid 

(minimum  𝑎𝑝 = 1.0), corresponding to the zero peak acceleration (ZPA) 

range. This results in two normalizing acceleration factors, that when 

combined, define the horizontal component certification RRS, as reported 

in Equations (4.3) and (4.4): 

𝐴𝑅𝐼𝐺−𝐻 = 0.4 𝑆𝐷𝑆 (1 + 2
𝑧

ℎ
)       (4.3) 

𝐴𝐹𝐿𝑋−𝐻 = 𝑆𝐷𝑆 (1 + 2
𝑧

ℎ
) ≤ 1.6𝑆𝐷𝑆      (4.4) 

where 𝐴𝐹𝐿𝑋−𝐻 is limited to a maximum value of 1.6 times SDS. 

RRS for the vertical direction shall be developed based on two-thirds of 

the ground-level base horizontal acceleration. Moreover, z/h may be 

taken to be 0 for all attachment heights, which results in Equation (4.5): 

𝐴𝑅𝐼𝐺−𝑉 =
2

3
𝐴𝑅𝐼𝐺−𝐻 = 0.27 ∙ 𝑆𝐷𝑆;  𝐴𝐹𝐿𝑋−𝑉 =

2

3
𝐴𝐹𝐿𝑋−𝐻 = 0.67 ∙ 𝑆𝐷𝑆 (4.5) 
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The input signals for seismic simulation tests shall be nonstationary 

broadband random excitations having an energy content ranging from 1.3 

to 33.3 Hz, and a bandwidth resolution equal to one-third or one sixth-

octave, depending on whether the synthesizer is analog or digital, 

respectively. The total duration of the input motion shall be 30 s, with the 

nonstationary character being synthesized by an input signal build-hold-

decay envelope. The build time includes the time necessary for 

acceleration ramp-up, the hold time represents the earthquake strong-

motion time duration, and the decay time includes the de-acceleration ring 

down time. The input duration of the time history tests shall contain at 

least 20 s of strong motion. 

AC156 establishes the criteria and rules for the analysis of the test 

response spectrum (TRS) with regard to RRS, i.e., spectrum-compatibility 

criteria. TRS shall be computed using either justifiable analytical 

techniques or response spectrum analysis equipment using the control 

accelerometers located at the specimen base. TRS shall be calculated 

using a damping value equal to 5% of critical damping. According to the 

spectrum-compatibility rules, TRS must envelop the RRS based on a 

maxi-mum-one-sixth octave bandwidth resolution over the frequency 

range from 1.3 to 33.3 Hz. It is recommended that the TRS should not 

exceed the RRS by more than 30% over the amplified region of the RRS. 

The signal reproduced by the table in the course of the testing, TRS may 

not fully envelop the RRS. The general requirement for a retest may be 

exempted if the following criteria are met. In case it can be shown by the 

use of the resonance search that no resonance response phenomena 

exist below 5 Hz, TRS is required to envelop the RRS only down to 3.5 

Hz (i.e., not along lower frequencies). When resonance phenomena exist 

below 5 Hz, TRS is required to envelop the RRS only down to 75% of the 

lowest frequency of resonance. A maximum of two of the one-sixth-octave 

analysis points of TRS may fall below RRS for each frequency range (i.e., 

frequencies less than or equal to 8.3 Hz and greater than 8.3 Hz) by 10% 

or less, provided the adjacent one-sixth-octave points are at least equal 

to RRS. 

AC156 protocol may be also used as multi-floor dynamic testing protocol 

as performed in [34,35,41,75] and described in Section 2.3.4. This 

extension could be also applied to other single-floor dynamic testing 

protocols, implementing procedure consistent with [34,35,41,75]. 

BS ISO 13033 

The British Standards Institution [15] defines the procedures for the 

definition of the seismic actions and verification of NEs seismic capacity 

within ISO 13033 standard. ISO 13033 does not specifically cover 

industrial facilities, including nuclear power plants, since these are 

addressed by other International Standards. However, the principles in 

this standard can be applied to the definition of seismic actions for NEs in 

such facilities. This code establishes that evaluation of NEs for seismic 
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actions is required when any of the following condition applies: a) NEs 

pose a falling hazard; b) failure of NEs can impede the evacuation of the 

building; c) NEs contain hazardous materials; d) NEs are necessary to 

the functioning of essential facilities after the event, and e) damage to 

NEs represents a significant financial loss. The behavior of NEs shall be 

evaluated and verified against the specified performance objectives for 

the ultimate limit state (ULS) and the service limit state (SLS). The 

following verification methods are allowed: a) design analysis; b) seismic 

qualification testing; c) procedures that determine acceptable seismic 

capacity based on documented experience from past earthquakes 

(experience data); d) a combination of a), b) and c). 

To verify the adequacy of NEs by design analysis, a structural analysis of 

NEs should be performed, including their anchorage and bracing, 

considering using the design lateral forces defined for ULS and SLS. Each 

member and connection force resulting from the analysis should be 

compared with the design capacity of NE individual member, connection 

brace, or anchorage, provided by regional and national regulations and 

codes to verify that the capacity exceeds the demand. The design lateral 

seismic force of NEs attached at level i of the building structure for ULS, 

𝐹𝐷,𝑝,𝑢,𝑖, is determined as reported in Equation (4.6): 

𝐹𝐷,𝑝,𝑢,𝑖 = 𝛾𝑛,𝐸,𝑝 ∙ 𝑘𝐷,𝑝 ∙ 𝐹𝐸,𝑝,𝑢,𝑖      (4.6) 

The design lateral seismic force of NEs attached at level i of the building 

structure for SLS, 𝐹𝐷,𝑝,𝑠,𝑖, is determined according to Equation (4.7): 

𝐹𝐷,𝑝,𝑠,𝑖 = 𝛾𝑛,𝐸,𝑝 ∙ 𝐹𝐸,𝑝,𝑠,𝑖       (4.7) 

where 𝐹𝐸,𝑝,𝑖 is the design lateral seismic force of the NEs attached at level 

i of the building structure for ULS or SLS; 𝛾𝑛,𝐸,𝑝 is the importance factor 

related to the required seismic reliability of the NEs; 𝑘𝐷,𝑝 is NE response 

modification factor to be specified according to its ductility and 

overstrength. 

The elastic equivalent static seismic forces for ULS and SLS earthquake 

levels are given as Equation (4.8) reports: 

𝐹𝐸,𝑝,𝑖 (𝑢 𝑜𝑟 𝑠) = 𝑘𝐼(𝑢 𝑜𝑟 𝑠) ∙ 𝑘𝐻,𝑖 ∙ 𝑘𝑅,𝑝 ∙ 𝐹𝐺,𝑝     (4.8) 

where 𝑘𝐼(𝑢 𝑜𝑟 𝑠) is the ground motion intensity factor to be provided by 

regional and national standards; 𝑘𝐻,𝑖 is the floor response amplification 

factor at the attachment at level i; 𝑘𝑅,𝑝 is the NE amplification factor 

considering the effect of the natural periods of the NEs and the building; 

𝐹𝐺,𝑝 is the weight (mg) on the NEs. 

The ground motion intensity factor corresponds to that used for the 

supporting building. The ground motion intensity factor (𝑘𝐼(𝑢 𝑜𝑟 𝑠)) is given 

by Equation (4.9): 



28 | P a g .  
 

𝑘𝐼(𝑢 𝑜𝑟 𝑠) = 𝑘𝑍 ∙ 𝑘𝐸,(𝑢 𝑜𝑟 𝑠)       (4.9) 

where 𝑘𝑍 is the seismic zoning factor and 𝑘𝐸,(𝑢 𝑜𝑟 𝑠) is the seismic ground 

motion intensity for ULS or SLS. 

The floor response amplification factor of the building structure at the 

attachment location at level i (𝑘𝐻,𝑖) is related to the ratio between the 

maximum floor acceleration over the height of the building and the zero-

period acceleration at the base of the building. This factor is primarily a 

function of a) the natural periods of vibration of the building structure; b) 

the type of building lateral-load resisting system; c) the relative location of 

the point of attachment of the NEs to the average roof elevation of the 

structure with respect to grade elevation; and d) the inherent damping and 

degree of inelastic behavior of the building structure which is dependent 

on the severity of the ground motion. A trapezoidal distribution of floor 

accelerations within the supporting building may be assumed when 

simplified static analysis procedures are implemented. This trapezoidal 

distribution is expressed by Equation (4.10): 

𝑘𝐻,𝑖 = [1 + 𝛼
𝑧𝑖

𝐻
]        (4.10) 

where 𝛼 is a parameter that is a function of the type of lateral-load 

resisting system (𝛼 ≤ 2.5); i is the level in the building structure of the point 

of attachment of the NEs with respect to grade elevation (0 ≤ 𝑖/𝐻 ≤  1.0); 

𝑧𝑖 is the elevation of level i with respect to grade elevation; 𝐻 is the 

average roof elevation of the structure with respect to grade elevation. 

The verification of the capacity of NEs by shake table testing is 

accomplished by subjecting the component to either computed or 

simulated elastic demand floor motions that are compatible with the floor 

response spectra determined by RRS. The floor response spectrum is the 

acceleration response spectrum at the point of NEs attachment. This may 

be used for NEs with natural frequencies greater than a minimum value, 

f0, e.g., reasonably assumed to be between 1.3 and 2.5 Hz. A floor 

response spectrum is typically obtained from a dynamic analysis of the 

building structure. Alternatively, for a given component frequency, the 

floor response spectrum ordinate may be estimated as the ratio of the 

seismic force at level i of the building structure (𝐹𝐸,𝑝,𝑖) to the weight of the 

element (𝐹𝐺,𝑝), assuming the importance factor (𝛾𝑛,𝐸,𝑝) and the NE 

response modification factor (𝑘𝐷,𝑝) equal to one. In particular, using the 

previous equations, the ordinates of the normalized horizontal floor 

response spectrum for a NE located at level i of the building structure can 

be determined as given by Equation (4.11): 

𝐴𝑖 = 𝐹𝐸,𝑝,𝑖/𝐹𝐺,𝑝 = 𝑘𝐼(𝑢 𝑜𝑟 𝑠) ∙ 𝑘𝐻,𝑖 ∙ 𝑘𝑅,𝑝     (4.11) 



29 | P a g .  
 

where 𝐴𝑖 ≤ 𝐴𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 for NEs with first-mode frequencies less than f2 

(assumed to be a value between 10 to 16.67 Hz), and 𝐴𝑖 ≥ 𝐴𝑟𝑖𝑔𝑖𝑑 for NEs 

with first-mode frequencies greater than f2. 

𝐴𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 and 𝐴𝑟𝑖𝑔𝑖𝑑 are determined based on information on the building 

and NEs dynamic characteristics. In particular, when the building dynamic 

characteristics are not known, these parameters can be estimated 

according to Equations (4.12) and (4.13): 

𝐴𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 = 𝑘𝐼(𝑢 𝑜𝑟 𝑠) ∙ 𝑘𝐻,𝑖 ∙ 𝑘𝑅,𝑝,𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒     (4.12) 

𝐴𝑟𝑖𝑔𝑖𝑑 = 𝑘𝐼(𝑢 𝑜𝑟 𝑠) ∙ 𝑘𝐻,𝑖 ∙ 𝑘𝑅,𝑝,𝑟𝑖𝑔𝑖𝑑      (4.13) 

where 𝑘𝐻,𝑖 is the floor response amplification factor given by Eq. (4.10); 

𝑘𝑅,𝑝,𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 is the NEs amplification factor for flexible NEs (𝑘𝑅,𝑝,𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 >

1.0); and 𝑘𝑅,𝑝,𝑟𝑖𝑔𝑖𝑑 is the NEs amplification factor for rigid NEs (𝑘𝑅,𝑝,𝑟𝑖𝑔𝑖𝑑 =

1.0). 

When the building dynamic characteristics are known, Equations (4.14) 

and (4.15) can be used: 

𝐴𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 = 𝐴𝐷,𝐼 ∙ 𝑘𝑅,𝑝,𝑖,𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒      (4.14) 

𝐴𝑟𝑖𝑔𝑖𝑑 = 𝐴𝐷,𝐼 ∙ 𝑘𝑅,𝑝,𝑖,𝑟𝑖𝑔𝑖𝑑       (4.15) 

where 𝐴𝐷,𝐼 is the acceleration at level i obtained from a dynamic analysis 

procedure (including torsional response) that utilizes an elastic ground 

motion response spectrum or time-history analysis. A representative 

damping ratio for this spectrum is 5%.  

For determining the vertical response, a fraction of the values from 

Equation (4.10) may be used, with 𝑘𝐻,𝑖 evaluated at grade level for all 

elevations, i.e., z/h equal to zero. For a given NE frequency, the ratio of 

vertical to horizontal response can be represented by the parameter β, 

assumed to vary from 1/2 to 2/3. Figure 2.9 shows RRS related to 

horizontal and vertical directions according to ISO 13033. The plateau of 

the RRS extends up to frequency value f1 (assumed to be a value 

between 7.5 and 8.3 Hz), whereas the ordinate of the normalized floor 

response spectrum is equal to 𝐴𝑟𝑖𝑔𝑖𝑑 at frequency f3 (assumed to be 33 

Hz). 
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Figure 2.9: Required response spectra in the horizontal (black) and vertical (grey) 
directions according to ISO 13033, 5% damped. 

IEEE 693 

The Institute of Electrical and Electronics Engineers and Power & Energy 

Society (IEEE PES) developed IEEE 693 guidelines [76], which report 

recommendations for seismic design of substation buildings and 

structures and seismic design and qualification of substation equipment 

(i.e., NEs). This code establishes standard methods of providing and 

validating the seismic capacity and performance of electrical substation 

equipment. It provides detailed test and analysis methods for selected 

common equipment types or elements found in substations. IEEE 693 is 

also intended to provide guidance to the manufacturers of substation 

equipment regarding seismic design, also with regard to documentation 

and technical aspects associated with seismic capacity assessment and 

standardization purposes. 

IEEE 693 defines two qualification approaches: performance level 

qualification approach and design level qualification approach. The 

response spectra ordinates related to the design level approach are 

assumed to be half of the performance level ones at any given frequency 

and level of damping. High, moderate, and low seismic qualification levels 

are defined for both approaches. Qualification levels are closely related 

to ZPA, which is assumed to be the acceleration at 33 Hz or greater. For 

high qualification level, horizontal ZPA associated with the seismic 

qualification objective is 1.0 g, and the response spectrum associated with 

the high-performance level is obtained by Equation (4.16): 
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𝑆𝑎 = {

2.288 𝛽 𝑓     𝑓𝑜𝑟 0.0≤𝑓≤1.1 𝐻𝑧 
2.50 𝛽     𝑓𝑜𝑟 1.1<𝑓≤8.0 𝐻𝑧

(26.4 𝛽−10.56)

𝑓
−0.8 𝛽+1.32     𝑓𝑜𝑟 8.0<𝑓≤33 𝐻𝑧

1.0     𝑓𝑜𝑟 𝑓>33 𝐻𝑧

 ,    (4.16) 

where the factor 𝛽 is a function of the damping coefficient expressed as 

a percentage (𝑑 ≤ 20%) and evaluated through Equation (4.17): 

𝛽 =
3.21−0.68 ln (𝑑)

2.1156
        (4.17) 

For the moderate qualification level, ZPA associated with the seismic 

qualification objective is 0.5 g and the related response spectrum is 

assumed to be half the related to the high qualification level. For the low 

qualification level, there is no horizontal ZPA associated with the seismic 

qualification level. The low seismic level rep-resents the performance 

level that can be expected when relatively adequate construction and 

seismic installation practices are used, when no special consideration is 

given to the seismic performance of the equipment. The selection of the 

seismic qualification level is a responsibility of the user and is normally 

based on an assessment of site geo-physical parameters, risk 

assessments, and economics. RRS does not include the influence of the 

dynamic characteristics of the building response. Therefore, one of the 

following alternatives may be used to account for the effects of building 

response: 1) de-fining a 2% damped response spectrum that represents 

the position-specific response within the building to the elastic design 

spectrum as determined according to the building code; 2) multiplying the 

RRS by a factor of 2.5. Figure 2.10 shows the RRS for high and moderate 

seismic performance levels and 5% damped. 

 

Figure 2.10: Response spectrum required according to IEEE 693 for high (black) and 
moderate (grey) seismic performance levels, 5% damped. 
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The equipment or element should be tested/analyzed in its equivalent in-

service configuration, including supporting systems. When this is not 

possible (i.e., in situations that are not practical or economical), a modified 

input motion or dynamically equivalent structure can be considered. 

Similarly, to other codes/standard, IEEE 693 defines two types of tests: 

a) resonant frequency search tests and b) seismic simulation tests. A sine 

sweep or random noise excitation test shall be used for the frequency 

search test; frequency search above 33 Hz is not required. No resonant 

frequency search in the vertical axis is required if it can be shown that no 

resonant frequencies exist below 33 Hz in the vertical direction. 

Regarding seismic simulation tests, the test time histories shall be triaxial 

with the simulation of translational ground accelerations in three 

orthogonal directions. TRS shall envelop RRS along the two 

perpendicular horizontal and vertical axes of the equipment, with a 

response spectrum in the vertical axis that shall have an acceleration of 

80% of that in the horizontal axes. The in-put signal of the seismic 

simulation tests shall have a duration of at least 20 s of strong motion. 

Acceleration ramp-up time and decay time shall not be included in the 20 

s of strong motion. The duration of strong motion shall be defined as the 

time interval be-tween when the plot of the time history reaches 25% of 

the maximum amplitude to the time when it falls for the last time to 25% 

of the maximum amplitude. The theoretical TRS shall be computed at 5% 

damping and shall include the lower corner point frequency of the RRS 

(1.1 Hz), for comparison with the RRS. The spectrum matching procedure 

should be conducted at 24 divisions per octave resolution or higher and 

shall result in a theoretical response spectrum that is within ±10% of the 

RRS at 5% damping. The strong part ratio of the table input motion record 

shall be at least 30% of the total motion duration. 

When required to satisfy the operating limits of the shake table, the 

theoretical input motion record used for testing may be high-pass filtered 

at frequencies less than or equal to 70% of the lowest frequency of the 

NE, but not higher than 2 Hz. The table output TRS shall envelop the RRS 

within a –10%/+50% tolerance band at 12 divisions per octave resolution 

or higher. A –10% deviation is allowed, provided that the width of the 

deviation on the frequency scale, measured at the RRS, is not more than 

12% of the center frequency of the deviation, and not more than five 

deviations occur at the stated resolution. For equipment that responds to 

a single dominant frequency in a given direction, such as instrument 

transformers, surge arresters, and bushings, TRS spectral acceleration at 

the equipment as-installed frequency shall not be less than the RRS. 

Over-testing that exceeds the +50% limit is acceptable in agreement with 

the equipment manufacturer. Exceedance of the stated upper tolerance 

limit at frequencies above 15 Hz is generally not of interest and should be 

accepted unless resonant frequencies are identified in that range. 
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IEEE 344 

IEEE PES provides methods and documentation requirements for 

seismic qualification of equipment for nuclear power generating stations. 

In particular, the standard IEEE 344 [14] distinguishes two categories of 

equipment: seismic Category I and seismic Category II equipment. 

Seismic Category I equipment is safety-related equipment designed to 

withstand the effects of the safe shutdown earthquake (SSE) and 

maintains the specified design function and structural integrity. Seismic 

Category II equipment is equipment that is not required to function but 

whose failure could adversely affect the safe shutdown of any Seismic 

Category I equipment or could result in incapacitating injury to occupants 

of the control room, which is designed and constructed so that SSE would 

not cause a failure.  

SSE is an earthquake that is based upon an evaluation of the maximum 

earthquake potential considering the regional and local geology and 

seismology and specific characteristics of local subsurface material. SSE 

would produce the maximum vibratory ground motion for which certain 

structures, systems, and elements are designed to remain functional. 

These structures, systems, and elements are those necessary to provide 

reasonable assurance of the following: a) integrity of the reactor coolant 

pressure boundary; b) capability to shut down the reactor and maintain it 

in a safe shutdown condition; c) capability to prevent or mitigate the 

consequences of accidents that could result in potential offsite exposures 

comparable to applicable regulatory requirements. 

IEEE 344 considers multiple methods for seismic qualification purposes, 

which are grouped into four general categories: a) predict the equipment’s 

performance by analysis; b) test the equipment under simulated seismic 

conditions; c) qualify the equipment by a combination of test and analysis; 

d) qualify the equipment through the use of experience data. Each of the 

abovementioned methods, or other justifiable methods, may be adequate 

to verify the ability of the equipment to meet the seismic qualification 

requirements. The choice should be based on the practicality of the 

method for the type, size, shape, and complexity of the equipment 

configuration, whether the safety function can be assessed in terms of 

operability or structural integrity alone and based on the robustness of the 

conclusions. 

This standard includes exploratory vibration tests that are generally not 

part of the seismic qualification requirements but may be run on 

equipment to aid in the de-termination of the best test method for 

qualification or to determine the dynamic characteristics of the equipment. 

Moreover, the test methods for seismic qualification of the equipment 

generally fall into three major categories: proof testing, generic testing, 

and fragility testing. Proof testing is used to qualify equipment for a 

particular requirement. The equipment shall be subjected to the particular 

response spectrum, time history, or other parameters defined for the 
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mounting location of the equipment. The equipment is tested to the 

specified performance requirement and not to its ultimate capability. 

Generic testing may be considered a special case of proof testing. The 

objective is to show qualification for a wide variety of applications during 

one test. The resultant generic RRS typically encompasses a wide 

frequency bandwidth with relatively high acceleration levels. Finally, 

fragility testing is used to determine the ultimate capacities of the 

equipment. 

The time history of the input signal for different methods should be 

stationary, i.e., the frequency/amplitude content of the waveform is 

statistically constant with time and does not vary significantly during the 

test. To properly account for vibration build-up and low-cycle fatigue 

effects, the duration of the strong motion portion of each test should at 

least be equal to the strong motion portion of the original time his-tory 

used to obtain the RRS, with a minimum duration of 15 s. For tests using 

artificial earthquakes, the stationary part of the test defines the strong 

motion length. The shake table maximum peak acceleration must be at 

least equal to ZPA of RRS. TRS must envelop RRS over the frequency 

range for which the particular test is designed to provide a conservative 

(but not overly so) test-table motion. A 5% damping value is normally 

assumed. For comparison of the TRS and the RRS (spectrum-

compatibility), TRS must be computed with a damping value equal to or 

greater than that of the RRS and the analysis should be carried out 

considering 1/6 octave points (or at a narrower band-width resolution). 

IEEE344 also notes that an input motion that fully envelopes the RRS is 

occasionally associated with higher acceleration levels at the lowest 

frequencies, which often require very high shaking table displacement 

capabilities. Accordingly, the standard proposes that the general 

requirement for enveloping RRS by TRS can be modified as described in 

the following. a) If it can be shown by a resonance search that no 

resonance response phenomena exist below 5 Hz, it is required to 

envelop the RRS only down to 3.5 Hz. However, excitation must continue 

to be maintained in the 1 to 3.5 Hz range, also compliance with the 

capability of the test facility. b) When resonance phenomena exist below 

5 Hz, it is required to envelop the RRS only down to 70% of the lowest 

frequency of resonance. This modification can be made either by high-

pass filtering the table motions generated to match the complete RRS or 

by reducing the RRS at the lower frequencies so that the matching 

algorithm simply generates a motion without the lower frequency contents 

[77]. 

GR-63-CORE Telcordia (ex-Bellcore) 

GR-63-CORE testing protocol [78] presents methods, criteria, and rules 

for seismic tests of telecommunications equipment and systems. During 

an earthquake, telecommunications equipment is subjected to motions 

that can over-stress equipment framework, circuit boards, and 
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connectors. The seismic motion and resulting stress on NE depend on 

the structural characteristics of the building/facility in which NE is 

contained and the severity of the earthquake. GR-63-CORE shows the 

map of earthquake risk zones of the U.S. area. In particular, five 

earthquake risk zones are identified (from 0 to 4, corresponding to no 

substantial to maximum earthquake risk). The earthquake risk zones are 

correlated with the expected Richter Magnitude, Modified Mercalli Index, 

and the expected ground and building accelerations. Seismic qualification 

tests established by GR-63-CORE follow an approach that takes into 

account the earthquake risk zone in which the NEs are installed. Thus, 

NEs that are in earthquake risk zone 4 will need to have a higher level of 

seismic performance than those that are in lower earthquake risk zones. 

The telecommunications equipment shall be tested using a shake table. 

The acceleration time histories waveform generated by this testing 

protocol were synthesized from several typical earthquakes and for 

different building and soil site conditions. The shaking shall be applied in 

each of the three orthogonal directions of the test specimen, to simulate 

the conditions that would be encountered in service when building floors 

apply earthquake motions to the equipment. TRS shall meet or exceed 

RRS in the frequency range from 1.0 to 50 Hz, considering 2% damping. 

Moreover, TRS 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. The cut-off of the high-pass filter on the drive signal shall 

not exceed 0.20 Hz, while the cut-off of the low pass filter on the drive 

signal shall not be below 50 Hz. TRS shall be verified at one-sixth octave 

(logarithmically spaced) frequencies from 0.5 to 50 Hz. If a digital analyzer 

is used, the digitizing rate shall be larger than or equal to 200 Hz with a 

total storage capacity larger than or equal to 30 s, in real-time. GR-63-

CORE defines RRS as a function of the earthquake risk zones considered 

for seismic qualification of NEs. Figure 2.11 shows RRS for the four 

earthquake risk zones. 
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Figure 2.11: Required response spectrum according to GR-63-CORE for the four 
earthquake risk zones, 2% damped. 

RG 1.60 

Regulatory Guide 1.60 [79] of the U.S. Nuclear Regulatory Commission 

(USNRC) establishes a guideline to define target spectra for seismic 

design of structures, systems, and elements of nuclear power plants. The 

horizontal and vertical RRS are related to a PGA of 1.0 g and peak ground 

displacement (PGD) equal to 0.91 m. For different site conditions, RRS 

should be linearly scaled in proportion to the specified PGA or developed 

individually, according to the site characteristics (e.g., if the soil site has 

physical characteristics that could significantly affect the spectral pattern 

of input motion or in the occurrence of near-field ground motion). RRS are 

provided for different values of the damping ratio (i.e., 0.5%, 2.0%, 5.0%, 

7.0% and 10%). A linear interpolation should be used for values in 

between the provided ones. Figure 2.12 shows RRS related to PGA of 

1.0 g and 5% damped. RG-1.60 does not provide criteria regarding the 

spectrum matching procedure and definition of input motions for testing. 
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Figure 2.12: Response spectrum required according to RG 1.60 related to the PGA of 1.0 g, 
5% damped. 

IEC 60068 

The international standard IEC 60068-2-57 [80] defines methods and 

criteria for testing elements, equipment, and electrotechnical products 

including the testing procedure for seismic applications. The standard 

outlines the general criteria for seismic testing described in a separate 

standard, IEC 60068-3-3 [81]. The procedures and methods can also be 

applied to other elements, and it is intended to evaluate the seismic 

performance of NEs during an earthquake. 

The code defines two seismic classes: a general and a specific seismic 

class. The specific class is considered when high-reliability safety 

equipment for a specified environment is required (i.e., equipment in 

nuclear power plants), otherwise, the general class can be referred to. 

Equipment service conditions (e.g., electrical, mechanical, thermal 

pressure, etc.) and the influence of connections, cables, piping, should be 

replicated in the seismic tests for both classes or their absence justified. 

Moreover, qualification criteria are provided for classifying the equipment, 

i.e., a) they experienced no malfunction either during or after the test, b) 

they suffered a malfunction during the test but reverted to its correct state 

after the test, and c) they experienced a malfunction during the test and 

required resetting or adjustment on completion of the test but required no 

replacement or repair. 

IEC 60068-2-57 includes different seismic inputs for seismic testing. In 

particular, the test inputs are divided into two categories: multifrequency 

and single-frequency waves. The test waves should a) produce a TRS 
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larger than or equal to RRS, b) possess a maximum peak acceleration 

value at least equal to the ZPA value, c) reproduce, with a safety margin, 

the effects of the required earthquake, and d) ideally not include any 

frequency greater than 35 Hz. The time history obtained according to IEC 

60068 shall be generated by the composition of frequencies included 

within a frequency range from 1.0 to 35 Hz. In some cases, the test 

frequency range may be extended or reduced depending on the effective 

value of the cut-off frequency of the ground response spectrum or the 

critical frequencies of the specimen, but this should be justified. The total 

duration of the time history shall be about 30 s, of which the strong part 

shall not be less than 20 s. Three RRS are defined, associated with 2%, 

5%, and 10% damping ratio. These RRS have a generalized form that is 

based on simple correlations among the corner frequencies, depending 

on assumptions regarding the frequency range of sensitivity of NEs.  

The test should be performed through triaxial tests with input motions 

applied simultaneously along all principal axes of the test specimen, but 

this does not exclude single-axis or biaxial testing. RRS ordinates 

associated with the vertical direction of excitation should be 50% of the 

horizontal RRS ones. IEC 60068 establishes that spectrum-compatibility 

shall be checked in the specified range at least in one-sixth octave 

bandwidth resolution in the general case, i.e., specimen damping lying 

between 2% and 10%. The tolerance to be applied to RRS shall be in a 

range between 0% and 50%. Moreover, for frequencies larger than the 

plateau zone, a tolerance of more than 50 % is permitted. Figure 2.13 

shows RRS related a frequency range from 1.0 (f1) to 35 Hz (f2) and 5% 

damped. 

2.3.4 Multi-floor dynamic testing protocols 

Until recently, testing facilities could not easily implement accurate full-

scale testing on NEs by means of simultaneous floor accelerations and 

story deformations loading conditions, reproducing the actual 

arrangement of NEs housed within multistory buildings and sensitive to 

both accelerations and displacements (e.g., partition walls, cladding 

curtain walls, distributed duct, piping, electrical systems, HVAC systems, 

suspended ceilings, and ceiling mounted equipment). 

A brilliant solution, as already discussed in this article, was found by 

Magliulo et al [34,35,41,75] and Petrone et al [34,35,41,75], where the 

multi-floor dynamic testing was performed by a test frame, fixed to the 

shake table, simulating the seismic behavior of a generic story of a 

building, in which the NEs (i.e., partitions) are installed. 
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Figure 2.13: Response spectrum required according to IEC 60068 considering a frequency 
range from 1 (f1) to 35 Hz (f2), 5% damped. 

The test frame was designed in order to have an assigned drift, i.e., an 

assigned peak displacement of the top floor, given a peak acceleration at 

the bottom floor, i.e., at the shake table. The geometry of the test frame 

was defined taking into account three requirements: (i) realistic value of 

mass; (ii) realistic interstory height h, assumed equal to 2.74 m; (iii) 

realistic interstory displacement dr, assumed equal to 0.005h for a 

Damage Limit State (DLS) earthquake with 50-year return period. This 

strategy allows to assign at the bottom floor a time history according to 

single-floor dynamic testing protocols, e.g., AC156. 

A different solution was found by the University at Buffalo, which 

commissioned a dedicated Nonstructural Component Simulator (UB-

NCS) composed of a two-level testing frame capable of simultaneously 

subjecting NEs sensitive to both accelerations and displacements to 

realistic full-scale floor motions expected within multistory buildings also 

applying story deformation loading conditions. The relevant international 

reference testing and qualification protocol was developed by Retamales 

et al [82]. The protocol reduces the minimum testing frequency that can 

be considered in an experiment from 1.3 Hz, as in the current AC156 

procedure, to 0.2 Hz, allowing for more realistic testing of NEs sensitive 

to low-frequency excitations (e.g., tall slender cantilever type equipment, 

base-isolated equipment, etc.). The objective of this protocol is not to 

replace current testing protocols, but rather to enhance the capabilities 

and the type of equipment that can be tested. Unlike other testing 

protocols, this protocol is presented as a set of closed-form expressions 
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defining a pair of displacement histories for the bottom and top levels of 

the UB-NCS that simultaneously matches: (i) a target acceleration 

response spectrum (either ground or floor response spectra) and (ii) a 

target generalized interstory drift. Both the target spectral accelerations 

and drifts can be specified based on the expected values at a given 

normalized building height h/H, where h is the NE installation height 

above grade and H is the total building height. This qualification testing 

protocol considers as variables: (i) the location of the NEs along the height 

of the building through the parameter h/H; (ii) the range of frequencies to 

be assessed during testing (fmin - fmax); and (iii) the ASCE 7-16 design 

spectral response in the short period range, SDS, and corresponding to 

1.0 s period, SD1. The frequency content targeted for the seismic 

qualification testing protocol covers the range of frequencies between 

fmin= 0.2 Hz and fmax= 5.0 Hz. This range corresponds to the operating 

frequencies of the UB-NCS and the expected fundamental periods of 

typical multistory buildings, including some higher vibration modes. 

2.4 Novel perspectives toward a unified testing approach 

2.4.1 Criticalities of existing protocols 

The test protocols reviewed here are widely used in the literature, 

especially AC156 and FEMA 461. AC156, FEMA 461 and ISO 13033 

protocols were developed to assess and/or qualify the seismic 

performance of generic elements, and, among them, AC156 protocol is 

the only one explicitly aimed at seismic certification. However, few recent 

research studies pointed out potential criticalities of AC156 protocol, in 

terms of both spectral demands (RRS) [56,83–85] and damage severity 

(e.g., for peculiar applications) [86]. The other protocols are intended for 

systems that are housed within critical facilities (i.e., telecommunications, 

electrical and nuclear systems) and provide a more standardized 

qualification approach, e.g., regarding the target performance levels or 

the seismic zones. Most protocols do not clearly define the applicability 

conditions with regard to the damage and response sensitivity of NEs. 

Overall, the aim of the reference protocols is often to assess whether the 

tested element, subject to a target seismic event (i.e., artificial or natural 

earthquake), meets certain functionality or stability requirements, i.e., 

pass or fail qualification outcome. This criterion can be appropriate when 

the site and the element/building properties are known, which is peculiar 

to specific NEs (e.g., critical electric equipment for power stations). In 

different conditions, such as generic qualification of NEs by the 

manufacturers, this approach cannot be easily applied, and the seismic 

evaluation of the element cannot be generalized.  

2.4.2 Potential improvement interventions 

Current regulations and codes often require seismic design and safety 

verification of NEs. For this purpose, test protocols should include criteria 

and rules for the estimation of the dynamic properties (DPs) and the 
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significant performance parameters (SPPs) of the NEs to be tested. DPs 

are mostly required for a relatively accurate evaluation of the seismic 

demand, in compliance with the regulations/codes (e.g., [1,87]); DPs 

generally include the fundamental period ( 𝑇𝑎), the damping ratio ( ξ𝑎), and 

the (acceleration) amplification factor ( 𝑎𝑝) of the NE. 

SPPs represent the quantitative parameters, or measures, to be 

considered for assessing seismic demands on and capacity of NEs and 

to verify the safety conditions. SPPs can be considered to be efficient and 

applicable EDPs, with regard to the specific applications and testing 

procedures. As was discussed in the previous sections, these parameters 

depend on (a) the response and damage sensitivity of NEs to seismic 

actions, including site, building, and relevant interaction responses, and 

(b) the possibility to robustly assess them through consolidated 

experimental testing procedures. SPPs can be selected among inertial or 

deformation measures, or by the combination of them, according to the 

response/damage mechanisms of interest of the NEs to be tested. 

Accordingly, both seismic capacity and demand should be estimated 

considering consistent SPPs. The experimental testing procedures 

reviewed in this chapter can be used to assess the seismic capacities. 

The relevant codes/regulations typically define approaches and 

formulations for defining the seismic demand, which may also depend on 

the dynamic properties of both buildings and NEs, as it was discussed in 

the previous sections. 

For acceleration-sensitive NEs, the seismic capacity can be expressed in 

terms of peak floor acceleration (PFA) or peak component acceleration 

(PCA). PFA is the maximum acceleration obtained on the floor on which 

the element was installed, while PCA is the maximum acceleration 

recorded on the component (e.g., in the element’s center of mass during 

the tests). For displacement- or deformation-sensitive elements, the 

seismic capacity can be expressed in terms of interstory drift ratio (IDR) 

or target displacement or deformation measures (δ), depending on the 

applied NE deformations that are relevant to the damage. Finally, for NEs 

that are sensitive to both acceleration- and deformation-based measures, 

both types of SPPs should be considered, also accounting for the relevant 

damage response/mechanisms. 

2.4.3 Technical recommendations and final remarks 

Technical recommendations are developed for implementing a unified 

approach for seismic assessment of NEs by means of experimental tests, 

including seismic qualification purposes. These recommendations were 

defined in light of the critical review and assessment of current methods 

and protocols, according to the evidence pointed out in the previous 

sections. The technical recommendations and innovative perspectives 

derived in this study aim at improving the seismic assessment and 
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qualification of NEs by means of experimental testing and represent an 

original literature and practice contribution. 

Table 2.1 summarizes these recommendations. In particular, the key 

parameters/features associated with seismic assessment, qualification, 

and safety verification of NEs are specified for the most common and 

representative NEs. The key parameters/features consist of 

response/damage sensitivity, SPPs, DPs, and recommended test types. 

No other studies provided a critical review assessment and technical-

scientific guidance regarding these applicative aspects, which are 

essential for implementing relatively reliable and robust assessment and 

qualification procedures. Table 2.1 represents a reference for both 

researchers and practitioners, and it might be implemented by codes and 

regulations. 

When multi-floor dynamic tests cannot be performed, quasi-static and 

single-floor dynamic tests can be conducted separately. An example is 

the testing procedure adopted by Coppola et al. [88] by means of a special 

testing facility at the Components and Building Systems Laboratory of the 

Construction Technologies Institute of National Research Council of Italy 

(ITC-CNR) in San Giuliano Milanese (Italy). Specifically, the authors 

conducted quasi-static and dynamic tests for the seismic evaluation of an 

innovative cladding system. The facility is able to accommodate full size 

plane elements (partition systems, infill systems, façade systems, etc.) up 

to 6.3 m wide and up to 8.0 m high. The components can be anchored to 

the steel supporting frame by means of three beams: one fixed beam at 

the bottom and two moving beams at the second and third levels. The 

intermediate and superior beams can be moved, in the plane and out of 

the plane direction, through six hydraulic actuators, to simulate seismic 

actions. A mechanical lift system for the moving beams allows for various 

inter-story heights. The moving beams are supported on low friction 

rollers and connected to a dynamically controlled hydraulic actuators 

system. The load cell and transducer of the hydraulic actuator relate to an 

advanced digital controller that enables the acquisition of real time load 

and displacement data. 

The testing procedure adopted by Coppola et al. [88] consists of cyclic 

quasi-static tests, performed along in-plane direction according to the 

loading procedure proposed by FEMA 461, and incremental dynamic 

tests performed according to AC156. 

A unified approach should not be limited to the robust selection of the key 

parameters and testing approaches/protocols, which already signifies a 

novel and crucial step in the field. In fact, the selected testing protocols 

should be applied by maximizing the testing outcomes in terms of 

systematicity and comprehensiveness. In other words, once the protocol 

is defined, the testing procedure and program should be implemented in 

order to identify and characterize the seismic response and damage of 



43 | P a g .  
 

tested NEs in a systematic and comprehensive manner. For example, (a) 

the dynamic properties of the specimen should be estimated 

corresponding to all relevant DSs, providing useful information regarding 

the influence of DSs to the dynamic properties, and (b) all relevant DSs, 

from operativity to ultimate/failure conditions, should be associated with 

thresholds of SPPs (NE capacity thresholds). However, these 

experimental correlations should be established by means of 

standardized approaches, which would allow fully consistent 

comparisons/extensions and, potentially, generalization. Even though few 

protocols include directions for implementing a more general and 

systematic approach, no systematic and standardized recommendations 

are generally provided. Moreover, most protocols still recommend a pass 

or fail assessment/qualification approach, which represents a limited 

application of the potentiality of the abovementioned approach. 

Therefore, further studies should address the abovementioned issue, by 

providing a unified approach in terms of testing procedure application and 

systematicity and comprehensiveness of experimental assessment and 

qualification of NEs. 

2.5 Discussion 

The chapter addresses the seismic assessment of nonstructural elements 

(NEs) by means of experimental testing, with particular focus on testing 

protocols and seismic qualification. This section reviews the latest 

literature studies and regulations/codes regarding seismic damage and 

classification of NEs, providing novel evaluation remarks. The core of the 

chapter consists of a critical and systematic assessment of the reference 

international testing protocols and guidelines for seismic assessment and 

qualification purposes. The scope of the investigation is wide and tends 

to be comprehensive: quasi-static, single-floor dynamic (shake table), and 

multi-floor dynamic testing procedures are considered, including multiple 

protocols, when available.  
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Table 2.1: Recommended test protocol and DPs and SPPs required for the tested element. 

Nonstructural Element 

Response/damage 
Sensitivity 

SPPs DPs Test 

Acc. Disp. Both  
 

 

Infill walls, partitions, openings (doors, 
windows) 

Facades, glazing systems, and curtains 
 

Ceiling systems 
 

Systems inside the building (pipes 
carrying pressurized fluids, fire hydrant 

piping system, and other fluid pipe 
systems) 

  ✓ 
IDR or δ, 
PFA, PCA 

 T𝑎,  ξ𝑎,  a𝑝 

Multi-floor dynamic 
or (secondarily) 
Quasi-static and 

Single-floor 
dynamic 

Cabinets, storage racks, bookcases, and 
shelves 

 
Appliances (refrigerators, washing 

machines, gas cylinders, TVs, diesel 
generators, water pumps (small), window 

ACs, wall-mounted ACs) 
 

Vertical projections (chimneys & stacks, 
parapets, water tanks (small), hoardings 

anchored on rooftops, antennas 
communication towers on rooftops) 

 
Horizontal projections (sunshades, 

canopies, and marquees) 
 

Storage vessels and water heaters (flat 
bottom containers and vessels, 
structurally supported vessels) 

 
Mechanical equipment (boilers and 

furnaces, general manufacturing and 
process machinery, HVAC equipment) 

 
Hospital cabinets, museum artifacts, and 

freestanding objects 

✓   PFA, PCA  T𝑎,  ξ𝑎,  a𝑝 
Single-floor 

dynamic 

Systems from within and from outside to 
inside the building (water supply pipelines, 

electricity cables & wires, gas pipelines, 
sewage pipelines, telecommunication 

wires, rainwater drainpipes, elevators, fire 
hydrant systems, air-conditioning ducts) 

 ✓  IDR or δ - Quasi-static 
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In the light of the assessment, novel perspectives are developed toward 

a unified testing approach, and technical recommendations provide 

guidance for implementing reliable and robust testing procedures. In 

particular, the relevant parameters and features that are essential for 

carrying out experimental assessment and qualification procedures are 

defined for a wide range of NEs, also providing general rules for 

identifying the relevant NEs in terms of response/damage sensitivity. 

Furthermore, the appropriate testing method is also recommended, 

whereas the technical information and evaluation remarks provided 

regarding the available protocols might be useful for selecting the most 

appropriate testing protocols. 

The chapter contributes to the literature in terms of two key outcomes: 

technical-scientific review and technical recommendations (unified testing 

approach). To the knowledge of the author, no other studies carried out a 

review assessment of the reference testing methods and protocols. 

Conversely, this section presents a systematic and comprehensive 

review, which allowed to identify the criticalities and strengths of the 

available codes/protocols. The technical recommendations provided in 

the chapter lay the groundwork for more robust and standardized testing 

and qualification framework. In particular, the provided data might 

represent the first step for developing code and regulation criteria for 

seismic assessment and qualification of NEs by means of experimental 

methods. 
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3 Shake table performance 

evaluation of an innovative 

cleanroom with walkable ceiling 

system under operation 

conditions 

The cleanroom is a controlled atmosphere environment that is 

increasingly used in the pharmaceutical, food, and micro-electrical 

industries. The cleanroom is a complex system consisting of architectural, 

mechanical, and electrical components. Past earthquakes highlighted the 

vulnerability of the cleanrooms, especially in earthquake-prone countries 

like Italy; the post-earthquake reconnaissance showed that damage to 

cleanrooms led to immeasurable economic loss. This chapter 

investigates the seismic performance of an innovative cleanroom used in 

the pharmaceutical and healthcare industries. Major modifications within 

the connections detailing were designed. This chapter reports a series of 

full-scale shake table tests on an innovative cleanroom, which includes a 

ventilation system, an electrical equipment, piping, and a walkable ceiling 

system. The experimental investigation involved 15 shake tests on the 

cleanroom carried out according to ICC-ES AC156 testing protocol. Both 

dynamic properties and seismic behavior of the specimen were assessed. 

Tests showed the excellent seismic behavior of the innovative cleanroom, 

confirming that simple devices can significantly improve the seismic 

performance of nonstructural elements. 

3.1 Introduction 

Cleanroom or white room is an enclosed engineered space/facility having 

a controlled environment in terms of airborne particles, pressure, relative 

humidity, and temperature, required to perform specific production and 

treatment activities that need a strictly-controlled environment [1–3]. 

Cleanrooms are widely used in pharmaceutical, food, and electronic 

manufacturing industries [4–6] and in healthcare and hospital facilities 

(e.g., operating theater) [7,8].  

Cleanrooms can be classified as nonstructural elements (NEs) since they 

are not part of the structural system of buildings and facilities; however, 

they are very peculiar NEs since consist in complex architectural systems 

integrating mechanical, electrical, electronic, and hydraulic facilities and 
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equipment [9,10]. Cleanrooms are often highly vulnerable and exposed to 

damage caused by seismic actions, as highlighted by the 2012 Emilia 

earthquake [11]. In particular, the cleanroom partitions exhibited major 

seismic damage, such as cracking and collapse of plaster panels and 

failure of ceil-mounted equipment. This response caused significant 

damage to room’s content and required major restoration intervention in 

terms of facilities and equipment prior to reinstate the production. 

Therefore, seismic damage of cleanrooms can threaten life safety and 

can cause severe economic losses due to property loss and downtime 

[9,12]. For example, microchip manufacturing equipment used in 

electronic manufacturing facilities is extremely valuable, and total cost of 

NEs can even be higher than 97% of the total cost of semiconductor 

fabrication plants [13]. Furthermore, as NEs, cleanrooms are not typically 

designed considering seismic actions, and relatively frequent 

earthquakes might even cause significant losses and functioning 

disruption, which are extremely critical for production and manufacturing 

facilities. 

In the last few decades, several studies investigated architectural NEs 

such as partitions and ceiling systems [14–22], as well as a growing 

literature focused on electrical/mechanical/hydraulic equipment and 

components [23,24], freestanding elements housed within critical facilities 

[25–28], and objects/contents having historical/cultural significance [28–

33]. However, to the author knowledge, no literature studies focused on 

the seismic performance of complex NEs that integrate architectural and 

electrical/electronic/mechanical/hydraulic systems, especially under 

functioning conditions, such as cleanrooms. Despite the recent research 

efforts towards a reliable seismic assessment and an effective protection 

of critical systems and components, dynamic properties and seismic 

vulnerability of cleanrooms is still unknown, and this results in a critical 

literature gap, as well as it is associated with critical seismic risk. 

The chapter represents a first step carried out to address the 

abovementioned research gap, i.e., an experimental investigation on the 

seismic performance of a full-scale cleanroom with walkable ceiling 

system, by means of shake table tests. The cleanroom was designed 

replicating typical construction practice and technology according to 

compliant codes, also implementing construction solutions to maximize 

the seismic performance; the documental compliance reference is 

associated with ISO Class 7 [3]. The tests were carried out under full 

functioning conditions, including ventilation, air conditioning, pressure, 

and electronic opening control. Both dynamic identification and seismic 

performance evaluation tests were carried out, according to ICC-ES 

AC156 protocol [34]. The tests represent a seismic qualification of the 

designed cleanroom. My contribution in this study was to support the 

design of the innovative cleanroom systems and components, provide 
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support during the execution of the shake table tests and perform the 

analysis of the recorded data. 

3.2 Methodology 

Shake table tests of an innovative cleanroom in real scale were carried 

out at the laboratory of the Department of Structures for Engineering and 

Architecture of the University of Naples Federico II, Italy. The tests 

simulated the representative seismic response of a cleanroom installed 

within a building. Section 2.1 reports the details of the cleanroom 

specimen, and both experimental facilities and testing setup are defined 

in Section 2.2; the instrumentation is described in Section 2.3. Section 2.4 

reports the testing procedure and loading input, whereas the damage 

assessment methodology is defined in Section 2.5. 

3.2.1 Experimental facilities and testing setup 

The shake table has a 3 × 3 m plan dimension and a total height of 1.45 

m. It has two (horizontal) degrees of freedom and has maximum payload 

equal to 200 kN, with an operation frequency range of 0-50 Hz, 

acceleration peak equal to 1 g (maximum payload), velocity peak equal 

to 1 m/s, and maximum total displacement equal to 500 mm (±250 mm). 

The testing setup was defined in order to replicate a realistic and typical 

arrangement of the cleanroom within the hosting facility, with particular 

attention to the functioning/service facilities/systems. It should be recalled 

that cleanrooms are fixed at their bases to building floors, and they are 

often located at lower floors of low- or mid-rise buildings. The height of 

cleanrooms is typically lower than the hosting inter-story height, and a 

plenum space of variable height (ranging in 40 to 400 cm) is typically 

arranged between the top of the cleanroom and the upper floor of the 

building. Most functioning facilities and equipment (e.g., pipeline and 

electrical networks) are located within this plenum space and connect the 

external supply to the cleanroom, according to the functioning conditions 

of the cleanroom. 

The shake table was representative of a building floor of installation of the 

cleanroom. In the following, shake table response is meant as a floor 

response, and peak table accelerations (PTA) are meant as peak floor 

accelerations (PFA). In particular, a wood slab was used as an interface 

between shake table and cleanroom. A steel test frame was designed and 

constructed to simulate the upper building floor that supports the plenum 

space facilities and the ceiling of the cleanroom. Figure 3.1 shows the 

testing setup and the cardinal views. 

The steel test frame was designed according to Eurocode 8 [35] and 

Italian building code NTC 2018 [36]. Design loads consisted of dead loads 

related to ceiling (0.3 kN/m2) and pipeline (0.2 kN/m2) and horizontal load 

equal to 1.0 kN/m2. Furthermore, due to the probability of overturning of 

the panels of the cleanroom, or even the entire specimen, some beam 
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stumps were designed and connected through ropes locked with spring 

catch. The designed frame consisted in a spatial steel moment-resisting 

frame (MRF) structure with layout dimensions of 2.60 m (X direction) × 

6.21 m (Y direction) × 6.00 m (Z direction). The structure consisted of 

S355JR circular hollow section CHS 193.7 x 10 mm columns, S275JR 

HEA 120 mm primary beams, and S235JR rectangular hollow section 

RHS 9 x 50 x 3 mm secondary beams. The primary to secondary beam 

connection was achieved through tie type fastening using class 8.8 M12 

bolts. The primary beam to column connections were bolted with bolted 

cover plate splices (moment-resisting connection), and the column to 

foundation connections were bolted through welded base plate. A finite 

element (FE) model of the test frame was defined in PROSAP (2S.I. 

Software e Servizi per l’Ingegneria S.r.l.). In particular, the frame 

members were modeled as elastic beam elements. The natural vibration 

periods of the frame were assessed, and the two first translational periods 

resulted in 0.300 s (3.33 Hz) along X direction and 0.289 s (3.45 Hz) along 

Y direction. 

The cleanroom was connected to the shake table through a wood slab 

(Figure 3.1a) since this was associated with a clean, rapid, and low-cost 

installation/transportation condition that was also relatively conservative 

in terms of connection response. In fact, the cleanroom can be installed 

on floors of different materials (e.g., reinforced concrete slab) and 

finishing, and considering a relatively low performing material such as the 

wood slab represents a conservative testing conditions/arrangement. The 

wood slab was composed of two layers of poplar plywood, and each layer 

had a thickness of 35 mm and dimensions of 3 × 3 m. The total weight of 

the wood slab was about 3.92 kN. To achieve high stiffness in the slab 

plane, the two layers were installed perpendicularly to each other, in terms 

of resisting fiber directions. The wood slab was connected to the shake 

table by equidistance bolts, tight with controlled torque. 

The tested cleanroom is classified according to UNI EN ISO 14644-1 [3] 

of ISO Class 7; at-rest; 0.5 μm. This cleanroom class filtration system 

must provide filter coverage of 15-25% and a minimum of 60 air changes 

per hour (ACH). Equivalently, the tested cleanroom is classified as grade 

C according to good manufacturing practices (GMP) [37] and Class 

10,000 according to Federal Standard 209 (FED) [38,39]. The tested 

cleanroom is known as turbulently-ventilated or nonunidirectional flow. 

This is of the conventional type, the air being supplied by air supply 

diffusers or filters in the ceiling similar to that found in offices, shops, etc. 

However, a cleanroom differs from an ordinary ventilated room in a 

number of ways: a) increased air supply, b) high-efficiency filters (e.g., 

high-efficiency particle air (HEPA) filters, or ultra low particle air (ULPA) 

filters), c) terminal air filters, d) room pressurization and pass-through 

grilles. Another indication that the room is a cleanroom is the type of 

surface finish in the room. 
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Electrical and ventilation systems were installed and made fully operative 

during the tests to recreate the functioning condition of the cleanroom in 

realistic conditions (i.e., serviceability) [35]. In particular, a centralized 

heating, ventilation, and air conditioning (HVAC) filtration system and a 

control unit implement the functioning conditions of the cleanroom (Figure 

3.2 and Figure 3.1a), also including an air handling unit AHU system) 

provided with high-efficiency particulate air filters (HEPA), a galvanized 

sheet metal piping system, necessary to circulate air, cleanroom supplies 

and sensors (pressure control). The system was able to keep the 

pressure in the cleanroom constantly equal to at about 40 Pascal, with 

tolerance of ±5 %, so as to ensure an ISO class of air cleanliness of ISO 

Class 7 according to the relevant requirements [1,3]. The electrical 

system consisted of a control unit for the operation of the cleanroom 

opening system (a door and a pass-box), internal pressure sensor, and 

lighting system. Both service units were placed in an external area that 

was isolated from the shake table area, and the related network systems 

were realized through a duct system, flexible pipes, and cable trays. The 

network system was realized favoring flexible connections among the 

different components, in order to minimize the transfer of the dynamic 

actions and the associated deformations from the cleanroom to the units.  

The locks of the cleanroom openings (door and pass-box) were 

electrically controlled in terms of “on” and “off” locking conditions by the 

central locking system and via an opening keypad, located next to the 

door. In particular, prior to opening a lock due to a key command, the 

locking system locks the other one or does not operate if the opening is 

not in locking position. This is aimed at preventing sudden drops in 

pressure inside the cleanroom and minimizing the potential contamination 

of the internal environment. The unlocked/locked condition of the opening 

is displayed through green/red led lights. 
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(a) 

 
 

(b)   

  
Figure 3.1: Testing setup: (a) global view and (b) cardinal views. 
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Figure 3.2: ATU system with HEPA filter. 

3.2.2 Cleanroom specimen 

The specimen was a real-scale cleanroom consisting in the assembly of 

base/flooring, lateral partition system, ceiling, and electric/ventilation 

facilities. In the following, the main components of the cleanroom are 

described, and the mounting procedure is briefly reported. The 

geometrical details of the elements and the technical specifics of the 

assembly are omitted for the sake of brevity since they are available within 

the technical reports [40]. The overall weight of the cleanroom including 

the weight of the ceiling system (1.96 kN) is 13.4 kN. 

Base layout 

The base layout of the cleanroom was composed by the assembly of 

extruded aluminum 6060-T5 elements, i.e., stiffened rectangular cross-

section profiles (Figure 3.3a(1)), flanged floor rail profiles (Figure 3.3a(2)), 

and angular bracket profile elements (Figure 3.3a(3)). Moreover, three 

innovative components of S275 steel material were introduced: bottom 

splice (Figure 3.3a(4)), bottom block (Figure 3.3a(5)), and bottom block 

with thread rod (Figure 3.3a(6)). In particular, these components were 

designed to connect base layout components to the overall cleanroom 

and improve its seismic performance. The base layout of the cleanroom 

is shown in Figure 3.3a(7). The rectangular profiles were fastened to the 

wood slab with screws passing through fitted holes (Figure 3.3a(8)); these 

profiles defined the plan layout of the cleanroom, i.e., external cleanroom 

walls and pass-box/airhole internal cavities (Figure 3.3a(7)). The floor rail 

profiles were installed on the rectangular profiles and were fastened to 

them along both lateral surfaces, using both direct screws and angular 

bracket elements; these latter were screwed to both profiles and wood 

slab (Figure 3.3a(9)). The connection between the rectangular profiles 
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corresponding to corners of both cleanroom walls and pass-box/airhole 

elements was implemented by the bottom splice (Figure 3.3a(10)). The 

bottom block was installed to connect the base of the cleanroom to the 

vertical splice profiles of the panels of the walls, described in the following 

subsection. In particular, the bottom block was inserted into the slot of the 

telescoping track and then fixed with a clamp. Finally, the bottom block 

was fastened to the vertical splice profiles by bolts (Figure 3.3a(11)). 

However, when it was not possible to install the vertical splice profile 

between panels of the walls of the cleanroom, i.e., as for the environment 

of the pass-box, the bottom block was connected with a threaded rod 

through a bolt (Figure 3.3a(12)). 

Lateral partition system 

The lateral partition system included blind and transparent panels, 

openings (door and pass-box), and various assembly and connection 

components (Figure 3.1). The lateral partition assembly also included 

cavities, i.e., the functioning chamber of the pass-box, blind cavities below 

and above the pass-box, and airhole cavity. The main components of the 

lateral partition system consist of blind metal panels, transparent (metal-

glass) panels, door (and framing), pass-box, and several 

assembly/construction profiles and elements (i.e., curved angular profiles, 

(vertical) splice profiles, angular bracket profile elements, π-shaped and 

H-shaped profiles, single bracket elements, and shell profiles). Moreover, 

some innovative components were designed and installed to prevent 

seismic local collapse mechanisms. The main components and 

innovative components of the lateral partition system of the cleanroom are 

depicted in Figure 3.3b and Figure 3.4a. 

All full-height panels of the cleanroom except openings (door, pass-box, 

transparent panels) consisted of blind panels. The blind panels (Figure 

3.3b(1)) were made by the assembly of two stainless prepainted steel 

layers on an aluminum frame, with an infilled insulation layer. The 

aluminum frame of the panels corresponded to the external perimeter of 

the panels and was infilled within the panel layers; the corners of the 

aluminum frame profiles were connected and stiffened by internal 

brackets. The steel layers were bonded to the insulation through a two-

part polyurethane adhesives cure (2C PUR). 

Two full-height panels included within the east side of the cleanroom (east 

view, Figure 3.1b) consisted of identical assemblies of a transparent and 

a blind panel. Transparent (metal-glass) panels (Figure 3.3b(2)) covered 

the majority of the full height, from the base of the cleanroom, and blind 

panels were located on the top of them. Transparent panels were made 

of two layers of laminated glass, glued to an infilled perimetrical aluminum 

frame, in a configuration similar to the metal panels’ one. The openings 

of the cleanroom consisted of a door and a pass-box (Figure 3.3b(3)). The 

partition panel with the door (north view, Figure 3.1a) was composed of 

an aluminum hinged door and a blind panel located above the door. The 
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partition section hosting the pass-box (south view, Figure 3.1c) was 

composed of a three-dimensional assembly of blind panels defining the 

cavity in which the (pre-assembled) pass-box chamber was inserted and 

the construction cavities (below and above the pass-box). The pass-box 

chamber was delimited by internal and external openings (i.e., pass-box 

windows). 

The curved angular profiles (Figure 3.3b(4)) were installed at the corners 

of the perpendicular lateral panels and at the corners of the pass-box and 

airhole panels, and two splice profiles (Figure 3.3b(5)) were prearranged 

within the slots of each curved profile, as shown in Figure 3.4a(1). In 

particular, each vertical splice profile was screwed to the curved profile 

along the height. The panels were connected to the corner vertical splice 

profiles and were located/arranged along the cleanroom base layout. 4 

mm-width gaps were arranged between adjacent in-line panels, and 

vertical splice profile provided with two gaskets were placed within these 

gaps. This arrangement was aimed at favoring rapid and economic 

rearrangement/replacement of the panels. Adjacent perpendicular panels 

corresponding to pass-box were screwed using angular bracket profile 

elements (Figure 3.4a(2)). The corner panels of the cleanroom and the 

pass-box/airhole internal panels were screwed to the flange of the floor 

rail profiles. 

Pass-box was installed on the south side of the cleanroom (Figure 3.1b) 

after the insertion cavity was arranged; in particular, blind panels were 

assembled to define the pass-box boundary cavities (below and above 

the pass-box chamber). The short blind panels (within the cleanroom 

perimeter) were screw fastened to the perimeter ones by using π-shaped 

profiles (Figure 3.3b(6)), and these latter profiles were also used to 

connect the pass-box chamber to the inferior and superior blind panels. 

Screws and brackets were used to fasten the pass-box chamber to the 

adjacent panels, as well as perpendicular blind panels were screw 

fastened through angular bracket profile elements (Figure 3.4a(2)). 

The two transparent-blind full-height panels (east view, Figure 3.1b) were 

pre-assembled prior to be mounted on the floor rail profiles (Figure 

3.3a(2)); each metal panel was screw fastened to the transparent panel 

through a H-shaped profile (along the panels’ width, Figure 3.3b(7)) and 

lateral brackets (Figure 3.3b(8)) (Figure 3.4a(3) and (Figure 3.4a(4)). Two 

layers of shock absorber were attached to the floor rail profiles prior to 

arranging the transparent-blind panels in order to minimize the damage 

to the glass panels (Figure 3.4a(5)). The adjacent two transparent-blind 

panels were screw fastened using a vertical H-shaped profile. 

The frame of the door (north view, Figure 3.1b) was screw fastened to the 

lateral and top blind panels through π-shaped profiles (Figure 3.3b(6)); 

two small brackets (screws), located at the bases of the frame, were used 

to connect (screwing) the door frame to the wood slab and to the lateral 
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panels (Figure 3.4a(6) and Figure 3.4a(7)). The door (including the 

handle) was pre-assembled and was simply hinged to the frame. The 

airhole (northeast cleanroom corner, Figure 3.4a(8)) was defined by 

lateral blind panels, and π-shaped profiles were used to screw fasten the 

panels among them; the internal corners related to perpendicular panels 

were screw fastened through angular bracket profile elements. HEPA 

filter was placed at the bottom of the airhole, and a flexible pipe system 

was screwed and sealed to the top of the airhole to implement the internal-

to-external cleanroom airflow. 

The bottom splice systems, described in the previous subsection were 

connected to the innovative component placed inside the curved angular 

profile, referred to here as the top splice (Figure 3.3b(9)). In particular, the 

top splice systems were fastened to the bottom splice systems by a 

threaded rod (Figure 3.4a(9)). Along the upper perimeter of the partition 

walls of the cleanroom, an RHS profile of aluminum material was installed 

(Figure 3.3b(10)). Especially, each end of the RHS profiles was fastened 

to the top edge splice through screws. Moreover, a T-profile (Figure 

3.3b(11)) of aluminum material was placed to connect the side-by-side 

panels of the walls of the cleanroom, the vertical splice profiles, and the 

RHS profile (Figure 3.4a(10)). T-profiles were fixed with screws both 

inside and outside the partition walls. Finally, horizontal braces were 

installed on the four top corners of the walls of the cleanroom (Figure 

3.3b(12)). The horizontal braces consist of an RHS profile of aluminum 

material and two 45°plate. The latter was needed to connect by screws 

the horizontal brace to the RHS profile. 

Shell profiles were fixed corresponding to both internal and external 

cleanroom base perimeter defined by the flooring to lateral partition 

interfaces (Figure 3.4a(11)). These profiles were used for both 

architectural/aesthetic and technological purposes. In particular, they 

favor laminar airflow within the cleanroom, minimizing the airflow 

turbulence. The shell profiles were fixed to the angular profile elements 

by using silicone sealant. All interfaces between panels and other 

components were fully sealed by silicone sealant to prevent air pressure 

loss in the cleanroom. The floor finishing covered all internal floor of the 

cleanroom and shell profiles (Figure 3.4a(12)); this consisted in consisted 

in 2-3 mm-thick PVC flooring, bonded to the wood slab by using adhesive 

glue. 

Ceiling system 

The ceiling system was walkable and included lighting and ventilation 

system. In particular, two lights were integrated in the ceiling, as well as 

supply and recovery ventilation ports. The finish level of the ceiling 

corresponded to 2.8 m height (from cleanroom flooring), at a level lower 

than the height of the partition system. The components of the ceiling 

diaphragm included extruded aluminum 6060-T5 elements: T-shape 

profiles (Figure 3.4b(1)), angular joint connectors (Figure 3.4b(2)), 
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loadbearing panels (Figure 3.4b(3)), H-shaped profiles (Figure 3.3b(7)), 

stiffened suspension connection profile elements (Figure 3.4b(4)), 

angular profile elements (Figure 3.3a(3)). 

The ceiling hanger-suspension devices consisted in six threaded rods 

(Figure 3.4b(5)) integrated with hinges (at the extremities) (Figure 3.4b(6)) 

and spring devices (in the internal part) (Figure 3.4b(7)); the extremities 

of suspension devices were fastened to the test frame (superiorly) and to 

the ceiling diaphragm (inferiorly, to stiffened suspension connection 

profile elements) after the ceiling diaphragm was assembled. The hinge 

devices allowed rotation along both horizontal directions, whereas spring 

devices allowed elongation of the suspension devices (horizontal 

displacements of the ceiling system) minimizing the suspension reactions 

associated with axial deformation of the rods; the spring devices 

consisted in a series of two spring elements (Figure 3.4b(7)) (designed 

according to maximum expected seismic demand deformations). The 

lighting system, consisting in two lights, and the ventilation system, 

consisting in airflow supply and recovery ports, were integrated within the 

panels after their assembly. 

T-shape profiles defined the perimetrical support of the ceiling system 

over the lateral partition system and were screw fastened to the vertical 

panels (Figure 3.4b(8) and Figure 3.4b(9)); adjacent perpendicular T-

shape profiles were connected through angular joint connectors. 

Loadbearing panels were placed on and fixed to the T-shape profiles 

along north-south direction; H-shaped profiles were used to screw fasten 

adjacent panels; these profiles were inserted within the panel-to-panel 

gaps (Figure 3.4b(4)) and the panels were screwed to them; stiffened 

suspension connection profile elements were inserted within panel-to-

panel profile connections Figure 3.4b(10)) and superiorly screwed to the 

panels (and H-shaped profiles) Figure 3.4b(11)), to also strengthen the 

panel-to-panel connection. Superiorly to the panels, angular profile 

elements were screwed to both panels and the vertical panels along the 

perimeter of the ceiling system (Figure 3.4b(12)). Figure 3.5 depicts the 

assembled ceiling system from (a) the top and (b) the inside of the 

cleanroom. 
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(a) 
(1)  (2)  (3)  (4)  (5)  (6)  

(7)  (8)  (9)  (10)  (11)  (12)  

(b) 
(1)  (2)  (3)  (4)  (5)  (6)  

(7)  (8)  (9)  (10)  (11)  (12)  
Figure 3.3: Details of cleanroom components; (a) base layout: (1) stiffened rectangular cross-section profile, (2) flanged floor rail profiles, (3) angular bracket profile element, (4) 
bottom splice, (5) bottom block, (6) bottom block with thread rod, (7) base layout, (8) rectangular profile to wood screw fastening, and (9) floor rail (and rectangular) profile(s) to wood 
slab screw fastening using angular bracket element, (10), detail of the bottom splice connection, (11) fastened to the vertical splice profiles, and (12) connected with a threaded rod; 
(b) lateral partition system: (1) blind metal panels, (2) transparent (metal-glass) panels, (3) pass-box chamber, (4) curved angular profiles, (5) (vertical) splice profiles, (6) π-shaped 
profiles, (7) H-shaped profiles, (8) single bracket elements, (9) top splice, (10) RHS profile, (11) T-profile, and (12) horizontal brace. 
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(a) 
(1)  (2)  (3)  (4)  (5)  (6)  

(7)  (8)  (9)  (10)  (11)  (12)  

(b) 
(1)  (2)  (3)  (4)  (5)  (6)  

(7)  (8)  (9)  (10)  (11)  (12)  
Figure 3.4: Details of cleanroom components; (a) lateral partition system: (1) curved angle to and splice profiles assembly, (2) perpendicular blind panels bracket fastening, 
transparent to blind panels connection: (3) H-shaped profile and brackets and (4) panels’ assembly, (5) shock absorber on floor rail profile, (6) door frame screw fastening, (7) bracket 
connecting door frame bases to wood slab and adjacent panels, (8) airhole, (9) detail of the top splice connection, (10), detail of the T-profile connection, (11), shell profiles, and (12) 
internal floor of the cleanroom; (b) ceiling system: (1) T-shape profiles, (2) angular joint connector, (3) loadbearing panels, (4) stiffened suspension connection profile elements, (5) 
hanger-suspension devices, (6) detail of (superior) hinge device (suspension), (7) detail of spring device (suspension), (8) fastening of the T-shape profiles to the vertical panels, (9) 
adjacent perpendicular T-shape profile fastening through angular joint connectors, (10) detail of connection among panel, H-shaped profile, and stiffened suspension connection 
profile element, (11) fastening of stiffened suspension connection profile elements to panels, and (12) fastening of angular profile elements to vertical panels. 
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(a) 

  

(b) 

Figure 3.5: View of the assembled ceiling system: (a) from the top and (b) from the inside 
the cleanroom. 

3.2.3 Monitoring Instrumentation 

Monitoring instrumentation consisted of eleven accelerometers (Acc), 

eight displacement laser sensors (Las), four wire potentiometers (WPot), 

and four video cameras (Figure 3.6a). The accelerometers were three-

axis piezoelectric devices, with a measurement range of ±10 g and a 

sampling rate of 100 Hz. Four accelerometers (Acc662, Acc766, Acc050, 

and Acc053) were positioned at the middle point of the cardinal side 

lateral panels of the cleanroom, on the external side. Three 

accelerometers (Acc763, Acc818, and Acc766) were located at the top of 

the lateral panels (middle width), corresponding to south, east, and west 

side panels; an additional accelerometer (Acc765) was installed on the 

west side panel, corresponding to the bottom of the lateral panel (middle 

width). An accelerometer (Acc762) was installed on the wood slab (middle 

width), corresponding to the west side. Two accelerometers (Acc052 and 

Acc056) were placed on the ceiling system, i.e., corresponding to 

(Acc052) suspension connection element and (b) panel frame. The shake 

table was monitored by internal accelerometers (AccTX and AccTY, not 

depicted in Figure 3.6a). “Luchsinger” e “Wenglor” type laser sensors 

were used (LasL and LasW); the former (latter) had a measurement range 

of 600 (200) mm at high resolution, i.e., 80 μm (50 μm), with maximum 

sampling frequency equal to 1.5 kHz (100 Hz); both sensor types were 

unaffected by materials, colors, and brightness issues. Five laser sensors 

were installed on the south side (LasL1, LasL2, LasW1, LasW2, and 

LasW4) and two on the east side (LasL3 and LasW6); displacement of 

the shake table along X and Y direction were monitored by LasW3 and 

LasW5, respectively (not depicted in Figure 3.6a). LasL (LasW) sensors 

were 400 (250) mm distant from the specimen. The top displacements of 

the test frame were monitored by four wire potentiometers (WPot1, 

WPot2, WPot3, and WPot4, Figure 3.6b); WPot1, WPot2, and WPot3 

(WPot 4) had a measurement range equal to 300 (150) mm.  

The pressure within the cleanroom was monitored in real time by means 

of air pressure sensors with accuracy of up to ± 0.5 Pa and measurement 
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of minimal differential pressures from 0 to 50 Pa, according to UNI EN 

ISO 14644-3 41], considering ISO Class 7 requirements [1,3]. In 

particular, a differential pressure transducer connected externally to the 

control unit was installed inside the cleanroom. 

3.2.4 Testing procedure and loading inputs 

Both dynamic identification and seismic performance evaluation tests 

were carried out through mono- and bi-directional shake table testing, 

respectively. Dynamic identification tests were performed considering 60-

s low-amplitude random vibration signals [42] (i.e., maximum acceleration 

not exceeding 0.2 g), which were obtained by a uniform random stationary 

process [43]. The shake table input to perform seismic performance 

evaluation tests was developed according to the ICC-ES AC156 protocol 

[34]; the procedure implemented to generate the signal can be found in 

[44]. Seismic performance evaluation tests were carried out through 

incremental tests (AC tests), by scaling the reference seismic input up to 

peak table accelerations larger than 2.0 g. Dynamic identification tests 

were performed prior to and after the incremental procedure, and in-

between all incremental steps. 

Design spectral acceleration at short periods SDS was used as a reference 

intensity measure for scaling the intensity of the incremental tests. Figure 

3.7 shows (a) acceleration time history and (b) response spectra 

associated with the reference seismic inputs along both horizontal 

directions considering SDS equal to 1.50 g. In particular, test response 

spectra (TRS) and required response spectra (RRS) are depicted in 

Figure 3.7b, considering one-sixth-octave bandwidth resolution along the 

ordinate axis. 

Table 3.1 reports the loading program, including both RAN and AC tests, 

maximum corresponding accelerations recorded on shake table (PFAt) 

and wood slab (PFAs) along horizontal directions, and percentage 

variation (V). 
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(a) 

 

  

(b) 

Figure 3.6: Perspective view of the instrumentation arrangement: (a) specimen and (b) test frame. 

(a) 
 

 

(b) 

 

Figure 3.7: AC156 testing input corresponding to SDS equal to 1.50 g: (a) acceleration time histories and (b) acceleration response spectra (i.e., test response spectra (TRS) and 
required response spectra (RRS)). 
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Table 3.1: Testing program (AC test parameters and sequence of tests), maximum 
accelerations recorded on shake table (PFAt) and wood slab (PFAs), and (V) percentage 
variation. 

test ID 
SDS PFAtx PFAty PFAsx PFAsy Vx Vy 

[g] [g] [g] [g] [g] [%] [%] 

AC01 0.10 0.12 0.11 0.12 0.11 -0.6 -1.2 
AC02 0.20 0.25 0.25 0.25 0.25 0.1 0.8 

AC03 0.30 0.38 0.37 0.38 0.37 -0.5 0.9 

AC04 0.40 0.50 0.48 0.50 0.48 -0.2 0.0 

AC05 0.50 0.64 0.58 0.62 0.58 -2.0 -0.1 

AC06 0.60 0.75 0.64 0.74 0.64 -1.0 -1.5 

AC07 0.70 0.85 0.76 0.86 0.75 1.0 -1.5 

AC08 0.80 1.01 0.85 0.99 0.86 -2.4 1.5 

AC09 0.90 1.09 1.03 1.13 1.03 3.9 0.3 

AC10 1.00 1.27 1.12 1.26 1.11 -0.7 -1.0 

AC11 1.10 1.42 1.51 1.42 1.61 -0.1 6.4 

AC12 1.20 1.50 1.72 1.53 1.79 1.9 3.8 

AC13 1.30 1.58 1.87 1.73 1.94 9.9 3.4 

AC14 1.40 1.86 2.06 1.88 2.12 1.1 3.1 

AC15 1.50 1.96 2.20 2.05 2.27 4.7 3.2 

Testing program (sequence of AC and RAN tests) 

RAN1000, RAN2000, AC01, AC02, AC03, AC04, RAN1003, RAN2003, AC05, RAN1004, 

RAN2004, AC06, AC07, AC08, RAN1007, RAN2007, AC09, RAN1008, RAN2008, AC10, 

RAN1009, RAN2009, AC10bis, RAN1009bis, RAN2009bis, AC11, RAN1010, RAN2010, 

AC12, RAN1011, RAN2011, AC13, RAN1012, RAN2012, AC14, RAN1013, RAN2013, 

AC15 

 

3.2.5 Dynamic identification 

The dynamic properties of the cleanroom were assessed by using the 

transfer function method [43]. In particular, the transfer curves and 

associated vibration modes of the specimen were assessed considering 

RAN tests. The natural frequencies (local peak frequencies) and damping 

ratios were estimated, and their evolution along the incremental tests was 

assessed. The transfer functions were defined as the ratio of the Fourier 

transforms related to acceleration time histories recorded at the 

cleanroom top and on the shake table. Acc054z and Acc054y were 

considered as output accelerometers for X and Y directions, respectively, 

whereas AccT was considered as input accelerometers (Figure 3.6). The 

equivalent damping ratio was evaluated according to the half-power 

bandwidth method [43,45], typically used to assess structures and 

components assumed to have linear viscous damping [42,46]. The 

damping ratio associated with the first mode of the cleanroom was 

evaluated by assessing the transfer functions obtained by RAN tests. 

3.2.6 Damage states 

Damage assessment was performed considering the following damage 

states (DSs): DS0 (absent damage), DS1 (minor damage), DS2 

(moderate damage), and DS3 (major damage). Generally, a DS can be 

achieved by each (significant) component of a specimen in the course of 

a seismic test, and, in this context, the most severe DS achieved by (at 

least) a component over an incremental test is meant as a global DS 
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achieved by the specimen from that increment on. DS1 achievement 

implies the need to implement minor repair/rearrangement actions restore 

the original conditions (of the component). Typically, achievement of DS1 

is associated with violation of full operativity conditions, especially for 

cases in which minor damage can affect the functioning of the facility, e.g., 

hospitals and medical equipment. DS2 achievement implies that the 

component is moderately damaged so that it needs to be partially 

replaced or moderately repaired/rearranged. DS3 implies that the 

damage level is such that (a) the component needs to be totally replaced 

or heavily repaired/rearranged and/or (b) life safety is not ensured. 

The quantitative technical correlation scheme that associates the 

exhibited/expected physical damage/response of the 

components/specimen to the DS occurrence (namely, damage scheme) 

is typically based on the damage/response significance expressed in 

terms of three “D” losses contributions [9], i.e., human casualties 

(Deaths), direct economic loss due to the repair or replacement of the 

NEs (Dollars), and occupancy or service loss (Downtime). The damage 

scheme implemented in this section is reported in Table 2; this was 

assessed according to current practice and past studies [18]. It is worth 

noting that the inside-to-outside cleanroom differential pressure is a key 

parameter regarding the functioning of cleanroom environments. In 

particular, a differential pressure lowering below a threshold limit, 

associated with residual conditions after seismic excitation, is considered 

as a sufficient condition for achieving DS1. The assumed target 

differential pressure within the cleanroom was set equal to 40 Pa, 

whereas the required minimum value was set equal to 25 Pa [1,3]. 

Seismic response and damage of the components/specimen were 

checked during the tests by real-time physical inspections and recorded 

data observation, including the real-time monitoring of both peak and 

residual differential pressure over the tests. These real-time assessment 

results were collected in prearranged damage surveys sheets. The survey 

sheets were checked in the data analysis and elaboration phases, 

referring to video/picture and instrumental data recording. Finally, the 

achievement of the relevant DSs was identified according to Table 2. 
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Table 3.2: Damage scheme for the correlation between the recorded damage in each component of the cleanroom and the attained damage state. 

Damage type Need to repair or replace a percentage of components larger than 

Dollars 10% 30% 50% 
Downtime - Moderate (1-2 days) Significant (≥3 days) 
Death - Limited Significant 

Components DS 1 DS 2 DS 3 

Ceiling System Localized damage to some panels 

Damage to the panels and slight/moderate 
damage to the connection, plasticization of the 
spring of the hanger, slight/moderate damage 
to the wall trim 

Fall of the panels and serious damage to 
the connection, breakage of the spring of 
the hanger, severe damage and total 
detachment of the wall trim 

Steel panels 
Slight rotation out of the plane or in the plane of 
the panel, sealant de-bonding 

Out-of-plane rotation of the panel, local plastic 
strains 

Overturning of the panel, widespread plastic 
strains 

Glass panels 
Slight rotation out of the plane or in the plane of 
the panel, sealant de-bonding 

Out-of-plane rotation of the panel, cracking 
and local disconnections, detachment or 
damage shock absorber 

Overturning of the panel, severe or 
widespread cracking 

T-profile, 45° and T plate Minor/moderate damage Severe damage and total detachment - 

Screws Unscrewing/failure of 10% of the screws Unscrewing/failure of 30% of the screws Unscrewing/failure of 50% of the screws 

Mechanical fasteners for 
use in wood slab, L-profile, 
shell profile 

Detachment of the shell profile (external 
detachment), slight damage of the L-profile 

Moderate damage of the L-profile 
Pull-out of the wood slab screws, severe 
damage and total detachment of the L-
profile 

Angle and vertical splice 
profile 

Slight damage to the splice and its connections 
Moderate damage to the splice and its 
connections 

Severe damage/collapse of the splice and 
its connections 

Rectangular profile, 
telescoping track, bottom 
and top edge splice, 
bottom block 

Minor damage Moderate damage Severe damage and total detachment  

Ventilation and electrical 
system 

Slight damage to components such as lights, 
filter, system malfunction, breakage of 
suspension hooks, air control (< 25 Pa), slight 
damage to pipes and their connections 

Moderate damage to light supports and filter, 
serious damage/collapse of pipes and their 
connections 

Severe damage and total detachment of 
lights supports and filter 

Door, pass-box 
Opening, minor damage to the lock, pass-box 
locked 

Moderate damage 
Severe damage, door overturning, pass-box 
ejection 
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3.3 Results and remark 

3.3.1 RRS to TRS spectrum-compatibility 

The spectrum-compatibility was evaluated considering all performed tests 

according to AC156, assuming a one-sixth-octave bandwidth resolution 

and damping value equal to 5% of critical damping. Spectrum-

compatibility was checked for input theoretical signals (i.e., assigned to 

the table) and for signals recorded on (a) shake table (AccT) and (b) wood 

slab (Acc762) along both directions. Spectrum-compatibility was verified 

in all cases, and representative results are depicted in Figure 3.8, 

corresponding to (a) AC04 (SDS equal to 0.40 g) and (c) AC15 (SDS equal 

to 1.50 g) tests along (1) X and (2) Y directions; TRS and RRS are test 

response spectra and required response spectra, respectively. In 

particular, even in the very few cases in which TRS fall below RRS (e.g., 

Figure 3.8b(2), corresponding to frequencies equal to 10.4 and 13.1 Hz), 

the compatibility is confirmed since (a) TRS ordinate is not lower than 

90% RRS ordinate and (b) adjacent one-sixth-octave points ordinates are 

at least equal to RRS ones. In some cases, TRS exceed RRS by more 

than 30 percent (e.g., Figure 3.8a(1), corresponding to frequencies equal 

to 9.27 and 10.40 Hz), not following the code recommendations. 

However, TRS upper limitation can be considered to be a desired 

condition rather than a strict requirement, since higher spectral ordinates 

are associated with higher acceleration demand severity. 

3.3.2 Observed damage and critical response 

No damage or critical response of the cleanroom was observed over all 

tests except for AC10 test. In fact, the opening of the doors of the pass-

box was observed in the course of this latter test, resulting in a sudden 

drop (to zero) of differential pressure within the cleanroom, below the 

required minimum threshold. In particular, Figure 3.9 shows the evolution 

of the cleanroom differential pressure over the incremental tests, where 

both recorded initial and recorded minimum (shaking and post-shaking) 

pressure values are reported, together with target and required minimum 

thresholds. It is recalled that the differential pressure should be larger than 

or equal to a required minimum value (25 Pa) to guarantee the facility 

operativity (DS0) (Table 2). In all cases, initial differential pressure was 

within 37 - 40 Pa, whereas the minimum value of shaking pressure was 

typically between 30 and 35 MPa, except for AC10 test (as previously 

described). It should be noted that the post-shaking differential pressure 

was always larger than the recorded minimum one, reaching values 

similar to the initial pressures. 

The opening of the doors was caused by the functioning disruption of the 

locks; this was probably due to the demagnetization of the lock 

components caused by the dynamic excitation of the metal powder 

particles deposited within the pass-box profiles/components; this potential 

cause was also supported by the expert electricians of the manufacturer. 



73 | P a g .  
 

After AC10 test, the lock was repaired and the functioning was fully 

restored (Figure 3.10), and test AC10 was repeated (AC10bis). No 

functioning disruption was observed (e.g., pass-box window opening not 

occurred); the repetition of test AC10 was associated with a similar 

response of the cleanroom. No damage or critical response (including 

electric/electronic issues) was observed for the following tests. 

 (1) (2) 

(a) 

  

(b) 

  
Figure 3.8: Spectrum-compatibility results: required response spectra (RRS) and test 
response spectra (TRS) along (1) X and (2) Y directions. The results are related to tests (a) 
AC04 (SDS equal to 0.40 g) (b) and (c) AC15 (SDS equal to 1.50 g). TRS - table, TRS - slab, 
and TRS – input correspond to TRS associated with records on table, records on wood 
slab, and input (theoretical) signal. 

 

 

Figure 3.9: Differential pressure recorded within cleanroom related to seismic performance 
(AC) tests: recorded initial, recorded minimum (shaking and post-shaking), target, and 
required minimum values. 
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Strictly speaking, the response observed in AC10 test should be 

associated with DS1, whereas all other test responses should be 

associated with DS0 (i.e., full operativity). However, test AC10, or more 

generally, seismic intensity related to tests AC10, might be associated 

with DS0. In fact, the test was repeated (AC10bis) and no damage or 

critical response of the cleanroom components (including pass-box 

windows) was identified. Moreover, the opening of the doors was more 

associated with an electromagnetic issue rather than to a structural 

behavior. Having said that, the evidence stressed the need for further 

investigation into the response of metal electronic locks under dynamic 

actions, behind the structural performance. 

   
Figure 3.10: Damage of the electromagnetic lock of the inside door of pass-box, ID 110 test. 

3.3.3 Dynamic identification 

Prior to presenting the results of the dynamic identification, it should be 

noted that the cleanroom consists in the assembly of multiple 

components, implementing by means of non-standard connections, 

according to nonsymmetrical layouts and peculiar arrangements. The 

lateral partition sides are different among them and include various 

elements and parts in addition to the metal panels (e.g., transparent 

panels, pass-box, door). This geometrical and assembly complexity is 

necessarily associated with a complex and relatively irregular dynamic 

response, even considering the elastic vibration properties. Therefore, the 

dynamic identification results should be interpreted in the light of this 

complexity, recalling that the vibrational response of the cleanroom might 

be reasonably conditioned by both local and global modes, even 

according to relatively irregular patterns. Despite that, the author tried to 

identify clear and univocal trends in terms of dynamic properties and 

seismic response of the specimen, which could be reasonably extended 

to cleanroom systems manufactured by using the described 

materials/components and implementing the relevant construction and 

assembly procedures. 

Figure 3.11 shows the dynamic identification results: (a) transfer functions 

(RAN test functions) and (b) peaks of the first fundamental vibration mode 

associated with (1) X and (Y) directions. The transfer functions associated 

with the different tests are very similar among them along both directions, 

in terms of both peak frequencies and peak amplitudes; this strengthens 



75 | P a g .  
 

the robustness of the methodology. Over a reasonably significant 

frequency range (0 to 35 Hz), two main relatively regular vibration modes 

(frequency peaks) can be identified along Y direction (20.3 and 27.9 Hz, 

corresponding to 4.09 and 2.45 amplitudes, respectively; Figure 

3.11a(2)), whereas the frequency response is more complex along X 

direction. In particular, the lowest frequency mode exhibited frequency 

peak (10.9 Hz) with an amplitude ordinate (1.71) significantly lower than 

the larger frequency mode (4.54) (Figure 3.11a(1)); therefore, this latter 

represents the fundamental vibration mode. Frequencies related to about 

20-21 Hz are significant for both direction responses, and the related 

vibration modes might be associated with the mutual X-Y direction 

vibration, possibly representing similar vibration modes. Further relatively 

sensitive response, was also observed corresponding to about 20.7 and 

27.9 Hz, along X and Y direction, respectively, even though this response 

was associated with lower amplitudes. 

The fundamental peak frequency does not essentially vary over the 

incremental tests along both directions, as it can be seen in Figure 3.11b 

(RAN tests were performed prior to and after each incremental tests). 

Accordingly, it might be derived that the main elastic properties of the 

system (including the connections) are not conditioned by the effects of 

the incremental testing procedure, which are necessarily not associated 

with damage or degradation of the specimen parts. The very minor peak 

frequency variations identified along both directions (along X direction, 

maximum positive (negative) variation for following tests equal to 4.40% 

(-1.10%) and total variation equal to 5.49%, and along Y direction, 

maximum positive (negative) variation for following tests equal to 1.98% 

(-2.88%) and total variation equal to -0.96%) are reasonably due to very 

minor rearrangements among parts and connections (e.g., bolt 

connection loosening or sealing adjustment), which do not sensibly affect 

the properties of the cleanroom. The natural frequency of the cleanroom 

associated with undamaged conditions was equal to 17.8 (20.3) Hz along 

X (Y) direction, i.e., RAN1000 (RAN2000) test curve in Figure 3.11a(1) 

(Figure 3.11a(2)). 

Figure 3.11c depicts the evolution of damping ratio of first vibration mode 

along RAN tests, along (1) X and (2) Y directions. The initial damping ratio 

(associated with RAN1000 and RAN2000 tests along X and Y direction, 

respectively) is quite similar for X and Y directions (equal to X% and Y%, 

respectively). Damping ratio in X direction does not significantly vary 

along incremental tests (maximum positive (negative) variation for 

following tests equal to 13.3% (-5.21%) and total variation equal to 

15.3%), whereas ratio in Y direction gradually increases as the test 

intensity grows (maximum positive (negative) variation for following tests 

equal to 21.5% (-1.97%) and total variation equal to 66.7%). This latter 

response might be due to the slight variation of the specimen connections’ 

arrangements, which increase their damping capacity as the testing 
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intensity increases. The estimated damping ratios are consistent with 

values assessed in the literature for similar components [38], even though 

it is not possible to make quantitative comparisons given the unicity of the 

tested specimen. 

 (1) (2) 

(a) 

  

 
 

(b) 

  

(c) 

  
Figure 3.11: Dynamic identification results (RAN tests): (a) amplitude transfer functions, (b) 
evolution of first vibration mode frequency peaks, (c) evolution of damping ratio of first 
vibration mode, along (1) X and (2) Y directions. 

3.3.4 Acceleration response 

PFA (recorded on the shake table), peak component acceleration (PCA), 

and component amplification factor (CAF), i.e., PCA to PFA ratio, were 
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estimated and associated with the incremental test intensities (AC tests), 

as well as CAF was also estimated considering the dynamic identification 

tests (RAN tests). Figure 3.12 depicts PCA measured corresponding to 

(a) cleanroom top (top of lateral partition) (Acc054), (b) ceiling system 

(next to the hanger-suspension device) (Acc052), (c) lateral partition 

panels (out of plane direction, Acc050 (blind panel, north), Acc766 (glass 

panel, east), Acc662 (blind panel, south), and Acc053 (blind panel, west)), 

and PFA (AccTX and AccTY), along both horizontal directions. 

PCA associated with cleanroom top (lateral partition) (Figure 3.12a) and 

ceiling system (hanger-suspension device) (Figure 3.12b) are 

approximately the same, implying that the ceiling system is essentially 

rigid and that is rigidly connected to the lateral partition system. In 

particular, PCA (approximately) grows linearly as PFA increases, with 

very similar gradient along X and Y direction, according to testing PFA 

(Figure 3.12d). PFA was approximately the same along X and Y direction 

up to AC10 test, with PFA slightly larger along X, whereas PFA along Y 

became larger from tests following AC10. 

The trend of the out of plane PCA (Figure 3.12c) is more irregular than 

the one associated with top responses (Figure 3.12a and b), especially 

considering north partition panel. Up to PFA equal to about 0.75 g east 

(west) panels PCA are almost identical to north (south) ones, whereas, 

for larger intensities. For larger intensities, east (glass panel) PCA values 

are significantly larger than north (blind panel) ones and even larger than 

other panels’ PCA. It should be recalled that PFA along X and Y direction 

presented some differences along the incremental testing procedure, 

especially for relatively large intensities, i.e., X direction PFA were slightly 

larger than Y ones over medium intensities and an opposite trend was 

observed for larger intensities (Figure 3.12d). Therefore, the interpretation 

of PCA results should be also based on estimation of CAF.  

Figure 3.13 shows CAF related to (a) cleanroom top (Acc054), (b) ceiling 

frame (hanger-suspension device) (Acc052), and (c) lateral partition 

panels ((out of plane direction, Acc050 (blind panel, north), Acc766 (glass 

panel, east), Acc662 (blind panel, south), and Acc053 (blind panel, west)), 

and PFA (AccTX and AccTY). In particular, CAF was assessed 

considering (1) incremental tests and PFA as an x-axis reference and (2) 

dynamic identification tests and RAN test ID as an x-axis reference. As a 

first comment, it can be observed that CAF associated with RAN tests is 

quite more regular over the different tests than CAF related to incremental 

tests. RAN-based CAF values are overall larger than CAF associated with 

incremental tests and are overall constant as the testing procedure 

proceeds. 
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(a) 

  

(b) 

   

(c) 

  

(d) 

    

Figure 3.12: Acceleration response: peak component acceleration (PCA) evolution over the 
incremental test peak floor acceleration (PFA) values, associated with (a) cleanroom top 
(lateral partition), (b) ceiling panel (hanger-suspension device), (c) lateral partition panes 
(out of plane directions), and testing PFA. 

The out of plane response of the panels is associated with CAF values 

larger than global response of the cleanroom, and the former is 

representative of local vibration modes and response. For both 

incremental and RAN tests, blind panels are associated with maximum 

CAF values equal to about 3.0 – 3.5, showing a relatively large dispersion 

over the different panels. Considering the glass panel, CAF values 

derived considering RAN tests are significantly larger than CAF values 

related to incremental tests, even doubling it. This evidence stresses the 

potential of RAN tests as a means for exciting the maximum elastic 

amplification response. However, this extremely amplified response might 

not be representative of actual amplification scenarios, i.e., associated 

with real or realistic seismic loading histories. 

The maximum CAF related to global response of the cleanroom are 

overall lower than typical values recommended by building codes (e.g., 

2.5 according to ASCE 7-16 [10]), especially the ones related to display 

case top. A value equal to 2 might be considered as a conservative 

reference. CAF values equal to about 3 might be considered reliable for 

local design/assessment of blind panels, whereas larger values could be 
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representative of glass panel, even though extremely large values (e.g., 

equal to 6) might be excessively conservative, as previously discussed. 

 (1) (2) 

(a) 

 
 

(b) 

 
 

  

(c) 

 
 

  
Figure 3.13: Acceleration response: component amplification factor (CAF) evolution 
associated with (a) cleanroom top (lateral partition), (b) ceiling frame (hanger-suspension 
device), and (c) lateral partition panels (out of plane directions), considering (1) incremental 
tests, as a funcion of PFA, and (2) dynamic identification tests, as a functon of RAN test 
IDs. 
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3.3.5 Displacement response 

Two measures of displacements are assessed under functioning 

conditions: (D1) relative horizontal displacement between story of the test 

frame and top of the cleanroom (i.e., lateral panels’ top) and (D2) relative 

horizontal displacement between top of the cleanroom (i.e., lateral panels’ 

top) and the shake table. D1 informs regarding the transversal 

deformation capacity of the suspensions system and cleanroom plenum, 

whereas D2 is associated with the transversal deformation capacity of the 

cleanroom itself (including the cleanroom base to shake table interations). 

Figure 3.14a depicts the peak values of D1, normalized considering the 

distance between cleanroom top and the test frame top, i.e., expressed 

an interstory drift ratio (namely, IDR1), as a function of the incremental 

test PFA values, along both directions. D1 was assessed considering the 

average between the two available measures, i.e., WPot1 to L3 

instruments and WPot2 to L3 instruments along X direction and WPot3 to 

L1 instruments and WPot4 to L1 instruments along Y direction. 

IDR1 (Figure 3.14a) increases as PFA grows following an approximately 

linear pattern, even though response along X direction is more regular 

than along Y direction. In particular, the suspensions system and 

cleanroom plenum were found to be more deformable along Y direction 

(i.e., larger IDR1 for given PFA), especially within 0.4 – 1.5 g; for lower 

and higher intensities, IDR1 is more comparable along X and Y directions. 

The suspensions system and plenum are found to be able to 

accommodate extremely large relative horizontal displacements between 

the top of the cleanroom and the frame story (e.g., up to IDR1 equal to 

10%), without transferring interaction forces from the test frame to the 

cleanroom top, and, more importantly, without affecting the cleanroom 

functioning (if the anomaly related to test AC10, previously discussed, is 

neglected). Therefore, the cleanroom system can be assumed to be fully 

uncoupled from the test frame, and, generally, from the top story of the 

building floor in which the cleanroom is housed. 

Figure 3.14b depicts the peak values of D2, normalized considering the 

distance between shake table/cleanroom base and cleanroom top, i.e., 

expressed as an interstory drift ratio (namely, IDR2), as a function of the 

incremental test PFA values, along both directions. The absolute 

displacements for estimating D2 were obtained by double integrating 

acceleration time histories associated with the relevant accelerometers; 

as a matter of fact, some laser sensors went out of scale for relatively high 

intensities. Acc052x to AccTX instruments were considered along X 

direction and Acc052y to AccTY instruments along Y direction to assess 

the relative displacement between top of the cleanroom and the shake 

table, respectively. 

IDR2 (Figure 3.14b) linearly grows as PFA increases; the response is 

almost identical in X and Y direction up to about PFA equal to 1.3 g; for 

higher intensities, IDR2 related to X direction is larger than along Y 
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direction. Overall, the cleanroom was found to have a relatively stiff 

response considering IDR2, especially the deformability of the 

suspensions system and plenum of the cleanroom is considered as a 

reference. For example, IDR2 was lower than 0.15% (0.5%) under PFA 

equal to about 0.5 g (2.0 g), showing a gradient that is not affected by the 

test intensity (e.g., linear elastic response). It is recalled that no damage 

or performance/functioning disruption were observed up to the maximum 

intensities (if the anomaly related to test AC10, previously discussed, is 

neglected). Accordingly, the cleanroom system remained fully functioning 

up to IDR2 values equal to 0.5%. 

  
(a) (b) 

 
Figure 3.14: Displacement response: (a) peak relative displacement between test frame 
story and cleanroom top (D1), normalized considering cleanroom top to test frame story 
distance, expressed as an interstory drift ratio (IDR1), and (b) peak relative displacement 
between cleanroom top and cleanroom base/shake table (D2), normalized considering 
cleanroom height, expressed as an interstory drift ratio (IDR2), both as a function of 
incremental test PFA values. 

3.4 Discussion 

The main dynamic properties of the specimen were estimated, with 

particular regard to transfer functions, vibration modes, fundamental 

frequencies, and damping ratios. The acceleration response was 

characterized in terms of time histories, peak values, and component 

amplification ratios, considering accelerograms recorded over several 

cleanroom locations/components; both peak values and amplification 

ratios were correlated with testing intensity. The deformability of the 

system was assessed considering relative displacements and interstory 

drift, associating peak values to the testing intensity. In particular, the 

deformability of both suspensions system-cleanroom plenum system and 

whole cleanroom was estimated and correlated with testing intensity. The 

following main conclusion remarks can be drawn. 

• The cleanroom was found to be fully operational under extremely 

high seismic intensities, e.g., peak floor accelerations significantly 
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higher than those associated with high seismicity (e.g., in Italy and 

Europe). 

• The suspensions system-cleanroom plenum system was able to 

uncouple the response of the cleanroom from the test frame story, 

representative of the top story of installation building floor. In other 

words, the cleanroom would not be affected by extremely large 

potential building deformation due to seismic actions (e.g., 

interstory drift). 

• The lateral response of the cleanroom was found to be relatively 

stiff, and this would preserve the functioning conditions in case of 

significant seismic actions. 

• Seismic design and assessment methods and recommendations 

are provided; the fundamental component frequencies, damping 

ratios, and acceleration amplification factors are provided. 

• Technical and constructive requirements and innovation 

technologic solutions are supplied for the enhancement of the 

seismic performance of cleanrooms. In particular, innovation 

components and connection arrangements are illustrated, and 

their efficiency is experimentally proven. 
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4 Shake table tests of a typical 

museum display case 

containing an art object 

The seismic response of freestanding elements is typically extremely 

critical, and this is associated with a high seismic risk in the case of 

museum objects and artefacts. This chapter reports the preliminary 

results of an experimental testing campaign aimed at assessing the 

dynamic properties and the seismic performance of museum objects and 

artefacts. Shake table tests of a typical museum display case containing 

a representative art object (vase) are performed. Both dynamic properties 

and seismic behavior of the specimens were assessed. Tentative damage 

assessment correlations are developed. The chapter sheds lights on the 

critical behavior of the tested specimens, stressing the need for further 

studies towards a more comprehensive assessment of freestanding 

museum objects and artefacts. 

4.1 Introduction 

The seismic response of engineering systems governed by rigid motion 

(e.g., freestanding or unanchored elements) is typically extremely critical 

[1–4]. In many cases, rigid-dominated systems are nonstructural 

elements [5–8]. The seismic risk associated with these systems can be 

high, especially if they are housed within critical facilities (e.g., hospital or 

laboratory equipment [9,10] or nuclear facilities [11,12]) or have 

historical/cultural significance (e.g., art objects) [13–15]. In the light of 

that, several studies recently provided guidance for mitigating the seismic 

vulnerability of freestanding valuable and museum systems and objects 

[16–18]. However, current arrangements for those systems housed in 

critical facilities and museums typically do not include protection systems, 

except for few peculiar cases. 

Freestanding systems typically exhibit significant rocking-sliding motion 

under relatively low seismic intensity excitations [19–21]. Several studies 

assessed the seismic response of critical freestanding (or unanchored) 

elements through experimental testing [9,22–26] and numerical analysis 

[12,20,27–30]. Dar et al [12] assessed the reliability of simplified method 

provided by ASCE 43-05 for the assessment of freestanding elements. It 

was found that this method provides unreliable estimations, 

recommending the use or more refined analysis methodologies (nonlinear 

dynamic analyses). Fragiadakis and Diamantopoulos [29] developed a 
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simplified approach to assess the fragility of freestanding building 

contents and provided quantitative results promising for risk estimates 

regarding a case study application (four-story reinforced concrete 

building). Huang et al. [31] performed free-rocking tests on freestanding 

elements accounting for variation in center of gravity location. Particular 

focus was on rocking response and dynamic properties and on the 

influence of the center of gravity variation on these parameters. The study 

highlighted potential discrepancies between analytical estimations and 

experimental response, providing an accurate equivalent rectangular rigid 

block model. 

Despite the copious literature addressing the seismic response of 

freestanding elements, a reduced number of studies focused on museum 

objects and artefacts. Berto et al. [32] investigated the seismic behavior 

of six Michelangelo’s sculptures by means of rigid block and finite element 

analysis. They highlighted the weakness of the investigated statues 

regarding their seismic performance and provided technical insights 

towards the mitigation of the seismic risk associated with art objects. 

Sorace and Terenzi [17] carried out finite element analysis of a marble 

statue housed in a castle in Italy through an incremental procedure, 

assessing both dynamic behavior and stress distribution. The case study 

was representative of a wide range of scenarios. They developed 

assessment criteria and suggested possible isolation solutions for an 

effective seismic protection of art objects. Wittich and Hutchinson [24] 

performed shake table tests on statue-pedestal unattached systems, 

varying geometry (including asymmetry), loading history, and friction 

coefficient. They stressed the complexity of the dynamic response of dual 

body unanchored systems, characterized by both significant sliding and 

rocking, multi-modal interaction, and three-dimensional response. 

Very few studies focused on freestanding display cases/cabinets 

containing unanchored art objects or valuable components. This 

configuration is typically quite critical since both the container (e.g., 

display case) and the content (e.g., art object) may exhibit rigid-dominated 

response, associated with major motion and resulting in high seismic risk. 

Moreover, most of small and medium size objects and components are 

often contained in such display cases or cabinets, and this makes this 

configuration quite common in museums and critical facilities. Neurohr 

and McClure [33] performed shake table testing of high density fiberboard 

display cases with plexiglas covers containing art objects. They assessed 

the influence of seismic input, floor height, surface friction, and mass of 

art objects on the vulnerability of the investigated specimens. Cosenza et 

al. [19] and Di Sarno et al. [9] performed shake table tests of freestanding 

hospital cabinets containing unanchored containers and phials. They 

investigated the influence of the contents on the dynamic properties and 

seismic performance of the cabinets and assessed the seismic fragility of 

both cabinets and contents. 
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Despite the recent research efforts towards a reliable seismic assessment 

and an effective protection of freestanding components and art objects, 

dynamic properties and seismic vulnerability of the most common 

configurations of museum systems and objects are still unknown. The 

chapter represents a first step carried out to fill the abovementioned 

research gap. In particular, shake table tests of a steel-glass display case 

containing an unanchored art object (vase) are performed, and 

preliminary results are reported in this section. The specimens represent 

a very common museum configuration, potentially associated with a high 

vulnerability. The specimens were provided by the National 

Archaeological Museum of Naples (MANN), Italy. The dynamic properties 

and seismic behavior of both display case and art object are assessed. A 

preliminary damage assessment is also performed in the light of the 

observations and the data analysis. My contribution in this study was to 

provide support during the execution of the vibration table tests and 

perform the analysis of the recorded data. 

4.2 Display case and art object 

The tested display case is part of the exhibition equipment of the MANN 

(Figure 4.1). The dimensions of the assembled display case are a 92 × 

92 × 244.5 cm. The display case is composed of several components that 

were assembled on the shake table by specialized workers. The display 

case assembled on the shake table is depicted in Figure 4.2a. The steel 

base frame has dimensions 92 × 92 × 12 cm (width × length × height) and 

weight of 46.2 kg (Figure 4.2b). Four corner supports are screwed below 

the base frame, and each support is made of a steel threaded rod having 

a circular base pin, covered in plastic (Figure 4.2c); the supports have 1.5 

cm height. A cover plate is simply supported by the internal part of the 

base frame. The plate consists of an internal wood plate covered by a 

steel shelter; the plate has dimensions 84 × 84 × 1.8 cm (width × length 

× thickness) and weight of 16.3 kg. The lateral surface of the case 

consists of three fixed panels and a front rotating door panel (Figure 4.2a). 

Both fixed panels and door panel are made of double-glass panels fixed 

to an inferior and a superior thin steel runner. Each glass panel has 

dimensions of 88.5 × 234 × 1.1 cm (width × height × thickness) and mass 

of about 55 kg. The door rotates about two hinges, fastened to the top 

and base frame; the door has an inferior and superior locker, fixing the 

runners to the base and top frames (Figure 4.2a). Both top and bottom 

door runners have dimensions equal to 92 × 2 cm (length × thickness) 

and mass of about 10.5 kg. The four lateral panels are connected to a top 

frame, having mass of 58.8 kg, that also incorporates the superior lighting 

system (Figure 4.2d); the top cover frame has height equal to 12 cm, 

equal to the height of the base frame. The glass panels, including the 

opening glass panel, are fixed to the bottom and top elements by friction. 

In particular, both bottom and top elements (corresponding to the runners) 

have a bucket (with seals) that is made by two flanges connected by a 
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screw and two bolts (Figure 4.2e); the glass panels are inserted within 

this bucket, and the applied torque (fastening the screw/bolts) provides 

the friction to fix the glass panels to those flanges, providing their 

fastening to base and top elements. 

A pedestal is located within the case and is simply supported by the 

internal cover plate (Figure 4.2a). The pedestal is made of a welded steel 

frame and thin steel cover surfaces; the frame consists of welded square 

hollow thin sections with dimensions 3 × 3 cm; the top and lateral pedestal 

steel covers are welded to the frame and have 2 cm width, whereas the 

base frame does not have a cover. The pedestal has dimensions of 60 × 

60 × 88 cm (width × length × height) and mass of 45.8 kg. An art object 

was placed on the artefact support (Figure 4.2e); the object consisted in 

a ceramic vase, having base diameter and maximum diameter plus 

handles equal to about 22 and 42 cm, respectively, height equal to about 

29 cm, and mass equal to about 7 kg. 

The display case, including the art object, consists in the assembly of 

several parts. The base and top frames of display case are relatively rigid 

and are interconnected through the lateral glass panels (including the 

door). The glass panels are fastened to the base and top frame runners 

by means of friction bucket connections, which might allow a relatively 

reduced amount of free (relative) rotation. The components located inside 

the display case, i.e., basement, pedestal, and art object are not fastened 

among them (they are just freestanding to each other), and the basement 

is not fastened to the display case frame (just freestanding). Therefore, 

basement, pedestal, and art object are expected to be governed by a rigid 

block response; in particular, the basement is expected to exhibit a sliding 

response due to the very reduced slenderness; the pedestal is expected 

to be mostly governed by sliding due to reduced friction (smooth contact 

surfaces); the art object is expected to exhibit sliding due to reduced 

slenderness and reduced friction. The whole display case system is 

expected to exhibit a mixed sliding-rocking response, given the relatively 

slender geometry (rocking) and the relatively reduced friction (sliding). 

The sliding response might be more significant than the rocking one. The 

display case is also expected to exhibit minor elastic vibrational response 

(especially glass vibrations out of their plane). The dynamics of the 

internal components might condition the overall response of the system, 

especially the rigid-dominated motion. This description is only meant to 

ease the interpretation of the experimental results and does not involve 

numerical modeling or analysis. 
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Figure 4.1: Arrangement of the tested display case within the National Archaeological 
Museum of Naples (MANN), Italy. 

 
(a) 

 
(b) 

 
(e) 

 

 
(c) 

 
(f) 

 
(d) 

Figure 4.2: Details of the tested specimen: (a) assembled display case, (b) base frame, (c) 
detail of the base frame support, (d) upside down top frame, (e) detail of the glass to frame 
connections, (f) detail of pedestal and art object (vase). 
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4.3 Shake table testing 

4.3.1 Testing set-up and instrumentation 

The display case was simply supported by the shake table steel floor, and 

the door panel was facing north side. Shake table and tested specimens 

were monitored by accelerometers (Acc), displacement laser sensors 

(Las), and video cameras (Figure 4.3). Four triaxial accelerometers 

(Acc054, Acc658, Acc766, and Acc056) were installed at the center of the 

double-glass panels, on the external surface of the glass. Two triaxial 

accelerometers (Acc052 and Acc053) were installed at the center of the 

east and south sides of the base frame. On south and west sides, two 

triaxial accelerometers (Acc765 and Acc763) were positioned at the 

center of the top frame. A triaxial accelerometer (Acc050) was installed 

on south side to measure the response of the bottom portion of the 

double-glass panel with respect to the two flanges. Two triaxial 

accelerometers (Acc762 and Acc818) were placed on the artefact support 

and base frame cover plate, respectively. The accelerations of the table 

were monitored by an internal accelerometer (AccT). Six displacement 

laser sensors were installed on south side (LasL2, LasW3, and LasW2) 

and east side (LasL3, LasW6, and LasW5). Two sensors (LasW1 and 

LasW4) were placed on south and east sides respectively, in order to 

record the displacement of the shake table in both horizontal directions. 

A safety scaffolding structure was built around the display case to protect 

the instruments and prevent critical displacement/overturning. The 

structure was 25 cm distant from the display case. 

 

Figure 4.3: Perspective view of the instrumentation arrangement. The internal shake table 
accelerometer and laser sensors LasW1 and LasW4 are not depicted. 
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4.3.2 Testing input and program 

Shake table testing represents the most reliable method for seismic 

assessment of acceleration sensitive elements such as freestanding 

systems [1,24,34]. Seismic assessment and qualification of acceleration-

sensitive elements is typically performed through two types of testing: 

dynamic identification and seismic performance assessment [35,36]. Both 

dynamic identification and seismic performance tests were performed 

through mono- and bi-directional shake table testing, respectively. Low-

amplitude random vibration signals (i.e., maximum acceleration not 

exceeding 0.1 g) were used to perform the dynamic identification tests 

(RAN tests) [9]. The seismic performance tests were carried out according 

to an incremental procedure, whereas the dynamic identification tests 

were performed prior to, during, and after the incremental tests. The 

shake table input related to the incremental tests (AC tests) was 

developed according to the ICC-ES AC156 protocol [36], which 

represents the international reference for seismic qualification and 

certification of acceleration-sensitive nonstructural components [1]. The 

procedure developed in [37] was used to generate/process the testing 

signals; this was already used in other experimental studies carried out 

by the authors (e.g., [38–41]); further details are omitted as the procedure 

is well described in the abovementioned literature studies. It should be 

noted that AC156 protocol is not aimed to assess freestanding elements 

but generic acceleration-sensitive elements, which are typically meant to 

be single-point attached/fastened to the structure. However, this protocol 

is typically used in literature and practice also for these components 

[9,19,34,42–44] since no alternative reference protocols exist to assess 

and qualify freestanding elements. For more details regarding this issue, 

please, refer to [1,30]. 

The design spectral acceleration at short periods SDS was used as a 

reference intensity measure for scaling the intensity of the incremental 

tests. The acceleration time history and the response spectra associated 

with the defined AC156 input along both horizontal directions are depicted 

in Figure 4.4a and Figure 4.4b, respectively, considering SDS equal to 0.45 

g. In particular, test response spectra (TRS) and required response 

spectra (RRS) are depicted in Figure 4.4b considering sixths of octave as 

a unit reference along the ordinate axis. Please refer to [40] for further 

details regarding the development of the testing inputs. 

Table 4.1 reports the testing program, including both dynamic 

identification (RAN) and seismic performance (AC) tests. The table 

maximum accelerations recorded along both horizontal directions, meant 

as a peak floor acceleration (PFA), are also reported in Table 4.1. 

4.3.3 Analysis and assessment methodology 

The spectrum-compatibility between TRS and RRS was assessed 

according to the procedure defined by AC156 protocol [36,45]. The 
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dynamic identification of the specimens was carried out, and both natural 

frequencies and damping ratios of the specimens were assessed [46–48]. 

The transfer function method was used to estimate the natural frequency 

of the tested museum display case. In particular, the transfer function of 

the tested museum display case was obtained as the ratio of the Fourier 

transforms related to acceleration time histories recorded at the display 

case top and at the shake table. 

Table 4.1: Testing program and maximum recorded accelerations: dynamic identification 
(RAN) and seismic performance (AC) tests. 

test ID direction(s) SDS PFAx PFAy 

[g] [g] [g] 

RAN1000 X - 0.05 - 

RAN2000 Y - - 0.03 

AC01 X,Y 0.05 0.05 0.08 

AC02 X,Y 0.10 0.10 0.18 

RAN1001 X - 0.10 - 

RAN2001 Y - - 0.06 

AC03 X,Y 0.15 0.17 0.30 

RAN1002 X - 0.10 - 

RAN2002 Y - - 0.08 

AC04 X,Y 0.20 0.24 0.38 

RAN1003 X - 0.10 - 

RAN2003 Y - - 0.08 

AC05 X,Y 0.25 0.31 0.43 

RAN1004 X - 0.11 - 

RAN2004 Y - - 0.08 

AC06 X,Y 0.30 0.36 0.50 

RAN1005 X - 0.11 - 

RAN2005 Y - - 0.08 

AC07 X,Y 0.35 0.42 0.54 

RAN1006 X - 0.10 - 

RAN2006 Y - - 0.08 

AC08 X,Y 0.40 0.47 0.59 

RAN1007 X - 0.11 - 

RAN2007 Y - - 0.08 

AC09 X,Y 0.45 0.54 0.63 

RAN1008 X - 0.10 - 

RAN2008 Y - - 0.07 

 

The equivalent damping ratio was evaluated according to the half-power 

bandwidth method [48,49], typically used to assess structures and 

components assumed to have linear viscous damping [46,50]. The 

damping ratio associated with first mode of the display case was 

evaluated by data from each frequency response obtained by dynamic 

identification tests. As these tests were performed considering relatively 

low intensity shaking levels, the display case did not exhibit rigid motion 
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but only elastic response, behaving as it was fixed at its base. 

Accordingly, the application of half-power bandwidth method is 

reasonably consistent. The time history accelerations recorded on both 

table and display case components were assessed, and the peak values, 

i.e., PFA and peak component acceleration (PCA) were associated with 

the incremental test intensities. The component amplification factor, 

defined as the ratio between PCA and PFA, was computed considering 

multiple components of the display case and associated with incremental 

tests. The time history displacements recorded on table and display case 

were assessed, including both absolute and relative displacement 

measures; the peak relative displacements is associated with the 

incremental test intensity. 

(a) 

  

(b) 

 

Figure 4.4: AC156 testing input corresponding to SDS equal to 0.45 g: (a) acceleration time 
histories and (b) acceleration response spectra (i.e., test response spectra (TRS) and 
required response spectra (RRS)). 

A preliminary damage assessment was performed considering the 

following damage states (DSs): DS0 (absent damage), DS1 (minor 

damage), DS2 (moderate damage), and DS3 (major damage) (e.g., 

[19,41]). DS1 achievement implies the need to reposition the specimen or 

art object in order to restore its original condition; DS2 achievement 

implies the need to partially replace the components of the specimen; 

DS3 implies the complete replacement of the specimen, and the life safety 

is not ensured. Usually, the difference from DS2 to DS3 is due to 

significant damage that could result in loss of life [5,51]. In the case of 

extremely valuable components (e.g., museum art object), significant 
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motion and/or large residual displacement of the component could even 

be associated with DS3, even though this response is not associated with 

loss of life. In fact, this response could result in critical economic and 

cultural losses. It should be noted that the damage correlations should 

also depend on the desired level of safety and on importance of the 

building, and that the assessment of museum facilities and art object 

should follow more conservative rules. The correlation between the 

exhibited damage and the DS occurrence (namely, damage scheme) was 

assessed according to past studies [19] and abovementioned 

consideration. After each shaking level, the damage was observed by 

inspecting the physical conditions of the components of the display case 

and art object. The damage level required to reach a given DS was 

identified for each component of the display case and art object; 

obviously, the DS is the maximum between the different DS recorded in 

each component. In particular, the damage exhibited by the specimens 

was assessed by both observational checks and data analysis. The 

observational assessment was carried out during the tests and by 

checking the recorded videos, whereas a more quantitative assessment 

was performed through the analysis of the testing output data. The results 

reported in the following sections should be considered as preliminary 

findings, and the damage assessment should not be considered 

exhaustive. 

4.4 Results and remark 

4.4.1 RRS to TRS spectrum-compatibility 

Figure 4.5 depicts the RRS to TRS spectrum-compatibility related to tests 

(a) AC01, (b) AC05, and (c) AC09 (X direction), corresponding to SDS 

equal to 0.10, 0.25, and 0.45 g, respectively. The recorded (test) TRS was 

quite similar to the RRS one, and the spectrum-compatibility was verified 

for all tests. In particular, even in the only case in which the TRS spectrum 

falls below RRS (e.g., Figure 4.5a, corresponding to frequency between 

18.5 and 20.8 Hz), the compatibility is confirmed since (a) TRS ordinate 

is not lower than 90% RRS ordinate and (b) TRS exceeds or equals the 

RRS corresponding to the superior and inferior adjacent sixth of octave 

[36]. 

4.4.2 Dynamic identification 

The dynamic identification results are shown in Figure 4.6: (a) transfer 

curves (RAN test curves and median curves), (b) peaks of first 

fundamental vibration mode, and (c) damping ratios, associated with (1) 

X and (Y) directions. In particular, Acc765z and Acc763z were considered 

as output accelerometers for X and Y directions, respectively, whereas 

AccT was considered as input accelerometer. RAN1000 and RAN2000 

results are not depicted as the tests did not produce consistent transfer 

functions, and this was reasonably due to the too low intensity amplitude 

of the random signals (Table 4.1). It should be noted that the specimen 
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exhibited a complex frequency response (i.e., irregular and multiple 

vibration modes, Figure 4.6a), and the frequency peaks associated with 

first modes (Figure 4.6b) cannot fully describe the dynamic properties of 

the specimen. This points out that the system represents a multiple-

degree of freedom system. Considering X direction, two sets or families 

of transfer curves can be identified (Figure 4.6a.1): (1) RAN1001, 

RAN1002, and RAN1006; (2) RAN1003, RAN1004, RAN1005, RAN1007, 

and RAN1008. Set 1 curves are quite similar among them and exhibit two 

significant frequency peaks, corresponding to about 8 Hz (fundamental 

frequency) and 13 Hz and associated with transfer function ordinates 

equal to about 3.5 and 3.0, respectively. Set 2 curves present 

fundamental peak frequencies lower than Set 1 ones, corresponding to 

about 6 Hz, with lower transfer function ordinates; the second peak 

frequency related to set 2 curves corresponds to about 18 Hz and is 

associated with ordinates equal to about 1. Each curve/frequency set 

might be associated with a different arrangement/settlement/adjustment 

condition of the specimen components, activated by the course of the 

incremental tests. Along Y direction, the transfer curves are more similar 

among them, identifying similar fundamental peaks and transfer curve 

ordinates (Figure 4.6a.2). In particular, the fundamental peak frequencies 

are equal to about 7 Hz and correspond to transfer curve ordinates equal 

to about 4. A second peak frequency can be identified, corresponding to 

about 11 Hz and transfer function ordinates ranging between 2 and 2.75. 

The fundamental frequency overall decreases as the incremental tests 

proceed along X direction, and the only anomaly is associated with 

RAN1006 case, where the fundamental frequency exceeds RAN1001 

and RAN1002 ones (Figure 4.6b.1). Despite this anomaly, it might be 

hypothesized that the progress of the incremental tests determines 

deformation/adaptation conditions that, even though minor, affect the 

elastic properties of the specimens in terms of fundamental frequency. In 

fact, this influence is not actually likely to be associated with damage 

condition, but to different arrangements of the parts and connections of 

the specimens. A more regular and gradual decrease in fundamental 

frequency is observed along Y direction (Figure 4.6b.2). The anomaly 

related to RAN1006 (Figure 4.6b.1) might be by a change in 

arrangement/settlement/adjustment condition of the specimen due to 

incremental test preceding test RAN1006. To interpret this anomaly, it 

should also be recalled that the specimen consists in a complex system 

of several components connected among them through non-controlled 

constraints, and this is associated with an extremely complex and 

irregular elastic response. For example, a temporary loosening or 

tightening condition of an intra- or inter-component connection might have 

affected the elastic vibration of the component. However, in this 

preliminary stage, it is not possible to provide more definite comments. 
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The damping ratio associated with X (Y) direction ranges in about 16 – 

25% (10 – 13%), showing that the specimen has higher damping 

properties along X direction. The evolution of the damping ratio over the 

incremental tests is non-monotonic; in particular, the ratio overall 

increases along both X and Y directions, even though the increment 

related to Y direction is less significant than along X direction. Given the 

unicity of the tested specimen, it is not meaningful to make quantitative 

comparisons with literature results. However, the trends and the ranges 

of the fundamental periods and damping ratios are consistent with 

previous literature studies (e.g., [46]). 
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(a) 

 

(b) 

 

(c) 

 

Figure 4.5: Spectrum-compatibility analysis: required response spectra (RRS) and test 
response spectra (TRS) along X direction. The results are related to tests (a) AC02 (SDS 
equal to 0.10 g), (b) AC05 (SDS equal to 0.25 g), and (c) AC09 (SDS equal to 0.45 g). “TRS X - 
Test” and TRS X - Input” spectral correspond to recorded test signal and assigned input 
signal. 
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(a) 

  

(b) 

  

(c) 

  

Figure 4.6: Dynamic identification: (a) transfer curves related to all dynamic identification 
(RAN) tests and (b) the frequency peaks associated with first vibration mode and (c) 
damping ratios evolution over RAN tests, estimated along (1) X and (2) Y directions. 

4.4.3 Acceleration response 

For the sake of brevity, only the time histories related to a representative 

test are depicted in the chapter, whereas peak accelerations related to all 

tests are shown. Figure 4.7 depicts the time history accelerations related 

to test AC05, associated with SDS, PFAx, and PFAy equal to 0.25, 0.31, 

and 0.43 g, respectively. AC05 test is representative since it is threshold 

between the minor elastic response of the display case (for lower 

intensities) and the onset of significant the rigid motion (from test AC05 

on). In Figure 4.7, the accelerations are related to both horizontal 

directions and correspond to (a) top of the display case, (b) top of 

pedestal, (c) middle point of representative glass panels, and (d) shake 

table. In particular, the accelerations of the glass panels are related to 

their out-of-plane directions. Therefore, X and Y results are associated 

with different glass panels, as also specified in Figure 4.7. As a matter of 
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fact, the out-of-plane accelerations of the panels are typically more 

significant than the in-plane ones. Significantly high accelerations were 

recorded in both directions along the out-of-plane direction of the glass 

panels (Figure 4.7c), especially considering the shake table accelerations 

(Figure 4.7d); this evidences the considerable acceleration amplification 

associated with the behavior of the glass panels. The accelerations 

measured at the top of the display case are also significant, but they are 

lower than the ones recorded on the pedestal. The vase, supported by 

the pedestal, was subjected to accelerations significantly larger than the 

shake table ones, with extremely high peaks. 

 (1) (2) 

(a) 

  

(b) 

  

(c) 

  

(d) 

  

Figure 4.7: Acceleration time histories related to AC05 test, corresponding to (a) display 
case top, (b) pedestal top, (c) glass panels middle point, and (d) shake table, along (1) X 
and (2) Y directions. 

Figure 4.8 shows the peak component acceleration (PCA) evolution over 

the incremental tests, related to (a) display case top, (b) pedestal top, (c) 

glass panels middle point, and (d) shake table, along both horizontal 

directions. PCA evolution related to both display case top (Figure 4.8a) 

and pedestal (Figure 4.8b) is more regular than the ones recorded on the 
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glass panels (Figure 4.8c). In the former cases (Figure 4.8a and Figure 

4.8b), there is an increase over the incremental tests that is relatively 

similar to the one associated with the accelerograms recorded on the 

shake table (Figure 4.8d). The acceleration peaks related the glass 

panels (Figure 4.8c) are more irregular as the testing intensity grows 

(Figure 4.8d). Considering both display case top and pedestal top 

accelerometer, the acceleration peaks related to Y direction are higher 

than the ones associated with X direction, similarly to the shake table 

acceleration peaks, whereas, for glass panel acceleration, the peak 

related to the horizontal directions are overall more similar among them. 

The glass acceleration peaks are significantly higher than the ones 

recorded on the other components. In some cases, extremely high 

acceleration (e.g., much greater than 1.0 g) peaks were recorded on the 

components; these peaks were determined by a significant interaction 

between the monitored component and the adjacent parts (i.e., test AC08 

on glass panel and test AC09 on pedestal). In particular, the significant 

out-of-plane motion of the glass panels and the hammering against the 

adjacent (perpendicular) glass panels, determined extremely high and 

sudden acceleration peaks. These responses were not considered in a 

quantitative manner in this section. 

(a) 

  

(b) 

(c) 

  

(d) 

Figure 4.8: Peak component acceleration (PCA) evolution over the seismic performance 
tests corresponding to (a) display case top, (b) pedestal top, (c) glass panels middle point, 
and (d) shake table, along both horizontal directions. 

The evolution of the component amplification factor over the PFA is 

depicted in Figure 4.9, corresponding to (a) display case top, (b) pedestal 
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top, and (c) glass panels middle point, along both horizontal directions. 

The PFA is considered as abscissa axis since X and Y PFA are relatively 

different over same AC tests (Figure 4.8d); accordingly, the influence of 

the intensity can be directly assessed on component amplification factor. 

The trend of the component amplification factor over the incremental tests 

is similar over the different components of the display case, even though 

significant ordinate values are observed among the different components, 

especially along X direction. Overall, component amplification factor 

along X direction is larger than Y direction one over low intensity tests, 

especially for glass panel (Figure 4.9c) recording. 

The maximum component amplification is always associated with test 

AC02 (PFA equal to about 0.10 g), whereas the minimum values are 

related to highest intensity tests. This points out that the most significant 

elastic response of the display case components is associated with about 

0.10 g PFA intensities, when the specimen does not exhibit rigid motion, 

whereas the less significant elastic response is related to tests 

corresponding to which the specimen exhibit a significant rigid motion. It 

is recalled that dynamic identification tests were performed considering 

this intensity, to maximize the relevance of the elastic vibrational 

response. The maximum component amplification related to and display 

case top (Figure 4.9a) and pedestal top (Figure 4.9b) are overall lower 

than typical values recommended by building codes (e.g., 2.5 according 

to ASCE 7-16 [45]), especially the ones related to display case top. 

Conversely, maximum component amplification factor on the glass panels 

(Figure 4.9c) (e.g., equal to about 5 for X direction and AC02 test) is larger 

than these values, especially over low intensities. 

(a) 

  

(b) 
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(c) 

 

 

Figure 4.9: Component amplification factor evolution over the seismic performance tests 
corresponding to (a) display case top, (b) pedestal top, and (c) glass panels middle point, 
along both horizontal directions. 

4.4.4 Displacement response 

The displacement time histories related to AC05 test are depicted in 

Figure 4.10: (a) absolute displacement of the display case top, (b) 

absolute displacement of the shake table, (c) relative displacement of the 

display case assessed between display case top and shake table (L3-W4 

along X direction and L2-W1 along Y direction), and (d) relative 

displacement of the display case assessed between display case top and 

bottom (L3-W5 along X direction and L2-W2 along Y direction). The 

display case exhibited a complex (rigid) rotational-translational motion, in 

addition to the minor elastic response. The response of the display case 

started to become more significant and more complex after the first 5-7 

seconds, which correspond to the end of the triggering part and the onset 

of the strong motion part of the acceleration input. This can be derived by 

comparing the absolute displacements at the display case top (Figure 

4.10a) and the shake table displacements (Figure 4.10b) or by assessing 

the relative displacement (Figure 4.10c). In particular, the rotational-

oscillatory and translational contribution of the case motion can be clearly 

observed in Figure 4.10c. After 5-7 seconds, the time history begins to 

deviate from the zero-displacement axis This deviation results in 

significant residual displacements of the display case in both directions 

(i.e., about -21 and +26 mm along X and Y directions, respectively). The 

rotational-oscillatory motion of the specimen can be identified in Figure 

4.10d, as the depicted relative displacement accounts for the horizontal 

projection of the inclination of the display case, which is associated with 

rotational-oscillatory motion. This relative displacement is not significantly 

large if compared with the one associated with translational motion 

(Figure 4.10c). It can be concluded that the sliding response is more 

significant than the rocking one. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 4.10: Displacement time histories related to AC05 test: (a) absolute displacement of 
display case top, (b) absolute displacement of shake table, (c) relative displacement of the 
display case assessed between display case top and shake table (L3-W4 along X direction 
and L2-W1 along Y direction), and (d) relative displacement of the display case assessed 
between display case top and bottom (L3-W5 along X direction and L2-W2 along Y 
direction).  

In order to assess the significance of the rotational-oscillatory motion over 

the incremental tests, the peak relative displacement evaluated between 

top and base of the display case is shown in Figure 4.11; AC09 Y result 

is not depicted in Figure 4.11 as one of the lasers went out of scale. The 

peak relative displacement is comparable along X and Y directions and 

approximately increases as the test intensity grows. Even for significant 

testing intensities, the peak relative displacement is not critically large, 

especially if it is compared with relative displacement between display 

case top and shake table and with height of the specimen. This stresses 

the relevant of the sliding response of the display case over the rocking 

one. 



106 | P a g .  
 

 

Figure 4.11: Peak relative displacement evolution over the seismic performance tests, 
evaluated between the top and base of the display case (L3-W5 along X direction and L2-
W2 along Y direction). 

4.4.5 Preliminary damage assessment 

Prior to presenting the damage assessment results, it is recalled that this 

section was not aimed at assessing in a quantitative and accurate manner 

the damage exhibited by both display case and vase. Therefore, the 

following assessment results should be considered as preliminary and 

tentative estimations, only aimed to shed lights on the critical behavior of 

the tested specimens. A tentative correlation between the seismic tests 

and the occurred DSs is reported in Table 4.2, including preliminary 

information regarding the component motion and the residual 

displacements. Moreover, the correlation between an engineering 

demand parameter (EDP) and the occurred DSs is presented. Two EDPs 

were chosen: PFA and PCA (recorded on the top of the display case). 

The damage identification reported in Table 4.2 is based on the 

assessment of two component response parameters, i.e., component 

motion and residual displacement, related to each seismic performance 

test. In particular, three levels of severity are defined for each parameter, 

i.e., minor, moderate, and major. The occurred DS related to each test is 

identified according to the detected levels of severity and assuming that 

the art object has an extremely significant economic and cultural value. 

The damage assessment associated with AC01, AC02, and AC03 

resulted in DS0. In particular, the specimen did not exhibit appreciable 

motion and damage, except for the glass panels, which exhibited a minor 

to moderate out-of-plane motion (oscillation) during the shaking; minor to 

moderate glass motion does not reasonably produce any damage or 

disruption. AC04 test excitation determined minor to moderate motion of 

the components, with minor residual displacement of the vase. 

Accordingly, DS1 was assumed to be achieved. In the context of valuable 

items, even minor motion or residual displacement can be considered to 

be associated with DS1. For higher intensities, i.e., for AC05 to AC09 test, 

major component motion and major residual displacement were 
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observed. The glass panels strongly hammered against the adjacent 

perpendicular glass panels, producing significant impacts. The art object 

exhibited a major sliding motion from AC05 test on (included), resulting in 

residual displacement comparable with the semi-dimension of the 

pedestal’s top support surface. However, the object did not fall from the 

pedestal or impact against the glass panels. No significant permanent 

damage/deformation of both vase and display case components was 

observed. Therefore, focusing on the specific and peculiar outcome of the 

present test, DS2 could be reasonably be assumed. However, in the 

context of valuable components as art objects, the responses 

corresponding to AC05 to AC09 tests (i.e., significant motion and large 

residual displacements) could be reasonably associated with DS3. In fact, 

a slightly different arrangement or a less stable or more fragile art object 

could have potentially been damaged by the significant motion observed 

in the course of these tests: this would have caused extremely significant 

economic and cultural losses, also compatible with DS3 achievement. 

Therefore, both DS2 and DS3 are associated with AC05 to AC09 tests, 

according to the abovementioned motivations, and given that the damage 

scheme also depends on desired level of safety and building/component 

type/importance. Finally, the author recall that the damage assessment 

results are to be meant as preliminary and not exhaustive. 

Table 4.2: Preliminary damage assessment. 

test ID 

min 
(PFAx,P
FAy) 

min 
(PCAx, 
PCAy) DS 

component motion residual displacement 

[g] [g] 
display 
case 

pedestal glass vase 
display 
case 

pedestal vase 

AC01   0.05 0.09 DS0 - - - - - - - 

AC02 0.10 0.18 DS0 - - *  - - - 

AC03 0.17 0.30 DS0 - - ** - - - - 

AC04 0.24 0.30 DS1 * * ** * - - * 

AC05 0.31 0.39 DS2/DS3 *** * *** *** * - *** 

AC06 0.36 0.43 DS2/DS3 *** * *** *** *** - *** 

AC07 0.42 0.44 DS2/DS3 *** *** *** *** *** *** *** 

AC08 0.47 0.51 DS2/DS3 *** *** *** *** *** *** *** 

AC09 0.54 0.53 DS2/DS3 *** *** *** *** *** *** *** 

*: minor; **: moderate; ***: major. 

4.5 Discussion 

The chapter reported the preliminary results of an experimental campaign 

aimed at assessing the dynamic properties and the seismic performance 

of museum objects and artefacts. A typical museum display case was 

tested on shake table, including the presence of a representative art 

object (ceramic vase). The main dynamic properties of the specimen were 

estimated, and both accelerations and displacements recorded on the 

specimen were assessed, estimating the peak values. Rocking and 

sliding response of the display case was identified, and component 

amplification factors associated with both display case and pedestal were 
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assessed. A tentative damage assessment of both display case and vase 

was carried out. The following main conclusion remarks can be drawn. 

• The display case did not show damage (DS0) up to a PFA of 0.172 g 

in the X direction and 0.297 g in the Y direction, and PCA at the top 

of 0.299 g and 0.330 g in the X and Y directions, respectively.  

• The value of the fundamental period of the display case 

corresponding to DS0 was found to be 0.125 s (8.0 Hz) in the X 

direction and 0.143 s (7.0 Hz) in the Y direction. Thus, in a simplified 

way, it can be assumed that the period of the tested display case 

varies in the range 0.125 s - 0.143 s. 

• The value of the damping ratio of the display case corresponding to 

DS0 is approximately 20.0 % in the X direction and approximately 

12.0 % in the Y direction. Thus, in a simplified way, it can be assumed 

that the damping of the tested display case varies in the range of 12.0 

% - 20.0 %. 

• The value of the CAF, understood as the ratio between the PCA 

recorded at the top of the display case and the PFA recorded at the 

base of the shake table during the tests, corresponding to SD0, was 

approximately equal to 1.75 in the X direction and 1.30 in the Y 

direction. Even higher values of local amplification were recorded but 

they were associated with local dynamic response and modes. It can 

be assumed that the tested case is characterized by an amplification 

coefficient of 1.75. 
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5 A novel shake table protocol for 

seismic assessment and 

qualification of acceleration-

sensitive nonstructural 

elements 

A novel shake table protocol for seismic assessment and qualification of 

acceleration-sensitive nonstructural elements is developed. The chapter 

firstly critically reviews existing protocols and highlights their criticalities, 

pointing out the need for the development of novel assessment and 

qualification approaches and protocols. The novel protocol is developed 

in the 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 in the 

definition of novel required response spectra and generation of signals for 

seismic performance evaluation tests. The reliability and robustness of 

the protocol is evidenced in the chapter 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 

qualification of acceleration-sensitive nonstructural elements, possibly 

having a strong impact in public safety and economy. 

5.1 Introduction 

5.1.1 Technical background 

The estimation and mitigation of the effects of catastrophic 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 solutions [1]. Design 

and assessment of nonstructural elements (NEs) according to current 

regulations, codes, and guidelines are typically based on Performance-

Based Earthquake Engineering (PBEE) [2-8]. These documents often 

provide methods and criteria for both behavior assessment and 

performance evaluation of NEs; seismic qualification and certification 



114 | P a g .  
 

procedures are also defined in ASCE 7-16 [2]. Seismic performance 

evaluation of NEs typically consists in (a) assessing the nonstructural 

element (NE) seismic capacity associated with relevant damage states 

(DSs) and (b) correlating this capacity to consistent measures of seismic 

demand or targets, often defined by regulations/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 relevant uncertainty 

sources, considering effective engineering demand parameters (EDPs) 

for the quantitative assessment. Seismic qualification of NEs is an 

assessment and evaluation process aimed at satisfying specific NE 

performance levels, according to strict requirements and rules typically 

defined by regulations and codes. The seismic qualification process 

includes the assessment of the seismic behavior of the NEs, involving the 

dynamic identification of NEs, which is an essential task for robust seismic 

assessment of engineering systems [9,10]. Seismic certification 

procedure typically includes seismic qualification processes carried out 

according to specific certification requirements and criteria, aimed at 

achieving the highest possible level of credibility, operated through the 

intervention of subjects accredited by the institutions/authorities that 

regulate and issue the certifications. Seismic certification, meant as the 

outcome of a certification procedure, is a standardized certificate 

recognized by the reference institutions. ASCE 7-16 establishes 

requirements and criteria for performing (special) seismic certification 

(SSC) 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 importance factor equal to 1.5 

(§13.1.3, [2]) shall be certified by the manufacturer considering 

operativity/functioning as a performance level. Other national regulations 

and industrial codes define requirements and criteria for seismic 

performance evaluation and certification of NEs [11,12]. Overall, seismic 

qualification, or seismic certification, when required, shall be carried out 

via one of the following methods: (a) analysis, (b) (experimental) testing, 

(c) experience data, (d) a combination of methods (a), (b) and (c).  

Experimental testing (i.e., method (b)) is the most common method to 

qualify/certify NEs as this is typically considered to be the most reliable 

and robust. Experimental qualification is performed according to strict 

protocols and requirements. Quasi-static and dynamic testing procedures 

are typically associated with qualification of displacement- and 

acceleration-sensitive NEs, respectively. However, dynamic testing is 

generally preferred (a) for NEs that show marked sensitivity to multiple 

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 that can (only) be identified and characterized through 

dynamic loading procedures, which are more representative of actual 

seismic demand. Dynamic testing also allows assessing the dynamic 



115 | P a g .  
 

properties of the elements (e.g., dynamic identification). Shake table 

testing represents the state-of-the-art for dynamic testing [13-23]. 

Numerical/analytical assessment of NEs is typically complex but 

represents a powerful method, often economic 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 [12], analysis is not 

recommended for equipment and systems that cannot be modeled in an 

adequate manner. Similar provisions are supplied in ASCE 7-16 [2] 

regarding active mechanical and electrical equipment. Qualification 

through experience data is even less typical than using analysis methods. 

As a matter of fact, there are very limited supporting data and information, 

especially considering the wide variability of the characteristics of NEs, 

buildings, and ground motions. Therefore, experimental testing is 

generally preferential and considered to be more reliable and applicable 

among the qualification methods. 

5.1.2 Inadequacy of existing shake table protocols 

The technical definition of both loading and testing protocols is of 

paramount importance for seismic qualification 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 in the following. 

As a first comment, it should be noted that, seismic demands on 

nonstructural elements 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 

nonstructural elements were meant to be objects of “second rank” of 

interest. In particular, the existing shake table protocols used for seismic 

assessment and qualification of nonstructural elements were often 

developed considering insolated and self-referential approaches, often 

associated with peculiar applications (e.g., specific type of equipment). 

Both response and performance of NEs subjected to seismic events is 

significantly conditioned by loading history, which cannot generally be 

univocally correlated with given values of intensity measures (IMs) 

associated with the seismic events (e.g., peak accelerations) [24]. The 

seismic input properties significantly affect the response of NEs. For 

example, the time-varying frequency content may have a significant effect 

on the system response, and a nonstationary earthquake ground motion 

model could guarantee a relatively reliable seismic assessment, capturing 

the temporal nonstationarity of realistic earthquake scenarios [25,26]. 

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, 
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consistent, and updated formulations of the seismic demand need to be 

considered to develop reliable qualification protocols, with particular 

regard to RRS. The existing protocols and reference RRS except AC156 

[27] are not clearly associated with real or analytical demand formulations, 

also taking into account potential building scenarios (e.g., [28,29]). 

Perrone et al. [30] modified ISO 13033 [11] formulation in order to be 

compliant with the Eurocode 8 [3] in terms of seismic demand on NEs, 

even though they considered AC156 provisions for the corner 

frequencies. 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 [30-32]. 

Furthermore, standards and specific rules should be defined by the 

protocols in order 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., [11]) or provide extremely complex procedures that are difficultly 

implementable (e.g., [28]), especially regarding the generation and 

processing of the protocol-compliant testing protocol and program. 

However, baseline generation and signal processing procedures define 

the features of the seismic inputs and appropriate generation/processing 

methods/techniques allow to characterize and enhance the key 

characteristics of the seismic inputs (e.g., [33]). For example, the 

analytical procedures for enforcing the spectrum compatibility are rarely 

defined within the protocols, especially regarding the signal 

processing/adjustment methods and techniques [34,35]. 

Finally, the seismic qualification is typically referred to specific critical 

elements (e.g., telecommunication equipment [29]), and, more 

importantly, the relevant rules are not general and strongly depend on the 

developer’s discretion. In the opinion of the author, this should 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 

minimizing any conflict of interest. Both loading inputs and testing 

protocols should be validated considering their representativeness and 

reliability with regard to severe real ground and floor motions, as these 

latter 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. 

5.1.3 Aim, objectives, and organization of the chapter 

This chapter 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 
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is developed in this section. 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 developing and filtering the 

loading input, and (d) an evaluation and validation process. 

Section 5.2 reports a solid and robust technical background/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, 

evaluation, discussion, and validation of the state of the art of shake table 

qualification of nonstructural elements, with particular regard to the 

methodological and procedural levels. Section 5.3 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 is reported in Section 5.4, where alternative protocols 

and real floor motions are considered as a reference. 

5.2 Methodology 

5.2.1 Case study nonstructural elements and shake table protocols 

The case study nonstructural elements consist in linear elastic single 

degree of freedom (SDOF) systems, which are assumed to not interact 

with the structure (and with the shake table). Obviously, the protocol is 

suitable for real acceleration-sensitive elements, which might be 

associated with complex and nonlinear responses. The interaction 

between the shake table and the tested nonstructural elements is typically 

not accounted for or neglected since the basic hypothesis of no expected 

interaction is often reasonably assumed to be valid. However, depending 

on the mass and stiffness, and, more generally, dynamic properties of the 

nonstructural element, and on the element to shake table connections, a 

non-negligible interaction might be exhibited in real cases. With regard to 

experimental testing, the assessment of the interaction is investigated in 

terms of actual experimental response, whereas the shake table protocols 

do not account for the interaction. Therefore, the application can be 

considered as reliable in this context. 

Floor response spectra and shake table protocols generally assume 

nonstructural elements as linear elastic SDOF systems Indeed, 

acceleration-sensitive nonstructural elements are generally meant to be 

SDOF systems in the literature [36-38], and the assessment 

methodology, also including the seismic demand estimation, is based on 

SDOF hypotheses and spectral responses according to most 

authoritative national and international regulations and codes [2,6,11]. 

Representative examples of nonstructural elements compatible with 
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SDOF systems include but are not limited to operating lights, projectors, 

antennas, base-anchored cabinets, and museum artifacts.  

AC156 [27] is intended to support data for seismic certification of systems 

that are sensitive to the accelerations, i.e., architectural, mechanical, 

electrical, and other nonstructural systems attached to structures. FEMA 

461 [28] 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 

PBEE assessment via fragility estimation. ISO 13033 [11] 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 for these facilities. 

AC156, FEMA 461, and ISO 13033 are intended for generic (acceleration-

sensitive) NEs, whereas other protocols describe methods and criteria for 

seismic qualification of specific or peculiar NEs, such as mechanical and 

electrical equipment. GR-63-CORE [29] provides a protocol for shake 

table testing of telecommunications equipment, systems, or service 

facilities. IEEE 344 [12] describes methods for seismic qualification of 

nuclear power plant equipment. The protocol can be used to perform the 

seismic/dynamic evaluation of NEs: from the tests to the analysis, up to 

the experienced-based evaluations. The code encloses common 

methods currently used in the seismic qualification. IEEE 693 [39] 

provides the minimum requirements for seismic qualification of electrical 

substation equipment. Regulatory Guide 1.60 [40] (referred to below as 

RG-1.60) of the U.S. Nuclear Regulatory Commission (USNRC) 

establishes design response spectra for the seismic design of nuclear 

power plants. The international standard IEC 60068-2-57 [41] outlines 

methods and standards for testing components, equipment, and 

electrotechnical products including the testing procedure for seismic 

applications. It extends the general requirements on seismic testing 

described in a separate standard, IEC 60068-3-3 [42]. 

5.2.2 Loading input 

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 features. Typically, shake table signals are artificially 

obtained [27,28], but they can also be defined following empirical 

approaches [39,41]. 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. [43] and Luo et al. [19]. In Takhirov et al. [44], a 

set of earthquake and synthetic strong-motion records were generated 

IEEE 693-spectrum-compatible to the seismic qualification of NEs.  
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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) compliance/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 section, 

according to personal experience regarding shake table testing and 

literature/code references. 

Intensity measure (IM) 

The most common IM typically consists in peak table acceleration (PTA), 

and this is representative of peak ground acceleration (PGA) or peak floor 

acceleration (PFA). The reference IM of the input test signal defined 

according to AC156 is the design earthquake spectral response 

acceleration parameter at short periods, i.e., SDS [2]. FEMA 461 

recommends the use of the spectral acceleration at the appropriate 

natural frequency of the NE as an IM, i.e., (Sa(Ta)). 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. 

Baseline signal 

The main features of the baseline signal are discussed in the following 

reference protocols and literature. (1) The baseline time interval envelope 

typically includes (a) acceleration ramp-up or rise part (RP), (b) hold time 

or strong motion part (SMP), and (c) de-acceleration ring downtime 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 duration of SMP to be a given 

percentage of the total duration, whereas the typical total duration is 30 s 

with a minimum 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 [45] 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 in 0.5 – 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 in 0.5 – 50 Hz. 

The time history obtained according to IEC 60068 shall be generated by 

composition of frequencies included within a specified range (typically 

frequency range from 1 to 35 Hz [46]) and through an appropriate 
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resolution as a function of the specimen damping: the larger the specimen 

damping the lower the frequency resolution. 

Required response spectra (RRS) 

Required response spectra (RRS) or target spectra can be obtained 

through empirical, analytical, and standard code approaches. Empirical 

methods consist of assessing reference RRS according to (ground or 

floor) time histories recorded during the seismic events [44,46]. The 

analytical approach typically involves numerical analysis of structures 

and/or NEs for the estimations of RRS [47,48]. Finally, the approach 

based on standard code provisions uses closed-form RRS formulations, 

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 

recommended by shake table protocols [11,27]. 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 [49-52] or real records [31,53,54] were 

considered as a reference, stressing the need for technical revision of 

code prescriptions. 

AC156 defines 5%-damped RRS according to the formulation 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, separated by 

8.3 Hz; for the computation of the spectral demand acceleration, 16.7 Hz 

is considered as a threshold for defining 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 spectra should be 

defined considering 5% damping. The signal shall be scaled in order to 

have (a) acceleration response spectra amplitude equal to 1 g within 2 - 

32 Hz and (b) the displacement 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 in 2 – 

20%. GR-63-CORE provides RRS associated with four earthquake zones 

(Zone 1 to 4 in the US), 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. [30], the approach proposed by ISO 13033 was modified to 

provide RRS compatible with the design horizontal equivalent static force 

evaluated according to Eurocode 8 [3]. RG-1.60 provides RRS associated 

with five damping ratios, i.e., 0.5%, 2.0%, 5.0%, 7.0% and 10% (for 

different damping ratios, a linear interpolation should be used). These 
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RRS correspond to a PGA equal to 1.0 g and peak ground displacement 

(PGD) equal to 0.91 m. For different design earthquakes, the RRS can be 

linearly scaled in proportion to the specified PGA (e.g., PGA=0.5 g). IEC 

60068 defines three RRS, associated with 2%, 5% and 10% damping 

ratio. These RRS exhibit a generalized 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 5.1a shows a comparison among the response spectra 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 assuming 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 is associated with moderate 

performance level and FEMA 461 spectra were obtained by scaling the 

protocol input signals. In particular, these latter were provided by the 

protocol considering specific levels of acceleration (e.g., PFA equal to 

about 0.2 - 0.25) and, in this section, these signals were scaled in order 

to obtain PGA equal to 0.50 g (Figure 5.1a) and spectral ordinate Sa 

corresponding to 32 Hz equal to 1.0 g (Figure 5.1b). GR-63-CORE RRS 

are associated with 2% damping, as the protocol only considers this 

damping condition. For this latter protocol, RRS spectra associated with 

earthquake risk zones 3 and 4 are depicted, which correspond to 

expected PGA in the range of 0.2 - 0.4 g and 0.4 - 0.8 g, respectively. 

  
(a) (b) 

 
Figure 5.1: Comparison among RRS and input response spectra related to reference 
protocols considering (a) PGA equal to 0.50 g and (b) spectral ordinate Sa corresponding 
to 32 Hz equal to 1.0 g. 
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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 than the former 

is associated with 2% damping whereas the other spectra 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 5.1b depicts a comparison among the protocol spectra considering 

a different comparison criterion. In particular, the spectra are calculated 

under the assumptions described regarding Figure 5.1a, but they are 

scaled in order 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 approximately rigid NE. Accordingly, Figure 

5.1b highlights the spectral amplification associated with the flexible to 

rigid response of NEs. All spectra but FEMA 461 and AC156 z/H = 1 ones 

are quite similar among them, whereas these latter provide significantly 

lower ordinates. GR-63-CORE spectra (2% damping) and IEC 60068 

present the highest 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. 

Spectrum-compatibility 

Test response spectra (TRS) should be compatible with RRS in order to 

satisfy specific target levels, considering both theoretical signals and 

recorded signals. IEEE 693 supplies different compatibility rules for 

theoretical and recorded inputs. For all other protocols, no distinction is 

made between theoretical and recorded input compatibility 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 protocol 

states that TRS must envelop the RRS at 5% damping based on a 
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maximum-one-sixth octave bandwidth resolution over the frequency 

range from 1.3 to 33.3 Hz. TRS should not exceed the RRS by more than 

30 percent 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 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% damping; TRS shall include the lower corner point 

frequency of the RRS (1.1 Hz), for comparison with the RRS. IEEE 693 

defines compatibility criteria 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 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 checked in the specified range at least 

in one-sixth octave bandwidth resolution in the general case, i.e., 

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 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 [55] 

recommends 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-twenty-

fourth-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 the analytical methods and 

formulations. Zaghi et al. [56] and Tran et al. [57] generated an artificial 

earthquake using the SIMQKE software [58]. In Magliulo et al. [59] and Di 

Sarno et al. [60], the signal was enhanced using the spectrum-matching 

procedure of the RSPMatch software [35]. Yazdani & Takada [61] 

developed a method for modifying many realistic earthquake ground 

motions through linear/nonlinear response spectra and energy matching. 
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Amiri et al. [62] introduced a method to generate a suite of artificial near-

fault ground motion time histories for specified earthquakes based on the 

superposition of a coherent extracted velocity pulse with a random 

acceleration record corresponding to a wavelet-based nonstationary 

model and multiplied by a time-modulating envelope function. Several 

other authors carried out shake table tests and implemented artificial 

acceleration time histories using the STEX program of MTS [46,63]. 

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, maximum accelerations, velocities, and displacements 

expected to be achieved by the table should be assessed and compared 

to the shake table and instrumentation capacities. For example, low 

frequency content in the input signal typically imposes large displacement 

demands on the table, which can often exceed the shake table 

displacement capacity; this limitation is typically critical to verify [44]. If the 

capacity compatibility is not achieved, the input signal might be adjusted. 

In particular, 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 certain 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 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 the compatibility with the shake table limitations. However, 

FEMA 461 provides a procedure 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 displacement 

demands often consists in applying a high-pass filter in the frequency 

domain. However, it might be necessary 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 displacements and high 

frequency contents. In several studies [16,59,64], the acceleration time 
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histories were filtered through low-pass and band-pass filters in order to 

meet the instrument and facility capacities, e.g., to reduce the maximum 

shake table displacements. Takhirov et al. [44] proposed several filtered 

options suitable for most of the shake tables worldwide to the seismic 

qualification of NEs according to IEEE 693. 

Analytical and experimental validation 

The final step of the loading input definition should be the signal 

verification and the validation of the experimental procedure, especially if 

further filtering procedures were implemented. Generally, the adherence 

of both theoretical 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 compliant signal 

given to instrumental and diverse reasons, and this stresses the need for 

strict verification and validation rules and criteria (e.g., [65]). 

5.2.3 Testing procedure 

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 functional verification to be documented. The 

testing phase generally consists of dynamic identification tests and 

seismic 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 define that the dynamic 

identification tests should be performed prior to seismic performance 

evaluation tests. However, FEMA 461, which recommends an 

incremental performance evaluation test procedure, establishes that 

dynamic identification tests should be conducted prior to and after each 

performance evaluation tests. In literature, several studies followed this 

approach. For example, in Cosenza et al. [66] and Petrone et al. [64], the 

dynamic identification was carried out over the incremental tests and both 

dynamic properties and exhibited damage were correlated to the testing 

intensities. 

Dynamic identification tests 

To perform an exhaustive assessment, vibration modes, fundamental 

periods/frequencies, and damping ratios evolution should be associated 

with the damage process evolution, considering undamaged, partially, 

and fully damaged conditions (or at least all the DSs reached during the 

tests). Another parameter that also accounts for the dynamic properties 

of NEs is the dynamic component amplification factor, often defined ap by 
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regulations and codes [2-8]. In most regulations and codes, ap is a key 

parameter for computing seismic demand forces on NEs [2-8]. This 

parameter is typically defined by conservative expressions and is rarely 

assessed with regard to specific NEs through experimental or numerical 

procedures. 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 ap, the input of the dynamic identification tests is generally 

expressed by a low-intensity acceleration 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 test: 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 [16,19,21,43,60, 

64,66,67] and sine sweep tests [17,18,68,69] are among the most used 

ones, even though no studies, to the knowledge of the author, identified 

the differences 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 standardized 

definitions might condition the robustness of the estimations, especially 

considering comparison purposes. This stresses the need for defining a 

unique reliable and robust dynamic identification test method, that is 

compliant with specific technical procedures for defining the input signal, 

that minimizes the analyst bias, also being widely applicable, 

strengthening the accuracy of the estimations and favoring consistent 

comparisons and result extrapolations. 

Seismic performance evaluation tests 

According to most protocols, seismic performance evaluation tests are 

defined by the tests performed considering the seismic intensity 

associated with target performance level(s) that the specimen should 

meet. ISO 13033, AC156, IEEE 693 and GR-63-CORE do not specify a 

minimum 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 in order to induce 
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relevant DS occurrence, i.e., functioning interruption and 

repair/replacement intervention, for seismic performance evaluation tests, 

and severe damage, incipient failure, and risk of life threatening, 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 carried 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 

states 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 protocols 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 frequency 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, recommends performing multiple (incremental) tests for 

assessing the seismic performance and qualifying NEs. It is worth 

recalling 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 certification 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 [20,60,64,67], i.e., FEMA 461 approach was applied 

considering seismic inputs other than this latter approach. This stresses 

the lack and inconsistency of the current seismic qualification 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 PBEE 

approach [70]. 

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 in order 

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 
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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 

configurations, mounting configurations, mass distribution, and specimen 

components and subassemblies. Other current 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 

systems. Only FEMA 461 recommends a minimum number of specimens 

to test, which is equal to three. 

5.2.4 Critical evaluation of existing protocols 

Table 5.1 summarizes the key parameters and features that are essential 
for the definition and implementation of qualification procedures defined 
by the reference protocols. Most of parameters reported in Table 5.1 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 most significant comparisons and critical evaluation. AC156, FEMA 
461, and ISO 13033 are intended for any type of elements (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 
sensitivity of the target specimens, there are not clear requirements for 
several protocols (e.g., specific equipment protocols). However, the 
author believe that there is a common skepticism for using shake table 
testing (protocols) to assess and qualify NEs that are (also) sensitive to 
displacements/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 complex 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 boundary conditions of the 
target specimens, most protocols are intended to provide criteria for 
anchored or attached elements. 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., [15,60,71-73]).  
Sinusoidal sweep and white noise tests are the most referenced 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 technical 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 
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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 corner frequencies, 
and component and floor amplification factors.  
This parameter variability might significantly condition the reliability of the 
protocols as tools to qualify the NEs. For example, the plateau to ZPA 
amplification provided 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 
[53]. This is likely due to an upper limitation criterion defined by the 
protocol, which was already criticized by literature studies [30,50,74]. 
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 protocols and proven to be reliable and robust, 
but also relatively simple to implement. 
A significant variability is also associated with the protocol definition of the 
test input to perform seismic performance evaluation tests, and, similarly 
to the case of RRS, this can significantly affect the reliability of 
assessment, qualification, or certification procedure. The present chapter 
has already stressed the significance of the seismic loading history 
characteristics on the reliability of the seismic 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 it can be seen in Table 5.1. 
As a conclusive comment, the author believe that 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 PBEE approaches 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 protocols should be 
defined to favor reliable and robust assessment, qualification, and 
certification procedures according to incremental procedures and 
evaluations based on PBEE. 
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Table 5.1: Comparison among reference protocols considering most significant features and parameters. 

  AC156 FEMA 461 ISO 13033 IEEE 693 GR-63-CORE RG-1.60 IEC-60068 

Target 

specimens 

Type Any Any Any Electrical 

substation 

equipment 

Telecommunications 

network equipment 

Nuclear power 

plants equipment 

Components, 

equipment, and 

electrotechnical 

products 

Behavior/EDP sensitivity Not specified1 Dynamic effects, 

velocity, strain-

rate effects 

Acceleration/ 

displacement 

Not specified Not specified Not specified Not specified 

Boundary conditions  Anchored2 Anchored Anchored Anchored Anchored Not specified Not specified 

Dynamic 

identification 

test 

Sinusoidal sweep X X - X X -  

White noise  X X   

Resonance  X   X 

Static pull-back  X    

RRS Damping level, ν [%] 5 Not applicable 5 2÷20 2 0.5,2,5,7,10 2,5,10 

Site-Dependency X  X     

Maximum building acceleration 

amplification factor 

1.6 Not applicable Not applicable 2.5 Included Not applicable 2.0 

Frequency range [Hz] 0.1-33.3 Not applicable 1.3-33.3 0.3-50 0.3-50 0.25-33.0 1-35 

Plateau range [Hz] 1.3-8.3 Not applicable 1.3÷2.5 -7.5÷8.3 1.1-8.0 2.0-5.0 (Zone 4) 2.5-9.0 2-11.7 

Spectral acceleration at plateau, in 

fractions of ZPA 

f(z/h): 

2.5(z/h=0) 

Not applicable 2.5 f(ν): 3.24(ν=2%) f(Zone): 

3.13 (Zone 4) 

f(ν): 2.93 (at 5%) f(ν): 3.0 (at 5%) 

Seismic 

performance 

evaluation test 

input 

Total (strong motion) duration [sec] 30±6 (20 +6/-0) 60 Not applicable (≥20) 32 Not applicable 30 

Strong part to duration ratio [%] Not applicable Not applicable Not applicable ≥30  Not specified Not applicable 25,50,75 

Sampling rate [Hz] Not applicable 100 Not applicable Not specified >200 Not applicable Not specified 

Energy content [Hz] 1.3-33.3 0.5-32 Not applicable 1.1-33 Not specified Not applicable Not specified 

Resolution bandwidth [octave] 1/3 or 1/6 1/3 Not applicable Not specified 1/6 Not applicable Not specified 

Spectrum-

compatibility 

Tolerance above RRS [%] 30 Not applicable Not applicable 504 30 Not applicable 50 

Tolerance below RRS [%] 105 Not applicable Not applicable 106 0 Not applicable 0 

Tolerance range applicability [Hz] 1.3-8.3 Not applicable Not applicable <15 1.0-7.0 Not applicable Not specified 

Tolerance resolution [octave] 1/6 Not applicable Not applicable 1/127 1/6 Not applicable f(ν): 1/6(ν=2-10%) 

Compatibility range applicability [Hz] 75% fa
8 (or 3.5) - 33 Not applicable Not applicable 70% fa

8 (or 2) - 33 1.0-50.0 Not specified Not specified 
1The protocol is not intended to evaluate effects of relative displacements on NEs. 
2The protocol is intended for anchored elements but this is not clearly and univocally stated within the document. 
3The plateau spectral ordinate varies from 3.13–2.61 (average).  
4The tolerance above RRS for the theoretical response spectrum is equal to 10%. 
5In both the ZPA region and the amplified region of RRS a maximum of two individual points up to 10% below the RRS can be acceptable provided the adjacent 1/6 octave 

points are at least equal to the RRS. 
6A –10% deviation is allowed, provided that the width of the deviation on the frequency scale, measured at the RRS, is not more than 12% of the center frequency of the 

deviation, and not more than five deviations occur at the stated resolution. 
7The spectrum matching procedure should be conducted at one-24th octave resolution or higher for the theoretical response spectrum 
8 fa is the natural frequency of NE. 
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5.3 Definition of a novel code-compliant testing protocol 

5.3.1 Outline 

A novel code-compliant shake table testing procedure, namely testing 

protocol, is defined in this section. The protocol 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 loading protocol, as this represents the most significant 

feature of the testing protocol. 

5.3.2 Seismic qualification approaches 

Two different approaches can be considered for qualifying NEs: (a) 

specific performance level qualification and (b) extensive qualification. 

The first approach is inspired by the procedure typically referred to by 

existing shake table protocols [11,27,29,39]. In particular, according to 

this approach, the qualification is aimed at checking whether the 

component fulfills (or not) a specific performance level, associated with a 

target level of a relevant (seismic) intensity parameter. The seismic 

intensity parameter and the relevant target levels are typically defined by 

regulations or codes. Acceleration spectral response Sa is typically 

considered as a seismic intensity parameter for assessment of 

acceleration-sensitive elements and is referred to within several national 

and international codes [2-8]. However, PGA or PFA might also be 

considered, if appropriate, as they might be equally reliable as seismic 

intensity demands. Target seismic intensity parameters should not be 

confused with testing IMs, even though testing IMs might also be 

considered as seismic intensity parameters, when possible and 

appropriate. It is fundamental 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 scenarios. 

For example, if the building site and NE installation height (over building 

height) are known, NE could be qualified considering the specific scenario 

associated with this location, according to reference seismic demand 

formulations. A regional or national maximum demand scenario is 

typically considered for the identification of the qualification intensity level, 

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 

regulation, codes, and technical guidelines. 
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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 the light of the recent literature in the field, where 

incremental complex shake table procedures were implemented 

[15,17,22,56,60,66,67]. In particular, the extensive 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 be defined for the 

relevant performance levels as it is described for specific performance 

level qualification. 

The extensive qualification is a complete and exhaustive identification and 

characterization of the NE in terms of seismic behavior, capacity, and 

performance, providing 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 extensive 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 information to the 

specific performance level check. For example, the specific performance 

level qualification does not allow determining the safety conditions 

regarding the performance level demand, as the result of this qualification 

process is checking that the performance level is satisfied, without 

quantifying the capacity and safety margins. This specific margin 

quantification could be considered 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 qualification procedure would also allow the assessment of 

the seismic fragility and vulnerability associated with NE, essential 

features for PBEE. For these and other reasons, particular focus is given 

to the extensive qualification approach in this section. 

5.3.3 Damage states and limit states 

Four representative damage states (DS) associated with the NE can be 

defined in order to perform seismic qualification through both possible 

approaches: absent damage DS0, minor damage DS1, moderate 
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damage DS2, and major damage DS3. DS1 achievement implies the 

need for minor repair interventions 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 specimen is damaged 

so that it should be partially replaced, and this results in loss of 

functioning. DS1 and DS2 are typically associated with serviceability limit 

states (SLSs) [3]. DS3 implies that the damage level is such that the test 

specimen needs to be totally replaced/repaired and life safety is not 

ensured. DS3 is typically associated with ultimate limit states (ULSs) [3]. 

The technical definition of the damage level associated with DS, which is 

defined by damage-to-DS criteria or correlations (namely, damage 

scheme), strongly depends on the type, features, and arrangement of 

NEs. An example of the DS definition for seismic qualification of 

temporary partition wall was proposed in Petrone et al. [64]. In this 

context, DS definition and related consequences are based on the 

definition given by Taghavi & Miranda [75]. In particular, the correlation 

between each DS and the loss can be expressed in terms of the three “D” 

[76]: (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., 

panels, studs, horizontal element, rails, screws, in Petrone et al. [64]). The 

more damage scheme is defined by quantitative and univocal engineering 

parameters and measures, the more this is efficient and robust. 

Regarding shake table tests, damage of NEs should be observed after 

each seismic performance evaluation test by inspecting the physical 

conditions of the test specimen, 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 measures that are representative of the seismic 

demands. The limit state verifications should be performed according to 

the qualification approach and the compliant regulations. 

5.3.4 Test specimens and loading program 

The selection of the test specimen should follow the aim of the 

manufacturer and the requirements of the relevant regulations. In 

particular, the test specimen should be more or less representative of a 

production line according to the expected wideness and 

representativeness of the qualification results. Generally, the test 

specimen should represent a conservative condition to obtain the least 

seismic capacity 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. 
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The loading program consists of a series of dynamic tests, including both 

dynamic identification tests and seismic performance evaluation tests. 

According to the extensive qualification approach, the seismic 

performance evaluation tests should be performed through an 

incremental 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 conditions) and should be compatible with the capacities of 

shake table and instrumentation. Before and after each significant 

performance evaluation test, a dynamic identification 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 sensitive to the accelerations along the 

vertical direction; this condition could be considered to be applicable if the 

vertical 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. 

5.3.5 Dynamic identification tests 

White noise tests are recommended in this section to identify natural 

frequencies and damping of the test specimen [16,19-21,43,66,67,77]. 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 reference 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 [45]. 

The random noise excitation should be obtained by a uniform random 

stationary process [78]. The acceleration peaks of the signal shall be at 

most of 0.10 ± 0.05 g; this intensity threshold should prevent from causing 

damage to the specimen, however, in some cases, a lower (or higher) 

intensity might be considered. The signal should have a significant energy 

content ranging from 1 to 32 Hz, a minimum duration of 60 s, and a 

sampling frequency of 200 Hz. The baseline can be filtered in order to 

provide the abovementioned frequency contents to the random noise 

excitation or to eliminate frequencies not compatible with the instrumental 

facility capacity; in this latter case, it should be verified that the cut of the 

critical frequencies do not affect the reliability of the signal and the 

robustness 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 cut-off 

frequency of 40 Hz was used in the context of the proposed protocol, 

according to the literature review and expertise of the author. The signal 
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was then modified with a window function to have a rise time and decay 

time equal to 5% of the signal duration. 

Figure 5.2a shows a representative random noise excitation developed 

according to this procedure. Figure 5.2b shows the corresponding Fourier 

amplitude spectrum [26] that extends from 1.0 Hz to 40 Hz and envelopes 

the frequency range of interest. 

 

(a) 

 

(b) 

Figure 5.2: Example of random noise excitation history: (a) acceleration time history; (b) 
Fourier amplitude spectrum (FAS). 

5.3.6 Seismic performance evaluation tests 

Required response spectra 

The proposed RRS was developed according to the NTC 2018 [6] 

formulation and literature studies [38,74]. NTC 2018 defines the total 

design horizontal force on NE, 𝐹𝑎, defined as 

𝐹𝑎 =
𝑆𝑎∙𝑊𝑎

𝑞𝑎
         (5.1) 

In particular, 𝐹𝑎 is the horizontal seismic design force applied at the 

component’s center of gravity and distributed relative to the component’s 

mass distribution, 𝑆𝑎 is the horizontal spectral design acceleration of the 

NE attached at level i of the building structure for the limit state in 

question, 𝑊𝑎 is the weight of the NE, and 𝑞𝑎 is the NE response 

modification factor or behavior factor, i.e., a factor aimed at reducing the 

elastic design forces accounting for the expected inelastic response; 𝑞𝑎 

can be specified according to the ductility and overstrength overstrength 

of the NE, referring to regulations/codes [2,3,6] and/or literature studies 

[79-81]. 

The floor response spectrum (Sa) used to calculate the horizontal 

equivalent static force is given by: 
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𝑆𝑎 =

{
 
 
 

 
 
 max {𝛼𝑆 (1 +

𝑧

𝐻
) [

𝑎𝑝

1+(𝑎𝑝−1)(1−
𝑇𝑎
𝑎∙𝑇1

)
2] , 𝛼𝑆} for  𝑇𝑎 < 𝑎𝑇1

𝛼 ∙ 𝑆 (1 +
𝑧

𝐻
) 𝑎𝑝                                   for 𝑎𝑇1 ≤ 𝑇𝑎 < 𝑏𝑇1

max {𝛼𝑆 (1 +
𝑧

𝐻
) [

𝑇1

1+(𝑎𝑝−1)(1−
𝑇𝑎
𝑏∙𝑇1

)
2] , 𝛼𝑆}  for  𝑇𝑎 ≥ 𝑏𝑇1

  (5.2) 

according to NTC commentary [82]; this formulation was derived from 

[38,74] and was already proven to be reliable by recent literature studies, 

considering bare and infilled RC buildings as a reference [49,51]. In 

particular, 𝛼 is the ratio between the design peak ground acceleration on 

stiff soil for the relevant limit state and acceleration of gravity, 𝑆 is the soil 

amplification factor, 𝑧 is the height of the building point of attachment of 

component, measured from the foundations, 𝐻 is the average roof height 

of the building measured from the foundations, 𝑇𝑎 the fundamental period 

of the component-attachment system, 𝑇1 is the fundamental period of the 

building, and a, 𝑏 and 𝑎𝑝 are parameters defined according to the 

fundamental period of the building (Table C7.2.II §C7.2.3 NTC 

commentary [82]). 

If the dynamic proprieties of the building are not defined, it is not possible 

to evaluate the RRS through Equation (5.2). In particular, regarding 

(generic) seismic qualification, NEs should be assumed to be installed in 

different 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, i.e., from 0.1 to 2.0 s; this range was defined according to 

representative European building scenarios [83,84]. Figure 5.3 shows the 

dimensionless floor response spectra for 𝑧/𝐻 = 1.0, obtained considering 

the range of periods of interest (5% damping). The proposed RRS 

envelopes 0.1 to 2.0 s building period floor response spectra evaluated 

according to: 

𝑆𝑎

(𝛼𝑆)
=

{
 
 

 
 4 (1 + 𝑧/𝐻)+

(1+𝑧/𝐻)

(𝑓1−𝑓0)
(𝑓𝑎 − 𝑓0)  for  𝑓𝑎 < 𝑓1

5 (1 + 𝑧/𝐻)                            for 𝑓1 ≤ 𝑓𝑎 < 𝑓2

[
5 (1+𝑧/𝐻)

1+4(1−
𝑓2
𝑓𝑎
)
2]                                      for 𝑓𝑎 ≥ 𝑓2

   (5.3) 

as it is depicted in Figure 5.4. The formulation is reported in Equation 

(5.3), where f0, f1, and f2 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 is compared with reference protocol RRS and input 

spectral responses (for FEMA 461) in Figure 5.5, following the same 
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comparison approach used in Figure 5.1. Considering PGA equal to 0.50 

g, the proposed RRS is the most conservative RRS, whereas it is among 

the most conservative RRS if PFA equal to 1.0 g is considered. 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 5.5a) and Sa(32 Hz) equal 

to 1.0 g (Figure 5.5b) conditions. In fact, the reference 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 

proposed 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 5.5a). 

Seismic performance evaluation test input 

The generation and processing of the seismic performance evaluation 

test input in terms of acceleration time history was implemented 

considering the RRS described in previous section. In this specific case, 

the RRS provided by Formula (5.3) was detailed assuming 5% damping, 

z⁄H = 1.0 and α∙S = 0.4 g, which is representative of high seismicity in 

Italy. However, the procedure is general and easily applicable 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 is described in the 

following. 

The procedure is described with regard to horizontal components, but it 

is generalizable for the vertical direction. According to the literature, the 

author 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. 
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Figure 5.3: Dimensionless response spectra for the range building fundamental periods 
from 0.1 to 2.0 s, expressed as a function of fundamental NE frequency (fa) and fundamental 
frequency of primary structure (f). 

 

Figure 5.4: Required response spectra (RRS) (5% damping) derivation according to the 
proposed protocol. 

  

 

(a) (b)  

 
Figure 5.5: 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 (Sa(32 Hz)) equal to 1.0 g. 



139 | P a g .  
 

1. Baseline generation. The baseline signal was generated with the 

following features: nonstationary random signal with an energy content 

ranging from 1.0 to 32.0 Hz; one-sixth octave bandwidth resolution, i.e., 

for each octave, two consecutive frequencies have a ratio equal to 21/6; 

sampling rate of 400 Hz; total duration equal to 30 seconds; at least 20 

seconds of strong motion; non-stationary time history with rise (RP), 

strong motion (SMP) and decay (DP) parts of 5, 20, and 5 s, respectively. 

For each frequency (fi) a sinusoidal wave with a duration of 30 seconds 

was defined as follows: 

𝑥𝑖(𝑡) = 𝐴 ∙ sin(2𝜋𝑓𝑖 ∙ 𝑡 + 𝜑𝑖)       (5.4) 

In particular, A is the amplitude of the sinusoidal wave; the time step (t) is 

the reciprocal of the sampling rate, i.e., equal to 0.0025 seconds; φi is the 

phase angle of the sinusoidal wave, defined according to: 

𝜑𝑖+1 =
𝑎∙𝜋

𝑛𝑓
+ 𝜑𝑖 .         (5.5) 

The phase angle of the first sinusoidal wave was set equal to 𝜑1 = 𝑎𝜋/𝑛𝑓  

where 𝑛𝑓 is 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 responsible for the unicity of the baseline and accounts for 

the “random” character. The value of 𝑎 for each baseline was assumed 

through implementing a random function in Matlab, which selects, 

randomly, real numbers. Please, find further details regarding this issue 

in [78,85]. 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, i.e., RP, SMP, and DP: SMP (𝑦𝑆𝑀𝑃(𝑡)) was determined as the 

mean of all sinusoidal waves for each time step in the range from 5 to 25 

seconds; RP was defined with a growth exponential signal in the range 

from 0 to 5 seconds, according to: 

𝑦𝑅𝑃(𝑡) =
𝑦𝑆𝑀𝑃(𝑡)𝑒

𝑡

𝑏
         (5.6) 

where, 𝑏 is the harmonizing factor of the rise part of the baseline; finally, 

DP was defined with a negative exponential signal in the range from 25 

to 30 seconds, using: 

𝑦𝐷𝑃(𝑡) =
𝑦𝑆𝑀𝑃(𝑡)𝑒

−(𝑡−25)

𝑐
        (5.7) 

where, 𝑐 is the harmonizing factor of the decay part of the baseline. 

Figure 5.6 shows an example of a baseline signal, where RP and DP are 

depicted in gray and SMP in black. Figure 5.7 shows the spectrogram 

(power spectral density (PSD)) of the baseline highlighting how the 
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frequency content varies with time. The maximum spectral power is 

concentrated in the frequency range of interest and in the SMP. 

 

Figure 5.6: Example of baseline for developing a seismic performance evaluation test input. 
The gray part represents RP and DP parts of the signal, whereas the black one represents 
the SMP part. 

2. RRS spectrum-compatibility enforcement. The spectrum-compatibility 

enforcement was carried out using RSPMatch [35]. In particular, the 

procedure was applied through a time-domain modification of the baseline 

signal to enforce the RRS spectrum-compatibility. The RSP match signal 

processing procedure was implemented according to the 

recommendations provided by Hancock et al. [35]. In particular, some 

wavelets were added to the signal acceleration time history in the time 

domain, according to Suárez & Montejo [86], i.e., sinusoidal corrected 

displacement compatible wavelet using explicit integration (model 14, 

according to RSPMatch manual). 

 

Figure 5.7: Power spectral density (PSD) of the baseline. 

The spectrum-compatibility was enforced by considering the frequency 

sixths octave used to generate the baseline to optimize the procedure. In 

particular, the seismic performance evaluation test input should be 

associated with response spectra that envelope 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 envelopes 
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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 previous section. 

The spectrum-compatibility should be checked considering both signals 

to assign to the table (theoretical signals) and signals recorded by the 

table in the course of the seismic performance evaluation tests (actual 

signals). In particular, theoretical signals that produce spectra that fall 

below the RRS ordinates are generally not acceptable, whereas the 

spectrum-compatibility criteria of the actual signals are less stringent. In 

this latter 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 condition 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 accelerations, velocities, and 

displacements associated with the 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 tables to guarantee 

consistent tests and to provide reliability to the results. In the case of 

exceedance of the capacity thresholds, the input might be subjected to 

further filtering processing. The filtering procedure is described in the 

following considering a representative case study application. 

4. Exceptions. There might be cases in which signal processing 

procedures are not able to guarantee a full compatibility of the signal with 

the limitations/capacities/features and the signal cannot be adequately 

reproduced by the shake table (i.e., theoretical signal is spectrum-

compatible and reproduced signal is not). These difficulties might be 

associated with two main issues: significantly larger peak displacements 

of the tables and/or major resonance of the shake table with testing 

facilities or infrastructures. When the filtering procedures do not solve the 

abovementioned problems, a novel approach could be used to operatively 

solve the problem. The first step is the detection of the unique frequency 

range that is associated with the abovementioned problems, if it exists, 

e.g., typically lower frequencies for higher displacements or 

facility/infrastructure fundamental frequencies for resonance issues. 

Once the frequency range is identified, if this is sufficiently reduced, i.e., 

it does not exceed 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 harmonics; 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, 
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the output signal could be fully considered to be compliant with the 

protocol. As a matter of fact, pilot studies carried out by the Author found 

that this procedure lowers the Fourier transform amplitude corresponding 

to the critical frequencies (for maximum two one-sixths octave) still 

enforcing the full spectrum-compatibility. In particular, the matching 

procedure adds wavelets also corresponding to the two critical one-sixths 

octave, in order 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 lowering 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 of 

the reproducibility issues and should be calibrated by iterative signal 

generation processes and experimental 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 with regard to the facilities of the 

Laboratory of the University of Naples Federico 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 [44]. However, the procedure described in the following is 

generalizable and applicable to different capacity limits. Since 

displacement time histories typically present peaks due to long-period 

components of the accelerograms, a low-cut filter can be applied to the 

signals in order to reduce maximum displacements [87]. 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 considered among 

the most effective and robust ones for reducing the long-period noise in 

accelerograms [88]. 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 & Bommer [88] and to keep the 

energy content from 1 Hz; whereas the higher cutoff frequency was 

determined 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 [88]. 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 
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Exceptions apply, the previously proposed procedure can be used to 

foster the generation of fully reproducible signals. 

Acceleration, velocity, and displacement time histories of the test signal 

before and after the filtering procedure are shown in Figure 5.8. The 

difference between filtered and unfiltered velocities and accelerations is 

negligible, while the maximum displacement was reduced to about 200 

mm, lower than the table limit, and the mean deviation was zeroed. Figure 

5.9 depicts the spectrum-compatibility check performed with respect to 

the protocol requirements, considering baseline, signal after spectrum-

compatibility, and signal after further filtering. 

 

Figure 5.8: Acceleration, velocity, and displacement time histories of the test signal: output 
by RSPMatch (gray), and output after the filtering procedure (black). 

 

Figure 5.9: 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. 
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5.4 Evaluation and validation 

5.4.1 Methodology 

In this section, the proposed protocol is evaluated and validated 

considering a set of seven representative performance evaluation test 

acceleration signals. These 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 

5.2 reports the seismic parameters considered for the analysis, i.e., strong 

floor motion duration (SFMD) [84,89], peak floor velocity to peak floor 

acceleration ratio (PFV/PFA) [53,90], specific energy density (SED) 

[24,91], and predominant period (Tm) [91,92]. 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 spectra of NPSs are 

assessed considering FMs and alternative protocols as a reference, 

considering 5% damping. Time history and seismic parameter 

assessment 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 (please, see Section 5.2.1). 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 buildings and derived from CESMD 

database [93]; for each seismic event and building, the most amplified 

(acceleration) response was selected over the building floors. In 

particular, reinforced concrete 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. [53]. 
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Table 5.2: Definition of SFMD, SED, and Tm. TD is the total duration of the signal, Ia is the 
Arias intensity [94], Ci are the Fourier amplitude coefficients, and fi are the discrete Fast 
Fourier Transform (FFT) frequencies between 0.25 and 20 Hz. 

𝐒𝐅𝐌𝐃 = 𝐭𝟗𝟓 − 𝐭𝟓 

𝐭𝐗 = 𝐭 ̅| 𝐈𝐚(𝐭)̅ =
𝐗

𝟏𝟎𝟎
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5.4.2 Results 

Figure 5.10a depicts a representative NPS (#1) expressed in terms of 

acceleration, velocity, and displacement time histories; the other 

reference NPSs are reported in the Appendix A. The response spectra 

associated with the developed time histories are shown in Figure 5.10b. 

NPSs are developed considering PGA equal to 0.40 g and assuming z/h 

equal to one. Qualitatively, the time histories are not dissimilar to real 

ground and floor records [53], as well as they are quite similar to the ones 

developed according to other protocols, such as AC156 ones [17,19,64]. 

RP, SMP, and DP are quite regular, and several significant peaks are 

observed in SMP, especially in the first and last part. The time histories 

have (multiple) significantly high peaks; PFA, peak floor velocity (PFV), 

and peak floor displacement (PFD) 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 5.11 depicts the comparison between NPSs and (set 1 and set 2) 

FMs in terms of (a) SFMD, (b) PFV/PFA, (c) SED, and (d) Tm. The results 

are reported considering each signal and percentile/median thresholds for 

NPSs and FMs, respectively. Considering all parameters, NPSs provide 

values larger (smaller) than 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 Tm (SFMD and SED). A 

higher parameter value is typically associated with higher damage 

potential for the investigated parameters. NPSs provide a reduced 

dispersion, associated with a 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 
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histories are potentially associated with relatively high and representative 

damage severity, according to efficient seismic parameters. 

 
(a) 

 
(b) 

Figure 5.10: (a) Acceleration, velocity, and displacement time histories related to NPS #1 
and (b) response spectra related to reference protocol signals (time histories NPS #2 to #7 
are reported in the Appendix A). NPSs are related to RRS having PGA equal to 0.40 g and 
assuming z/h equal to one. 
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(a) 

  

(b) 

(c) 

  

(d) 

 
 

 

Figure 5.11: Comparison between NPSs and (set 1 and set 2) FMs considering (a) SFMD, 
(b) PFV/PFA, (c) SED, and (d) Tm. 

Figure 5.12 shows the acceleration response spectra of NPSs normalized 

considering (a) PFA and (b) PGA, compared with (1) set 1 and (2) set 2 

FMs, respectively, whereas Figure 5.13 depicts the spectral comparisons 

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

Considering the component amplification, i.e., looking at spectral 

response normalized using PFA, the response spectra related to NPSs 

envelope very well the median spectrum of set 1 FMs (Figure 5.12a1); 

moreover, they also envelope the 84th percentile spectrum except for few 

peak responses, associated with 1.59 to 4 Hz. However, enveloping 84th 

percentile would certainly be too conservative, as the median spectral 

response (over seven spectra) is typically considered as reliable for 

(structural assessment) spectrum-compatibility (e.g., [3]). 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, 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 5.12a2); 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 
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FM also present PGV, PFA and PFV 120%, 76% and 100% larger than 

related values of set 1 FMs. For further details regarding set 1 and set 2 

FMs, please, refer to [53]. 

Considering both building and component amplification, i.e., looking at 

spectral response normalized considering PGA, NPS spectra present 

ordinates significantly higher than both set 1 (Figure 5.12b1) and set 2 

(Figure 5.12b2) FMs, whereas FM 84th percentiles slightly exceed and 

exceed NPS spectra in the narrow vicinity of 3 Hz considering set 1 and 

set 2 FM, respectively. Further 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 also with regard to seismic and building scenarios 

considered to develop the seismic demand associated with RRS. 

Moreover, this evidence 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 evaluation and validation means, reference 

protocol spectra (RRS and input spectra) are compared with NPS spectra 

and FMs in Figure 5.13a and 13b, respectively.  

GR-63-CORE RRS is not reported as this is defined for 2% damping (and 

all other spectra, including NPS ones refer to 5% damping). The spectra 

are reported considering PGA equal to 0.50 g since this allows assessing 

both building and component amplification response. Reference protocols 

provide spectral ordinates significantly lower than NPS ones (Figure 

5.13a) 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. 

5.5 Discussion 

A protocol is developed for seismic assessment and qualification 

purposes through shake table testing. The protocol development is based 

on the synthesis among (a) technical critical evaluation of reference 

existing protocols, (b) recent advances in the field, also accounting for 

latest literature studies and testing applications, and (c) expertise and 

experience gained in the field by the research team. 

Novel testing approaches are developed towards seismic assessment 

and qualification performed following performance-based earthquake 

engineering (PBEE). Technical criteria are developed for defining a robust 

qualification protocol. This protocol is demonstrated to provide more 

reliable testing procedures, promisingly associated with more robust 

assessment and qualification outcomes. 
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(a) 

  

(b) 

  

 
 

Figure 5.12: Acceleration response spectra of NPSs normalized considering (a) PFA and 
(b) PGA, compared with (1) set 1 and (2) set 2 FMs. All spectra are related to 5% damping. 

  
(a) (b) 

 
Figure 5.13: 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. 
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The most significant and substantial feature of the protocol is associated 

with a consistent code-compliant definition of the loading histories to 

perform seismic evaluation tests. This definition follows the extension of 

a recently developed seismic demand formulation, which is compliant with 

reliable estimations and proven reliability. In particular, this formulation is 

implemented considering an innovative approach, which accounts for a 

wide variability of building periods. The most critical part of the seismic 

signal development is associated with the analysis and processing 

procedures, which are carried out through consolidated methodologies, 

which are clearly described and discussed in the chapter, also providing 

technical and detailed guidance for implementation. 
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6 Reliability of existing shake 

table protocols for seismic 

assessment and qualification of 

acceleration-sensitive systems 

and estimation of reliability-

targeted capacity safety factors 

Nonstructural elements (NEs) are typically associated with major seismic 

risk, as several post-event surveys and literature studies highlighted in 

the last few decades. NE seismic risk is often expressed in terms of critical 

functioning disruption, economic losses, and casualties, and this might be 

significant even in the case of low seismicity sites. In particular, seismic 

risk can be more critical for NEs than for structural parts, especially 

frequent seismic events. Shake table testing represents the most reliable 

method for seismic assessment and qualification of NEs that are sensitive 

to accelerations (i.e., acceleration-sensitive NEs). However, several 

protocols and testing inputs were defined in literature and codes but none 

of them has been assessed in terms of seismic scenario representativity 

and reliability. 

The present chapter reports the methodology and the results of an 

extensive investigation into the seismic assessment and qualification of 

NEs through experimental methods and shake table testing. Existing 

reference shake table protocols defined by regulations/codes are 

assessed in terms of seismic damage potential/severity, modeling NEs 

modeled as inelastic single degree of freedom (SDOF) systems. The 

reliability index associated with the investigated protocols is considered 

as an evaluation parameter. The operative outcome of the chapter is 

associated with the accurate estimation of the reliability index of the 

reference protocols and with the development of applicative safety 

coefficients towards a reliability-targeted assessment of nonstructural 

elements. Novel perspectives for developing more reliable shake table 

protocols and seismic inputs are traced in the light of the preliminary 

results. 
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6.1 Introduction 

NEs are generally particularly sensitive to seismic actions and may exhibit 

a critical behavior also under relatively low intensity earthquakes [1-3], 

especially if they were not designed at all or with regard to seismic actions. 

NE seismic behavior typically affects facility functioning and can be 

associated with significant economic losses; moreover, damage of NEs 

might even cause human losses. Therefore, the seismic assessment of 

NEs is an issue of paramount importance, especially regarding NEs that 

are housed within critical facilities [1,4]. 

The seismic capacity and performance of NEs can be generally assessed 

by means of analytical, numerical, experimental, observational, and 

mixed methods. NEs that are critical in terms of their functioning and 

stability with regard to seismic actions, such as fire sprinkler systems [5] 

or medical equipment [6], should be preferably assessed via experimental 

methods (e.g., [7]), and quasi-static and shake table testing are generally 

considered to be optimal for assessing displacement-sensitive and 

acceleration-sensitive NEs, respectively (e.g., [8]). Generally, NEs are 

typically sensitive to both displacements and accelerations, and shake 

table testing can be reasonably considered to be the best option if the 

testing setup is able to reproduce realistic NE installation arrangements.  

In order to supply robust and representative results, shake table tests are 

often performed considering seismic inputs compliant with reference 

testing protocol; this is strictly required when seismic qualification or 

certification are carried out. As a matter of fact, the seismic response of 

NEs is strongly conditioned by the record characteristics, and shake table 

protocol are supposed to provide seismic inputs associated with relatively 

severe and representative responses. AC156 [9] and FEMA 461 [8] 

protocols represent the state of the art for seismic assessment and 

qualification/certification of acceleration-sensitive elements. Other 

protocols exist but are meant to be used to assess/qualify specific 

components and equipment, e.g., power substation equipment [10] or 

telecommunication equipment [11]. However, the level of reliability of 

existing protocols is not reported or discussed by the protocols, as well as 

this issue was not systematically addressed in the literature, except for a 

very few studies, that focused on peculiar applications (e.g., [12,13]). 

The present chapter reports the results of an extensive research project 

aiming at evaluating the current approaches and methods for seismic 

assessment and qualification of NEs. The reliability of AC156 [9], FEMA 

461 [8], IEEE 693 [10] and Zito et al. [14] protocols is assessed with 

regard to the seismic severity in terms of damage potential of NEs. 

Elements that can be modeled by SDOF systems are considered as a 

case study; these elements correspond to most studied and common 

acceleration-sensitive elements (e.g., [15,16]). Incremental dynamic 

analyses (IDAs) are performed to assess the seismic response and 
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damage of several case study models. The reliability index associated 

with the investigated protocols is estimated considering real floor motions 

as a reference, according to a recently developed methodology [13]. By 

evaluating the reliability index of the reference protocols and comparing 

them with target indexed (assessed in the study), safety factors 

associated with investigated protocols, models, and DS are provided. 

These coefficients are aimed at reducing the seismic capacity estimated 

through the application of the reference protocols (shake table testing) by 

enforcing a target reliability, based on robust assumptions. Novel 

perspectives for more reliable seismic assessment of acceleration-

sensitive are traced, according to the reliability assessment results. 

6.2 Methodology 

6.2.1 Outline 

The methodology flowchart is depicted Figure 6.1 and described in the 

following. Reference shake table protocols (STPs) were selected within 

current regulations/codes and relevant literature studies (Section 6.2.2); 

acceleration loading histories were defined considering both reference 

STPs (input generation and processing) and real records (input selection 

and processing) (Section 6.2.3). Case study NEs were defined favoring 

representativeness and generalizability (Section 6.2.4), advanced 

numerical modeling was implemented, performing IDAs (Section 6.2.5). 

Engineering demand parameters (EDPs) and relevant damage states 

(DSs) were defined (Section 6.2.6), and both damage (fragility) and 

reliability assessment were performed considering a newly defined 

perspective and according to literature methods (Section 6.2.7). Finally, 

reliability-targeted safety factors were estimated according to a newly 

proposed method, favoring the applicative optimization (Section 6.2.8). 

 

Figure 6.1: Methodology flowchart. 
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6.2.2 Reference shake table protocols (STPs) 

Shake table protocols (STPs) investigated in this chapter are AC156 [9], 

AC156w/o, FEMA 461 [8], IEEE 693 [10], Zito et al. [14]; AC156w/o 

protocol is a modified version of AC156, developed in this study and 

described in the following. AC156 protocol establishes the rules and 

criteria for seismic certification of NEs that have fundamental frequencies 

larger than 1.3 Hz. This protocol is considered as the international 

reference for seismic certification of NEs, in compliance with International 

Building Code [17] and ASCE 7 [7]. Two categories of tests are defined 

in the protocol, i.e., resonant frequency search and seismic simulation 

tests. The former tests are aimed at determining the resonant frequencies 

and damping of the test specimen, whereas the latter tests allow the 

assessment of the seismic capacity of the specimen, essential for the 

seismic certification. The input signal for the seismic simulation tests 

consists of nonstationary broadband random excitations having energy 

content ranging from 1.3 to 33.3 Hz and a bandwidth resolution equal to 

one-third for analog systems and one-sixth octave for digital ones. The 

input duration shall contain at least 20 seconds of strong motion. The 

input signal shall be compatible, in terms of test response spectrum 

(TRS), with a required response spectrum (RRS) according to strict 

criteria. AC156 RRS is compliant with the design horizontal force provided 

by ASCE 7 [7], and this is defined by two acceleration thresholds: AFLX, 

i.e., plateau spectral ordinate over 1.3 to 8.3 Hz, and (b) ARIG, i.e., spectral 

ordinate at 33.3 Hz; RRS is log linear between 8.3 and 33.3 Hz. RRS is 

also defined for frequencies lower than 1.3 Hz, but this is not to be 

considered for spectral compatibility analysis. RRS is defined for 

horizontal and vertical directions according to the formulations provided 

for {AFLX-H, ARIG-H} and {AFLX-V, ARIG-V}, respectively. The key parameters 

for determining RRS are SDS, i.e., design spectral response acceleration 

parameter at short periods, and z/h, i.e., ratio between the height location 

of NE (z) and the building height (h). 

AC156 protocol assumes an upper bound limit for AFLX-H, equal to 1.6 SDS. 

AC156 RRS with and without limitation is show in Figure 6.2a. This 

limitation was derived from the provisions for the evaluation of the seismic 

demand force on NEs [7]. AFLX-H reduction associated with this limitation 

increases linearly from z/h equal to 0.3 (null reduction) to z/h equal to one 

(47% reduction), as observed in the Figure 6.2b. This limitation might 

significantly affect the severity of the compliant seismic input and might 

even result in unsafe capacity estimations, as recent studies pointed out 

[13,18-20], e.g., Petrone et al. [19] proved that such a limitation generates 

RRS that might underestimate the floor response spectra related to a 

representative set of generic frame structures. Accordingly, a modified 

version of AC156 protocol, namely AC156w/o, was considered in this 

section. In particular, AC156w/o RRS coincides with AC156 RRS without 

applying the abovementioned limitation to AFLX-H, and AC156w/o signal 

generation procedure is the same implemented for AC156. 
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(a) (b) 

 
Figure 6.2: AC156 protocol with and without upper bound limit for AFLX: a) required 
response spectra, and b) AFLX/SDS ratio as a function of z/h ratio. 

FEMA 461 protocol provides methods for seismic evaluation of structural 

and NEs, identifying shake table testing as the most preferred method for 

assessment of acceleration-sensitive elements. The shake table testing 

protocol is designed for testing elements that are sensitive to the velocity 

and dynamic effect of motion imparted at a single point of attachment. 

The seismic performance of the test specimen is evaluated under input 

motions of increasing intensities representative of the motion at the single 

level of a building structure on which the test specimen is located. The 

development procedure and the seismic inputs used to assess the 

capacity of NEs were developed by Wilcosky et al. [21]. The test input 

consists of a 60-s narrowband random sweep excitation signal, with a 

center frequency of the sweeps ranging from 32 Hz to 0.5 Hz, at a rate of 

six octaves per minute, having a bandwidth resolution equal to a one-third 

octave. FEMA 461 does not provide the RRS, but only some 

representative cases, and generic spectral indications: TRS should be 

relatively smooth with the acceleration response spectra amplitude equal 

to 1 g within 2 and 32 Hz and with a uniform displacement response 

spectrum below 2 Hz. The spectral ordinate of the TRS at the resonant 

frequency of the NE (i.e., S(Ta)) is considered as an intensity parameter. 

The protocol also defines a procedure for the generation and the filtering 

of the shake table input; however, the use of the provided signals is 

implicitly suggested. 

IEEE 693 protocol establishes criteria for seismic design and qualification 

of electrical substation equipment, according to three seismic qualification 

levels (low, moderate, and high). Qualification levels are defined 

according to zero period acceleration (ZPA) of RRS, i.e., high and 

moderate levels are associated with horizontal ZPA equal to 1.0 and 0.5 

g, respectively, whereas no specific ZPA value is associated with low 
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level. IEEE 693 RRS does not account for the influence of the hosting 

building, which can be considered by amplifying RRS by 2.5. The input 

signal of the seismic simulation tests shall have a duration of at least 20 

s of strong motion. Theoretical TRS (i.e., related to assigned signal) shall 

be computed at 5% damping and shall meet RRS from the lower corner 

point frequency of the target response spectra (1.1 Hz). Unlike other 

protocols, IEEE 693 supplies different spectrum-compatibility rules for 

theoretical and recorded inputs. The protocol provides several spectrum-

compatible seismic inputs. In particular, Takhirov et al. [22] developed 

several time histories according to IEEE 693 protocol. The seismic inputs 

were generated considering different earthquake type, i.e., crustal, 

subduction, and artificial ones. 

Zito et al. protocol [14] defines criteria for seismic qualification/certification 

of (acceleration-sensitive) NEs that have fundamental frequencies 

greater than 1.0 Hz. The loading program consists of a series of dynamic 

tests, including both dynamic identification tests and seismic performance 

evaluation tests. This protocol considers two approaches: specific 

performance level qualification and extensive qualification. The former is 

intended to verify whether the component fulfills a specific performance 

level, associated with a target level of a relevant (seismic) intensity 

parameter defined by regulations or codes. The latter qualification 

consists in an incremental testing procedure encompassing low to high 

seismic intensities and minor to major damage DSs. Zito et al. RRS was 

derived from the formulation provided by the Italian building code [23,24] 

for frame buildings, which was developed in [25] and assessed in several 

studies (e.g., [26,27]); in particular, RRS was defined by implementing a 

general and site-building independent approach, favoring a generalizable 

and representative formulation. Zito et al. [14] also provides exception 

rules/criteria to be applied when the signal cannot be adequately 

reproduced by the shake table due to instrumental issues, e.g., exceeded 

peak displacement capacities or instrumental dynamic resonance issues, 

despite consolidated filtering procedures have been implemented. In this 

study, it is hypothesized that frequencies in the vicinity of 1.0 Hz are 

critical for the testing facility, and Zito et al. exceptions are applied 

accordingly, defining Zito et al. exception protocol. It should be mentioned 

that the investigated exception might be consistent with several testing 

facilities since low frequencies are often critical in terms of spectrum-

compatibility and signal reproduction by shake tables [22,28]. 

6.2.3 Loading histories 

Two types of acceleration records were selected for the numerical 

analyses: floor motions (FMs) and shake table protocol inputs (STPIs). 

FMs were provided by CESMD database and consist in real 

accelerograms recorded in US instrumented buildings. FMs are related to 

ground motions having PGA not smaller than 0.05 g, and they are always 

associated with higher intensity response over the building floors (mostly 
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recorded at the roof level). The case study buildings consist in RC 

buildings designed within 1923 – 1975. In particular, 18 FMs were 

considered in this section, deriving them from the 24 FMs selected by 

D’Angela et al. [20]. In particular, FMs #4, #8, #11, #16, #20, and #24 

considered in this latter section were not included in the present chapter. 

As a matter of fact, a pilot study showed that these records were 

extremely mild for the case study NE models. The considered FM set 

(FM#1 to FM#18) is widely representative in terms of (a) recorded PGA 

and PFA distribution, (b) near and far field records, and (c) low-, medium-

, and high-rise buildings. For the sake of brevity, further FM details are 

not reported in this section since they are provided in the abovementioned 

chapter. 

STPIs are artificial inputs derived compliant with the most authoritative 

STPs for seismic evaluation and qualification/certification of acceleration-

sensitive elements. STPIs were generated or derived according to STPs 

described in section 6.2.2. Seven acceleration time histories were 

generated according to AC156 (AC set: AC#1 to AC#7), according to 

[28,29]; z/h was set equal to one to consider the most severe NE location 

condition as well as to consider the highest upper cut spectral limitation 

[13,18]. Seven inputs were generated according to AC156w/o (ACw/o set: 

ACw/o#1 to ACw/o#7), i.e., considering the procedure related to AC156 

without applying the AFLX-H upper bound limit. Three inputs developed 

according to FEMA 461 were considered (FEMA set: FEMA#1 to 

FEMA#3): FEMA#1 and FEMA#2 were provided by FEMA 461 (i.e., 

recommended longitudinal and transversal records) and FEMA#3 was 

generated in D’Angela et al. [13], according to the commentary of FEMA 

461 and the procedure developed by Wilcoski et al. [21]. It was verified 

that AC, ACw/o, and FEMA set signals were compatible with 

representative shake table testing facilities, considering a spectral 

acceleration response at rigid periods equal to 1.0 g as a reference. In 

particular, the signals met the capacity limits of the shake tables of the 

University of Naples (e.g., [30]), and the most severe limitations were 

associate with peak displacement and upper frequency limit (capacity 

thresholds equal to 250 mm and 50 Hz, respectively). 

Ten acceleration time histories were selected according to IEEE 693 

(IEEE#1 to IEEE#7), also considering the study by Takhirov et al. [22]. 

IEEE#1 to IEEE#5 inputs were obtained by considering empirical time 

histories as a baseline (i.e., El-Centro, CA (1940), Landers, CA (1992), 

and El Mayor-Cucapah, Mexico (2010)), whereas the others were 

artificially generated. IEEE#4 to IEEE#7 were selected among the filtered 

versions of IEEE-spectrum compatible time histories and with peak 

displacements limitations of 200 mm, developed by Takhirov et al. [22]. 

This limit was considered to be compliant with the abovementioned shake 

table limitations. IEEE#1 to IEEE#3 were filtered in this chapter 
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considering a band-pass Butterworth filter over the range of frequency 0.5 

÷ 35 Hz to meet the same displacement limit [30].  

Seven inputs were developed according to Zito et al. protocol (NPS set: 

NPS#1 to NPS#7), according to the procedure defined in [14], not 

reported here for the sake of brevity. In particular, the signals were 

artificially generated as of nonstationary random signal with an energy 

content ranging from 1.0 to 32.0 Hz and a duration of 30 s. The theoretical 

spectra of the signal inputs were matched to the RRS defined with PGA 

equal to 0.4 g and the height ratio z/H equal to one. RRS was developed 

by generalizing and extending the formulation of the seismic demands on 

NEs provided by Italian building code [23,24]. The acceleration time 

histories were filtered with a band-pass filter to be compatible with the 

facilities limits previously described [30]. Another seven inputs (NPS 

exception set: NPSe#1 to NPSe#7) were generated according to Zito et 

al. protocol following the exceptions procedures describe by the authors 

(defined in section 6.2.2, referred to as Zito et al. exception).  

The time history inputs related to STPIs are depicted in the Appendix B. 

Figure 6.3 shows the spectral acceleration response (Sa) as a function of 

frequency (fa) associated with FM and STPI sets, assuming PFA equal to 

1.0 g. Both (a) median and (b) 84th percentile spectra are depicted. 

(a) (b) 

  

 
Figure 6.3: Spectral acceleration response (Sa) over frequency fa associated with FM and 
STPI sets: (a) median curves and b) 84th percentile curves. The spectra were computed 
considering PFA equal to 1.0 g. 

6.2.4 Case study models 

NEs of interest are acceleration-sensitive elements that can be modeled 

by SDOF systems. In particular, case studies consist in cantilever 

elements with lumped mass at the free end. This model was chosen since 

it is representative of the dynamic behavior of wide range of acceleration-

sensitive NEs, such as operating lights, projectors, antennas, base-
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anchored cabinets, and museum artifacts. Figure 6.4 depicts a 

representative example of critical nonstructural element that can be 

modeled by SDOF systems, i.e., a part of an historical structure and 

related supports exposed at the National Archeological Museum of 

Naples (MANN), Italy. Indeed, acceleration-sensitive NEs are generally 

meant to be SDOF systems in the literature (e.g., [15,16,25]), and the 

assessment methodology, including seismic demand estimation, is based 

on SDOF hypotheses and spectral responses [7,24,31]. 

 

Figure 6.4: A part of an historical structure and related supports exposed at the National 
Archeological Museum of Naples (MANN), Italy, which can be reasonably modeled by 
SDOF systems. 

A set of 12 models was considered to account for various NEs over a wide 

range of elastic frequencies and geometric/structural properties. All 

models were made of steel S275 square hollow sections (SHS). In fact, 

acceleration-sensitive NEs are often provided by a supporting/resisting 

system (or structure) composed by steel elements, often box/tubular 

sections or profiles. Table 6.1 reports the geometrical/structural details of 

the case study models, including elastic frequencies (fa). The models 

were defined by varying cross-section dimensions (i.e., size b and 

thickness t), mass m, and elevation height H. In particular, the models 

cover a wide range of elastic frequencies (approximately from 1 to 9 Hz) 

that is representative of most NEs (e.g., [7]). In particular, four ranges of 

elastic frequency (fa) ranges were defined, i.e., (range 1) ~1.0 Hz, (range 

2) ~1.5 Hz, (range 3) ~3.0 Hz, and (range 4) > ~3.0 Hz; three models were 

defined for each range, i.e., {M1a,M1b,M1c}, {M2a,M2b,M2c}, 

{M3a,M3b,M3c}, and {M4a,M4b,M4c} corresponded to ranges 1, 2, 3, and 

4, respectively. 
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Table 6.1: Structural details of the investigated models. 

Model 
ID 

fa range fa b t H m 

[Hz] [Hz] [mm] [mm] [m] [t] 

M1a 

~1.0 

1.02 70 3.0 4.50 0.10 

M1b 1.03 60 3.0 2.50 0.35 

M1c 1.13 50 2.5 3.00 0.08 

M2a 

~1.5 

1.48 70 3.0 3.50 0.10 

M2b 1.52 60 3.0 2.50 0.16 

M2c 1.52 60 2.5 3.00 0.08 

M3a 

~3.0 

2.97 70 3.0 2.20 0.10 

M3b 3.04 60 3.0 2.50 0.04 

M3c 3.06 90 3.0 3.00 0.08 

M4a 

> ~3.0 

5.86 70 3.0 1.40 0.10 

M4b 7.34 80 4.0 1.50 0.10 

M4c 9.02 70 3.0 1.05 0.10 

 

6.2.5 Numerical modeling and analysis 

The case study models were implemented in OpenSees [32] considering 

a lumped plasticity approach. In particular, each model consists in a 

series of an elastic vertical cantilever element and an inelastic moment-

rotation spring, defined over three nodes (Figure 6.5a). In particular, (a) 

the spring was defined between a fixed node (node 1) and a (free) node 

(node 100) having the same coordinates of node 1 and (b) the vertical 

element was assigned between node 100 and a (free) node (node 2) 

having elevation coordinate equal to H and other coordinates equal to the 

ones of nodes 1 and 100. 

The elastic and spring elements were modeled by an elasticBeamColumn 

element and a zerolength element, respectively. The moment-rotation 

backbone and hysteretic/deterioration parameters of the spring element 

were determined according to Lignos and Krawinkler [33], who calibrated 

the Ibarra-Medina-Krawinkler (IMK) model [34,35] for steel SHS columns, 

considering more than 120 literature tests on columns (including both 

cantilever columns and columns fixed at both ends). In particular, 

uniaxialMaterial ModIMKPeakOriented response was assigned to the 

zerolength element. The backbone is defined by yielding, capping and 

ultimate moment-rotation conditions, whereas cyclic deterioration is 

modeled according to an energy dissipation criterion, through the 

cumulative rotation capacity (Λ). Four deterioration modes can be 

implemented: strength, stiffness, post-capping stiffness, and reloading 

stiffness. Empirical formulations are provided by Lignos and Krawinkler 

(2010) for the estimation of pre-capping rotation (θp), i.e., the difference 

between the capping and the yielding rotation (Equation (6.1)), post-

capping rotation (θpc), i.e., the difference between the ultimate rotation 

and the capping one (Equation (6.2)), and cumulative rotation capacity 

(Λ), i.e., the ratio between the reference hysteretic energy dissipation 
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capacity (typical of the system) and the pre-capping rotation (Equation 

(6.3)). In particular, N is the applied axial load, Ny is the yield axial load, 

Fy is the expected yield strength (in MPa), and c is a coefficient for units 

conversion, which is equal to one if Fy is expressed in MPa. The 

denominator of the fourth factor, i.e., 380, aims at a normalizing the factor 

since it represents the nominal yield strength of steel typically used for 

tubular columns in Japan. 

𝜃𝑝 = 0.614 (
𝑏

𝑡
)
−1.05

 (
𝑁

𝑁𝑦
)

1.18

 (
𝑐 ⋅ 𝐹𝑦

380
)
−0.11

 (6.1) 

𝜃𝑝𝑐 = 13.82 (
𝑏

𝑡
)
−1.22

  (
𝑁

𝑁𝑦
)

3.04

 (
𝑐 ⋅ 𝐹𝑦

380
)
−0.15

 (6.2) 

𝛬 = 3012 (
𝑏

𝑡
)
−2.49

 (
𝑁

𝑁𝑦
)

3.51

 (
𝑐 ⋅ 𝐹𝑦

380
)
−0.20

 (6.3) 

 

The provided equations are applicable within parameter ranges provided 

in Equations (6.4); the case study models are compatible with the 

abovementioned applicability conditions. 

20 ≤
𝑏

𝑡
≤ 60 (6.4.1) 

0 ≤
𝑁

𝑁𝑦
≤ 0.5 (6.4.2) 

276 𝑀𝑃𝑎 ≤ 𝐹𝑦 ≤ 500 𝑀𝑃𝑎 (6.4.3) 
 

Yielding moment (My) and yielding rotation (θy) were evaluated 

considering the elastic properties of the cross-sections, according to 

available handbooks. A strength reduction stabilization was taken into 

account by assuming a residual strength threshold (Mr), as a fraction of 

My, i.e., Mr = k My, with k = 0.25 (experimentally derived [33]). The global 

backbone curves (in-series members) related to the investigated models 

are depicted in Figure 6.5b considering shear-displacement response. 

Only the positive branch is illustrated in Figure 6.5b (the response is 

symmetric). It is worth noticing that backbone curves related to M1b, M2b, 

and M3b are overlapped since the models only differ in terms of mass 

(and other mechanical parameters are the same). 

The member backbone response is associated with the in-series 

response of the elastic and spring elements (Figure 6.5c). In order to 

avoid convergence issues, the spring was modeled as elastic-plastic. The 

elastic and spring elastic stiffness were set by enforcing the following 

conditions: (a) spring stiffness equal to n times the elastic element and (b) 

in-series member stiffness corresponding to the backbone derived from 

the abovementioned formulation; n was assumed to be equal to ten 
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according to the relevant literature [34,36]. Figure 6.5c depicts an 

example of backbone curves, expressed as shear-displacement 

response, associated with single series elements (elastic cantilever and 

elastic-plastic spring) and in-series member. 

 

 

(a) (b) 

 
(c) 

Figure 6.5: Depiction of the numerical models: (a) schematic of the implemented in-series 
system, (b) moment-rotation backbone curves related to investigated models, and (c) 
example of backbone response of elastic/spring elements and in-series member. 

Second order geometric nonlinearities, namely P-δ effects, were 

implemented in the analyses. Rayleigh damping was assumed in the 

model (mass and initial tangent stiffness-proportional), considering a 

damping ratio equal to 5% [36]. The damping was only assigned to the 

elastic element in order to ease the analysis convergence (please, see 

[37,38]).  

IDAs were carried out by scaling PFA from 0.05 g to component failure, 

through increments of 0.05 g. Structural resurrection [39] was not 

accounted for. 
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6.2.6 Engineering demand parameter (EDP) and damage states (DSs) 

The damage of the systems was assessed considering the horizontal 

displacement of the concentrated mass Δ as an EDP. Five DSs were 

defined according to Figure 6.6, i.e., DS1, DS2, DS3, DS4, and DS5 

achieved when Δ exceeds or equals the related displacement capacity 

thresholds ΔDS1, ΔDS2, ΔDS3, ΔDS4, and ΔDS5. In particular, ΔDS1 is halved 

yielding displacement, ΔDS2 is yielding displacement, ΔDS3 is capping 

displacement, ΔDS4 is displacement associated with strength drop of 20% 

from the capping condition, and ΔDS5 is smallest displacement associated 

with residual strength (or onset of perfectly-plastic response). Table 6.2 

reports the displacement capacities associated with the investigated 

models. These capacities are associated with global member response 

estimated through nonlinear static analyses (pushover curves) including 

P-δ effects. Considering the response of the spring instead of the global 

member for the damage assessment would not correctly account for the 

elastic contribution to the deformations since the spring is provided with a 

conventional aliquot of the global elastic stiffness. 

Considering the modeled NEs (and not the hypothetical hosting facility), 

DS1 is representative of full functioning/operativity, DS2 is associated 

with damage limitation, DS3 is correlated with life safety, and DS4 is 

related to collapse/failure. Obviously, the performance levels to be 

guaranteed, the relevant limit states, and the associated seismic demand 

depend on the reference regulation and case study facility, and it is worth 

specifying that the present chapter aims at performing damage 

assessment rather than safety assessment. 

 

Figure 6.6: Schematic definition of damage states (DSs). 
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Table 6.2: Displacement capacities associated with investigated DSs, considering the 
global member response and including P-δ effects. 

Model 
ID 

ΔDS1 ΔDS2 ΔDS3 ΔDS4 ΔDS5 

[m] [m] [m] [m] [m] 

M1a 0.146 0.291 0.394 0.599 1.22 

M1b 0.0524 0.105 0.171 0.257 0.515 

M1c 0.0906 0.181 0.262 0.407 0.847 

M2a 0.0881 0.176 0.256 0.427 0.945 

M2b 0.0524 0.105 0.172 0.297 0.674 

M2c 0.0755 0.151 0.218 0.357 0.778 

M3a 0.0348 0.0696 0.1198 0.237 0.591 

M3b 0.0524 0.105 0.172 0.338 0.841 

M3c 0.0502 0.100 0.153 0.278 0.659 

M4a 0.0141 0.0282 0.0601 0.138 0.376 

M4b 0.0142 0.0283 0.0687 0.172 0.486 

M4c 0.00793 0.0159 0.0398 0.100 0.281 

 

6.2.7 Damage and reliability assessment 

Damage assessment was carried out through estimation of fragility 

curves, associated with the response of the investigated models, 

according to [40], i.e., using an IM-based lognormal model (Porter method 

A). PFA was considered as an IM, and Δ was used as an EDP. The 

fragility was computed considering DS1 to DS5 defined in section 6.2.6. 

The fragility median value and logarithmic standard deviation are defined 

𝑥𝑚 and σ, respectively. The only record-to-record uncertainty was 

considered in this section. 

The reliability of the investigated protocols was assessed by implementing 

the methodology developed in [13]. In particular, the reliability index β was 

computed according to second-level first-order reliability method (FORM) 

[41]. In particular, capacity (R) and demand (S) measures corresponded 

to capacities associated with FM (actual capacities) and protocol (nominal 

capacities), respectively, and capacity to demand margin (Z) 

corresponded to protocol overestimation of the capacity in relation to FM 

capacity (or equivalently, nominal overcapacity in relation to actual 

capacity). Accordingly, β accounts for the reliability of the protocol, 

considering FM capacities as a reference, and pf, which is defined by Φ(-

β), where Φ is the cumulative standard normal distribution, represents the 

failure probability of the protocol, i.e., the probability that the capacity 

assessed considering the protocol exceeds the capacity associated with 

FM. The probabilistic distributions of R and S were assessed considering 

the estimated fragility parameters. As a matter of fact, fragility parameters 

represent probabilistic distribution of capacities. β and pf were computed 

as defined in [13,41] for all DSs, models, and protocols. 
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6.2.8 Estimation of reliability-targeted safety factors 

In earthquake engineering, the concept of risk- and reliability-targeted 

design and assessment was widely applied to structures and 

infrastructures in the last few decades. However, no studies or 

applications, to the author’ knowledge, extended these approaches to 

nonstructural elements, even though these latter are often associated with 

critical seismic risk. A major step towards a reliability-targeted design and 

assessment of nonstructural elements was carried out in this section. 

Safety factors are developed in the chapter for performing safety 

assessment of nonstructural element according to first-level reliability 

methods (semi-probabilistic approach). This allows the implementation of 

more reliable assessment procedures among practitioners and 

professionals. In particular, the chapter develops safety factors (k) to be 

applied to the capacities estimated according to the protocols, explicitly 

calibrated to achieve given levels of reliability associated with the use of 

the investigated protocol. Even though these factors are to be applied to 

capacities, the also account for the uncertainty associated with seismic 

demand, as it will be cleared in the following. Equation (6.5) was used to 

assess k considering a given target reliability index (failure probability), 

defined β̅ (𝑝𝑓̅̅ ̅), where 𝑥𝑚,𝑅 and σ𝑅 (𝑥𝑚,𝑆 and σ𝑆) define the lognormal 

distribution parameters associated with FM (protocol) capacity (i.e., 

fragility parameters). 

𝑘 = exp(�̅�√𝜎𝑆
2 + 𝜎𝑅

2)  (
𝑥𝑚,𝑆
𝑥𝑚,𝑅

) (6.5) 

 

Equation (6.5) was derived by giving k explicitly from Equation (6.6), 

which expresses β̅ as the β value associated with a set of protocol 

capacities having median and logarithmic standard deviation equal to 

𝑥𝑚,𝑆/𝑘 and σ𝑆, respectively. 

�̅� =

𝑙𝑛 (
𝑥𝑚,𝑅
𝑥𝑚,𝑆
𝑘

)

√𝜎𝑆
2 + 𝜎𝑅

2
 

(6.6) 

 

As a matter of fact, if all members of protocol capacity set (S) are divided 

by k (in order to use the safety factor), the median of the lognormal 

distribution related to the resulting capacity set (𝑆̅) is equal to the median 

value of S set divided by k (𝑥𝑚,𝑆̅̅ ̅̅ ̅̅ = 𝑥𝑚,𝑆/𝑘), whereas the logarithmic standard 

deviation of 𝑆̅ set is equal to the logarithmic standard deviation of the 

unmodified protocol capacity set (σ𝑆̅̅ ̅̅ = σ𝑆). Accordingly, Equation (5) 

allows identifying the value of k that determines the achievement of a 

target value of β (β̅) for the related case study application (DS, model 

properties, and protocol). Therefore, k represents the reliability-targeted 
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safety factors to be applied to capacity estimations related to the 

investigated protocols (S) to estimate the reliability-targeted protocol 

capacities (𝑆̅). Figure 6.7 depicts k as a function of 𝑥𝑚,𝑆 𝑥𝑚,𝑅⁄  and 𝜎𝑆
2 + 𝜎𝑅

2 

or 𝜎𝑆 (for multiple values of 𝜎𝑅), assuming β̅ equal to 0.5, 1.0, and 2, which 

correspond to 𝑝𝑓̅̅ ̅ approximately equal to 31%, 16%, and 7%, respectively. 

Since k values were calibrated considering uncertainty associated with 

both capacity and demand measures, the reduction of the nominal 

capacity due to the application of the estimated safety factor also 

accounts for the increase of the seismic demand associated with a 

reasonable uncertainty assessment. In other words, the uncertainty 

associated with the seismic demand is included within the safety factor to 

be applied to the capacity. Analogously, it could be reasonably assumed 

that an aliquot of the safety factor is associated with the contribution of 

the demand uncertainty. 

β̅ equal to one represents a first tentative threshold for defining a relatively 

safe and not critically conservative target threshold [13]. It is worth 

specifying that the defined methodology is generally applicable, and 

different β̅ (𝑝𝑓̅̅ ̅) can be selected according to the desired level of safety 

and significance of the element/facility. For each protocol, k values were 

assessed as a function of DSs and models. Finally, minimum values of k 

associated with β ≥ β̅ were assessed, and applicative correlation charts 

were developed for expeditious and practical estimations. 
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 (i) (ii) (iii)  

(a) 

 

(b) 

Figure 6.7: Safety factor (k) expressed as a function of xm,S⁄xm,R and (a) σS
2+σR

2and (b) σS 

(considering σR equal to 0.1, 0.3, and 0.5), assuming �̅� equal to (i) 0.5, (ii) 1.0, and (iii) 2, 

corresponding to 𝒑𝒇̅̅ ̅ approximately equal to 31%, 16%, and 7%. 

6.3 Results and remarks 

6.3.1 IDA curves 

Figure 6.8 and Figure 6.9 show median and 84th percentile IDA curves, 

respectively, using PFA as an IM and Δ/ΔDS5 as an EDP, corresponding 

to single models and grouped frequency range models. The IDAs are 

estimated for each model and for each model range. The statistical curves 

were obtained by fixing PFA and estimating the statistical Δ/ΔDS5 values 

over the set of IDA curves. The 84th percentile curves represent a more 

conservative reference, i.e., considering a higher input severity. The 

comparison between the median and 84th percentile response allows 

identifying the dispersion of the single input IDAs within the different 

loading history sets, even though in a qualitative manner. However, the 

data dispersion associated with the seismic response of the investigated 

models is addressed in a more quantitative and explicit manner in the 

framework of the fragility and reliability assessment. Therefore, in this 
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section, no comments are reported regarding the data dispersion in this 

section for the sake of redundancy. 

The results are discussed in terms of the influence of loading history set 

and model features on the seismic response, also expressed as 

input/response IDAs severity, where higher severity is associated with 

larger EDP for given PFA or, equivalently, lower PFA for given EDP [42]. 

In particular, protocol input IDA responses are discussed considering FM 

ones as a reference, explicitly referring to the investigated model features 

(especially frequency ranges). 

Severity patterns associated with the different loading histories can be 

observed. IEEE 693 (FEMA 461) inputs are the most severe for ranges 1 

and 2 (3 and 4) models considering both median and 84th percentile 

response, even though in this latter case, even though 84th percentile 

IEEE 693 responses are quite similar to FEMA 461 for some models (e.g., 

M1c and range 3 models). Over the investigated protocols, AC156 is 

overall the least severe, as it was also found with regard to rigid block 

dynamics [20,42]. Considering 84th percentile (median) curves, AC156 is 

always (often) less severe than FM and other protocol responses (in 

particular, median AC156 curves are less severe than FM ones for ranges 

1 and 2, over relatively larger Δ/ΔDS5 values (e.g., Δ/ΔDS5 > ~ 0.4 – 0.5), 

and for ranges 3 and 4, overall and especially in the post-yielding 

response. For ranges 1 and 2, median curves related to Zito et al. inputs 

are quite similar to IEEE 693 ones, whereas they are less severe than 

both FEMA 461 and IEEE 693 over Δ/ΔDS5 > ~ ΔDS3/ΔDS5 curves, but 

overall they are more similar to or more severe than FM ones. Zito et al. 

84th percentile curves are similar to FEMA 461 and IEEE 693 and FM 

curves over relatively smaller Δ/ΔDS5 values, e.g., Δ/ΔDS5 < ~ 0.2 – 0.4, 

whereas they are less severe for larger values. Considering median and 

84th percentile responses, IEEE 693 and FEMA 461 fit very well FM 

response over ranges 1 to 3, whereas Zito et al. are more consistent with 

FM curves for range 4. Both median and 84th percentile IDAs related to 

AC156w/o are overall similar to Zito et al. It is recalled that compatibility 

of IDA curves, even considering statistical curves, does not necessarily 

imply a higher reliability, which is estimated in the following sections 

considering an explicit quantitative approach. 
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Figure 6.8: Median IDA curves (PFA as a function of Δ/ΔDS5) associated with all loading history sets, corresponding to single models and grouped range models. 
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Figure 6.9: 84th percentile IDA curves (PFA as a function of Δ/ΔDS5) associated with all loading history sets, corresponding to single models and grouped range models. 
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6.3.2 Fragility assessment 

The study focuses on the influence of model frequency on the fragility 

parameters, which is more meaningful and revealing than fragility curves 

themselves. The fragility curves are presented for all models, loading 

histories, and DSs from Figure 6.10 to Figure 6.14. As a representative 

result. Moreover, the fragility parameters are reported for all models, 

loading histories, and DSs in Appendix B.  

AC156 fragilities curves are lower than FEMA 461, IEEE 693, Zito et al., 

and AC156w/o for all models and DSs, and they are always lower than 

FM ones, except for models 1 and 2 relatively to DS1, DS2, and DS3. The 

fragility curves relating DS1 (Figure 6.10), DS2 (Figure 6.11), and DS3 

(Figure 6.12) are quite similar among them for all models and loading 

histories. IEEE 693, Zito et al., and AC156w/o fragility curves are quite 

similar among them for all models, except for model M4b, where IEEE 

693 fragility is slightly higher than Zito et al. and AC156w/o. In particular, 

IEEE 693, Zito et al., and AC156w/o fragilities are significantly higher than 

FM set ones, except for M3 models, where SFM fragilities are higher than 

the former fragilities. FEMA 461 fragilities are lower (higher) than IEEE 

693, Zito et al., and AC156w/o for models M1 and M2 (M3 and M4), and 

they are always higher than FM ones.  

Figure 6.13 shows the fragility curves assessed considering DS4. IEEE 

693, Zito et al., and AC156w/o fragility curves are different among them 

for all models, except for M2 models. IEEE 693 fragility curves are higher 

than Zito et al. and AC156w/o for all models. In particular, Zito et al. and 

AC156w/o fragilities curves are higher (lower) than FM set ones for 

models M1 and M2 (M4), whereas for M3 models, Zito et al. and 

AC156w/o fragilities curves are quite similar to the FM sets. FEMA 461 

fragilities are lower (higher) than IEEE 693, Zito et al., and AC156w/o for 

models M1 and M2 (M3 and M4), and they are always higher than FM 

ones. Finally, Figure 6.14 shows the fragility curves assessed considering 

DS5. IEEE 693, Zito et al., and AC156w/o fragility curves are different 

among them for all models. IEEE 693 fragility curves are higher than Zito 

et al. and AC156w/o for all models. In particular, Zito et al. and AC156w/o 

fragilities curves are higher (lower) than FM set ones for models M2 and 

M3 (M1 and M4, except M1c model). Moreover, Zito et al. and AC156w/o 

fragilities curves are quite similar to the FM sets for M3 models. FEMA 

461 fragilities curves are lower (higher) than IEEE 693 for models M1 and 

M2 (M3 and M4), and they are always higher than FM ones. FEMA 461 

fragilities are higher than Zito et al. and AC156w/o, except for M2 models 

where the median values of Zito et al. and FEMA 461 are quite similar to 

each other. Zito et al exception fragilities curves are quite similar to Zito 

et al. for all models and DSs. For this reason, in the analyses and results 

shown below the Zito et al exception protocol was neglected. Further 

comments on the fragility are reported in the following, regarding the 

evolution of the fragility parameters over the model frequencies. 
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Figure 6.10: Fragility curves (FDS as a function of PFA) evaluated considering DS1, associated with all loading history sets, corresponding to single models and grouped 
range models. 



180 | P a g .  
 

 

 

Figure 6.11: Fragility curves (FDS as a function of PFA) evaluated considering DS2, associated with all loading history sets, corresponding to single models and grouped 
range models. 
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Figure 6.12: Fragility curves (FDS as a function of PFA) evaluated considering DS3, associated with all loading history sets, corresponding to single models and grouped 
range models. 
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Figure 6.13: Fragility curves (FDS as a function of PFA) evaluated considering DS4, associated with all loading history sets, corresponding to single models and grouped 
range models. 
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Figure 6.14: Fragility curves (FDS as a function of PFA) evaluated considering DS5, associated with all loading history sets, corresponding to single models and grouped 
range models. 
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Figure 6.15 and Figure 6.16 show the evolution of median xM and 

logarithmic standard deviation σ over the model frequency fa, 

respectively, considering FM sets. In particular, the single model results 

are reported as markers corresponding to relevant fa, and fitting curves 

are also depicted. Fitting curves have a linear tendency and coefficient of 

determination R2 ranges within 0.588-0.847 and 0.772-0.983; all fitting 

equations and R2 are reported in Appendix B. For simplicity, the fitting 

curves were represented by linear equations. However, it can be 

observed that these equations exhibit a good quality of fit with relatively 

high coefficient of determination R2. Further studies will assess whether 

higher-order or more complex correlations are better correlated with the 

results. 

 

 
Figure 6.15: Fragility median xM as a function of elastic frequency fa associated with FM 
sets, evaluated for all DSs. The response associated with investigated models (depicted by 
markers) is fitted by linear trends; the equations and coefficient of determination (R2) are 
reported in the Appendix B. 

The different models belonging to same frequency range are associated 

with a non-negligible dispersion in terms of xM, even within elastic 

response (i.e., considering DS1 and DS2). Nevertheless, clear and 

relatively robust xM to fa tendencies can be identified. As expected, the 

results corresponding to DS4 and DS5 are significantly less regular and 

dispersed than the ones associated with DS1 to DS3. This suggests that 

the elastic frequency might be correlated with seismic damage with a 

moderate efficiency even out of the elastic range, even though due 

consideration is needed. The influence of the FM set might be significant, 

depending on the frequency range and specific model. The tendency 
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curves associated with the investigated DSs are clearly distinct among 

them and might considered to be references for expeditious but relatively 

reliable estimation of fragility medians, as a function of the elastic 

frequency of the element. 

The logarithmic standard deviation σ is not particularly affected by the 

different DS; σ clearly decreases as fa increases (following a linear 

pattern, corresponding to the fitting curves). Within the same frequency 

ranges, the FM set has an influence on σ that is more significant than the 

different models. 

 

 
Figure 6.16: Fragility logarithmic standard deviation σ as a function of elastic frequency fa 
associated with FM sets, evaluated for all DSs. The response associated with investigated 
models (depicted by markers) is fitted by XXX; the equations and coefficient of 
determination (R2) are reported in the Appendix B. 

Figure 6.17 and Figure 6.18 depict the evolution of median xM and 

logarithmic standard deviation σ over the model frequency fa, 

respectively, for all protocols (single model results) and FM sets (fitting 

curves). 
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Figure 6.17: Fragility median xM as a function of elastic frequency fa associated with all 
protocols (single model markers) and FM sets (fitting curves), evaluated for all DSs. 

 

 
Figure 6.18: Fragility standard deviation σ as a function of elastic frequency fa associated 
with all protocols (single model markers) and FM sets (fitting curves), evaluated for all DSs. 
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6.3.3 Reliability indexes 

The reliability index β and the failure probability of the protocol pf, which 

is defined by Φ(-β), were computed as defined in [13,41] for all DSs, 

models, and protocols (see section 6.2.8). In particular, from Figure 6.19 

to Figure 6.22 are shown the failure probability of the protocol pf for all 

DSs, models, and protocols, considering all FM sets capacities as a 

reference. From Figure 6.23 to Figure 6.26 are illustrated the reliability 

index β for all DSs, models, and protocols, considering all FM sets 

capacities as a reference. The reliability indexes related to Zito et al. 

exception are not shown since they are quite similar to Zito et al. results, 

confirming that the exception does not affect the reliability of the protocol 

itself. 

The failure probability of AC156 is higher than all other protocols for all 

models and DSs, considering all FM sets capacities as a reference. In 

particular, the failure probability is less (higher) than or equal to 50% for 

M1 and M2 (M3 and M4) models, and DS1, DS2 and DS3 (DS4 and DS5), 

considering all FM sets capacities as a reference, expect FFFM set, 

where for M2 model exceeds 50%.  

The failure probability of IEEE 693, Zito et al., and AC156w/o is quite 

similar among them for all models, and DS1, DS2 and DS3, considering 

all FM sets capacities as a reference. Especially, the failure probability is 

less than or equal to 20-30%, expect for M3 models, where almost always 

exceeds 50%. The failure probability trend of FEMA 461 is almost always 

decreasing as the elastic frequency of the models increases, while for all 

other protocols there is a more or less constant trend. 

6.3.4 Calibration of safety factors 

The safety factors k were computed as defined in section 6.2.8 for all DSs, 

models, and protocols. In particular, Figure 6.27 to Figure 6.30 show the 

safety factors k of the protocol for all DSs, models, and protocols, 

considering all FM sets capacities as a reference. k factors reflect the 

statistical distance between the reliability of the protocol and the reference 

value (i.e., equal to one), and k values larger (smaller) than the unity are 

associated with β values lower (lager) than the reference one. The safety 

factors related to Zito et al. exception are not provided since they are quite 

similar to Zito et al. ones; therefore, k values related to Zito et al. could be 

used also for Zito et al. exception cases. 

Overall, k values are defined within a reasonable range, e.g., 1.0 – 2.5, 

except for DS5 (M1 and M2 models) and very few cases related to other 

DSs (mostly regarding AC156), where k also reaches extremely large 

values (e.g., larger than 3). There are cases in which k are lower than 

one, mostly for FEMA 461 and IEEE 693; in these cases, the protocols 

are clearly too conservative since assuming a safety factor lower than the 

unity is not a fully reasonable option.  
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Figure 6.19: Failure probability (pf) for all for all models and protocol input sets, evaluated for all DSs considering FM set. 
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Figure 6.20: Failure probability (pf) for all for all models and protocol input sets, evaluated for all DSs considering SFM set. 
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Figure 6.21: Failure probability (pf) for all for all models and protocol input sets, evaluated for all DSs considering NFFM set. 
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Figure 6.22: Failure probability (pf) for all for all models and protocol input sets, evaluated for all DSs considering FFFM set. 
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Figure 6.23: Reliability index (β) for all for all models and protocol input sets, evaluated for all DSs considering FM set. 
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Figure 6.24: Reliability index (β) for all for all models and protocol input sets, evaluated for all DSs considering SFM set. 
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Figure 6.25: Reliability index (β) for all for all models and protocol input sets, evaluated for all DSs considering NFFM set. 



195 | P a g .  
 

   

  

 

Figure 6.26: Reliability index (β) for all for all models and protocol input sets, evaluated for all DSs considering FFFM set. 

 



196 | P a g .  
 

As expectable, AC156 is associated with the largest k values as it is the 

least reliable; this was extensively discussed in section 6.3.3. Considering 

DS1 to DS3, assuming a value of k equal to 2-2.5 should be overall safe 

(considering all FM set), even though this might be slightly unsafe 

(conservative) in few cases, e.g., under FFFM and SFM sets, considering 

DS1 and DS2, for models M3 (overall for models M4). Considering DS4 

and DS5, especially for DS5, AC156 might be extremely critical in terms 

of k, which reaches values larger than 3 (for DS4) and 5 (for DS5), with 

particular regard to models M1. It should be mentioned that the response 

associated with all FM set represents a reasonable reference for defining 

efficient and consistent k values. In particular, all FM set includes a wide 

variety of records that is representative of potential scenarios, which are 

not excessively severe (SFM set) or peculiar (NFSM); please, see section 

6.2.3 for further details regarding the record sets and for comments 

regarding their representativity. Obviously, for elements that are to be 

installed in areas that are more likely to be represented by peculiar FM 

sets, e.g., NFSM, the reader is referred to the related evidence for 

determining applicable k values. In the following, general comments 

regarding the possible selection of k values are reported, with regard to 

overall comments, and the reader is referred to the specific results for 

more accurate estimations of k values. 

Considering DS1 to DS3, assuming k values equal to about 1-1.5 might 

be safe for FEMA 461 (considering all FM set), even though it might be 

excessively conservative slightly unsafe) in some cases, e.g., overall, for 

models M3 and M4 (M1); therefore, the assumption of k might be 

correlated with the frequency of the element, and, for example, k might 

decrease as the frequency increases. For DS4 and DS5, especially for 

DS5, larger k values, e.g., equal to about 2-2.5, might be safe for models 

M1, and lower k might be used as the frequency increases, up to values 

comparable with DS1 to DS3. 

As it was already found regarding FEMA 461, a k value equal to about 1-

1.5 might be overall safe for IEEE 693, even though it might be 

excessively more conservative than FEMA 461 in most cases but models 

M1. However, a k value lower than the unity, as it was previously 

mentioned, might not be a reasonable assumption. Therefore, use of 

IEEE 693 and FEMA 461 might be aimed at assessing and qualifying the 

seismic performance of elements that are required to be extremely 

performing; actually, IEEE 693 is intended for extremely peculiar and 

critical elements, and this is compatible with the reported evidence. 

Accordingly, for these protocols, k could be defined considering a larger 

target β. 

The case of Zito et al. and AC156w/o is more compatible with generic 

elements, since the reliability was found to be consistent with the 

assumed target value (please, see section 6.3.3) and the associated k 

values are more consistent with typical safety factors reported in the 
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literature [13]. In particular, considering DS1 to DS3 and all FM sets, k 

values related to AC156w/o are quite similar to Zito et al. With particular 

reference to all FM set, which is the more representative set in general 

cases, a value equal to 1.5 might be considered, not being excessively 

conservative, differently from FEMA 461 and IEEE 693. For DS4 and only 

regarding models M1, a value equal to 2 should be adequately safe 

(considering all FM set), whereas a larger value, e.g., equal to about 3-

3.5 might be more consistent for DS5 and models M1. Regarding DS4 

and DS5 and models M2 to M4, a k value equal to 2 can be considered 

to be adequate for both protocols. For further information regarding other 

FM sets, the reader is referred to the reported evidence.  

6.4 Novel perspectives and concluding remarks 

According to the results, AC156 protocol might be relatively unreliable, 

whereas FEMA 461 protocol might overall be reliable or excessively 

conservative in some cases. It should be noted that the analyses did not 

account for reduction capacities by means of safety factors/coefficients; 

therefore, after the reduction of the nominal capacities derived according 

to the protocols, the reliability of FEMA 461 estimations might significantly 

increase, potentially resulting in relatively antieconomic capacities 

(relatively too reduced). Therefore, seismic assessment and qualification 

by means of the AC156 protocol might be associated with overestimated 

capacities, which might be highly unsafe, especially given that AC156 is 

the generally most authoritative reference for seismic qualification and 

certification of NEs. Conversely, capacities estimations obtained 

according to FEMA 461 might be excessively antieconomic.  

The provided reliability indexes can be considered as a quantitative 

reference for classifying the investigated protocols. In particular, IEEE 693 

and FEMA 461 might be aimed at assessing and qualifying particularly 

critical elements, which are required to fully functional under rare 

earthquakes, or that should be generally associated with higher reliability 

targets. Protocol AC156 seems to not be adequate to provide reliable 

capacity estimations. The modified version of AC156, i.e., AC156w/o, and 

the protocol developed by Zito et al. (including Zito et al. exception 

application) are more adequate for assessment and qualification of 

generic nonstructural elements. In particular, they are associated with 

relatively optimum reliability. 

The provided methodology for determining reliability-targeted safety 

factor represents a useful means towards a more reliable and robust 

assessment and qualification of nonstructural elements by means of 

shake table testing and reference protocols. In particular, quantitative 

recommendations are provided in the study to enforce the wanted level of 

reliability, and first tentative coefficients are explicitly proposed. 
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Figure 6.27: Safety factors (k) for all models and protocol input sets, evaluated for all DSs considering FM set and setting target reliability index (�̅�) equal to 1. 
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Figure 6.28: Safety factors (k) for all models and protocol input sets, evaluated for all DSs considering SFM set and setting target reliability index (�̅�) equal to 1. 
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Figure 6.29: Safety factors (k) for all models and protocol input sets, evaluated for all DSs considering NFFM set and setting target reliability index (�̅�) equal to 1. 
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Figure 6.30: Safety factors (k) for all models and protocol input sets, evaluated for all DSs considering FFFM set and setting target reliability index (�̅�) equal to 1. 
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The reader is referred to the reported evidence to select safety factors 

that are consistent with peculiar conditions, i.e., specific frequency range, 

DS of interest, and type of ground motion. Further studies should define 

operative abaci or correlation tables based on the reported results, even 

varying the target reliability according to the wanted level of safety and 

reliability. 

As a final comment, it is worth stressing that the reported evidence is 

related to preliminary findings and further studies should be carried out to 

generalize and extend the specific findings reported in this thesis. Further 

NE case studies should be considered, as well as alternative shake table 

protocols should also be investigated. 
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7 Conclusions and future 

developments 

Non-structural elements (NEs) of a building consist of building 

elements/equipment and contents that are not part of the structural 

resisting system. The past earthquakes stress that NEs are typically 

associated with major seismic risk. The potential consequences of 

seismic damage to NEs are typically classified in terms of critical 

functioning disruption, economic losses, and casualties. In particular, 

seismic risk can be more critical for NEs installed/housed within critical 

and strategic buildings (i.e., hospitals, fire stations and base transceiver 

stations), whose operations are essential for post-seismic and emergency 

management. For this reason, the current European and international 

codes and standards were recently update referring to Performance-

Based Earthquake Engineering (PBEE) approach for design and 

assessment of NEs. The evaluation of NEs can be carried out via different 

methods. Recent studies and codes emphasize that the shake table 

testing represents the most reliable method for seismic assessment and 

qualification of NEs, especially for critical/complex NEs. However, several 

protocols and testing inputs were defined in literature and codes but none 

of them has been assessed in terms of seismic scenario representativity 

and reliability. 

The main objectives of this dissertation were (a) to evaluate the seismic 

behavior of some NEs through the shake table tests; (b) to outline novel 

perspectives for developing more reliable shake table protocols and 

seismic input; and (c) to assess and analyze the reliability of existing 

shake table protocols for seismic qualification of acceleration-sensitive 

systems and to estimate of reliability-targeted capacity safety factors. 

After a brief introduction, the latest literature studies and 

regulations/codes regarding seismic damage and classification of NEs 

are reviewed, providing novel evaluation remarks. Quasi-static, single-

floor dynamic (shake table), and multi-floor dynamic testing procedures 

were considered, including multiple protocols, when available. The 

relevant parameters and features that are essential for carrying out 

experimental assessment and qualification procedures were defined for a 

wide range of NEs, also providing general rules for identifying the relevant 

NEs in terms of response/damage sensitivity. Furthermore, the 

appropriate testing method is also recommended, whereas the technical 
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information and evaluation remarks provided regarding the available 

protocols might be useful for selecting the most appropriate testing 

protocols. The technical recommendations provided in the chapter lay the 

groundwork for a more robust and standardized testing and qualification 

framework. 

In the light of the review and technical recommendations provided, the 

ICC-ES AC156 protocol was chosen to perform the shake table tests of 

two critical/complex NEs: i) an innovative cleanroom used in the 

pharmaceutical and healthcare industries and ii) a typical museum display 

case containing a representative art object of the exhibition equipment of 

the National Archaeological Museum of Naples (MANN), Italy. The tests 

were carried out according to AC156 protocol, as the novel protocol was 

developed and refined at a later step in the shake table tests of the two 

systems. The main dynamic properties of both NEs were estimated, with 

particular regard to transfer functions, vibration modes, fundamental 

frequencies, and damping ratios. The seismic response was 

characterized in terms of time histories, peak values, and component 

amplification ratios, considering accelerograms/displacements recorded 

over several of both NEs locations/components; both peak values and 

amplification ratios were correlated with testing intensity. Technical and 

constructive requirements and innovative technologic solutions are 

supplied for the enhancement of the seismic performance of cleanrooms. 

In particular, innovation components and connection arrangements are 

technically illustrated and discussed, and their efficiency is experimentally 

proven. Regarding the critical response of the tested display case and 

vase, the study sheds light on the critical behavior of the tested 

specimens, stressing the need for further studies toward a more 

comprehensive assessment of freestanding museum objects and 

artifacts. 

A novel protocol is developed for seismic assessment and qualification 

purposes through shake table testing. The most significant and 

contributing parts of the developed protocol consist in the definition of 

novel required response spectra and the generation of input signals for 

seismic performance evaluation tests. This definition follows the 

extension of a recently developed seismic demand formulation (Italian 

building code), which is compliant with consistent evaluations and proven 

reliability. In particular, this formulation is implemented considering an 

innovative approach, which accounts for a wide variability of building 

periods. The results of the preliminary validation stress the reliability of 

the developed protocol, also with regard to seismic and building scenarios 

considered to develop the seismic demand associated with RRS. 

Moreover, this evidence proves the generality and wide applicability of the 

developed protocol. 

Finally, the study evaluated the reliability of existing shake table protocols 

for seismic qualification of acceleration-sensitive systems, also estimating 
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reliability-targeted capacity safety factors. In particular, existing reference 

shake table protocols defined by regulations/codes were assessed in 

terms of seismic damage potential/severity considering inelastic single 

degree of freedom (SDOF) systems and assuming the reliability index as 

an evaluation parameter. The provided reliability indexes can be 

considered as a quantitative reference for classifying the investigated 

protocols. Quantitative recommendations are provided in the study to 

enforce the wanted level of reliability, and first tentative coefficients are 

explicitly proposed. In particular, the results showed that FEMA 461 and 

IEEE 693 protocols might be clearly excessively conservative, AC156 is 

likely to be the least reliable protocol, whereas in contrast the Zito et al. 

and AC156w/o protocol have intermediate reliability compared to all other 

protocols and might be considered to be the optimum options. 

The study offers several potential ideas for future research studies in the 

field. In particular, the third chapter highlights the need for further studies 

investigating the operation of cleanrooms and other critical (building) 

systems integrating electric/electronic/ventilation facilities under seismic 

actions. Analytical and numerical methods should be developed to 

estimate the dynamic properties and the seismic performance of 

cleanroom and similar systems. 

The fourth chapter stresses the need for further experimental and 

numerical studies investigating the seismic performance of valuable 

freestanding systems and objects, also considering a performance-based 

engineering approach. Moreover, fragility and vulnerability curves should 

also be assessed to provide useful tools for expeditious assessment. 

The methodology defined in the fifth chapter for defining the required 

response spectrum and input signals for shake table tests could be used 

to develop other test protocols consistent with different seismic demand 

formulations or peculiar conditions (e.g., near field earthquakes). 

Moreover, the validation could be extended to other seismic parameters 

or against other FM sets, for example with regard to other structural 

systems (i.e., moment resisting or braced steel frames). 

Finally, the sixth chapter studies could lead to the definition operative 

abaci or correlation tables based on the reported results, even varying the 

target reliability according to the wanted level of safety and reliability. 

Moreover, other studies might predict correlation of reliability index and 

safety factors may be correlated with other parameters (i.e., inelastic 

frequency) of the case study models. Other types of models (i.e., multi-

degree-freedom systems) may be considered and analyzed. Finally, 

structural systems different from reinforced concrete buildings (e.g., 

moment resisting or braced steel frames) could be considered as a 

reference to extend the scope of the developed protocol. 
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Appendix 

Appendix A 

 
#2 

 
#3 

 
#4 

 
#5 

 
#6 

 
#7 

Figure A.1: Acceleration, velocity, and displacement time histories related to NPS #2 to #7. NPSs are related to RRS 
having PGA equal to 0.40 g and assuming z/h equal to one. 
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Appendix B 

 

  
AC#1 AC#2 

  
AC#3 AC#4 

  
AC#5 AC#6 

 

 

AC#7  
Figure B.1: Acceleration time histories related to AC156 #1 to #7 assuming PFA equal to 
1.0 g. 
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ACw/o#1 ACw/o#2 

  
ACw/o#3 ACw/o#4 

  
ACw/o#5 ACw/o#6 

 

 

ACw/o#7  
Figure B.2: Acceleration time histories related to AC156w/o #1 to #7 assuming PFA equal 

to 1.0 g. 
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FEMA#1 

 
FEMA#2 

 
FEMA#3 

Figure B.3: Acceleration time histories related to FEMA 461 #1 to #3 assuming PFA equal 
to 1.0 g. 
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IEEE#1 IEEE#2 

  
IEEE#3 IEEE#4 

  
IEEE#5 IEEE#6 

  
IEEE#7 IEEE#8 

  
IEEE#9 IEEE#10 

Figure B.4: Acceleration time histories related to IEEE 693 #1 to #10 assuming PFA equal 
to 1.0 g. 
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NPS#1 NPS#2 

  
NPS#3 NPS#4 

  
NPS#5 NPS#6 

 

 

NPS#7  
Figure B.5: Acceleration time histories related to Zito et al #1 to #7 assuming PFA equal to 
1.0 g. 
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NPSe#1 NPSe#2 

  
NPSe#3 NPSe#4 

  
NPSe#5 NPSe#6 

 

 

NPSe#7  
Figure B.6: Acceleration time histories related to Zito et al exception #1 to #7 assuming PFA 
equal to 1.0 g. 
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Table B-1: Fragility median (xm) and logarithmic standard deviation (σ) considering DS1 for all models. 

Model ID 
fa xm (σ) 

[Hz] FM SFM NFFM FFFM AC156 AC156w/o FEMA 461 IEEE 693 Zito et al. 

M1a 1.02 
0.736 

(0.884) 
0.694 
(0.62) 

0.809 
(1.11) 

0.670 
(0.637) 

0.585 
(0.0425) 

0.350 
(0.00) 

0.458 
(0.504) 

0.255 
(0.0577) 

0.304 
(0.151) 

M1b 1.03 
0.250 

(0.947) 
0.231 

(0.692) 
0.280 
(1.14) 

0.222 
(0.756) 

0.200 
(2.4e-16) 

0.100 
(0.00) 

0.155 
(0.459) 

0.0933 
(0.219) 

0.106 
(0.153) 

M1c 1.13 
0.468 

(0.907) 
0.496 

(0.547) 
0.543 
(1.05) 

0.404 
(0.776) 

0.400 
(0.00) 

0.206 
(0.0843) 

0.271 
(0.529) 

0.189 
(0.121) 

0.22 
(0.119) 

M2a 1.48 
0.574 

(0.742) 
0.648 

(0.342) 
0.703 

(0.806) 
0.468 

(0.653) 
0.550 

(1.2e-16) 
0.320 

(0.0824) 
0.260 

(0.282) 
0.314 

(0.0745) 
0.324 

(0.173) 

M2b 1.52 
0.351 

(0.726) 
0.389 

(0.344) 
0.444 

(0.748) 
0.278 

(0.661) 
0.350 
(0.00) 

0.200 
(2.4e-16) 

0.165 
(0.166) 

0.194 
(0.091) 

0.184 
(0.14) 

M2c 1.52 
0.505 

(0.723) 
0.562 

(0.328) 
0.632 

(0.766) 
0.404 

(0.641) 
0.500 
(0.00) 

0.300 
(0.00) 

0.215 
(0.129) 

0.269 
(0.0942) 

0.285 
(0.089) 

M3a 2.97 
0.517 

(0.417) 
0.382 

(0.380) 
0.607 

(0.329) 
0.441 

(0.452) 
0.885 

(0.0279) 
0.492 

(0.0700) 
0.215 

(0.129) 
0.532 

(0.111) 
0.527 

(0.0938) 

M3b 3.04 
0.833 

(0.391) 
0.634 

(0.386) 
0.971 

(0.290) 
0.714 

(0.433) 
1.42 

(0.0349) 
0.813 

(0.0575) 
0.366 

(0.0771) 
0.835 

(0.111) 
0.836 

(0.137) 

M3c 3.06 
0.815 

(0.390) 
0.623 

(0.380) 
0.952 

(0.278) 
0.697 

(0.436) 
1.34 

(0.0257) 
0.785 

(0.0315) 
0.381 

(0.145) 
0.822 

(0.0839) 
0.802 

(0.122) 

M4a 5.86 
1.05 

(0.437) 
1.17 

(0.316) 
0.959 

(0.435) 
1.15 

(0.445) 
1.36 

(0.0177) 
0.800 
(0.00) 

0.463 
(0.161) 

0.853 
(0.0708) 

0.867 
(0.111) 

M4b 7.34 
1.96 

(0.334) 
2.25 

(0.221) 
1.82 

(0.365) 
2.11 

(0.303) 
2.15 

(0.0271) 
1.27 

(0.021) 
0.743 

(0.171) 
1.34 

(0.0654) 
1.36 

(0.135) 

M4c 9.02 
1.51 

(0.242) 
1.62 

(0.183) 
1.45 

(0.267) 
1.58 

(0.222) 
1.63 

(0.0239) 
0.971 

(0.0274) 
0.563 

(0.133) 
1.07 

(0.0676) 
0.981 

(0.103) 
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Table B-2: Fragility median (xm) and logarithmic standard deviation (σ) considering DS2 for all models. 

Model ID 
fa xm (σ) 

[Hz] FM SFM NFFM FFFM AC156 AC156w/o FEMA 461 IEEE 693 Zito et al. 

M1a 1.02 
1.51 

(0.864) 
1.43 

(0.593) 
1.66  

(1.09) 
1.37 

(0.624) 
1.18 

(0.0416) 
0.707 

(0.0261) 
0.941 

(0.472) 
0.534 

(0.0794) 
0.618 

(0.118) 

M1b 1.03 
0.519 

(0.891) 
0.488 

(0.635) 
0.568 
(1.12) 

0.473 
(0.651) 

0.421 
(0.063) 

0.250 
(0.00) 

0.302 
(0.531) 

0.189 
(0.121) 

0.227 
(0.119) 

M1c 1.13 
0.977 

(0.857) 
1.02 

(0.527) 
1.12  

(1.01) 
0.852 

(0.705) 
0.778 

(0.0345) 
0.457 

(0.0398) 
0.549 

(0.576) 
0.368 

(0.0981) 
0.448 

(0.0912) 

M2a 1.48 
1.16 

(0.729) 
1.32 

(0.344) 
1.43 

(0.773) 
0.947 
(0.66) 

1.11 
(0.0168) 

0.643 
(0.0303) 

0.544 
(0.184) 

0.614 
(0.0658) 

0.666 
(0.142) 

M2b 1.52 
0.709 

(0.707) 
0.781 

(0.359) 
0.871 

(0.754) 
0.577 

(0.631) 
0.678 

(0.0396) 
0.407 

(0.0445) 
0.297 

(0.168) 
0.378 

(0.107) 
0.410 

(0.148) 

M2c 1.52 
1.03 

(0.701) 
1.13 

(0.346) 
1.27 

(0.746) 
0.837 

(0.625) 
0.971 

(0.0274) 
0.571 

(0.0465) 
0.463 

(0.161) 
0.554 

(0.0769) 
0.593 

(0.164) 

M3a 2.97 
1.05 

(0.407) 
0.777 

(0.378) 
1.22 

(0.309) 
0.902 

(0.453) 
1.81 

(0.0297) 
1.04 

(0.0184) 
0.448 

(0.112) 
1.05 

(0.0935) 
1.15 

(0.101) 

M3b 3.04 
1.66 

(0.399) 
1.26 

(0.392) 
1.93 

(0.298) 
1.42 

(0.445) 
2.83 

(0.0300) 
1.63 

(0.0385) 
0.732 

(0.0771) 
1.64 

(0.0986) 
1.73 

(0.103) 

M3c 3.06 
1.62 

(0.393) 
1.25 

(0.388) 
1.88 

(0.298) 
1.39 

(0.433) 
2.79 

(0.0394) 
1.60 

(0.0537) 
0.732 

(0.0771) 
1.61 

(0.103) 
1.66 

(0.104) 

M4a 5.86 
2.13 

(0.416) 
2.34 

(0.315) 
1.97 

(0.380) 
2.30 

(0.458) 
2.72 

(0.0179) 
1.60 

(0.0255) 
0.843 

(0.163) 
1.65 

(0.0763) 
1.76 

(0.105) 

M4b 7.34 
3.87 

(0.356) 
4.46 

(0.233) 
3.59 

(0.409) 
4.18 

(0.297) 
4.27 

(0.0225) 
2.56 

(0.0176) 
1.35 

(0.184) 
2.55 

(0.0561) 
2.75 

(0.127) 

M4c 9.02 
2.96 

(0.244) 
3.18 

(0.177) 
2.79 

(0.273) 
3.13 

(0.212) 
3.28 

(0.0241) 
1.97 

(0.0247) 
1.04 

(0.144) 
2.02 

(0.0865) 
1.99 

(0.102) 
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Table B-3: Fragility median (xm) and logarithmic standard deviation (σ) considering DS3 for all models. 

Model ID 
fa xm (σ) 

[Hz] FM SFM NFFM FFFM AC156 AC156w/o FEMA 461 IEEE 693 Zito et al. 

M1a 1.02 
2.15 

(0.855) 
2.01 

(0.636) 
2.22  

(1.08) 
2.08 

(0.616) 
1.58 

(0.0514) 
1.06 

(0.0891) 
1.42 

(0.427) 
0.775 

(0.114) 
0.990 

(0.200) 

M1b 1.03 
0.944 

(0.888) 
0.855 

(0.661) 
0.992 
(1.14) 

0.898 
(0.614) 

0.752 
(0.128) 

0.586 
(0.236) 

0.620 
(0.391) 

0.361 
(0.158) 

0.532 
(0.277) 

M1c 1.13 
1.54 

(0.824) 
1.50 

(0.538) 
1.71  

(1.02) 
1.38 

(0.607) 
1.18 

(0.0731) 
0.695 

(0.127) 
0.964 

(0.401) 
0.611 

(0.114) 
0.745 

(0.121) 

M2a 1.48 
1.86 

(0.66) 
1.99 

(0.332) 
2.08 

(0.765) 
1.67 

(0.561) 
1.65 

(0.0526) 
0.971 

(0.0395) 
1.11 

(0.140) 
0.943 

(0.0712) 
1.01 

(0.108) 

M2b 1.52 
1.35 

(0.68) 
1.35 

(0.369) 
1.55 

(0.784) 
1.17  

(0.57) 
1.19 

(0.120) 
0.725 

(0.110) 
0.814 

(0.0924) 
0.657 

(0.0954) 
0.755 

(0.0904) 

M2c 1.52 
1.60 

(0.639) 
1.69 

(0.278) 
1.83 

(0.735) 
1.40 

(0.536) 
1.48 

(0.128) 
0.885 

(0.0530) 
0.991 

(0.166) 
0.843 

(0.0796) 
0.931 

(0.107) 

M3a 2.97 
1.89 

(0.344) 
1.54 

(0.215) 
2.20 

(0.378) 
1.63 

(0.241) 
2.75 

(0.0799) 
1.74 

(0.0779) 
1.15 

(0.179) 
1.77 

(0.0819) 
1.79 

(0.161) 

M3b 3.04 
2.80 

(0.348) 
2.20 

(0.201) 
3.29 

(0.362) 
2.38 

(0.259) 
4.11 

(0.0909) 
2.53 

(0.0613) 
1.71 

(0.222) 
2.66 

(0.0696) 
2.71 

(0.147) 

M3c 3.06 
2.47 

(0.345) 
1.93 

(0.25) 
2.86 

(0.325) 
2.13 

(0.313) 
3.83 

(0.0685) 
2.4 

(0.0434) 
1.47 

(0.169) 
2.45 

(0.0621) 
2.47 

(0.107) 

M4a 5.86 
3.29 

(0.218) 
3.45 

(0.195) 
3.16 

(0.163) 
3.43 

(0.266) 
4.37 

(0.0526) 
2.81 

(0.0412) 
2.13 

(0.214) 
2.92 

(0.103) 
3.17 

(0.170) 

M4b 7.34 
5.90 

(0.18) 
6.37 

(0.116) 
5.72 

(0.187) 
6.08 

(0.179) 
7.03 

(0.0543) 
5.05 

(0.0786) 
3.81 

(0.0854) 
4.71 

(0.0811) 
5.23 

(0.129) 

M4c 9.02 
4.65 

(0.182) 
4.99 

(0.142) 
4.40 

(0.206) 
4.92 

(0.145) 
5.61 

(0.0378) 
4.14 

(0.125) 
3.23 

(0.0504) 
3.71 

(0.0569) 
4.39 

(0.105) 
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Table B-4: Fragility median (xm) and logarithmic standard deviation (σ) considering DS4 for all models. 

Model ID 
fa xm (σ) 

[Hz] FM SFM NFFM FFFM AC156 AC156w/o FEMA 461 IEEE 693 Zito et al. 

M1a 1.02 
3.17 

(0.896) 
2.79 

(0.658) 
3.49  

(1.14) 
2.88 

(0.621) 
3.28 

(0.279) 
2.29 

(0.212) 
2.30 

(0.461) 
1.35 

(0.119) 
2.05 

(0.170) 

M1b 1.03 
1.34 

(0.935) 
1.16 

(0.68) 
1.50  

(1.20) 
1.20 

(0.624) 
1.67 

(0.332) 
1.04 

(0.333) 
1.04 

(0.350) 
0.585 

(0.138) 
1.19 

(0.204) 

M1c 1.13 
2.32 

(0.821) 
2.05 

(0.599) 
2.58  

(1.05) 
2.09 

(0.562) 
2.35 

(0.170) 
1.48 

(0.108) 
1.69 

(0.298) 
1.02 

(0.143) 
1.49 

(0.0894) 

M2a 1.48 
3.12 

(0.774) 
2.95 

(0.438) 
3.61 

(0.925) 
2.70 

(0.608) 
2.73 

(0.0742) 
1.73 

(0.0853) 
2.20 

(0.419) 
1.46 

(0.147) 
1.72 

(0.0831) 

M2b 1.52 
2.18 

(0.768) 
1.98 

(0.458) 
2.51 

(0.916) 
1.89 

(0.608) 
2.02 

(0.0602) 
1.30 

(0.122) 
1.50 

(0.405) 
1.07 

(0.146) 
1.17 

(0.0857) 

M2c 1.52 
2.68 

(0.768) 
2.59 

(0.416) 
3.11 

(0.917) 
2.31 

(0.602) 
2.39 

(0.0832) 
1.48 

(0.0999) 
1.87 

(0.422) 
1.23 

(0.140) 
1.43 

(0.0438) 

M3a 2.97 
3.04 

(0.431) 
2.72 

(0.335) 
3.48 

(0.519) 
2.66 

(0.290) 
4.07 

(0.0772) 
2.62 

(0.167) 
1.86 

(0.0671) 
2.27 

(0.0775) 
2.89 

(0.127) 

M3b 3.04 
4.64 

(0.409) 
4.14 

(0.309) 
5.33 

(0.484) 
4.03 

(0.280) 
6.00 

(0.0635) 
3.90 

(0.175) 
2.8 

(0.0653) 
3.46 

(0.0969) 
4.33 

(0.152) 

M3c 3.06 
3.91 

(0.376) 
3.32 

(0.183) 
4.63 

(0.456) 
3.31 

(0.172) 
5.53 

(0.0598) 
3.50 

(0.119) 
2.35 

(0.0556) 
3.17 

(0.0838) 
3.67 

(0.112) 

M4a 5.86 
4.15 

(0.0874) 
4.13 

(0.0875) 
4.16 

(0.0745) 
4.15 

(0.103) 
6.39 

(0.0533) 
4.27 

(0.120) 
2.74 

(0.0846) 
3.58 

(0.0594) 
4.59 

(0.128) 

M4b 7.34 
7.01 

(0.0928) 
7.08 

(0.0915) 
7.10 

(0.092) 
6.93 

(0.0977) 
9.92 

(0.0288) 
6.91 

(0.059) 
4.41 

(0.129) 
5.69 

(0.0525) 
7.40 

(0.0855) 

M4c 9.02 
5.58 

(0.0964) 
5.69 

(0.0949) 
5.53 

(0.109) 
5.63 

(0.0877) 
8.20 

(0.0473) 
6.01 

(0.0352) 
3.47 

(0.0861) 
4.50 

(0.0580) 
6.43 

(0.0844) 
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Table B-5: Fragility median (xm) and logarithmic standard deviation (σ) considering DS5 for all models. 

Model ID 
fa xm (σ) 

[Hz] FM SFM NFFM FFFM AC156 AC156w/o FEMA 461 IEEE 693 Zito et al. 

M1a 1.02 
5.14 

(0.959) 
4.48 

(0.744) 
5.85  

(1.23) 
4.50 

(0.626) 
10.4 

(0.234) 
6.13 

(0.097) 
4.03 

(0.413) 
2.15 

(0.199) 
5.49 

(0.137) 

M1b 1.03 
2.48 

(0.969) 
2.15 

(0.728) 
2.75  

(1.25) 
2.24 

(0.648) 
4.75 

(0.192) 
3.28 

(0.137) 
2.00 

(0.565) 
0.971 

(0.145) 
3.19 

(0.242) 

M1c 1.13 
4.08 

(0.913) 
3.85 

(0.703) 
4.51  

(1.17) 
3.69 

(0.612) 
6.82 

(0.225) 
4.08 

(0.217) 
3.05 

(0.567) 
1.73 

(0.140) 
3.36 

(0.223) 

M2a 1.48 
4.85 

(0.839) 
4.41 

(0.604) 
5.27  

(1.09) 
4.47 

(0.540) 
5.67 

(0.160) 
3.72 

(0.180) 
3.10 

(0.465) 
1.98 

(0.180) 
3.08 

(0.187) 

M2b 1.52 
3.51 

(0.848) 
3.10 

(0.631) 
3.83  

(1.11) 
3.23 

(0.521) 
4.37 

(0.217) 
2.82 

(0.0945) 
2.43 

(0.527) 
1.42 

(0.188) 
2.63 

(0.0473) 

M2c 1.52 
4.10 

(0.838) 
3.83 

(0.572) 
4.48  

(1.07) 
3.74 

(0.576) 
4.62 

(0.134) 
3.15 

(0.134) 
2.62 

(0.456) 
1.74 

(0.174) 
2.56 

(0.182) 

M3a 2.97 
4.33 

(0.648) 
3.89 

(0.372) 
5.04 

(0.827) 
3.71 

(0.395) 
4.84 

(0.0885) 
3.41 

(0.0829) 
2.52 

(0.222) 
2.48 

(0.108) 
3.48 

(0.0976) 

M3b 3.04 
6.16 

(0.553) 
5.75 

(0.350) 
7.17 

(0.686) 
5.30 

(0.357) 
6.95 

(0.0749) 
5.02 

(0.0967) 
3.34 

(0.156) 
3.82 

(0.0999) 
5.07 

(0.108) 

M3c 3.06 
5.21 

(0.483) 
4.90 

(0.361) 
5.98 

(0.572) 
4.54 

(0.356) 
6.13 

(0.0753) 
4.46 

(0.181) 
2.78 

(0.134) 
3.51 

(0.104) 
4.64 

(0.132) 

M4a 5.86 
5.06 

(0.207) 
4.80 

(0.175) 
5.37 

(0.241) 
4.76 

(0.157) 
7.05 

(0.0491) 
4.84 

(0.120) 
2.78 

(0.091) 
3.74 

(0.0628) 
5.17 

(0.082) 

M4b 7.34 
7.80 

(0.141) 
7.62 

(0.110) 
8.10 

(0.172) 
7.51 

(0.0988) 
10.9 

(0.0621) 
7.62 

(0.0532) 
4.51 

(0.126) 
6.00 

(0.0713) 
8.15 

(0.114) 

M4c 9.02 
6.08 

(0.126) 
6.03 

(0.110) 
6.25 

(0.153) 
5.91 

(0.0940) 
8.90 

(0.0362) 
6.38 

(0.0411) 
3.54 

(0.101) 
4.73 

(0.0575) 
6.93 

(0.0942) 
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Table B-6: Fitting equation coefficients and coefficients of determination R2 of the fitting 
curves of Fragility median xM as a function of elastic frequency (𝒙𝒎 = 𝒎 ∙ 𝒇𝒂 + 𝒒), associated 
with FM sets, evaluated considering DS1. 

Fm sets 
m q R2 

[𝑔 ∙ 𝑠] [𝑔] [-] 

FM 0.165 0.260 0.802 

SFM 0.191 0.188 0.766 

NFFM 0.137 0.401 0.743 

FFFM 0.192 0.137 0.824 

 

Table B-7: Fitting equation coefficients and coefficients of determination R2 of the fitting 

curves of Fragility median xM as a function of elastic frequency (𝒙𝒎 = 𝒎 ∙ 𝒇𝒂 + 𝒒), associated 
with FM sets, evaluated considering DS2. 

Fm sets 
m q R2 

[𝑔 ∙ 𝑠] [𝑔] [-] 

FM 0.322 0.555 0.795 

SFM 0.372 0.411 0.757 

NFFM 0.264 0.833 0.731 

FFFM 0.377 0.308 0.820 

 

Table B-8: Fitting equation coefficients and coefficients of determination R2 of the fitting 
curves of Fragility median xM as a function of elastic frequency (𝒙𝒎 = 𝒎 ∙ 𝒇𝒂 + 𝒒), associated 
with FM sets, evaluated considering DS3. 

Fm sets 
m q R2 

[𝑔 ∙ 𝑠] [𝑔] [-] 

FM 0.490 0.945 0.825 

SFM 0.550 0.704 0.809 

NFFM 0.433 1.26 0.772 

FFFM 0.545 0.659 0.847 

 

Table B-9: Fitting equation coefficients and coefficients of determination R2 of the fitting 
curves of Fragility median xM as a function of elastic frequency (𝒙𝒎 = 𝒎 ∙ 𝒇𝒂 + 𝒒), associated 
with FM sets, evaluated considering DS4. 

Fm sets 
m q R2 

[𝑔 ∙ 𝑠] [𝑔] [-] 

FM 0.500 1.97 0.778 

SFM 0.548 1.60 0.802 

NFFM 0.449 2.46 0.682 

FFFM 0.546 1.54 0.828 
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Table B-10: Fitting equation coefficients and coefficients of determination R2 of the fitting 
curves of Fragility median xM as a function of elastic frequency (𝒙𝒎 = 𝒎 ∙ 𝒇𝒂 + 𝒒), associated 
with FM sets, evaluated considering DS5. 

Fm sets 
m q R2 

[𝑔 ∙ 𝑠] [𝑔] [-] 

FM 0.364 3.71 0.714 

SFM 0.405 3.25 0.758 

NFFM 0.333 4.30 0.588 

FFFM 0.391 3.20 0.788 

 

Table B-11: Fitting equation coefficients and coefficients of determination R2 of the fitting 

curves of logarithmic standard deviation σ as a function of elastic frequency (𝝈 = 𝒎 ∙ 𝒇𝒂 +
𝒒), associated with FM sets, evaluated considering DS1. 

Fm sets 
m q R2 

[𝑠] [-] [-] 

FM -0.0768 0.844 0.924 

SFM -0.0412 0.529 0.959 

NFFM -0.0908 0.927 0.772 

FFFM -0.0593 0.727 0.979 

 

Table B-12: Fitting equation coefficients and coefficients of determination R2 of the fitting 

curves of logarithmic standard deviation σ as a function of elastic frequency (𝝈 = 𝒎 ∙ 𝒇𝒂 +
𝒒), associated with FM sets, evaluated considering DS2. 

Fm sets 
m q R2 

[𝑠] [-] [-] 

FM -0.0716 0.813 0.931 

SFM -0.0390 0.517 0.966 

NFFM -0.0865 0.902 0.780 

FFFM -0.0539 0.691 0.983 

 

Table B-13: Fitting equation coefficients and coefficients of determination R2 of the fitting 

curves of logarithmic standard deviation σ as a function of elastic frequency (𝝈 = 𝒎 ∙ 𝒇𝒂 +
𝒒), associated with FM sets, evaluated considering DS3. 

Fm sets 
m q R2 

[𝑠] [-] [-] 

FM -0.0863 0.794 0.931 

SFM -0.0506 0.492 0.956 

NFFM -0.111 0.957 0.798 

FFFM -0.0602 0.604 0.978 
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Table B-14: Fitting equation coefficients and coefficients of determination R2 of the fitting 
curves of logarithmic standard deviation σ as a function of elastic frequency (𝝈 = 𝒎 ∙ 𝒇𝒂 +
𝒒), associated with FM sets, evaluated considering DS4. 

Fm sets 
m q R2 

[𝑠] [-] [-] 

FM -0.111 0.899 0.933 

SFM -0.0692 0.587 0.955 

NFFM -0.141 1.11 0.817 

FFFM -0.0761 0.635 0.971 

 

Table B-15: Fitting equation coefficients and coefficients of determination R2 of the fitting 
curves of logarithmic standard deviation σ as a function of elastic frequency (𝝈 = 𝒎 ∙ 𝒇𝒂 +
𝒒), associated with FM sets, evaluated considering DS5. 

Fm sets 
m q R2 

[𝑠] [-] [-] 

FM -0.114 0.997 0.939 

SFM -0.0822 0.722 0.959 

NFFM -0.149 1.28 0.826 

FFFM -0.0730 0.652 0.974 
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