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ABSTRACT

This study investigates how the seismic demands of non-structural components (NSCs) are influenced by both
their attachment ductility and the nonlinear behavior of supporting structures. The research focuses on accel-
eration demands at various building elevations and evaluates component damage states according to Hazus
guidelines. Incremental dynamic analysis (IDA) was applied to evaluate both linear and nonlinear structural
responses of four archetype reinforced concrete moment-resisting frame buildings. Ground motions, consisting of
historical and synthetic records, were scaled to match Montreal’s uniform hazard spectrum for Site Class 'C’ with
a 2 % probability of exceedance per 50 years. NSC responses were assessed using an uncoupled analysis
approach, implemented through iterative Newmark integration. Key findings demonstrate that increasing the
ductility of NSC attachments reduces their acceleration demands by up to 140 % in elastic structures. When
accounting for structural nonlinearity, acceleration demands decrease by 110 %, highlighting the conservative
nature of elastic analysis assumptions commonly used in current design practices. These reductions are most
pronounced for components with periods corresponding to the structure’s fundamental mode, with the effect
diminishing for higher modes. The research provides practical design implications by quantifying the relation-
ship between attachment ductility, structural behavior, and component damage thresholds. The results indicate
that a moderately ductile (p~1.5) NSC attachment provides optimal performance benefits while minimizing the
risk of NSC damage, offering valuable insights for the performance-based design of NSCs.

1. Introduction

assessment methods are necessary for a more comprehensive and ac-
curate evaluation of NSCs’ seismic demands. In this context, two

This study provides a comprehensive probabilistic examination of
the impact of the extent of ductility of attachment of acceleration-
sensitive non-structural components (NSCs) on their seismic demands.
Examples of such NSCs include water heaters, chillers, antennas,
chimneys, and parapets [1-6]. Accurate evaluation of these acceleration
demands is critical for the design, performance, and fragility analysis of
these NSCs [7,8].

Research has shown that the ductility of NSCs’ attachments plays a
crucial role in reducing seismic demands, particularly within the reso-
nance range of a building’s fundamental period [5,9-12]. Various nu-
merical approaches have been employed to investigate the impact of the
ductile behavior of NSCs attachments on their seismic demands. These
approaches may be generally categorized into three main types:
advanced numerical simulations, simplified analytical techniques, and
empirical code-based procedures.

Advanced numerical approaches that integrate seismic probabilistic

* Corresponding author.

prominent methodologies stand out: Incremental Dynamic Analysis
(IDA) and Multiple-Stripe Analysis (MSA). IDA provides a comprehen-
sive simulation framework to assess seismic demands across a contin-
uous range of earthquake intensities by applying scaled accelerograms
to the building model. MSA offers a complementary approach by
analyzing structural response at discrete intensity levels using ground
motion sets specifically selected for each intensity level [13]. In this
study, IDA was selected as it enables the generation of continuous
fragility curves to evaluate component performance corresponding to
different damage states [14-16]. On the other hand, simplified analyt-
ical techniques such as the nonlinear static analysis or the floor response
spectra (FRS) are used to provide a preliminary assessment of the in-
fluence of the ductility of attachment of NSCs on the seismic demands of
these components [17]. On the other hand, these techniques have lim-
itations in capturing the nonlinear responses of structures and NSCs
because of the oversimplification of complex behaviors such as material

E-mail addresses: majid.mehrjoo.1@ens.etsmtl.ca (M. Mehrjoo), rola.assi@etsmtl.ca (R. Assi).

https://doi.org/10.1016/j.engstruct.2025.120347

Received 31 August 2024; Received in revised form 9 April 2025; Accepted 13 April 2025

Available online 21 April 2025

0141-0296/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0001-5329-5047
https://orcid.org/0009-0001-5329-5047
https://orcid.org/0000-0001-9043-8820
https://orcid.org/0000-0001-9043-8820
mailto:majid.mehrjoo.1@ens.etsmtl.ca
mailto:rola.assi@etsmtl.ca
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2025.120347
https://doi.org/10.1016/j.engstruct.2025.120347
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2025.120347&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Mehrjoo and R. Assi

nonlinearity of the structural components and the ductile behavior of
NSC attachments, which creates challenges in accounting for cumulative
damage effects and may result in an overestimation of seismic demands
[18-21]. Additionally, empirical methods, which form the basis of most
seismic design codes, tend to use simplified equations and assumptions
to estimate the seismic demands on NSCs [4,22]. Specifically, the Na-
tional Building Code of Canada (NBC) suggests a force-based approach
for the design of NSCs, incorporating parameters such as the component
response modification factor (Rp) to account for the ductility at NSC’s
attachment [23]. Specifically, current analytical approaches in NBC
provision primarily focus on the elastic behavior of the NSCs and the
supporting structure, thereby potentially overestimating seismic de-
mands [24-27]. Despite their usefulness in simplifying the design pro-
cedures, empirical methods require improvement to more accurately
represent the level of ductility of NSCs’ attachment [4,5,22,28-32].

To address the nonlinear behavior of NSCs and their supporting
structures, advanced analytical approaches have been employed to
overcome the limitations of code-simplified methods. Notably, studies
by Lin and Mahin [26] and Taghavi and Miranda [33] demonstrated that
inelastic structural responses can either amplify or attenuate floor ac-
celerations compared to linear models, depending on factors such as
building height, lateral system flexibility, and NSC period. Recent work
by Ruggieri and Vukobratovi¢ [34] also emphasizes that accounting for
nonlinear behavior can reduce acceleration demands by up to 40 %,
compared to elastic analysis predictions, particularly when considering
energy dissipation through structural ductility and irregularities in mass
and stiffness. Clayton and Medina [35] proposed a probabilistic method
to estimate acceleration demands for NSCs in shear wall structures based
on the three NSCs (T¢) period ranges, rigid region (T¢ — 0), short-period
region (0 < T¢ < 0.5 Tpy), and fundamental-period region (0.5 Tp; < T¢
< 2.0 Tgy). IDA and site-specific ground-motion hazard data were used
to develop hazard curves and component uniform hazard spectra
(CUHS) considering various structural and NSC characteristics. The
study found that component location, period ratios, and damping ratios
are critical factors in estimating component responses.

Another key aspect in understanding NSC behavior is their fragility
response to seismic loads. In this context, D'Angela et al. [36] conducted
a comprehensive study of the seismic fragility of NSCs modeled as
nonlinear single-degree-of-freedom systems. The research utilized IDA
to evaluate the seismic response of a range of NSC frequencies, including
medical equipment, suspended ceiling systems, and museum objects.
The various damage states and performance levels for each NSC cate-
gory were evaluated in the analysis, which resulted in the production of
fragility curves that are valuable in the seismic design and vulnerability
assessment of NSCs. The results showed that as the rigidity of the NSCs
increased, the probability of exceeding damage states tended to
decrease. Conversely, fragility dispersion exhibited the opposite trend,
which will decrease as the rigidity of NSCs increases. Gautam et al. [37]
investigated the seismic fragility of structural and NSCs in RC buildings
in Nepal, using detailed vulnerability assessments of school buildings
after the 2015 Gorkha Earthquake (M, 7.8). This assessment provides
insights into their seismic demands and highlights the urgent need for
strengthening the NSCs and beam-column connections.

While previous research has established the importance of NSC
seismic behavior and provided valuable insights into their performance
under different levels of ground motion intensity and structural con-
figurations, there remains a critical need to understand the combined
effects of NSC attachment ductility and structural nonlinearity on
component seismic demands and damage states. Additionally, while the
impact of structural ductility on seismic response has been well-
documented, the relationship between NSC attachment ductility and
acceleration demands across different floor levels and damage states
remains insufficiently explored [38-40].

To address the existing knowledge gaps, this research focuses on
three key objectives: (1) quantifying the relationship between NSC
attachment ductility and seismic demands through probabilistic
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assessment, (2) evaluating the combined influence of structural
nonlinearity and NSC ductility on component acceleration demands, and
(3) developing practical design recommendations for optimal NSC
attachment ductility levels that balance performance and damage con-
trol to support performance-based design of NSC attachments. To ach-
ieve these goals, this study employs IDA to evaluate the seismic demands
of acceleration-sensitive NSCs and develop fragility curves. The analysis
is based on three elevation levels along the building height (roof, in-
termediate, and ground) for four multi-story archetype reinforced con-
crete moment-resisting frame buildings subjected to 24 earthquake
records matching Montreal’s uniform hazard spectrum (UHS).
Advanced numerical approaches were used to establish a correlation
between four ductility levels and the damage states, slight, moderate,
and extensive, specified in the Hazus manual [41]. The use of the Hazus
classification approach provides a foundation for a broader analysis of
NSCs while recognizing the inherent limitations of creating specific
fragility curves for all component types in different regions [41]. The
methodology employs multi-degree-of-freedom (MDOF) vibration sys-
tems in both elastic and elasto-plastic archetype-building models.
Elasto-plastic behavior is used as a simplifying assumption to capture
the essential nonlinear characteristics of the building while maintaining
computational efficiency [9,42,43]. This analysis considers the NSCs
with periods that match the first three periods for each case study
building.

2. Selection and scaling of input ground motion data

This study employs a total of 24 ground motion recordings, which
include a suite of 12 historical ground motions and 12 synthetic ground
motions, to accurately estimate the mean structural response quantities
[44,45]. The selected ground motions are representative of Montreal’s
seismic hazard characteristics, characterized by low-to-moderate seis-
micity. Historical ground motions were chosen to reflect regional tec-
tonic settings, while synthetic motions were included to account for
scenarios that may not be adequately represented in the historical
dataset. This approach ensures comprehensive coverage of potential
seismic hazards while maintaining consistency with Montreal’s UHS
[46]. It is acknowledged, however, that synthetic records may exhibit
certain properties, such as increased energy content or a higher number
of cycles, potentially influencing the seismic demands on structures
[47]. To address this, frequency domain matching [48] was employed
through a MATLARB script to match synthetic and historical earthquakes
with Montreal’s target UHS for Site Class 'C’, based on a 2 % probability
of exceedance in 50 years and a damping ratio of 5 %. This Frequency
domain matching involves defining the response spectra for the given
accelerogram, defining the modification factors, and applying the fre-
quency domain amplitude correction through the Fast Fourier Trans-
form (FFT) algorithm to minimize the disparities in the spectral values.
An inverse FFT is then performed to obtain the scaled time history
records.

This technique preserves the inherent features of seismic ground
motions while ensuring that the energy distribution and spectral char-
acteristics of the records are consistent with the target design spectrum,
thereby minimizing potential biases in seismic demand estimation [49].
While this study’s methodology focused on Montreal’s Site Class ’'C’, it
can be extended to other site classes and regions with varying seismic
hazard zones. Such applications would broaden the scope of the research
and enhance the understanding of NSC ductile behavior and seismic
demands under a broader range of seismic conditions.

a) Historical ground motions
A collection of 12 far-field ground motions from the PEER NGA-East

database was chosen, as shown in Table 1 and Fig. 1, based on the
following criteria [23,50,51]:
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Table 1 Table 2
Details of selected historical ground motions. Details of the synthetic ground motions.

No Event/Station Date/Time Mw M,, R Record Duration(s) Time step(s) PGA(g)
1 Saguenay/Site 2, Quebec, PQ 1988-11-25 5.9 E6c1_43 0.607
2 FtPayne_2003-04-29/Sewanee 2003-04-29 4.62 15 E6cl 4 43.598 0.368

8:59 6.0 E6cl 21 0.002 0.493
3 MtCarmel 2008-04-18a/Olney Central College 2008-04-18 4.64 ! E6c2.17 ’ 0.522
Olney, IL 15:14 . 30 E6c2_37 47.530 0.419
4 MtCarmel_2008-04-18a/Univ. of Southern 2008-04-18 4.64 E6¢2_15 0.338
Indiana, Evansville, IN 15:14 X E7c1_18 0.395
5 Slaughterville_2010-10-13/Jones High School 2010-10-13 4.36 5 E7¢1.30 51.126 0.285
14:06 70 E7c1_40 0.002 0.538
6 Slaughterville_2010-10-13/Wilshire 2010-10-13 436 : E7c212 ’ 0.213
Boulevard- Harrah 14:06 . 100 E7¢c2 4 57.352 0.329
Arcadia_2010-11-24/Meyer Ranch, Chandler, 2010-11-24 E7¢2_36 0.178
7 3.96
OK 22:48
8  Arcadia_2010-11-24/Bridge Creek, Tuttle, OK gg_lfg 11-24 3.96
11-11— 1
9 Sparks_2011-11-05/Pawnee, OK 391121 11-05 4.73
Sparks_2011-11-05/Meyer Ranch, Chandler, 2011-11-05 0
10 4.73 Nt
OK 7:12 s
2011-11— 2
11  Sparks_2011-11-06/Jones High School 3953 06 5.68 ‘é
* 53
12 Sparks_2011-11-06/Wilshire Boulevard- 2011-11-06 5.68 08)
Harrah 3:53 <
E
151
Q
& o . . .
1 0 05 1 15 2
Period (s)
~~
o)
N
g Individuals Mean == == NBC 2020 UHS
=
g 05 Fig. 2. Mean, individual spectra of scaled synthetic records, and NBC 2020
To> UHS with 2 % possibility of exceedance per 50 years in Montreal.
Q
<
= 3. Description of the case study buildings and their modeling
3 assumptions
o \ .
[77) 0
0 05 lgerio d(s) 15 2 The present investigation focused on a set of symmetric and regular
3-, 6-, 9-, and 12-story reinforced concrete (RC) moment-resisting frame
(MRF) structures with limited ductility and a normal importance cate-
Individuals Mean = = NBC 2020 UHS gory. The buildings share a common layout, consisting of three bays,

Fig. 1. Mean and individual spectra of scaled historical ground motion and
NBC 2020 UHS with a 2 % possibility of exceedance per 50 years in Montreal.

1. Moderate earthquake magnitudes (Mw) were considered, ranging
from 3.5 to 6.

2. Far-field records, which dominate Montreal’s seismic environment
[52,53] were chosen with epicentral distances ranging between 20
and 100 km

3. The strike-slip fault mechanism was selected [54].

4. Average shear-wave velocities in the range of 360-760 cm/sec in the
top 30 m of soil (Vs-30) were chosen to represent very dense soil
known as Site Class *C’ in the NBC 2020.

b) Synthetic ground motions

A collection of 12 synthetic accelerograms was extracted from the
database developed by Atkinson [55] and made available through the
Engineering Seismology Toolbox website (www.seismotoolbox.ca). For
the selection process, six records were considered for each
magnitude-distance (M-R) scenario and were subsequently scaled to be
compatible with Montreal UHS for Site class ’C’ with a 2475-year return
period. The properties of the selected accelerograms are detailed in
Table 2, and their response spectra, along with Montreal’s UHS, are
depicted in Fig. 2.

each spanning 7 m in both the north-south (N-S) and east-west (E-W)
directions, with a standard floor height of 3 m, as shown in Fig. 3. The
structures were designed following the guidelines specified in NBC 2015
[56] and CSA A23.3-14 [57], with the design details addressed in the
research of Mazloom and Assi [58]. The fundamental periods for these
case studies are shown in Table 3.

The buildings were represented by stick models with lumped mass
and stiffness at each floor, enabling the creation of matrices to analyze
the MDOF system with 5 % modal damping.

The stiffness of each level of the buildings modeled in the ETABS
software [59] was determined using the flexibility method, which in-
volves applying a unit force to each degree of freedom individually,
calculating the resulting displacements, assembling these displacements
into a flexibility matrix, and finally obtaining the stiffness matrix by
inverting the flexibility matrix [60,61].

In order to determine the building’s nonlinear floor acceleration
responses, the governing equations of motion were solved using the
Newmark integration technique.

The method was implemented in a MATLAB [62] script, using the
yield displacement of each floor derived from pushover analysis, which
provides insight into structural nonlinear behavior. In order to perform
the pushover analysis in ETABS, concentrated plastic hinges were used
to represent material nonlinearity at specific points in beams and col-
umns, following the acceptance criteria outlined in ASCE 41-17 [32].
The nonlinear behavior characterization of these plastic hinges follows a
standardized force-deformation relationship, as illustrated in Fig. 4,
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Fig. 3. Plan and elevation views of the archetype reinforced concrete moment-resisting frame buildings used in this research [63].

Table 3
The first three periods of the case study buildings.
Case study Ti(s) Ta(s) T3(s)
3 Storey 0.973 0.279 0.182
6 Storey 1.014 0.321 0.189
9 Storey 1.354 0.441 0.261
12 Storey 1.468 0.279 0.182
C
B CcP
g 0 LS
o
w
D E
e
A Deformation

Fig. 4. Force-deformation relationship of a typical plastic hinge.

where key behavioral points denote: ’a’ (effective yield), 'b’ (peak
strength), and ¢’ (residual strength). The analysis incorporates three
critical performance levels: IO (Immediate Occupancy), LS (Life Safety),
and CP (Collapse Prevention), which define the progressive degradation
of structural capacity. Based on this behavioral framework, two-moment
plastic hinges were assigned near the rigid zones at the ends of element,
allowing for plastic hinge formation close to the joint faces. The beams
were modeled with pure bending hinges while column hinges were
modeled with axial force-bending moment interaction as introduced in
Table A.1. The analyses continued until the displacement of the roof
matched the predetermined target displacement, calculated using Eq.
(1) from ASCE 41-17 [32] and presented in Table A.1. The yield
displacement for each story, as outlined in Table A.1, is derived from an
evaluation of the displacement-step curve of each storey obtained
through pushover analysis in ETABS. This yield displacement is subse-
quently used to conduct a nonlinear analysis of the MDOF structures in
MATLAB.

Although stick models and elasto-plastic behavior offer significant
computational efficiency and capture essential nonlinear characteristics
for evaluating NSC demands in regular, symmetric buildings, they have
limitations in capturing higher-order effects. The models may underes-
timate torsional effects and local deformations. Since the elasto-plastic
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9-storey

hn = 27.0 m hn = 3().0 m

assumption may not fully account for strain hardening, cyclic degrada-
tion, or P-delta effects, future studies should incorporate more realistic
nonlinear behavior models beyond bilinear representations and explore
a broader range of building case studies to strengthen the findings.

T;

6 = CoCy Czsamg (€8]

In Eq. (1), Co represents the ratio of the roof displacement of the
building to the maximum displacement of the equivalent single degree
of freedom (SDOF) system, while C1 denotes the ratio of the maximum
inelastic displacements of a bilinear elastic-perfectly plastic equivalent
SDOF system to the displacements calculated for the linear elastic
response of the same SDOF system. Cz accounts for the influence of
pinched hysteretic shape, stiffness, and strength degradation on
maximum displacement response. Sa represents the response spectrum
acceleration, Te denotes the elastic fundamental period of the bilinear
approximation of the system, and g represents gravitational
acceleration.

4. Description of the NSCs and their modeling assumptions

Light components with a mass less than 0.1 % of the overall mass of
the supporting structures (ranging from 303 to 3211 tonnes) were
considered for uncoupled analysis [64-69].

The analyzed NSCs, presented as single-degree-of-freedom systems,
are categorized into three groups corresponding to the fundamental
periods (Tj, To, and T3) of the archetype buildings, as shown in Table 3,
and are assumed to be attached at the rooftop, intermediate, and ground
levels.

Aligning NSC periods with the building’s fundamental modes
(ranging from 0.97 s to 1.47 s) aims to maximize the seismic response
amplification through resonance effects, thereby ensuring a conserva-
tive design analysis. This strategy captures realistic and frequently
encountered scenarios in buildings, including tall storage rack systems
[70], flexibly-mounted equipment such as medical devices, and sus-
pended architectural or mechanical elements [71-74].

For ground-level NSCs, structural amplification effects are negligible
due to direct ground motion transmission. Accordingly, the period of
0.2 s was selected based on the NBC provisions S(0.2) for the seismic
analysis of NSCs. An elasto-plastic behavior model was adopted for NSCs
due to its computational efficiency and ability to capture essential
nonlinear characteristics. This simplification is expected to slightly
overestimate the seismic response of NSCs, providing conservative re-
sults for design purposes [75,76]. Future studies should investigate more
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complex hysteretic models for NSCs to better capture their actual
nonlinear behavior under seismic loading. In this analysis, four ductility
levels were considered: elastic (Hcomp=1); low ductility (Hcomp=1.25);
moderate ductility (pcomp=1.5), and high ductility (ucomp=2). These
ductility levels were defined as the ratio of the maximum displacement
of a bilinear elastoplastic system relative to its yield displacement (h oy
= Up/uy). To implement this, the equations of motion governing the
dynamic response were solved numerically at each time step using the
Newmark integration method with the linear acceleration approach
[42], employing parameters y = 1/2 and p = 1/6, within a MATLAB
script. This method was selected since it is widely recognized for its
robustness in solving dynamic equations of motion. The equilibrium
iterations were carried out to converge the displacement responses at
each time increment, considering stiffness degradation and yield limits.
Tangent stiffness was adjusted during the iterations to capture the
changes from the linear to the nonlinear range. This approach aims to
estimate the yield strength and ductility, thereby ensuring the most
accurate acceleration demands possible. The discrepancies between
obtained and target values of yield strength and ductility were calcu-
lated across all iterations, serving as a quantitative measure for vali-
dating the analytical accuracy.

A modal damping ratio of 5 % was adopted for all analyses. Previous
investigations by Mehrjoo and Assi [77] concluded that the sensitivity of
seismic demands on NSC to variations in the damping ratio is minimal,
confirming the reliability and robustness of the adopted approach.

5. Fragility analyses and performance objectives of NSCs

The 24 earthquake recordings described in 2 are employed to
perform nonlinear dynamic analyses. The IDA process involves scaling
each record across a range of intensity levels, from 0.1 g to 4.0 g with
increments of 0.1 g. This is achieved by uniformly multiplying the entire
accelerogram time history by a scale factor, thereby increasing all
spectral ordinates while preserving the spectral shape of the records.

Given the study’s focus on acceleration-sensitive NSCs, the damage
index used in the IDA is determined based on the maximum absolute
acceleration demands experienced by the NSCs within the archetype
structures. Then, the evaluations and extraction of fragility curves for
NSCs are conducted following Hazus guidelines, with four performance
levels: slight, Moderate, Extensive, and complete damage levels [41].
The fragility curve of a system represents the likelihood of exceeding a
specified limit state (LS) at a given level of the seismic Intensity Measure
(IM), as expressed in Eq. (2).

Fragility = P[DM > LS|IM] (2)

Estimating the probability associated with a specific Intensity Mea-
sure (IM) value, denoted as IM = x, as expressed in Eq. (2), can be
achieved by utilizing a substantial number of earthquake simulations
and analyses (Ngiy) and determining the number of occurrences that
lead to exceeding the considered limit state or capacity (Ng,j), as out-
lined in Eq. (3).

o Nt

P[DM > LS|IM = x] =~ 3

Typically, a log-normal function is fitted to the resulting numerical
fragility data to obtain the fragility curve, as illustrated in Eq. (4).

P[DM > LS|IM = x] = @(@) )

In the aforementioned relationship, ®() represents the standard
normal cumulative distribution function, 0 denotes the mean of the
fragility function, and p is the standard deviation of In (IM = x). The
lognormal distribution parameters were estimated using Maximum
Likelihood Estimation (MLE), a widely adopted statistical method that
optimizes probability distribution fit by maximizing the likelihood
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function. MLE was selected for this analysis due to its proven efficiency
in parameter estimation for lognormal distributions, particularly for
large datasets, as demonstrated in previous statistical studies [78,79].
Table 4 presents the specified performance levels and corresponding
acceleration thresholds for acceleration-sensitive NSCs.

6. Computation of NSC seismic acceleration demands at
different ductility levels

The section investigates the influence of ductility and the resonance
condition on PFA (g), particularly focusing on resonance with the first
three fundamental modes of the structures, when using T. /T1=1, T,
/To=1, and T, /T3= 1. The probability of exceeding specific damage
states is evaluated in terms of PFA intensity. The seismic demands on
acceleration-sensitive NSCs were computed using both historical and
synthetic ground motion records. Results are provided for the roof, and
ground levels, as well as selected intermediate floors: level 6 in the 12-
storey building, levels 4 and 5 in the 9-storey building, and level 3 in the
6-storey building.

The first subsection investigates how the attachment ductility and
resonance conditions influence the fragility curves of NSCs attached to
elastic structures while the second subsection focuses on the nonlinear
structures. The fragility curves, shown in Figs. 5 and 6, present the
probability of exceeding the specific damage states as a function of PFA
intensity.

Each subplot displays 16 curves corresponding to four distinct
ductility levels (pcomp=1, 1.25, 1.5, 2) across the four damage states of
slight, moderate, extensive, and complete. Finally, Tables 5 and 6 pre-
sent the mean values of PFA (g) for a probability of exceedance of 50 %
on elevated floors, alongside the average ratios of nonlinear/linear PFA
(g) values. Additionally, Table 7 provides the mean values of Sa (g) for
the same probability of exceedance at the ground level across the four
considered damage states.

a) Fragility curves and damage states of acceleration-sensitive NSCs
mounted on elastic structures

Fig. 5(a-f) presents the fragility curves for NSCs mounted on elastic
structures. Subplots 5(a), 5(c), and 5(e) show responses at the roof level,
while Subplots 5(b), 5(d), and 5(f) represent the responses at interme-
diate levels. Each subplot corresponds to resonance with the building’s
first three modes, specifically T, /T;=1, T. /T2 =1, and T, /Ts=1,
respectively. In addition, Fig. 5 includes the ground-level responses for
NSCs with a spectral period of 0.2 s.

Fig. 5(a,b) shows that the probability of exceeding a given damage
state is, on average, 10 % higher at roof levels compared to intermediate
levels, indicating a greater vulnerability of NSCs located at higher levels.
As the resonance periods shift from T; in Fig. 5(a,b) to Ty in Fig. 5(c,d),
the PFA demand for a specific probability of exceeding a given damage
state increases, on average, by 40 % for intermediate levels and by 11 %
for roof levels. Additionally, when resonance periods shift from T; to T3
(Fig. 5(e,f), the PFA demand to exceed a damage state increases by
about 50 % for both roof and intermediate levels. These trends indicate
that the probability of exceeding a given damage state decreases at
higher resonance periods. This is particularly noticeable at roof levels,
where acceleration demand to exceed a damage state increases sub-
stantially (11-50 %), compared to intermediate levels (40-50 %).

Table 4
Peak floor accelerations used to define median values of damage to acceleration-
sensitive NSCs [41].

Floor acceleration at the threshold of nonstructural damage
Seismic design ®
level

Slight Moderate Extensive  Complete

Moderate 0.25 0.50 1.00 2.00
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Fig. 5. Seismic fragility curves for NSCs across various ductility levels and damage states under different resonance conditions in elastic structures: a) roof level (T./
T,=1), b) intermediate level (T./T;=1), c) roof level (T./T»=1), d) intermediate level (T./T»=1), e) roof level (T./T3=1), f) intermediate level (T./T3=1), and g) at

ground level.

Comparatively, Fig. 5(g) illustrates that at ground level, the accel-
eration demand to exceed a damage state increases on average by 80 %
compared to the T3 resonance range and by 100 % compared to the Ty
resonance range. This further emphasizes the influence of elevation on
increasing acceleration demands under seismic loading. When consid-
ering the effect of ductility levels of attachment of NSCs on their per-
formance, Fig. 5 reveals another trend across different resonance ranges.

For the T; resonance range at the roof level, the peak floor acceleration
demand to exceed a given damage state increases on average by 144 %
when moving from elastic NSCs behavior to high ductility NSCs
behavior, while at the intermediate level, the average increase is 130 %.
This trend is consistently observed across all damage states. For the T;
resonance range at the roof level, the peak floor acceleration demand to
exceed a given damage state increases on average by 130 % when
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Fig. 6. Seismic fragility curves for NSCs across various ductility levels and damage states under different resonance conditions in the nonlinear structures: a) roof
level (T./T1=1), b) intermediate level (T./T1=1), c) roof level (T./To,=1), d) intermediate level (T./T»=1), e) roof level (T./T3=1), f) intermediate level (T./T3=1).

moving from an elastic NSC behavior to a high ductility NSC behavior.
On the other hand, at intermediate levels within the T resonance range,
peak floor acceleration demand increases by 50 % across all damage
states. For the T3 resonance range, transitioning from elastic to high
ductility NSCs behavior results in more modest increases in the peak
floor acceleration demand required to exceed a given damage state,
averaging 50 % at the roof levels and 20 % at the intermediate levels. At
ground level, transitioning from elastic to high ductility NSCs behavior
leads to an average 20 % increase in spectral acceleration demand across
all damage states. Overall, these findings indicate that while higher
ductility levels of NSCs increase the acceleration demand required to
exceed a given damage state, this effect becomes less pronounced as the
resonance range shifts from T; to T and Ts. Additionally, as observed in
Fig. 5(a,b), the fragility curves of highly ductile NSCs at the slight
damage state align closely with those for elastic NSCs at the moderate
damage state, highlighting the beneficial impact of ductility in reducing
damage likelihood under comparable seismic intensities.

This correlation also holds for the fragility curves of highly ductile
NSCs in the moderate damage state, which resemble those of elastic

NSCs in the extensive damage state. Furthermore, the fragility curves of
highly ductile NSCs in the extensive damage state align with those of
elastic NSCs in the complete damage state. The slope of fragility curves,
also referred to as cumulative distribution functions (CDFs), at any
specific point corresponds to the probability density function (PDF). As
the probability density increases, the likelihood of a specific peak floor
acceleration value triggering the respective damage state becomes
higher. In this context, the fragility curves exhibit steeper slopes for the
slight and moderate damage states, particularly within the T; and T,
resonance ranges. Conversely, as we progress to the extensive and
complete damage states, the fragility curves flatten, particularly in the
T3 resonance range and at the ground level.

In conclusion, while higher ductility levels in the attachments of
NSCs enhance energy dissipation, they also increase the likelihood of
potential damage to these components.

b) Fragility curves and damage states of acceleration-sensitive NSCs
mounted on nonlinear structures
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Table 5
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Mean values of PFA (g)(T./T;_3=1) IM at 50 % possibility of exceedance of the slight and moderate damage state (DS) in elevated floors.

Slight DS Moderate DS
ll-{:s(g):ance " Specific location Elastic Nonlinear Average nonlinear/ Elastic Nonlinear Average nonlinear/
@ omP - level structure structure linear structure structure linear
D e 0059 o6 216 o1 02 216
Intermediate 0.092 0.156 0.18 0.32
" A A A
15 Roof 0.11 0.142 1.34 0.22 0.28 1.2
P e onm A A
Comme o om0
Intermediate 0.13 0.176 0.26 0.35
" A S W
15 Roof 0.118 0.18 1.38 0.235 0.35 1.39
2 0152 o1 117 03204 030 12
mmeom o om mom
Intermediate 0.2 0.207 0.41 0.41
" e W S
15 Roof 0.17 0.2 1.09 0.34 0.4 1.14
L mmaenmm e
Table 6

Mean values of PFA (g) (T./ T1_3=1) IM at 50 % possibility of exceedance of the extensive and complete damage state(DS) in elevated floors.

Extensive DS

Complete DS

f:;;):ance Heom Specific location Elastic Nonlinear Average nonlinear/ Elastic Nonlinear Average nonlinear/
o P level structure structure linear structure structure linear
o 045 0 0%
Intermediate 0.37 0.62 0.73 1.25
" DU o
15 Roof 0.43 0.56 1.36 0.83 1.11 1.26
- T B e,
T A
Intermediate 0.519 0.7 1.04 1.4
" e om RO
15 Roof 0.471 0.7 1.34 0.941 1.41 141
p om0 m E N
e wmo o, =
Intermediate 0.83 0.83 1.66 1.64
" DA B EA
15 Roof 0.68 0.8 117 1.35 1.69 1.14
2 et o 05 1065 55 e 123
Table 7 Fig. 6(a-f) illustrates the fragility curves for NSCs mounted on

Mean values of Sa(g)(T) IM at 50 % possibility of exceedance of all damage state

(DS) at the ground level.

Heomp Slight DS Moderate DS Extensive DS Complete DS
1 0.317 0.64 1.27 2.55
1.25 0.338 0.67 1.35 2.71
1.5 0.349 0.698 1.39 2.82
2 0.39 0.78 1.56 3.13

nonlinear structures, showing the relationship between peak floor ac-
celeration demand and damage states across various ductility levels and
resonance periods (Tj, To, T3). Ground-level NSCs are not included here,
as their response is independent of the building’s structural behavior
and was already presented in Fig. 5(g). Subplots 6(a), 6(c), and 6(e)
show responses at the roof level, while subplots 6(b), 6(d), and 6(f)
represent intermediate levels corresponding to resonance with the
building’s first three modes.
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These fragility curves show a higher probability of exceeding damage
states at the roof levels than at the intermediate levels. In addition, the
fragility curves for nonlinear structure in Fig. 6(a,b) show a reduced
probability of exceeding damage states at the roof and intermediate
levels compared to those of the elastic structure as seen in Fig. 5. This
comparison emphasizes the significance of considering the actual
nonlinear behavior of supporting structures in the probabilistic analysis
of NSCs. The peak floor acceleration demand for a specific probability of
exceeding a given damage state exhibits a distinct pattern as the system
transitions from resonance periods T; to Ts, particularly for nonlinear
structures (Fig. 6) compared to their elastic counterparts (Fig. 5). For
nonlinear structures, the peak floor acceleration demand decreases by
14 % from T; to T, resonance range for intermediate floors and by 21 %
for the roof. In contrast, for elastic counterparts, the decrease is more
pronounced—40 % for intermediate floors and 11 % for the roof.

However, shifting from Ty to T3 resonance range shows a smaller
increase for the peak floor acceleration demand to exceed a damage
state for nonlinear structures (14 %) compared to elastic ones (50 %).
This finding further confirms that the probability of exceeding damage
states decreases at higher resonance periods for NSC attached to
nonlinear structures.

A key observation from the fragility curves corresponding to
nonlinear structures presented in Fig. 6 is that they exhibit flatter curves
compared to the elastic structures shown in Fig. 5. Despite this overall
flattening, the slopes of the fragility curves for the slight and moderate
damage states are steeper than those for extensive and complete damage
states shown in Fig. 6 for nonlinear structures. This indicates that, even
in the case of nonlinear structures, there is a higher probability density
associated with the peak floor acceleration values corresponding to the
slight and moderate damage levels. Consequently, this suggests an
increased likelihood of these NSCs reaching damage states when sub-
jected to given peak floor accelerations. The peak floor acceleration
demand required to exceed a damage state in nonlinear structures
gradually increases as the NSCs shift from elastic to highly ductile.
Specifically, for the T; resonance range, the NSCs at the roof and in-
termediate levels exhibit an average increase in peak floor acceleration
demand to exceed a damage state by 20 % and 28 %, respectively,
significantly lower than the 144 % and 130 % observed in their elastic
counterpart. The T, resonance range follows a similar trend, with the
NSCs experiencing increases in peak floor acceleration demand to
exceed a damage state by an average of 16 % at the roof level and 26 %
at the intermediate level, notably lower than the 130 % and 50 % in-
creases seen in the elastic structure. In the T3 resonance range, peak floor
acceleration demand to exceed a damage state increases by an average
of 35 % for NSCs at both roof and intermediate levels in the nonlinear
structure, while the elastic structure saw increases of 50 % at the roof
and 20 % at the intermediate level. These findings for nonlinear struc-
tures reinforce the previously observed trend in elastic structures, where
increasing the ductility levels of NSCs increases peak floor acceleration
demand to exceed a damage state, with this effect decreasing as the
resonance range shifts from T; to T and Ts.

¢) Comparison of the mean acceleration demands for different damage
states in Elastic and nonlinear Structures

To assess the impact of nonlinear structural behavior on the seismic
demands of NSCs across different damage states, and how this deviates
from the elastic behavior typically assumed in design codes, the mean
peak floor acceleration values, PFA(g)(T), for a 50 % exceedance prob-
ability of each damage state (slight, moderate, extensive, and complete)
are presented in Tables 5 and 6, derived from Figs. 5 and 6. Additionally,
Tables 5 and 6 include a factor representing the average ratios of
nonlinear/linear PFA (g), which quantifies the difference between linear
and nonlinear structure models for each ductility level and damage
state.

The results from Tables 5 and 6 indicate a trend across various
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ductility levels for different damage states. Specifically, as the ductility
of NSCs increases, the average nonlinear/linear ratio tends to decrease
for all periods within the resonance range. Notably, this trend remains
consistent across all damage states, suggesting that the transition from
elastic to nonlinear structural behavior has a relatively uniform impact
across the resonance ranges (T1, Ty, and T3). This observed trend for the
average nonlinear/linear ratio across all damage states is particularly
pronounced in the T; range, where it decreases from 2.1 to 1.1 as the
ductility of attachment of NSCs shifts from elastic to highly ductile. A
similar trend is observed in the T, range, where the factor drops from
1.88 to 1.2 as the ductility of attachment of NSCs shifts from elastic to
highly ductile. In the T3 range, the decrease is less pronounced, with the
average nonlinear/linear ratio dropping slightly from 1.16 to 1.14 as the
ductility of attachment of NSCs shifts from elastic to highly ductile. It is
worth noting that while this study mainly focuses on the influence of the
first three fundamental modes (T, To, Ts3), it is important to recognize
that higher modes may play a more significant role in taller buildings or
structures with different dynamic characteristics. Nevertheless, the
observed trends in this study, such as the diminishing impact of higher
modes (T7 and T3) compared to T; and the decreasing nonlinear/linear
ratios at these modes, suggest that modes beyond Tj3 are likely to
contribute less significantly to the considered reinforced concrete
building models.

Overall, low to moderate NSC ductility levels are most effective,
while further increases in ductility yield minimal reductions in peak
floor acceleration demands.

Moreover, the influence of ductility on the seismic demands of NSCs
is more pronounced at the first fundamental resonance period and the
observed impact tends to diminish for higher modes. This trend has
important implications for how NSCs should be designed, particularly
when considering seismic demand reduction and ductility requirements.
The observed reduction in acceleration demands due to structural
nonlinearity has significant implications for current code provisions.
The NBC 2020 and similar international codes typically employ elastic
analysis assumptions when determining NSC design forces. This
assumption simplifies the complex structural response during seismic
events but does not capture the potential inelastic deformations that
may occur in real-world scenarios. The findings of this study demon-
strate that this approach can lead to conservative design requirements,
particularly for components with periods matching the structure’s
fundamental modes.

Analysis of the average nonlinear/linear ratios across different
damage states reveals that elastic code assumptions may result in
overestimation of seismic demands by factors ranging from 1.1 to 2.1
(Tables 5 and 6). This overestimation is most pronounced in the
following scenarios:

e Components with periods matching T;, where elastic assumptions
overestimate demands by up to 115 % for elastic NSCs (jcomp=1).

e Upper floor installations, particularly at roof levels, where the dif-
ference between elastic and nonlinear predictions is most
pronounced.

e Lower ductility components, where the disparity between elastic
code predictions and actual nonlinear behavior is most significant.

These overestimations can lead to over-designed and potentially
more expensive NSC installations, as the design forces derived from
elastic analysis are generally higher than those experienced in a
nonlinear structure. However, these findings complement, rather than
contradict, current code approaches by providing deeper insight into the
actual behavior of designed structures under seismic loading. Similarly,
to assess the impact of ductility on the seismic demands of NSCs at the
ground level, across different damage states, the mean spectral accel-
eration values, Sa(g)(T), corresponding to a 50 % exceedance proba-
bility of a damage state (slight, moderate, extensive, and complete) are
presented in Table 7. These values are derived from Fig. 5(g).
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These observations further underscore the importance of considering
the nonlinear behavior of buildings when evaluating the seismic de-
mands on NSCs, as they provide a more accurate representation of the
seismic force demands exerted on NSCs under varying levels of ductility
and damage states.

7. Conclusion

This study provides a detailed analysis of the fragility of NSCs sub-
jected to seismic loading, investigating the effects of ductility levels of
NSC attachments and resonance period ranges (T;, Ty, T3) on their
performance. Also, it examines the impact of the nonlinear behavior of
the supporting structures on the probability of exceeding specific dam-
age states for NSCs. The key findings of this research are summarized as
follows:

o Effect of Height: NSCs at roof levels are significantly more vulner-
able to seismic damage compared to those at intermediate or ground
levels.

Impact of Resonance Periods: As resonance shifts from the
fundamental resonance period T+ to higher ones (T2, Ta), the seismic
behavior of NSCs changes significantly. This shift results in reduced
sensitivity to structural nonlinearity and attachment ductility,
particularly in taller buildings.

e Attachment Ductility: While increased ductility levels reduce
seismic forces, they may also increase the risk of localized damage to
NSCs and their attachments. Therefore, achieving an optimal balance
between ductility and acceptable damage levels is critical in NSC
seismic design.

Structural Nonlinearity: Accounting for the nonlinear behavior of
the supporting structure is essential for improving the accuracy of
probabilistic seismic assessments of NSCs. This consideration affects
acceleration demands consistently across damage states and reso-
nance ranges, simplifying seismic design provisions for NSCs.

To bridge the gap between current code provisions and the actual
seismic performance of NSCs, it is essential to refine the component-
specific response modification factor (Rp), that reflects the level of
ductility of NSC attachments. Additionally, considering the nonlinear
behavior of supporting structures would enhance the accuracy of seismic
demand predictions.
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Extending performance-based design principles to NSCs and
embedding fragility-based performance objectives into building codes
represents a transformative approach to improving post-earthquake
functionality and resilience. This approach links damage states to
ductility levels, thereby enhancing the reliability of seismic design and
performance predictions and ensuring that NSCs are better equipped to
withstand real-world seismic events. For acceleration-sensitive NSCs,
adopting moderate ductility levels (jcomp~1.5) provides an effective
design target. This approach offers a well-balanced solution that reduces
seismic demands while ensuring cost efficiency and resilience, avoiding
both excessive over-design and undue risk of failure.
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Appendix A. Required input and output data for the pushover analysis

Table A.1
Required input and output data for the pushover analysis

Hinge properties used in ETABS Output
. . My (kN-m) Storey . .

Case study Target disp (m) Hinge name +7 a b c 10 LS CP level Yield disp(m)
PHBO1 284.6 284.6 0.025 0.05 0.2 0.01 0.025 0.05 1% 0.05
PHBO02 227.4 266 0.025 0.05 0.2 0.01 0.025 0.05 ond 0.071

3 Storey 0.72 PHBO3 222.2 222.2 0.025 0.05 0.2 0.01 0.025 0.05
PHBO04 154.1 205.5 0.025 0.05 0.2 0.01 0.025 0.05 grd 0.091
PHCEO1 - - 0.038 0.078 0.2 0.005 0.039 0.05
PHBO1 651.5 651.5 0.02 0.03 0.2 0.005 0.02 0.03 1% 0.032
PHBO02 762.5 762.5 0.02 0.02 0.2 0.005 0.02 0.03 ond 0.057

6 Storey 0.84 PHBO3 325.1 252.3 0.019 0.029 0.2 0.005 0.0193 0.029 3:: 0.098
PHBO4 250.2 176.3 0.019 0.029 0.2 0.005 0.0193 0.029 4 0.102
PHCEO1 - - 0.041 0.058 0.2 0.005 0.029 0.04 5th 0.122
PHCEO02 - - 0.047 0.068 0.2 0.005 0.034 0.048 6 0.133
PHBO1 1076 865.6 0.01 0.015 0.2 0.0015 0.01 0.015 1% 0.036

9 Storey 1.5 PHBO02 1267 1190 0.01 0.015 0.2 0.0015 0.01 0.015 ond 0.075
PHBO3 1106 997.7 0.01 0.015 0.2 0.0015 0.01 0.015 3 0.109

10

(continued on next page)



M. Mehrjoo and R. Assi Engineering Structures 335 (2025) 120347

Table A.1 (continued)

Hinge properties used in ETABS Output
. . My (kN-m) Storey . .
Case study Target disp (m) Hinge name +7 a b c 10 LS CP level Yield disp(m)
PHBO4 933.1 730.3 0.01 0.015 0.2 0.0015 0.01 0.015 4th 0.125
PHBO5 690.1 455.1 0.01 0.015 0.2 0.0015 0.01 0.015 5th 0.14
PHBO6 772.4 371.7 0.02 0.03 0.2 0.005 0.2 0.03 6™ 0.186
PHBO7 370.4 370.4 0.02 0.03 0.2 0.005 0.2 0.03 7t 0.202
PHCEO1 - - 0.041 0.041 0.2 0.005 0.018 0.026 gth 0.213
PHCEO02 - - 0.046 0.046 0.2 0.005 0.025 0.035 oth 0.22
PHBO1 1729 1441 0.01 0.015 0.2 0.0015 0.01 0.015 1%t 0.016
PHBO02 2094 2033 0.01 0.015 0.2 0.0015 0.01 0.015 ond 0.038
PHBO3 1593 1438 0.01 0.015 0.2 0.0015 0.01 0.015 3rd 0.06
PHBO4 1793 1673 0.01 0.015 0.2 0.0015 0.01 0.015 4th 0.082
PHBO5 1593 1438 0.01 0.015 0.2 0.0015 0.01 0.015 5th 0.102
12 Storey 177 PHBO06 1321 1052 0.02 0.03 0.2 0.005 0.02 0.03 6$ 0.12
PHBO7 1171 885.6 0.02 0.03 0.2 0.005 0.02 0.03 7 0.134
PHBO8 1535 1209 0.02 0.03 0.2 0.005 0.02 0.03 gth 0.145
PHBO09 656.5 754 0.02 0.03 0.2 0.005 0.02 0.03 oth 0.156
PHB10 559.9 751.1 0.02 0.03 0.2 0.005 0.02 0.03 10t 0.164
PHCEO1 - - 0.04 0.04 0.2 0.005 0.01 0.014 1t 0.169
PHCEO02 - - 0.045 0.045 0.2 0.005 0.022 0.031 12t 0.173

Appendix B. Glossary of Technical Terms

Bilinear elastoplastic model: A simplified representation of material behavior that combines linear elastic and perfectly plastic responses.
Ductility: The ability of a material or structure to undergo plastic deformation without fracture.

Floor response spectra: Graphs showing the peak response of single-degree-of-freedom systems at various natural frequencies when subjected to
the motion of a specific floor in a building during an earthquake.

Fragility curve: A graphical representation of the probability of exceeding a specific damage state as a function of seismic intensity.
Incremental Dynamic Analysis (IDA): An advanced simulation method used to assess seismic demands across a range of earthquake intensities.

e Non-structural components (NSCs): Components in a building that are not part of the main load-bearing structural system, such as mechanical

equipment, partitions, and ceilings.

Resonance: The dynamic amplification of system response when the excitation frequency matches or approaches the system’s natural frequency,
resulting in increased seismic demands on NSCs.

Spectral Matching: A process to adjust or modify a signal or spectrum to match a target spectrum.

Uniform hazard spectrum (UHS): A response spectrum that has an equal probability of exceedance at all periods for a given site and return
period.
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