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Under a specific ground motion excitation, even if structural components all satisfy a target performance level,
the serviceability of the structure might get affected by the performance of non-structural components. Although
the overall performance of a structure is affected by the performance of both structural and non-structural
components, seismic reliability and fragility analyses usually only focus on the structural elements and their
load-carrying capacity. The present study aims to assess the influence of the acceleration-sensitive non-structural
components on the seismic reliability of the entire structure. The distinguishing feature of the proposed approach
is the adoption of reliability block diagrams for the analysis of each structure, allowing for different combinations
of damage for structural and non-structural components. Results are shown for 5-, 10- and 15-story buildings, to
demonstrate the significant effects of non-structural components on their overall seismic reliability. Such effects
prove to be more evident for the lower damage levels, and the higher seismic intensities. It is shown that non-
structural components can lead to a reduction of the overall seismic reliability ranging from 22% to 100%, for
situations related to the life safety and collapse prevention performance levels, under the effects of the design
basis and maximum considered earthquakes, respectively.

1. Introduction

The existence of a wide variety of non-structural components in
residential buildings and infrastructures, featuring varying importance
levels, actually represents a challenge to set an appropriate uniform
strategy for the analysis and design under the effects of uncertain
(future) ground motions. In the case of a design basis earthquake,
extensive damage to the non-structural components can interrupt the
serviceability of the structures, as shown by the actual and extreme
situation depicted in Fig. 1. It is also proved that the failures of non-
structural components make up the majority of earthquake damage
[1]. Therefore, the performance level of the whole structural system has
to be defined as a proper combination of the performance levels of its
structural and non-structural components [2].

As non-structural components are assumed not to play a dominant
role in carrying lateral loads, in the design of structural systems these
elements are usually not considered under seismic actions. However, the
results of recent earthquakes and extensive damage developed in the
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non-structural components proved the importance of considering the
performance of these components in the process of overall seismic per-
formance evaluation of buildings and infrastructures [3]. Accordingly,
various studies have been performed on the behavior and design of
different types of non-structural components.

Most of the previous investigations on non-structural components
can be categorized into two general groups. The first category includes
experimental studies aimed at investigating the seismic performance of
different forms of non-structural components. For instance, Zhou et al.
[4] performed shaking table tests to assess the seismic performance of
displacement-sensitive non-structural components. They proposed a
multi-directional decoupling iteration control method to accurately
reproduce floor response spectra. Jenkins et al. [5] performed full-scale
tests on a two-story braced frame structure to study the seismic perfor-
mance of integrated ceiling-piping-partition systems and developed
fragility functions for cold-formed steel-framed partitions. Based on
their attained results, the accuracy of the amplification factors recom-
mended by the code for flexible partition walls was verified. Another
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Fig. 1. Extensive damage to the non-structural components of a building after
the Kermanshah 2017 earthquake, Iran (picture taken by one of the authors).

experimental study was conducted by Hou et al. [6], by performing
shake table tests on full-scale steel frame structures equipped with
tension-only braces. In their study, the authors considered the influence
of the stiffness of non-structural components on their horizontal force
demand. Based on these results, Hou et al. evaluated the adequacy of the
existing design models and also proposed improved design relations.
Raffaele et al. [7] also conducted an extensive experimental study to
assess the seismic performance of lightweight steel drywall non-
structural components.

In the second category of the studies on non-structural components,
usually analytical and/or numerical approaches have been developed to
assess their seismic demand and accordingly modify the design code
recommendations. For example, Anajafi and Medina [8] evaluated the
accuracy of the equation proposed by ASCE 7-16 to estimate it, using
data from instrumented buildings as well as numerical models, getting
to the conclusion that the mentioned relations are not reliable. In other
similar studies, Magliulo et al. [9] and Fathali and Lizundia [10] assessed
the adequacy of Eurocode 8 and ASCE 7-05 provisions to compute the
seismic demand; these studies showed that such provisions may not
provide satisfactory predictions. Mohsenian et al. [11] also showed that
the relations proposed by ASCE7-16 and NIST regarding the acceleration
demand of acceleration-sensitive non-structural components provide
inaccurate estimations; using a multi-level approach, a relation for
estimating the maximum absolute acceleration distribution along the
height of structures was then proposed. Salari et al. [12] also investi-
gated the demands of acceleration-sensitive non-structural components
in special concentrically braced frames and moment-resisting frames. In
this study, the authors investigated the effect of the ratio of non-
structural components period to structural period, their damping ratio,
and vertical location on their demands.

In an attempt to determine the seismic response of acceleration-
sensitive non-structural components, Lima and Martinelli [13] per-
formed a parametric analysis to capture the key features of the dynamic
response of a coupled two-degree-of-freedom system, representative of
the main structure and the non-structural components. Villaverde [14]
also proposed a simple method, based on the analysis of linear secondary
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systems mounted on a linear primary structure, to estimate the seismic
response of non-structural components. Wang et al. [15] recently pub-
lished a state-of-the-art review on this topic.

The critical review of the literature reported here above shows that,
despite the extensive investigations in this area, the number of studies
about the influence of non-structural components on the reliability of
the whole structural system is limited. In one of the available studies,
Sullivan [16] evaluated the role of non-structural components on the
post-earthquake performance of structures, allowing for the effect of the
design and detailing of non-structural elements on the reparability of
buildings. In another study, Perrone et al. [17] developed a methodology
for performance evaluation of non-structural components based on
performance-based design philosophy. The proposed framework can be
considered as an equivalent of the suggested methodology by FEMA
P695 for the force-based design of seismic force-resisting systems. In a
study on the seismic risk analysis of the Vancouver metropolitan region
performed by Mahsuli and Haukaas [18], it was also shown that non-
structural components contribute more to the losses than structural
ones.

A research gap is especially evident in the probabilistic studies to
develop seismic fragility curves for different structural systems. In this
case, most of the performed studies utilized empirical data for the
development of fragility curves. In one of the studies in this field, Kuo
et al. [19] provided a process to derive the fragilities of non-structural
elements using a damage survey. In another study, Cremen and Baker
[20] proposed a method to modify the fragility functions and loss pre-
dictions of non-structural components according to FEMA P-58. For this
purpose, they suggested using the maximum likelihood approach to fit
the fragility functions to the underlying empirical data, which mitigates
the convergence problems during the fitting process.

As discussed above, a reliability analysis of structures by considering
different combinations of damage levels for structural and non-
structural components is rather limited. The present study thus repre-
sents an important step to address some of the challenging issues in this
area. The main contributions of this work can be listed as follows:

i. The role of the non-structural components in the seismic reli-
ability of structures is assessed, and general rules to guide the
selection of the performance levels for structural and non-
structural components under the design basis and the maximum
considered earthquakes are provided.

ii. A novel modelling approach is proposed to estimate the reli-
ability of structures, by considering the effects of both structural
and non-structural components using the block diagrams
concept.

iii. A new methodology based on performance areas is introduced, to
allow for the values of the response parameters in continuous
ranges and move beyond what is linked to the predefined limit
states.

2. Methodology

In this study, the seismic reliability analyses of multi-storey struc-
tures have been performed by adopting four different approaches,
namely the standard approach, story-wise approach, block diagram
approach, and performance areas approach. All these methods require
providing a set of statistical data from the seismic response of structures
in specific seismic hazard levels. For this purpose, it is required to first
analyze the considered structure subjected to a series of accelerograms
(scaled to the desired intensity).

In the standard reliability analysis method, the maximum responses
in the structure under each ground motion record are considered irre-
spective of their locations. Subsequently, for each structural and non-
structural component, the reliability of not experiencing different
damage levels is calculated separately. Although this approach is effi-
cient, it cannot take into account the effect of damage location.
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Fig. 2. Schematic side elevation and plan of the structures, loading conditions and geometrical properties.

Moreover, it is not possible to provide an overall reliability estimation
for the entire structural system considering the effects of both structural
and non-structural components.

In the second utilized technique, called story-wise approach, the
reliability of each story is calculated separately, and then the minimum
computed reliability is considered for the entire structure. In contrast
with the standard method, in this approach the critical damage locations
at the height of the structure can be detected easily. However, this
methodology also fails to combine the influences of both structural and
non-structural components in the reliability analysis process.

In the block diagram approach, the structure is modelled using a set
of parallel and series components, and the reliability is calculated based
on the combined reliability of structural and non-structural components.
The story-wise method is a prerequisite for the block diagram method-
ology, and accordingly, the critical damage locations are also reflected
in the block diagram method. In addition, this proposed technique
provides the possibility to perform reliability analysis considering
different combinations of damages for structural and non-structural
components. Thus, the block diagram approach can address some of
the limitations of the other available approaches as discussed above.

Under a given seismic intensity, the reliability analysis is performed
considering certain damage levels for structural and non-structural
components. However, since structural damage is a continuous vari-
able, using specific predefined limits may not be very reasonable. To
address this issue, it is proposed to use performance areas instead of
limit states.

The above described reliability analysis methods have been per-
formed on a set of selected structures (Section 3). It should be noted that
the proposed methodologies are independent of the properties of the
studied structures (e.g. geometry, height, loading details, lateral load-
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resisting system, type of non-structural components) and also the
considered seismic excitations. Section 4 presents the details of each
analysis mythology and its implementation steps as well as the analysis
results. Finally, the concluding remarks are given in Section 5.

3. Properties of the models and details of the nonlinear
modeling approach

In this study, the three multi-story moment-resisting steel frame
structures, already considered in ref. [11], have been analyzed. To
investigate the effects of the structural height on the response to the
ground motion, the frames feature 5, 10, and 15 stories. The details
related to the building plan, the reference frame, and the design loads
are reported in Fig. 2. The sections of the considered frame structures
and relevant coding for the beams and columns are also illustrated in
Fig. 3. The cross-sections of the structural members are denoted ac-
cording to the additional details provided in Table 1, where B and C
respectively denote beam and column elements. The story height and
the span length have been set to 3.2 m and 5 m, respectively, while a
concrete slab was used for the roof system. The selected frames are
symmetric about the x —z and y —z planes, and represent typical build-
ing structures in Iran.

The structural components have been assumed to be made of A36
steel, with a yield stress of 250 MPa and a Poisson’s ratio of 0.26 [21].
The structural systems have been designed according to AISC360-210
[22], using the ETBAS software [23] and assuming a medium impor-
tance and very high seismicity of the site (characterized by a PGA =
0.35 g, where g is the gravitational acceleration). According to ASCE7-10
[24], the site soil has been assumed of type C with a shear wave velocity
between 375 and 750 m/s. Dead Qp and live Q; loads of 6.3 and 2 kN/m?>
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Fig. 3. Vertical sections of the three considered frame structures, and relevant coding for the beams and columns: (a)-side frames (denoted as 1, 4, A, and D in Fig. 1),
(b)-middle frames (denoted as 2, 3, B, and C in Fig. 1). Notice that building symmetries have been accounted for in these schemes.

Table 1

Section properties of beams and columns reported in Fig. 2 (dimensions are in

mm).
Columns Beams
D Section: (width x thikness) ID Section: (width x thikness)
Co Box (270 x 15) Bo Web (270 x 10)-Flanges (150 x 20)
C1 Box (240 x 15) By Web (200 x 10)- Flanges (150 x 15)
Co Box (350 x 15) B, Web (350 x 10)- Flanges (180 x 20)
C3 Box (300 x 15) B3 Web (350 x 10)- Flanges (200 x 20)
Cy Box (400 x 20) By Web (300 x 10)- Flanges (200 x 20)
Cs Box (500 x 20) Bs Web (240 x 10)- Flanges (150 x 20)
Ce Box (400 x 15) Bg Web (300 x 10)- Flanges (150 x 20)
Cy Box (250 x 15) B, Web (300 x 10)- Flanges (150 x 15)
Cg Box (200 x 15) Bg Web (350 x 10)- Flanges (250 x 25)
Co Box (300 x 20) Bo Web (350 x 10)- Flanges (200 x 25)
Cio Box (200 x 20) Bio Web (270 x 10)- Flanges (180 x 20)
Ci1 Box (650 x 25) Bq1 Web (350 x 10)- Flanges (300 x 20)
Cio Box (550 x 25) By, Web (320 x 10)- Flanges (250 x 20)
Ci3 Box (450 x 20) Biz Web (270 x 10)- Flanges (200 x 10)
Cig Box (350 x 20) Big Web (240 x 10)- Flanges (140 x 20)
- - Bis Web (200 x 10)- Flanges (150 x 20)
- - Bis Web (320 x 10)- Flanges (220 x 20)

have been applied to all the stories. As sketched in Fig. 2, the gravita-
tional loads have been applied with a linear variation along the beam
elements, allowing for the widths Bgige, related to the side beams, and
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Fig. 4. Generalized force-displacement curve for the steel members.

Binterior, related instead to the interior beams.

The PERFORM-3D software [25] has been used to model the struc-
tures in their nonlinear range of behavior. In the analyses, lateral and
gravitational loadings have been combined according to the following
equation, see [26] and Fig. 2:

Q¢ = Q0p+0.250, @
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Fig. 5. Comparison of the artificial accelerograms with the demand spectrum of the site.

Table 2

Original ground motion records used to obtain the artificial accelerograms.
Records Earthquake & Year Station R?*(km) Component Mw PGA(g)
R; Cape Mendocino (US), 1992 Eureka — Myrtle & West 41.97 90 7.1 0.18
R, Cape Mendocino (US), 1992 Loleta Fire Station 25.91 270 7.1 0.26
R3 Cape Mendocino (US), 1992 Fortuna — Fortuna Blvd 19.95 0 7.1 0.12
R4 Chi-Chi (Taiwan), 1999 TCU042 26.31 E 7.6 0.25
Rs Chi-Chi (Taiwan), 1999 TCUO070 19.00 E 7.6 0.25
Re Chi-Chi (Taiwan), 1999 TCU106 15.00 E 7.6 0.16
Ry Darfield (New Zealand), 2010 Heathcote Valley Primary School 24.50 E 7.0 0.63
Rg Iwate (Japan), 2008 Yuzawa Town 25.56 NS 6.9 0.24
Rg Iwate (Japan), 2008 Tamati Ono 28.90 NS 6.9 0.28
Rio Kern County (US), 1952 Taft Lincoln School 38.42 111 7.4 0.18
Ri1 Kocaeli (Turkey), 1999 Iznik 30.73 90 7.5 0.13
Ri2 Landers (US), 1992 Barstow 34.86 920 7.4 0.14
Ri3 Montenegro(Yugoslavia), 1979 Herce Novi - 0.S.D. Paviviv 23.59 90 7.1 0.26
Rig Northridge (US), 1994 Hollywood — Willoughby Ave 23.07 180 6.7 0.24
Ris Northridge (US), 1994 Big Tujunga, Angeles Nat F 19.74 352 6.7 0.25

2 Closest distance to fault rupture

A generalized force-displacement relation has been adopted to
model the behavior of beams and columns, as illustrated in Fig. 4. In this
figure, Q and 6 are the flexural capacity and the chord rotation of the
element, respectively. Parameters a, b and c in the response curve are
taken from the modeling and acceptance criteria for the nonlinear
analysis of steel structural components reported in [26]. The maximum
expected strength Q¢ of the structural members is then given by:

Oce = ZF), (2)

Qck = ZF,, (1 - %) for (Lﬂ < 0.2) 3)
ye ye

Ocr = gzpye (1 - ?) for (?;0.2) (€3]
ye ye

Here, Z is the plastic modulus of the considered cross-section of the
member; F, is the expected yield strength of the material; P is the axial
force in the member induced by the gravity load at the beginning of the
dynamic analysis; Py, is the expected axial force in the member at
yielding given by P,, = AF,., A being the area of its cross-section.

Beams and columns have been all modeled as linear elements, with
concentrated hinges of rotation type located at their ends only. In the
study, the beam-to-column connections and column bases are modelled
as rigid. The dynamic interaction between structural and non-structural
components has been investigated extensively and based on the reported
results, this effect can be neglected provided that the mass ratio of non-
structural to structural components is less than 1 % [27-29]. In this
circumstance, it is generally acceptable not to include the acceleration-
sensitive non-structural components in the model and perform decou-
pled dynamic analysis to assess their demands. In the present study, it
has been assumed that non-structural components are light enough to
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satisfy this condition.
4. Seismic reliability analysis

The seismic reliability analysis is now described, to deal with the
frequent, design basis, and maximum considered earthquakes with re-
turn periods of 10 years, 475 years, and 2475 years, respectively. To this
aim, time histories related to the dynamic structural responses have
been collected; fifteen ground motion records for each hazard level have
been used, in accordance with former works that showed how this
number proves enough to reduce the inherent uncertainties in the
analysis. To attain consistency with the design spectrum (of Iran’s
seismic design code) [30], artificial records have been adopted as re-
ported, e.g. in Fig. 5 for the dataset referring to the design basis return
period. Accelerograms were obtained by means of the wavelet transform
method proposed in [31], and by modifying the original records listed in
Table 2. These records are categorized as far-field and are taken from the
PEER database for the site soil type c corresponding to the shear wave
velocity between 375 and 750 m/s [32]. It should be mentioned that
these records have been used in previous studies for performing incre-
mental dynamic analysis and production of artificial accelerograms
(considering different spectrums and tolerances) [33,34].

4.1. Seismic reliability analysis by means of standard approach

Fragility curves for the structural and non-structural components
(acceleration-sensitive) have been obtained as follows:

i. The artificial accelerograms have been scaled to the peak ground
acceleration for the target hazard level, and then used to excite
the structures. The target earthquakes have been obtained by
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Fig. 6. Reliability curves obtained with the standard approach for the structural (a, ¢ and e) and non-structural components (b, d and f), under different hazard levels
and for limit states corresponding to different damage levels.

iii.

iv.

modifying the Design Basis Earthquake (DBE), through a factor
amounting to 0.2 and 1.5 for the Frequent Earthquake (FE) and
the Maximum Considered Earthquake (MCE), respectively
featuring PGApg = 0.07 g, PGApgg = 0.35 g, and PGAycg = 0.52

8.

. The structural response corresponding to the selected damage

measure (DM) has been obtained in terms of the maximum inter-
story drift for the structural components, and the maximum
horizontal story acceleration for the non-structural components.
Hereafter, this latter parameter is termed Peak Floor Acceleration
(PFA).

Assuming a lognormal distribution for the data collected in step
ii), the relevant mean value and standard deviation for each
hazard level have been determined.

By considering a target response corresponding to a given per-
formance level, the probability not exceeding the predefined
performance level, R, has been computed. This value states that
for the selected earthquake intensity level, there exists a proba-
bility R that the structural response does not exceed the corre-
sponding performance level. By varying the value of the
structural response for the considered performance level, the
reliability curves have been built for all the hazard levels, see also
[35,36].

Using the proposed procedure, the reliability curves for the studied
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structures have been obtained as depicted in Fig. 6.

The performance levels of Immediate Occupancy (IO), Life Safety
(LS), and Collapse Prevention (CP) have been allowed for in the analysis,
with the corresponding inter-story drift values equal to 0.7, 2.5, and 5 %
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Table 3

Reliability (values given as percentages) of (left) structural and (right) non-
structural members, under different earthquake intensity levels: (top) frequent
earthquake, FE; (middle) design basis earthquake, DBE; (bottom) maximum
considered earthquake, MCE.

FE Structural components Non-Structural components

10 LS Ccp S M E C
5-Storey 99.99 100 100 99.70 100 100 100
10-Storey 99.99 100 100 99.77 100 100 100
15-Storey 99.99 100 100 99.99 100 100 100
DBE Structural components Non-Structural components

10 LS CP S M E C
5-Storey 0.00 99.99 100 0.00 0.85 99.25 100
10-Storey 0.00 97.13 100 0.00 0.00 99.96 100
15-Storey 0.00 85.86 100 0.00 0.00 99.95 100
MCE Structural components Non-structural components

10 LS CP S M E C
5-Storey 0.00 83.26 100 0.00 0.00 88.52 100
10-Storey 0.00 28.07 99.45 0.00 0.00 68.16 100
15-Storey 0.00 17.58 99.91 0.00 0.00 39.88 99.99

[37]. The slight, moderate, extensive, and complete damage levels have
been instead adopted for the non-structural components, with the cor-
responding acceleration values respectively given by 0.25 g, 0.5g, 1 g,
and 2 g [38]. Since this study aims at proposing a new method for
seismic reliability analysis and comparing it with standard procedures,
the aforementioned limit states could be replaced or even com-
plemented by others.

For each target earthquake, the performance of the entire structure is
deemed appropriate when there is consistency between the damage
levels of its structural and non-structural components. For a frequent
earthquake, it is expected that the structural components do not expe-
rience a significant strength or stiffness loss, so that the system remains
serviceable (I0). On the other hand, the LS and CP performance levels
are respectively targeted for the design basis and the maximum
considered earthquakes. The sketch provided in Fig. 7 in matrix form,
with the performance levels for the structural components along the
horizontal axis and the damage states for the non-structural components
along the vertical axis, allows distinguishing the allowable pairs (flagged
as G, or good) and those not allowed for in the analysis, being considered
inconsistent (flagged as NG, or no-good).

According to the results depicted in Fig. 6, the reliability under each
hazard level has been computed for all the performance and damage
levels. The relevant outcomes are collected in Table 3. Results indicate
that for some cases, for instance, the 10 performance level of structural
components or the slight damage of non-structural components under
both DBE or MCE hazard levels, zero reliability values are obtained;
hence, under such hazard levels, these damages will be surely experi-
enced. The other way around, under the FE hazard level a high reli-
ability is expected and indeed obtained even for low damage levels: for
instance, the reliability of both structural and non-structural compo-
nents exceeds 99.5 %. Hence, the non-structural components do not
have a significant influence on the reliability of the structures for this
earthquake intensity.

It is worth noting that the reliability of non-structural components
under the DBE and MCE earthquakes is shown to be smaller than that of
the structural elements. The mentioned issue is especially evident for the
lower damage levels in the non-structural elements. Looking at the re-
sults corresponding to the DBE and considering the LS performance level
for the structural elements and the moderate damage level for non-
structural elements, the difference between the reliability values
turned out to exceed 85 %, being 99.14 %, 97.13 %, and 85.86 % for the
5-, 10- and 15-story structures respectively. Looking instead at the re-
sults corresponding to the MCE and considering the CP performance
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level for the structural components and the extensive damage level for
non-structural elements, the difference in the reliability values varies
between 11.48 % for the 5-story structure and 60.03 % for the 15-story-
one. Such huge differences in the reliability values clearly show the
importance of the non-structural members when the seismic reliability
of the entire building has to be evaluated.

The methodology described so far is rather standard, and brings
some shortcomings. The main one is the recording of the maximum
values of the inter-story drifts and of the lateral accelerations to
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to: (a) CP performance level for the structural components; (b) Moderate

damage level for the non-structural components; (c) Extensive damage level for
the non-structural components.
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Table 4

Comparison between the reliability indices of (left) structural and (right) non-
structural members provided by the conventional approach (method 1) and by
the story-wise approach (method 2), under different earthquake intensity levels:
(top) frequent earthquake, FE; (middle) design basis earthquake, DBE; (bottom)
maximum considered earthquake, MCE.

FE Structural components Non-Structural components

Method 1 Method 2 Method 1 Method 2

10 10 S M S M
5-Storey 99.99 99.9 99.70 100 99.73 100
10-Storey 99.99 100 99.77 100 99.99 100
15-Storey 99.99 100 99.99 100 99.97 100
DBE Structural components Non-Structural components

Method 1 Method 2 Method 1 Method 2

LS LS M E M E
5-Storey 99.99 99.99 0.85 99.25 0.22 97.41
10-Storey 97.13 92.40 0.00 99.96 0.00 99.81
15-Storey 85.86 95.02 0.00 99.95 0.00 99.77
MCE Structural components Non-Structural components

Method 1 Method 2 Method 1 Method 2

CP CP E C E C
5-Storey 100 99.99 88.52 100 91.73 100
10-Storey 99.45 98.51 68.16 100 74.40 100
15-Storey 99.91 99.87 39.88 99.99 72.14 100

characterize the structural response to the ground motion, regardless of
the corresponding localizations along the vertical axis of the structure.
Accordingly, the location of maximum damage induced by the earth-
quake is not provided as an output of this approach. Since different
ground motions may result in different damage patterns, the way the
whole building reliability is affected by the damage levels at different
stories cannot be determined by this approach. A methodology to ac-
count for these effects too is therefore proposed next.
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4.2. Story-wise reliability analysis

A way to solve the above-mentioned issue linked to the incapability
of the standard procedure to deal with different damage patterns
induced by the ground motions is to perform a separate reliability
analysis for each story. To this purpose, for each intensity level and at
each story of the building, the values of the maximum drift and the
absolute acceleration have been recorded during the analysis. Next, the
reliabilities of structural and non-structural components have been
computed separately, following the same procedure described in Section
0.1.

The resulting story-wise solutions are reported in Figs. 8-10 for the
three considered structural frames. This representation allows showing
the reliability values of each story and, accordingly, the critical location
of the damage for each structure. While in agreement with the former
results, the current ones grant a deeper assessment of the interaction
between the structural and non-structural components.

It can be observed that the results achieved with the conventional
method are close to the minimum values obtained with the present
method, see Table 4. In this table, it is shown that under the FE the
reliability indices of both structural and non-structural components are
still larger than 99.5 %. Under higher seismic intensities, the indices
relevant to the non-structural components are always considerably
smaller than those related to the structural ones. Regarding the DBE, by
allowing for the LS performance level of the structural components and
the M damage level of the non-structural elements, the difference be-
tween the indices computed for the two groups amounts to 92.4 %, at
least. Regarding the MCE, by considering the CP performance level of
the structural components and the E damage level of the non-structural
elements, the same difference between the two indices varies in the
range of 8.26-27.73 %, with a higher value for the taller building.

By getting more into the details of the results reported in Figs. 8-10,
the non-structural elements of the higher stories display lower reliability
and, if sufficient support is not provided, their falling may cause acci-
dents and casualties. This result highlights the importance of proper
design and construction of the non-structural components, which have
therefore to be included in any seismic reliability analysis at the building
level.

4.3. Seismic reliability analysis using a block diagram approach
(combined method)

The reliabilities of structural and non-structural components have
been so far determined independently but, since the performance of the
system is defined by the performance of all of its components, it might
look inappropriate to perform two different and separate reliability
analyses.

Under an assigned seismic action, if structural and non-structural
elements of a story or, on a larger scale, of the entire building are
distinguished into different groups, the probability that a certain per-
formance level is exceeded can be determined for each group indepen-
dently, via the conventional methods already discussed. When the
combined reliability related to different damage levels in the structural
elements is instead considered, such methods are not applicable
anymore. In complex systems with groups of elements having different
functions and being characterized by means of different limit states, the
mentioned weakness of the former methods in determining the overall
reliability of the system becomes clear, see [33].

To address this issue, a Reliability Block Diagram (RBD) method is
here proposed, see also [39,40]. In the following, this methodology is
first described and then adopted to assess the reliability of the structures
under two different scenarios, by either considering or not the non-
structural components.

The RBD method is based on a representation of the physical
arrangement of system components: the system is first broken down into
subsystems, with a block used to describe each of them. Blocks can be
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Fig. 11. Sketch of the considered configuration for the n-story structure.

stacked in series, parallel, or in more complex ways to account for the
way the components work to define the service conditions of the system.
Having defined the block diagram, the overall reliability indices for the
system can be estimated [41] by means of appropriate techniques to
quantify the reliability of each block.

By considering a series system consisting of n subsystems (primarily
given by the number of stories), the whole system itself is assumed to
serve as long as each component does. If R;, with i = 1, ---,n, is the
reliability of i th component, and if the strengths of the components are
assumed independent of each other, the reliability R of the whole system
is given by:

Structures 47 (2023) 2050-2065

R=R, ®Ry-R, 1) o R, = [[ R < min{R;} 5)

i=1

which shows that R itself cannot be larger than the smallest reliability
value, see also [42]. By assuming that the failure of one story only,
makes the structure not serviceable anymore, the structure itself can be
assumed as a system consisting of n series components, as sketched in
Fig. 11. Assuming that each story is serviceable provided that both the
structural (S) and the non-structural (N) components are serviceable on
their own and at the same time, each story can be modeled as a series
system consisting of these two sub-components. This assumption stems
from the fact that the structure is not serviceable anymore even in the
case of complete damage of non-structural components only; for
instance, as depicted in Fig. 1, this may happen when the structural
system is not critically damaged. For the configuration shown in Fig. 11,
the whole reliability can be thus computed as:

R= H Ri(S) e Ri(N) (6)

where R;(S) and R;(N) are, respectively, the reliability indices related to
the structural and non-structural components.

A summary of the hierarchy in the computation of the reliability for
structures with a configuration as depicted in Fig. 11, is as follows:

i. Under the considered hazard level, the reliability curve is deter-
mined for the structural and non-structural components of each
story.

ii. The reliability curves of the structural and non-structural com-
ponents are combined to obtain the reliability curve of each story
and for each damage state, see Fig. 12.

iii. The reliability curves of the stories are finally combined to define
the reliability curve of the whole structure, for each performance
and damage level in the structural and non-structural compo-
nents, and for each considered hazard level, see Fig. 13.

This methodology has led to the reliability curves shown in
Figs. 14-16 for the three considered structural frames, under the effects
of the FE, DBE, and MCE earthquakes, respectively. As before, different
combinations of performance and damage levels in structural and non-
structural components are reported. Under the FE, for the different
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Fig. 12. Schematic of the definition of the reliability curve for a single story.
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Fig. 14. Frequent ground motion, seismic reliability curves obtained by either considering or ignoring the effects of the non-structural components: (a) 5-, (b) 10-

and (c) 15-story buildings.

damage levels related to the non-structural components, the overall
reliability of the structure is always estimated as 100 %. In accordance
with the results of the previous sections, for this intensity level, the non-
structural components do not affect the reliability of the entire structure.
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The other way around, under the DBE and the MCE the role of the non-
structural components in reducing the overall reliability of the struc-
tures is instead shown to be quite significant. Specifically, under the DBE
and by considering the LS performance level for the structural
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components and the M damage level for the non-structural components,
the latter reduce the overall reliability by 99.99 %, 84.05 %, and 94.4 %
for 5-, 10- and 15-story structures, respectively. Under the MCE and by
taking into account the CP performance level for the structural com-
ponents and the E damage for the non-structural components, the
overall reliability is instead reduced by 22.63 %, 42.24 %, and 77.88 %
for 5-, 10- and 15-story buildings, respectively.

By comparing the reliability curves reported in these figures and
obtained by allowing or not for the effects of the non-structural com-
ponents, the important role of these last elements is clearly highlighted
in the definition of the seismic reliability of the entire structure under
higher earthquake intensity levels.
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4.4. Combined reliability analysis of the structure using the performance
areas approach

Besides the limit states considered in what precedes, others charac-
terized by different damage levels can be accounted for in the analysis,
since in reality damage is a parameter taking values in a continuous
range, e.g. [01) if assumed to scale the stiffness of the elements. To set
the seismic performance of systems, it is often sufficient to provide re-
sults for certain damage levels, while all the other possible states in
between are not considered. To cover these additional damage states in
seismic reliability analysis, it is necessary to define performance areas
and provide the relevant reliability values for them. By defining a range
of values for each damage state, the probability intervals can be
computed and the relevant mean value can be adopted as a criterion to
characterize each range. Fig. 17(a) provides a clear picture of this
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Fig. 17. Combined performance levels for structural and non-structural components: (a) overall view of the considered desirable performance areas, A;, for different
hazard levels, (b) Performance areas for FE hazard level, (c) Performance areas for MCE hazard level, (d) Performance areas for DBE hazard level.
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Fig. 19. Reliability levels of the 10-story structure, under: FE (a and b), DBE (c and d), and MCE (e and f). Results obtained by considering the structural components
only (a, ¢ and e), or both the structural and non-structural components (b, d and f).

approach based on the performance areas, and represents a general-
ization of what is reported in Fig. 7 for some characteristic values only of
the performance values and damage states. In the performance-based
evaluation, the goal is to check whether under a certain seismic in-
tensity, the desired performance level is achieved or not. Therefore, it is
required that the A; areas are selected corresponding to the target hazard
level. It is expected that the structural components experience 10, LS,
and CP performance levels under FE, DBE, and MCE hazard levels,
respectively. Accordingly, in this study, the desired performance areas
for each hazard level are selected as depicted in Fig. 17b-d.

By exploiting the combined approach of Section 3.3, the reliability
analysis has been performed on the considered structures by either
allowing for the effects of the non-structural components or not. The
results are reported in Figs. 18-20, respectively for the 5-, 10- and 15-
story structures. To keep consistency with the performance and dam-
age levels considered before, the definition of the boundary states is
again as shown in Fig. 7. In these plots the areas characterized by
inconsistent performance levels, in terms of damage states of the
structural and non-structural components, are highlighted by means of
dashed lines along their boundaries, see e.g. area A4 under the FE hazard
level. The value provided in the contour plots represents the probability
of not attaining specific values of drift and PFA: while in the literature a
single number stands as the reliability related to a given limit state, with
the proposed approach it is possible to account that damage is a
continuous parameter, and a spectrum of limit states can be allowed for
(see e.g. Fig. 20). The charts thus consist of a large number of reliability
curves.

With this approach, the maximum story drift considered for the FE
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has been up to 0.7 %, while for the DBE and the MCE the allowable
ranges have been set between 0.7 % and 2.5 %, and between 2.5 and 5
%, respectively. Additional details related to these values and a thor-
ough discussion can be found in [37,38].

These results are summarized in Table 5. Here it emerges that, by
allowing for the non-structural components, the reliability of the
structures is reduced considerably, as shown also by the yellow areas in
the graphs. The rate of the mentioned reduction obviously varies
depending on the magnitude of the earthquake: for high levels of
damage allowed in the non-structural components, the impact on the
results is accordingly decreased.

Under the FE, for the optimal combination of performance levels of
the structural and non-structural components leading to the overall
performance level Aj, the reduction amounts to 40.26 %, 32.9 %, and
31.98 % for 5-, 10- and 15-story structures, respectively. The decrease in
the reliability index with the structural height can be attributed to the
increased values of story drift and acceleration for taller structures; even
if story drifts are limited, the story acceleration increases from the
bottom to the top stories, see [11]. According to Figs. 8-10, also the
reliability of the non-structural components in several stories of taller
buildings will be lower.

For the DBE, the two zones Ay and Ag are considered as the optimally
combined performance levels. Compared to when only the structural
components are considered in the reliability analysis process, and for all
of the studied structures, the reliability in area A, is reduced to zero. This
represents a definite violation of the desired combined performance
levels: LS for structural components and M for non-structural compo-
nents. For performance level Ag, the reduction varies instead from 36.21
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Fig. 20. Reliability levels of the 15-story structure, under: FE (a and b), DBE (c and d), and MCE (e and f). Results obtained by considering the structural components
only (a, ¢ and e), or both the structural and non-structural components (b, d and f).

Table 5

Mean values of the reliability indices of (condition a) structural and (condition b) both structural and non-structural members, under the frequent earthquake, FE, the
design basis earthquake, DBE and the maximum considered earthquake, MCE intensity levels.

5- FE DBE MCE
St
orey Structural Structural and Non-Structural Structural Structural and Non-Structural Structural Structural and Non-Structural
components components components components components components
Ay 63.12 22.86 54.70 0.00 83.43 0.00
Ay 63.12 63.11 54.70 0.00 83.43 0.00
Aj 63.12 63.11 54.70 18.49 83.43 12.21
Ay 63.12 63.11 54.70 54.58 83.43 82.43
10- FE DBE MCE
St
orey Structural Structural and Non-Structural Structural Structural and Non-Structural Structural Structural and Non-Structural
components components components components components components
Ay 48.59 15.68 19.69 0.00 98.42 0.00
A, 48.59 48.56 19.69 0.00 98.42 0.00
Aj 48.59 48.56 19.69 8.46 98.42 5.14
Ay 48.59 48.56 19.69 19.68 98.42 63.52
15- FE DBE MCE
St
Ry Structural Structural and Non-Structural Structural Structural and Non-Structural Structural Structural and Non-Structural
components components components components components components
Ay 60.21 28.23 31.76 0.00 76.16 0.00
Ay 60.21 60.20 31.76 0.00 76.16 0.00
Aj 60.21 60.20 31.76 14.39 76.16 1.67
Ay 60.21 60.20 31.76 31.75 76.16 69.21
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% for the 5-story structure to 11.23 % and 17.37 % for the 10- and 15-
story structures, respectively.

Under the MCE, by considering the performance areas Az and A4 as
the acceptable ones, the reduction trend is significant. In the perfor-
mance area As, a reduction of more than 70 % is estimated (71.22 %,
93.28 % and 74.49 % for the 5-, 10- and 15-story buildings, respec-
tively). The reduction in the performance area A4 is instead estimated as
1 % for the 5-story structure, 34.9 % for the 10-story structure, and 6.95
% for 15-story structure.

5. Discussion and conclusion

To study the reliability of multi-story steel frames under the action of
ground motions, in this paper the effects of the non-structural compo-
nents have been accounted for. By defining consistent levels of damage
allowed for by the limit states relevant to the structural members on one
side, and to the non-structural components on the other, the seismic
behavior of structures has been assessed with three different methods: a
conventional one, dealing with structural and non-structural compo-
nents separately at the entire structural level; a more refined one, still
handling the structural and non-structural components separately, but
at the story level; a newly proposed hierarchical one, resting on the
results of the previous method but adopting a combination in series of
structural and non-structural parts at the story level, and then a further
combination in series of all the stories to define the reliability of the
entire building. For each approach, the relevant strengths and weak-
nesses have been discussed.

The probabilistic distributions of the maximum drift and the absolute
story acceleration, respectively used as characteristic response features
of structural and non-structural components, have been obtained under
the three hazard levels corresponding to the frequent, design basis, and
the maximum considered earthquakes. The results obtained with the
three methods are shown to be consistent with each other and show-
cased the importance of the non-structural components in setting the
reliability, or performance level of the entire structure. By accounting
for the specific features of the newly proposed block diagram-based
method, and for its ability to circumvent the weaknesses of the other
two methods, its use in seismic reliability analysis is recommended. To
cope with damage states additional to those related to the customarily
adopted limit states, the idea of performance areas has been also put
forward and exploited. Based on the presented results using different
methods, the following conclusions can be drawn:

. Under the frequent earthquake, by considering the IO level for the
structural components and the slight damage level for non-structural
ones, the reliability indices are obtained as large as 99.5 %.

. Under the design basis earthquake, by considering the LS perfor-
mance level for the structural components and the moderate damage
level for the non-structural ones, the latter reduces the overall reli-
ability of the structures by at least 84 % in comparison with the
analysis allowing for the structural components only.

. Under the maximum considered earthquake, by considering the CP
performance level for the structural components and the extensive
damage for the non-structural ones, the non-structural components
reduce the overall reliability of structures by values in the range
22-78 %, depending on the number of stories, if compared with the
analysis disregarding the said non-structural components.

It should be noted that the above conclusions are limited to the
adopted assumptions, analyzed structures, and utilized ground motion
records. To ease the understanding of the proposed methodology, in the
present study only a simple lateral load-carrying structural system and
acceleration-sensitive non-structural components have been considered.
Obviously, the structural system (single, dual, or multilevel), the
adopted approach to reliability analysis (constant hazard or constant
damage level) [29], and the type of the non-structural components
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(displacement-sensitive, acceleration-sensitive or simultaneously sensi-
tive to displacements and accelerations) can affect the way the equiva-
lent block diagram of the entire structure is built. In future works, the
proposed methodology will be therefore extended to deal with these
additional factors.
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