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ABSTRACT

Seismic fragility curves serve, as tools that relate earthquake damage to its intensity. These curves specify the
probability of exceeding certain limit states associated with the considered damage measures as a function of the seismic
intensity measure parameter. Among the engineering demand parameters that can be a measure of the damage of structural
and nonstructural components as well as the comfort of the occupants, are the interstory drifts and the absolute floor
accelerations. The aim of this paper is to'derive.and evaluate structural and non-structural fragility curves of steel building
frames equipped with buckling-restrained-races (BRBs) at different damage states based on the above two engineering
demand parameters. For this purpose, incremental dynamic analysis (IDA) of the finite element model of a ten-story
building frame under 44 FEMA-P695 farfield earthquake records has been used in OpenSees software with Python
interpreter (OpenSeesPy). Comparing the fragility curves'of the frame model without BRBs and with BRBs showed that
the addition of buckling-restrained braces to steelsbuilding frames significantly reduces the probability of damage to
structural and drift-sensitive non-structural components«in~all-four damage states (slight, moderate, extensive, and
complete); but it does not have a positive effect on the seismic fragility of acceleration-sensitive non-structural
components. Based on the results of this study, it is possiblesto quantitatively evaluate the effect of buckling-restrained
braces on the probability of damage of structural and non-structural components of steel buildings at different damage
states.
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1. Introduction

Buckling-restrained braces (BRBs) have been widely
studied and used, especially in Japan, the United States,
and Taiwan. Wakabayashi et al. [1] initiated work on a
type of BRB consisting of flat steel plates placed between
precast conerete wall panels. In Taiwan, experimental
studies were conducted on BRBs, including tests on
braces with a steel core made from low-yield-strength
steel [2]. These braces were subjected to cyclic loading.
Additionally, several large-scale tests were carried out by
various researchers [3-4]. The seismic responses of
building frames'with different bracing systems, including
BRBs and conventional braces, have also been evaluated
and compared in several studies [5-6].

To probabilistically estimate the structural damage in
BRB-equipped frames, fragility curves have been
developed and evaluated in some cases. For instance,
Ghowsi and Sahoo assessed” the seismic fragility of
buckling-restrained braced frames<"under, near-field
earthquakes [7]. Hu and Wang reported a comparative
seismic fragility assessment of ‘mid-rise steel"buildings
with buckling-restrained braced» frames and ' self-
centering energy-absorbing dual rocking core system [8].
Ouyang et al. analyzed the seismic fragility of an8-story
reinforced concrete frame with BRBS using a
performance-based plastic design method [9]. They used
a set of far-field ground motion records and evaluatedithe
application of 16 different earthquake intensity measures
(IMs) in seismic fragility analysis.

BRBs have emerged as a suitable choice for seismic
force-resisting systems; however, structural performance
is not the sole consideration in evaluating the
effectiveness of a seismic-resistant system. The seismic
performance of non-structural components is also
important. Several studies have been conducted on the
seismic fragility of non-structural components in some
building systems [10-12]. However, most seismic
fragility studies on steel building frames with BRB have
focused on structural components. Therefore, the present
study addresses seismic fragility analysis of both
structural and non-structural components of a steel
building frame equipped with BRB at various damage
states. Comparison of the results with the building frame
without BRB is also done.

2. Methodology

Fragility functions are useful tools for assessing the
seismic vulnerability of structures. They are defined as
the probability of exceeding a certain limit state (LS) for
a given level of considered seismic intensity measure
(IM) parameter.

Fargility = P[DM > Ls | IM] Q)

Typically, a lognormal cumulative distribution
function is fitted to the obtained fragility data in order to
derive a continuous fragility curve [13]:
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where @() is the standard normal cumulative distribution
function, @ is the median of the fragility function, and S
is the standard deviation of In(IM = x).

There are several procedures for performing
nonlinear dynamic analyses to collect the data for
estimating a fragility function. A common approach is
incremental dynamic analysis (IDA), where an ensemble
of earthquake ground motions is repeatedly scaled to
different IM levels [14]. This analysis procedure is used
in this study to evaluate the structural and nonstructural
seismic fragilities of the building model for various
performance objectives (damage states). Four damage
states defined by HAZUS [15] are adopted here for
structural and non-structural components, namely Slight,
Moderate, Extensive and Complete damages.

44 horizontal components of 22 earthquake ground
motions from the FEMA-P695 [16] far-field database are
used in this study to perform the nonlinear dynamic
analyses. The building models considered for analyses
are 10-story building frames with and without BRBs.

3. Results and Discussion

The results are presented in the form of seismic
fragility-curves by varying the following parameters: the
type of/the building model (with or without BRB), the
damage type .(damage to structural components: S,
damage _to/ displacement-sensitive  non-structural
components: NSD, and damage to acceleration-sensitive
non-structural components: NSA), and the damage state
(Slight, Moderate, Extensive, and Complete). For
example, Fig. 1 shows and compares structural and non-
structural fragility curves forsthe building frame with and
without BRB at the Extensive damage state.

The obtained ‘results show that for all four damage
states, the addition of BRBs to steel building frames
significantly reduces .the probability of damage to
structural and drift-sensitive non-structural components;
but it does not have a positive effect on the seismic
fragility —of acceleration-sensitive  nen-structural
components. For instance, Fignl shows that' for the
Extensive damage, the IM (= PGA) levelwith a 50%
probability of damage (i.e., the median of the fragility
function) increases with the addition of BRB by:82% and
63% in structural and drift-sensitive non-structural
components, respectively; while it decreases by 7%.in
acceleration-sensitive non-structural components.
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4. Conclusion

Seismic fragility curves derived for a 10-story steel
building frame with and without BRBs shows that at all
four damage states (i.e., Slight, Moderate, Extensive, and
Complete), the addition of BRBs significantly reduces
the probability of damage to structural and displacement-
sensitive non-structural components. However, for
acceleration-sensitive non-structural components, the
addition of BRBs does not have a positive effect on the
damage probability. The comparison of the heightwise
distribution of peak seismic response quantities, obtained
from the average of the 44 earthquake records, also
confirms these findings. For all different damage states
in the considered building model, the changes in the
median of the fragility curves due to the addition of BRBs
range from +54% to +82% for structural components,
from +48% to +100% for displacement-sensitive non-
structural components, and from -3% to -19% for
acceleration-sensitive non-structural components.

References

[1] M. Wakabayashi, T. Nakamura, A. Kashibara, T.
Morizono, H. Yokoyama, Experimental study of
elasto-plastic properties of precast concrete wall
panels with built-in insulating braces, in:
Summaries of Technical Papers of Annual Meeting,
Architectural Institute of Japan, 1973, pp. 12-20.

[2]»C.C. Chen, S.Y. Chen, J.J. Liaw, Application of low
yield strength steel on controlled plastification

0.0 < \ \

3

4 5

IM: PGA (g)

Extensive Damage - NSA
1.0

I o o
N o ")
. . .

Probability of Exceedance
o

IM: PéA (9)

Fig. 1. Seismic fragility curves for structural and non-
structural components of the building frame with and
without BRB at the Extensive damage state

(3]

[4]

[5]

(6]

[7]

(8]

ductile concentrically braced frames, Canadian
Journal of Civil Engineering, 28(5) (2001) 823-836.

S{Mahin, P. Uriz, I. Aiken, C. Field, E. Ko, Seismic
performance of buckling restrained braced frame
systems, / 13th World Conference on Earthquake
Engineering, 2004.

M. Dehghani, R. Tremblay, Design and full-scale
experimental evaluation of a seismically endurant
steel buckling-restrained brace system, Earthquake
Engineering & Structaral Dynamics, 47(1) (2018)
105-129.

L. Di Sarno, A.S. Elnashai, ‘Bracing systems for
seismic retrofitting of| steel frames, Journal of
Constructional Steel Research, 65(2) (2009) 452-
465.

J. Shen, O. Seker, B. Akbas, P._Seker, S.
Momenzadeh, M. Faytarouni, Seismi¢‘performance
of concentrically braced frames with and without
brace buckling, Engineering Structures, 141 (2017)
461-481.

A.F. Ghowsi, D.R. Sahoo, Fragility assessment’of
buckling-restrained braced frames under near-field
earthquakes, Steel and Composite Structures, 19(1)
(2015) 173-190.

S. Hu, W. Wang, Comparative seismic fragility
assessment of mid-rise steel buildings with non+<
buckling (BRB and SMA) braced frames and self-



centering energy-absorbing dual rocking core
system, Soil Dynamics and Earthquake Engineering,
142 (2021) 106546.

[9] X. Ouyang, Y. Zhang, X. Ou, Y. Shi, S. Liu, J. Fan,
Seismic fragility analysis of buckling-restrained
brace=strengthened reinforced concrete frames using
a performance-based plastic design method,
Structures, 43 (2022) 338-350.

[L0] R.P+'Dhakal,"A. Pourali, A.S. Tasligedik, T. Yeow,
AL Baird, G. MacRae, S. Pampanin, A. Palermo,
Seismic performance of non-structural components
andy, contents<in buildings: an overview of NZ
research, Earthquake Engineering and Engineering
Vibration, 15 (2016) 117.

[11]D. Gautam; R. Adhikari, R. Rupakhety, Seismic
fragility of structurakhandnonsstructural elements of
Nepali RC buildings, Engineering Structures, 232
(2021) 111879.

[12] A. Wanitkorkul, A. Filiatrault, Influence of passive
supplemental damping systems on structural and
nonstructural seismic fragilities of a steel building,
Engineering Structures, 30(3) (2008) 682-675.

[13]J.W. Baker, Efficient analytical fragility function
fitting using dynamic structural analysis, Earthquake
Spectra, 31(1) (2015) 579-599.

[14]1D. Vamvatsikos, C.A. Cornell, Incremental dynamic
analysis, Earthquake Engineering & Structural
Dynamics, 31(3) (2002) 491-514.

[15]HAZUS 5.1., Hazus earthquake model technical
manual, Department of Homeland Security,
Emergency Preparedness and Response Directorate,
FEMA, Washington, DC, USA.2022.

[16]FEMA. Quantification of building seismic
performance  factors. FEMA-P695, Federal
Emergency Management Agency, Washington, DC,
USA, (2009).



