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Abstract

This study aims to probabilistically evaluate the seismic resilience of steel structures equipped with dissipative and replaceable
components. These elements are specifically designed to enhance the repairability of the structures, thereby minimizing downtime
and facilitating rapid post-earthquake recovery. Moreover, the effects of dissipative replaceable devices on fragility and vulnerability
estimates are investigated. This study examined two steel buildings, a 6-story and a 12-story structure, considered under two distinct
configurations: conventional moment-resisting frames and frames equipped with dissipative replaceable links. Preliminary designs
were first developed, followed by the creation of detailed nonlinear models in OpenSees. The seismic performance was then assessed
through Incremental Dynamic Analysis using a set of generic ground motion records. For each damage state, distinct recovery functions
are defined, and 500 realizations are generated through the Latin Hypercube sampling technique to construct probabilistic resilience
curves. The results demonstrate that incorporating dissipative replaceable devices significantly enhances the seismic performance
and resilience of steel structures. Compared to conventional frames, link-equipped frames exhibited reduced inter-story drifts, leading
to lower non-structural damage and concentration of inelastic demands in replaceable links rather than primary members. Fragility
analysis confirmed a reduction in the probability of damage states, particularly at life safety and collapse prevention levels. Resilience
indices further highlighted the superior functionality retention and faster recovery of frames with replaceable links, especially under
strong earthquakes. Comparative assessment of 6- and 12-story buildings indicated that the benefits of dissipative links are consistent
across different heights, with even greater improvements observed in taller structures.
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1 Introduction

Over recent decades, seismic engineering has achieved
significant progress in protecting human lives, partic-
ularly in densely populated areas. However, minimiz-
ing damage to structural and non-structural components
after major earthquakes remains a critical and unresolved
issue, one with serious social, economic, and environmen-
tal implications. Recent seismic events have caused wide-
spread damage to various types of structures, including
steel buildings, often compromising their functionality
or even necessitating demolition and reconstruction [1-3].

To address the ongoing challenges in seismic design,
particularly the need to minimize structural damage and
facilitate rapid post-earthquake recovery, numerous inno-
vative strategies have emerged, with energy dissipation
systems at the forefront. Among these, passive control

devices stand out for their practicality and cost-effective-
ness. Their design approach involves assigning specific
zones within a structure to absorb and dissipate seismic
energy, often by reducing local stiffness to decouple these
zones from the main structural system. This targeted
energy dissipation helps protect the primary structural
elements from damage.

In structural and seismic engineering, energy-dissipat-
ing elements (commonly referred to as structural fuses)
play a vital role in enhancing structural performance
during dynamic events. These fuses are designed to
deform inelastically under seismic loads, absorbing energy
that would otherwise be transmitted to the main frame.
A structure equipped with such devices can typically be
divided into two components: the main structural frame,
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which remains elastic, and the structural fuse, which acts
as a sacrificial, energy-dissipating component. Fuses can
be either replaceable or non-replaceable. Replaceable
fuses are engineered to be easily substituted after they
reach their deformation limits, thereby enabling a faster
and more economical recovery process [4, 5]. In contrast,
non-replaceable fuses often require extensive repairs or
complete component replacement following a damaging
event. Consequently, for a structure to be considered resil-
ient, the use of replaceable fuses is essential.

In the context of steel and composite structures, inno-
vations such as replaceable components and self-centering
systems have shown great promise in improving seismic
resilience and contributing to sustainable recovery strat-
egies [1]. Despite extensive research efforts over the past
few decades [6—11], the widespread adoption of these tech-
nologies in engineering practice remains limited due to
the absence of standardized design guidelines. Moreover,
experimental investigations have mostly been restricted to
the component level, primarily due to budget constraints,
limited testing facilities, and equipment availability, high-
lighting the need for further system-level research and
development. In this context, the RFCS DISSIPABLE
project [12] was launched with the objective of exper-
imentally investigating Dissipative and Replaceable
Components (DRCs) at the structural frame level, with
a particular focus on understanding their interaction with
the non-replaceable parts of the system. The project com-
bined numerical simulations and experimental testing to
evaluate the seismic performance of innovative structural
systems equipped with three types of DRCs, each func-
tioning as a fuse during an earthquake [1]:

1. dissipative replaceable bracing connection;

2. dissipative replaceable link frame;

3. dissipative replaceable beam splices.

These solutions aim to enhance structural resilience by
localizing damage to easily replaceable components while
preserving the integrity of the main structural system.

The Dissipative Replaceable Link Frame (DRLF) sys-
tem is an innovative lateral load-resisting system for steel
structures. It consists of two rigid columns connected by
beams with reduced beam sections (RBS) at their ends.
In the current study, DRLF in the form of a flexural link
is employed as a practical solution for enhancing seis-
mic performance of steel frame. The link is strategically
designed to yield under flexural demands, protecting the
main frame from damage while allowing for straightfor-
ward replacement after a major event [12].

Prior to the occurrence of natural or human-induced
hazards, it is essential to conduct both qualitative and
quantitative assessments of the vulnerability of struc-
tures and lifeline systems [13]. In civil engineering, one
of the emerging areas of focus is resilience. Quantifying
resilience can provide valuable insights for decision-mak-
ing processes aimed at enhancing community safety.
The importance of disaster management and the identifi-
cation of system or community weaknesses in the face of
future hazards are key motivations for addressing resil-
ience in this study. In recent decades, structural design
and evaluation have shifted from strength-based meth-
ods to performance-based approaches. Performance-
based design emphasizes estimating potential losses,
including repair costs, casualties, and overall risk reduc-
tion. Its core components consist of seismic hazard
assessment, seismic response analysis, failure analy-
sis, and damage analysis. However, a major limitation
of this method is the lack of attention to the recovery
phase of structures or infrastructure. Hence, there is
a pressing need for a framework that also incorporates
the recovery process, including the role of individuals
and organizations involved. Recently, resilience-based
design frameworks have been developed [14—18]. These
frameworks focus not only on damage and its conse-
quences but also on the recovery process, ensuring that
system functionality is sustained with minimal disruption.
Section 2 elaborates on the concept and definition of resil-
ience and introduces a framework for quantitatively eval-
uating the resilience of a system.

Resilience has been widely used as a performance indi-
cator for many civil infrastructures such as hospitals, water
supply networks, power grids, and transportation sys-
tems [13]. The term "resilience" originates from the Latin
word resilio, meaning "to jump back" or "to return" [19].
In technical literature, it has been employed across various
fields such as ecology, physics, psychology, and engineer-
ing, leading to a wide range of definitions (see the study by
Bruneau et al. [15] for common definitions across different
disciplines). Across all these domains, the common princi-
ple is the ability to return and recover from external pres-
sures and threats — an attribute that has become a primary
objective in earthquake-resistant structural design. In civil
engineering, the concept of resilience is generally applied
to structural components, entire structures, and critical
infrastructures. Bruneau et al. [15], followed by Cimellaro
et al. [16], Cimellaro et al. [20], Cimellaro et al. [21], pro-
vided a useful definition of resilience: it is a function
that represents the ability of a building, bridge, lifeline,



or community to maintain performance over a given
period of time, referred to as the "control time", which is
usually defined by the community or stakeholders.

In recent studies, several frameworks for quantifying
resilience have been proposed. One of the earliest works in
this area was by Bruneau et al. [15], who introduced four
dimensions of resilience: technical, organizational, social,
and economic. For each dimension, they identified four
key properties: robustness, redundancy, resourcefulness,
and rapidity. Later, Cimellaro et al. [20] proposed an analyt-
ical framework for quantifying resilience based on dimen-
sionless functions related to variations in functionality over
a specified period, accounting for both disaster-induced
damage and the recovery process. Damage was determined
using system fragility functions defined through multivar-
iate performance thresholds, incorporating uncertainties.
They applied this approach to a hospital in California, con-
sidering both direct and indirect losses [22]. However, their
study focused only on the technical dimension of resilience,
leaving aside social and organizational aspects.

Berman and Bruneau [23] investigated the effect of
seismic retrofitting on the recoverability of structures.
They argued that strengthening a structure before a spe-
cific event is equivalent to shifting its fragility curve to the
left, meaning that after retrofitting, a more severe event
is required to produce the same level of structural dam-
age. Consequently, retrofitted structures exhibit higher
performance and are more capable of returning to their
original functionality following a disruptive event such
as an earthquake or flood. Another advantage of retro-
fitting is the reduction in recovery time, which in turn
enhances resilience. In addition to the frameworks pro-
posed by Bruneau et al. [15] and Cimellaro et al. [16],
which defined resilience as the area under the functional-
ity curve, Nasrazadani and Mahsuli [14] introduced a new
framework for assessing community resilience based on
potential costs. They proposed a novel concept of resil-
ience for communities that allows for incorporating uncer-
tainties and interdependencies among different infrastruc-
tures within this framework. In their study, by integrating
probabilistic risk analysis models with agent-based sim-
ulation, they quantified the resilience of a hypothetical
community in Tehran. Ashrafifar and Estekanchi [24]
proposed an approach for rapid life-cycle resilience anal-
ysis of aging bridges using the endurance time method.
In a study by Ashrafifar et al. [25], the endurance time
method was employed to assess the seismic resilience of
aging RC bridges subjected to seismic sequences.
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Bruneau et al. [15] demonstrated that resilience is char-
acterized by four properties: rapidity, redundancy, robust-
ness, and resourcefulness:

1. Rapidity: the capacity to establish priorities and
achieve intended goals within a time-dependent
process, thereby preventing future disruptions and
their adverse impacts. In this context, the slope of
the functionality curve during the recovery period is
considered as the measure of rapidity.

2. Robustness: refers to the strength or ability of com-
ponents, systems, and other units of analysis to with-
stand imposed demands at a certain level without
loss or degradation of functionality.

3. Redundancy: denotes the ability to substitute ele-
ments and systems that can be activated after seis-
mic disruptions.

4. Resourcefulness: the capacity to mobilize and effec-
tively use materials and human resources to achieve
intended objectives during disruptive events.

Among these properties, rapidity and robustness are
considered the primary goals for enhancing resilience,
while resourcefulness and redundancy serve as the means
to achieve these goals.

This study probabilistically assesses the seismic resil-
ience of steel structures incorporating dissipative replace-
able components, designed to enhance repairability and
enable rapid post-earthquake recovery. The influence of
these devices on fragility and vulnerability is also exam-
ined. Two steel buildings, a 6-story and a 12-story struc-
ture, are analyzed under conventional moment-resisting
frames and frames with dissipative replaceable links,
using detailed nonlinear models developed in OpenSees.
The remainder of this paper is organized as follows:
Section 2 explains the methodology for developing fra-
gility and vulnerability curves, as well as seismic resil-
ience assessment procedure. Section 3 presents the struc-
tural models, including the design of the steel frames and
the modeling approach. Section 4 describes the selection
of ground motions. Section 5 presents the results, includ-
ing comparisons between conventional and link-equipped
frames. Finally, Section 6 summarizes the key findings
and discusses conclusions.

2 Methodology

2.1 Seismic fragility models

To evaluate the resilience and obtain recovery curves for
the target structure, it is essential to first conduct an Incre-
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mental Dynamic Analysis (IDA) and subsequently derive
the fragility functions. IDA [26] is the most widely used
method for assessing the vulnerability and fragility of
building structures. In this approach, a set of earthquake
records is selected, and these records are scaled at varying
intensity levels (from very low to the point of structural
collapse) and applied to the structure of interest. For each
seismic intensity, a corresponding set of engineering
demand parameters (EDPs) is obtained for each record.
Finally, the results are summed up in IDA plots (or curves),
which represent the engineering EDP versus intensity
measure (IM) of ground motions. A careful selection of
the IM plays a key role in minimizing the inherent uncer-
tainties in probabilistic seismic demand models. By reduc-
ing these uncertainties, the accuracy of predictions con-
cerning the performance of structures during seismic
events is improved [27]. In this study, S (T) is selected
as an appropriate IM. For EDP, the peak inter-story drift
ratio is adopted as the primary measure, since it effectively
reflects the overall structural response.

IDA technique offers high accuracy by evaluating the
structure's performance across a broad range of intensities,
including low levels and up to collapse. However, it comes
with significant computational costs. Additionally, care-
ful consideration is required when selecting and scaling
the earthquake records. For instance, scaling records with
excessively large or small factors is unreasonable, as the
characteristics of low-intensity records are markedly dif-
ferent from those of high-intensity records [28, 29].

Fragility curves are crucial tools in earthquake engi-
neering, commonly used to evaluate the vulnerability of
structures or systems under various load conditions, partic-
ularly seismic forces [30—32]. These curves provide valu-
able insights into the probability of specific damage lev-
els, occurring as a function of the intensity of an external
force, such as ground acceleration during an earthquake.
In simpler terms, fragility curves visually depict the rela-
tionship between the intensity of a seismic event (e.g., peak
ground acceleration or displacement) and the likelihood
of a particular level of failure or damage. The horizontal
axis of these curves typically represents the intensity of the
earthquake, while the vertical axis shows the probability of
exceeding a specific damage state. A typical representation
of fragility functions is through lognormal cumulative dis-
tribution functions, formulated as follows [33]:

X
1“(9) )

P[DS>DS,|IM =x] = 5 )

where P[DS > DS, | IM = x| denotes the probability that
the damage state DS, is exceeded given a ground motion
with intensity measure /M = x. The parameters 6 and S
correspond to the median and dispersion of the fragil-
ity function, respectively, while @ represents the stan-
dard normal cumulative. Estimating € and f, as fragility
parameters, is a statistical effort. There are several statisti-
cal methods for estimating parameters based on observed
data. The application of each of these techniques is depen-
dent on the type of dynamic analysis employed to derive
structural data [33]. In this study, the maximum likelihood
method is utilized for estimating 8 and f as follows [33]:
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in which n represents the total number of records consid-
ered, while /M, denotes the intensity measure at which
the i-th record exceeds the specified damage threshold.
The parameter m corresponds to the number of records
that reached this threshold, and /M _indicates the maxi-
mum intensity level to which the records are scaled.

In the current study, the exceedance of damage states
is defined according to the provisions of EN 1998-3:2005
standard [34], based on the plastic hinge rotations. Rotation
thresholds for the RBS sections of the DRLF frame and
beam ends in the reference frame are presented in Table 1.

2.2 Seismic vulnerability curves

Seismic vulnerability curves serve as crucial tools for
evaluating potential earthquake-induced damage to struc-
tures. They enable the prediction of damage levels for
different seismic intensities, and by combining the dam-
age probabilities with the replacement (or construction)
costs, direct losses can be estimated for various scenarios.
Additionally, these curves are essential for assessing the
seismic resilience of the system, which will be addressed
later in this paper. To evaluate vulnerability, fragility

Table 1 Damage state thresholds for fragility functions

Damage states
Frame

Minor Moderate Extensive
DRLF frame 0.010 0.025 0.040
Reference frame 1.0 0), 6.00, 8.00,




probabilities are transformed into loss equivalents [35].
The vulnerability of each frame under the ground motion
set is then assessed by estimating its loss ratio, defined as
the loss divided by the replacement cost, as follows [36]:
V[IM =x]=> P(DS =k|IM =x)xr,, 3)
k

where Vv[IM =x] denotes the loss ratio, and
P(DS =k |IM = x) represents the probability of being in
the k-th damage state at /M = x. r is the damage ratio for
each damage state, calculated as the repair cost divided by
the replacement cost. According to the Hazus [36], 7, is
0.1, 0.25, and 0.75 for the minor, moderate, and extensive
damage states, respectively. The probability of a struc-
ture being in a specific damage state can be derived from
the exceedance probability of that damage state, as shown
below and also illustrated in Fig. 1:

P(DS = Minor)

= P(DS = Minor ) - P(DS > Moderate)

P(DS = Moderate) ) @)
= P(DS > Moderate) — P(DS > Extensive)

P (DS = Extensive) = P(DS > Extensive)

2.3 Seismic resilience assessment

Resilience can be quantified through a function that
reflects a system's capacity to sustain its performance over
time. Fig. 2 [13] illustrates an example of such a function
for a system exposed to a disruptive event. The system may
represent a building, infrastructure, lifeline, or an entire
city. In this study, the focus is on the resilience of DRLF
frames as an effective solution for mitigating seismic dam-
age by concentrating it in replaceable components.
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Fig. 1 A schematic illustration of the probability of being in each
damage state
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Fig. 2 Schematic illustration of the resilience concept [13]

The framework for analytically assessing the system
resilience index is expressed as follows [13, 20]:

J'ios +Tre Q x dt, (5)

Ly
where O(f) represents the system performance or function-
ality (as a percentage), ¢, is the time of the disruptive event
(here seismic event), and T, is the recovery time when
the system regains full functionality (although the final
performance may differ from the initial state). This rela-
tion essentially represents the area under the performance
curve in Fig. 2. This metric can be used as a comprehen-
sive decision variable for evaluating the performance of
structures. For a structure subjected to a particular seis-
mic event, the recovery time, T,
including the earthquake intensity, the level of damage sus-

is influenced by factors

tained, the effectiveness of management, and the availabil-
ity of resources. The presence of numerous uncertainties
in estimating 7T, makes this the most complex aspect of
resilience assessment. When no damage occurs or recov-
ery is immediate, O(f) takes a value of 1. Conversely, in the
case of complete failure with no recovery, both O(¢#) and the
resilience index reduce to zero. Accordingly, the resilience
index varies within the range of 0 to 1. The functionality
function, Q(¢), can be expressed as:

z Qk dmg k I)undmg s (6)
in which:
P, -P.,, 1<k<2
I)dmg,k = { f’kP fk k _ 3 s (7)
Sk -

where Q,(f) represents the functionality of the frames in

the k-th damage state, P ik

being in a specific damage state, P,

denotes the probability of

corresponds to the
ndmg
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probability of remaining undamaged, and Ion indicates the
probability of failure at the 4-th damage state.

2.3.1 Probabilistic recovery models
A critical and challenging aspect of resilience analysis is
the accurate prediction of a suitable recovery function for
the structure or infrastructure in question. This element fun-
damentally distinguishes resilience analysis from conven-
tional risk assessment. While risk analysis primarily aims
to quantify the damage a structure may experience during
a hazard and identify mitigation strategies, resilience anal-
ysis additionally requires evaluating how the structure
or system restores its pre-event (or target) performance.
Simulating the recovery process with precision remains
a key challenge due to its inherent complexity. Various
recovery functions have been proposed in the literature to
model infrastructure restoration, including stepwise, linear,
exponential, and trigonometric forms, among others.

When simulating the resilience of individual struc-
tures, such as buildings, simpler models can be used that
incorporate uncertainties in the parameters of the recov-
ery functions. This approach allows for more efficient
modeling while reducing analytical complexity. In this
regard, Cimellaro et al. [20] proposed three types of recov-
ery functions: linear, power, and trigonometric models.
The power model is applied when repairs and recovery are
expected to occur rapidly, as it effectively captures a fast
restoration rate. Conversely, the trigonometric model is
suitable for scenarios where recovery begins slowly and
accelerates over time, reflecting gradual yet increasingly
rapid changes in the restoration process. The linear model
is used when detailed information about the system's
recovery behavior is unavailable; by assuming a constant
recovery rate, it provides a simple approximation of the
restoration process. In recent years, Pang and Wang [37]
developed a probabilistic extension of the aforementioned
framework, incorporating uncertainties associated with
recovery time and the parameters governing the recov-
ery function, thereby enabling a more precise and realistic
assessment of system resilience.

Following the occurrence of an extreme event at

time ¢, an idle period J, is typically required before the

£
recovgry process can start at time .. The subsequent res-
toration phase spans a duration ¢ , after which the system
attains the target functionality O, at the recovery comple-
tion time ¢ . Accordingly, the generic functionality of the
system at a given damage state, 0, (), can be generally for-

mulated as follows in Eq. (8) [38]:

Qk (t):Qr‘k +H(t7t075,.)

11, -5, ®)
xR, (aj X (Qz -0, )

In the present study, probabilistic functions are
employed using Latin Hypercube Sampling (LHS) [39]
technique to illustrate the resilience behavior of steel
structures equipped with energy-dissipating replaceable
links and to determine the resilience index under different
seismic intensities. LHS is a form of stratified Monte Carlo
simulation. In this method, the cumulative distribution
function is divided into N equally probable intervals, and
a random sample is selected from each interval. By strat-
ifying the input probability distribution, LHS guaran-
tees that the entire range of the distribution is sampled,
leading to more accurate results even when the number
of samples is limited [40]. Regarding the recovery func-
tions, when the system experiences minor damage, it is
assumed to recover rapidly to its pre-event state, typically
modeled using an exponential function with zero initial
delay. For moderate damage, the recovery process begins
slowly and accelerates over time, making sinusoidal func-
tions suitable for representing this behavior. In cases of
severe damage or collapse, the system exhibits minimal
improvement initially, with recovery accelerating only in
the later stages; in this case, an exponential function with
a positive coefficient is used. For a clear understanding of
the recovery function considered for each damage state,
refer to Fig. 3 [37]; the exact formulations of these func-
tions are provided in Table 2 [22, 37, 38].

3 Description of structural models

3.1 Structural design of case studies

In this study, two case studies consisting of 6- and
12-story buildings are investigated. Both buildings have an

1
c 08F
)
° Negative Sinusoid
So06¢f Exponential Moderpfe Damage
“é Minor Damage
o4l Negative Exponghntial |
o Extensive & cofhplete
3 Damage
14
02
0 . .
0 0.2 0.4 0.6 0.8 1

Recovery Time

Fig. 3 Recovery models considered in the current paper [37]



Table 2 Recovery functions used for different damage states [22, 37, 38]

Damage state Type Equation
Minor Negative exponential l—e™

. . 1—cos(zt
Moderate Sinusoidal %
Extensive Positive exponential e

inter-story height of 3.0 m and a span length 0f 4.275 m, and
all supports are assumed as fixed supports. The structural
designs follow the provisions of Section 10 of the Iranian
National Building Code (INBC) [41]. Seismic and grav-
ity loads are determined according to the Iranian Code of
Practice for Seismic Resistant Design of Buildings [42] and
Section 6 of the INBC [43], respectively. It is worth noting
that INBC Sections 6 and 10 are largely consistent with
ASCE 7-10 standard [44] and ANSI/AISC 360-10 standard
[45], respectively, while Standard-2800 standard [42] is
identical to ANSI/AISC 341-10 standard [46]. Structures
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are assumed to be residential buildings located in a highly
seismic region of Tehran. The foundation soil is classified
as Type 2 according to the Iranian seismic code, corre-
sponding to an average shear wave velocity of less than
550 m/s within the depth of 30 m. The applied gravity loads
include a uniform dead load of 500 kg/m? and a live load
of 250 kg/m? on the floors, whereas the roof is subjected
to a dead load of 550 kg/m? and a live load of 150 kg/m?.
The frame design accounts for the strong-column weak-
beam criterion, which governs the sequence in which plas-
tic hinges develop. The two models incorporated brac-
ing systems to counteract longitudinal horizontal forces.
The response spectrum analysis procedure is employed
to design structures using the design spectrum specified
in Standard-2800 standard [42]. Fig. 4 presents a 3D view
of buildings equipped with replaceable energy-dissipating
devices, and the structural elements for 6- and 12-story
buildings are listed in Tables 3 and 4, respective.
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Fig. 4 3D view of case studies equipped with replaceable energy-dissipating devices: (a) 6-story building; (b) 12-story building

Table 3 Structural elements for 6-story building

Floor Pin diameter (mm) Column section Beam section Brace section
Floors 1-2 45 HEA340 IPE300 HEA140
Floors 3—4 40 HEA280 IPE300 HEA120
Floor 5 35 HEA280 IPE300 HEA120
Floor 6 35 HEA260 IPE300 HEA100
Table 4 Structural elements for 12-story building
Floor Pin diameter (mm) Column section Beam section Brace section
Floors 1-3 45 HEAS500 IPE400 HEA200
Floors 37 40 HEA450 IPE300 HEA160
Floor 8-10 35 HEA360 IPE300 HEA140
Floor 10-12 35 HEA340 IPE300 HEAI120
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3.2 Numerical models

Following the analysis and design of the studied struc-
tures, which comprise a lateral load-resisting system with
moment frames and replaceable elements, the structures
were subsequently modeled in the open-source structural
software OpenSees [47] to perform nonlinear seismic anal-
yses. For the reference frame (frame without replaceable
energy-dissipating elements), the distributed plasticity
approach is employed for beams and columns through
the use of displacement-based elements with fiber sec-
tions. This approach was preferred to concentrated plas-
ticity models as it more accurately represents the elements'
behavior and accounts for the moment—axial load interac-
tion [1]. Moreover, Steel(2 material model is used to repre-
sent the stress—strain behavior of steel elements. The over-
view of the numerical modeling of reference frame is
represented in Fig. 5. Rayleigh damping is assigned to
the first and third modes mode of the elastic response that
cumulatively account for more than 95% of the total seis-
mic mass of all frames, with a 5% damping ratio, as recom-
mended in Chopra [48] for bolted steel structures.

In the OpenSees [47] model employed to perform IDA
on the dissipative replaceable link frame, beams and
braces were modeled as elastic elements because neither
plasticity nor buckling occurred [1]. The beams, being
irreplaceable components, were protected from yielding
by the dissipative devices. The braces were designed as

robust tubular sections, avoiding both buckling and yield-
ing for seismic demands up to an average S (7}) of 2 g.
In contrast, fiber elements were used for the columns
to capture plastic behavior, specifically to identify col-
umn-base yielding. For the reduced beam sections (RBSs)
of the beam links, a lumped plasticity approach is
applied, concentrating material nonlinearity at specific
locations. In the OpenSees [47] these parts are modeled
using "twoNodeLink" elements. The Modified Ibarra-
Krawinkler deterioration model with bilinear hysteretic
response model [49, 50] is employed in the finite element
software to replicate the nonlinear hysteretic behavior. The
plastic rotation of the RBS, le’RBS, is determined using the
formula proposed by Dougka et al. [51] (Eq. (9)), while the
plastic moment, M, rgs is computed in accordance with
INBC-06 standard [43] (Eq. (10)):
sz,RBsfyLRBs

0 . = rhResTyTRES 9
pl,RBS 6E[RBS ( )

Mpl,RBS = p/,RBsfy- (10

In Egs. (9) and (10), WpLRBS denotes the plastic section
modulus of the RBS, fy is the yield strength, L.
tic hinge length, £ represents the elastic modulus of steel,

is the plas-

and /. is the moment of inertia of the RBS. The parameters
defining the monotonic behavior can be analytically derived
from the mechanical properties of the RBSs, in accordance

4275
Typ.

. Element nodes

dispBeamColumn element

Tributary
gravity loads

Node j

Y /4

+ Distributed |

Fiber section

/ ‘plasticity beams
b |

Nonlinear beam-column element

LN o oy .

Bisn'ibuted_
Node i 4 plasticity F—»
. columns |

unit: mm

Fig. 5 Idealized model of the reference frame



with the INNOSEIS guidelines [52]. Fig. 6 shows the
numerical model of steel moment frames equipped with
dissipative replaceable elements in OpenSees.

4 Ground motion dataset

In this study, ground motion records were not selected
through a site-specific probabilistic seismic hazard anal-
ysis; rather, a generalized set of ground motions consis-
tent with target spectra was utilized. Accordingly, 22 real
far-field records from FEMA P695 report [53] are selected.
The characteristics of the ground motions are provided
in Table 5. The selected ground motion set consists of
rare strong-motion records from high-magnitude earth-
quakes (M > 6.5), suitable for the site conditions of the case
studies. These records cover a wide range of frequency
content, intensity, and duration to capture the variability
of seismic sources. In line with FEMA P695 report [53],
no more than two records were taken from any single
earthquake to avoid event-based bias. Consequently, the set
adequately represents both record-to-record and event-to-
event variability. Between the two horizontal components,
the one with the higher PGA was applied to the structures.

5 Results and discussions

5.1 Seismic performance results

In Section 5.1, to provide an overall view of inter-story
displacements under the design earthquake, the 22 ground
motion from Section 4 are scaled to the design spectrum
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and applied to the structures in two configurations: with
and without dissipative replaceable link. Fig. 7 compares
the mean inter-story drift profiles for the DRLF and ref-
erence models. As seen, the incorporation of dissipative
replaceable elements allows a significant portion of the
earthquake-induced energy to be dissipated within these
components. This mechanism reduces the demand on pri-
mary structural members such as beams and columns,
thereby limiting their damage. As a result, the over-
all seismic response of the structure is improved, with
noticeable reductions in inter-story drifts and enhanced
protection of the main load-bearing system. This not only
increases the resilience of the structure but also facili-
tates post-earthquake repair by confining damage to eas-
ily replaceable components.

5.2 Seismic fragility estimates

A comparison of the fragility curves for the two types of
structures across various damage states (Fig. 8) reveals
that the reference structure consistently exhibits higher
fragility values. In other words, for a given seismic inten-
sity, the probability of exceeding a specific damage state
is significantly reduced when energy-dissipating links
are implemented. This outcome highlights the beneficial
role of the links in enhancing the probabilistic seismic
performance of the structure by mitigating damage pro-
gression and improving reliability under earthquake load-
ing. Moreover, such improvements directly contribute to
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Table 5 Ground motion characteristics
# Event Station Year M PGA (dir-1) (g) PGA (dir-2) (g)
1 Northridge Beverly Hills-Mulholl 1994 6.7 0.416 0.516
2 Northridge Canyon Country-WLC 1994 6.7 0.416 0.482
3 Duzce, Turkey Bolu 1999 7.1 0.728 0.822
4 Hector Mine Hector 1999 7.1 0.266 0.337
5 Imperial Valley Delta 1979 6.5 0.238 0.351
6 Imperial Valley El Centro Array #11 1979 6.5 0.364 0.380
7 Kobe, Japan Nishi-Akashi 1995 6.9 0.509 0.503
8 Kobe, Japan Shin-Osaka 1995 6.9 0.243 0.212
9 Kocaeli, Turkey Duzce 1999 7.5 0.312 0.358
10 Kocaeli, Turkey Arcelik 1999 7.5 0.219 0.150
11 Landers Yermo Fire Station 1992 7.3 0.245 0.152
12 Landers Coolwater 1992 7.3 0.283 0.417
13 Loma Prieta Capitola 1989 6.9 0.529 0.443
14 Loma Prieta Gilroy Array #3 1989 6.9 0.551 0.367
15 Manjil, Iran Abbar 1990 7.4 0.515 0.496
16 Superstition Hills El Centro Imp. Co. 1987 6.5 0.358 0.258
17 Superstition Hills Poe Road (temp) 1987 6.5 0.446 0.300
18 Cape Mendocino Rio Dell Overpass 1992 7.0 0.385 0.549
19 Chi-Chi, Taiwan CHY101 1999 7.6 0.353 0.440
20 Chi-Chi, Taiwan TCU045 1999 7.6 0.474 0.512
21 San Fernando LA - Hollywood Stor 1971 6.6 0.210 0.174
22 Friuli, Italy Tolmezzo 1976 6.5 0.351 0.315
6 12
5 10
4 8
g -
@ 3 2 6
Steel )
2 —e—steel+D 4
1 2
0 0
0 0.01 0.02 0.03 0 0.005 0.01 0.015 0.02
Drift Drift
(@ ()

Fig. 7 Comparison of inter-story drifts for the steel structure equipped with dissipative replaceable link (Steel+D) and the reference steel

structure (Steel): (a) 6-story; (b) 12-story

greater structural resilience, as they reduce the likelihood
of severe damage and facilitate post-earthquake recovery
by confining inelastic demands to replaceable components.

To enable comparison of the median fragility values, the
IM correspond to 50% probability of failure is extracted
from the curves presented above, and the results are given

in Table 6. In all damage states, the reference structure
(medium-ductility moment frame) exhibits higher median
failure intensities than the DLRF structure. In addition,
the dispersion of fragility functions is also examined.
The DLRF structure demonstrated lower dispersion com-
pared to the medium-ductility moment frame, suggesting
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Table 6 Fragility parameters for the reference and DRLF models

DRLF model Reference model
Damage states
0 B 0 A
Minor damage (DS)) 0.52 0.23 0.35 0.22
Moderate damage (DS,) 0.75 0.26 0.53 0.23
Extensive damage (DS;) 0.97 0.29 0.78 0.26
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a more predictable seismic performance. This outcome
is consistent with the design philosophy of using ener-
gy-dissipating links, which are intended to localize dam-
age within predetermined replaceable components. Such
a controlled damage mechanism allows for post-earth-
quake repair, a feature not available in conventional
frames. Consequently, the reduced £ values observed in
the fragility analysis confirm the improved predictability
and resilience of the enhanced system.

5.3 Seismic vulnerability results

According to the methodology described in Section 2.2,
a vulnerability curve is illustrated in Fig. 9. Fig. 9 pres-
ents the loss ratio variations for the moment-resisting
frame and the system with energy-dissipating replace-
able links (DLRF) as seismic intensity increases. At low
intensity levels or small deformations, both systems
incur minimal damage, with the curves remaining near
zero. As seismic intensity or inter-story drift grows, the
loss ratio increases for both frames; however, the medi-
um-ductility steel moment frame (red curve) consistently
exhibits higher values than the DLRF system (blue curve)
across all intensity levels. This demonstrates that, under
comparable seismic intensity conditions, the conventional
moment frame is more economically vulnerable and expe-
riences greater damage, while the inclusion of lateral links
effectively reduces cumulative losses and improves the
overall seismic performance of the structure.

5.4 Seismic resilience results

A comparison of the seismic resilience of the exam-
ined frames is presented in Section 5.4. As discussed in
Section 2.3, seismic resilience is defined as a structure's

1 T
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w06 .
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w
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o
-
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Sa (T1)

Fig. 9 Vulnerability curves for the reference model and DLRF frame
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capacity to resist earthquake forces, maintain safe opera-
tion during the event, and rapidly return to an acceptable
state afterward. It involves energy absorption, limiting
damage, preventing collapse, and restoring functionality
within a reasonable timeframe. Beyond mere structural
strength, seismic resilience also considers performance,
service continuity, and the speed of recovery.

To present the results in a more intuitive manner, seis-
mic intensity is expressed in terms of the site-specific
return period, which provides a more easily understood
measure. For instance, earthquakes with return periods of
475 and 2475 years are commonly cited. Developing a uni-
form hazard spectrum requires regional probabilistic seis-
mic hazard data. Accordingly, the necessary information
was obtained from the Iranian probabilistic seismic haz-
ard project. In this study, the structure is assumed to be
located in Tehran on type 2 soil. The hazard spectrum data
for the selected site in Tehran are presented in Table 7.
Using the data from Table 7, the uniform hazard spectrum
for return periods of 75, 475, 975, and 2475 years is shown
in Fig. 10. The recovery functions are then plotted for each
seismic intensity, corresponding to return periods of 75,
475, 975, and 2475 years.

The recovery functions presented in Table 2 are employed
in this study to represent damage states ranging from minor
to extensive. To account for the inherent uncertainties asso-
ciated with these recovery functions, a probabilistic sam-
pling approach is applied. Specifically, 500 samples are

Table 7 Hazard spectrum ordinates for the selected site in Tehran

Earthquake hazard B _ _
return period (year) PGA(g) T=02() T=10() T=3.0()
75 0.186 0.450 0.160 0.041
475 0.390 0.916 0.375 0.103
975 0.485 1.149 0.484 0.132
2475 0.606 1.483 0.657 0.177
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Fig. 10 Seismic hazard spectra of the site in Tehran for different
return periods

generated using LHS, ensuring a comprehensive cover-
age of the input parameter space. This approach allows for
a more robust and realistic assessment of the structures'
recovery behavior under varying levels of seismic dam-
age, capturing both the variability in the recovery process
and its impact on overall resilience. The developed recov-
ery curves are shown in Fig. 11 for the 6-story frames and
Fig. 12 for the 12-story frames. In addition, the mean recov-
ery curve along with the corresponding standard deviations
are plotted to highlight the variability in the recovery pro-
cess. The area under each recovery curve corresponds to the
system's resilience. Since the recovery functions are prob-
abilistic, the mean function provides a representative value
for the resilience index in the present study. Fig. 13 pres-
ents a comparison of the resilience indices for both frames.
It is evident that the frame equipped with energy-dissipat-
ing links exhibits higher resilience than the conventional
moment frame across all seismic scenarios. The difference
is particularly significant for high-intensity events, such as
the 2475-year return period earthquake, demonstrating the
effectiveness of these links in enhancing performance under
severe and rare seismic events.

The results depicted in Figs. 11 to 13 indicate that for
short return periods (75 years) and low-intensity seismic
events, there is little difference between the two frames,
with both exhibiting resilience indices close to one. As the
seismic intensity and return period increase to 475 and 975
years, the conventional frame shows a more pronounced
decline in resilience, whereas the frame equipped with
energy-dissipating links is able to maintain higher resil-
ience values. This disparity becomes even more evident
under extreme events with a 2475-year return period: the
resilience index of the conventional frame decreases to
approximately 0.69, while the link-equipped frame sus-
tains a higher level of around 0.8. Consequently, incor-
porating energy-dissipating links significantly enhances
both the resilience and the reliability of structures, partic-
ularly during rare and high-intensity earthquake events.

5.5 Evaluation of sample sufficiency

Section 5.5 evaluates whether the number of samples
adopted for the recovery functions is statistically ade-
quate. As mentioned, 500 samples were employed to
develop the probabilistic recovery curves. To verify their
sufficiency, a sensitivity analysis is conducted. For this
purpose, samples are generated using different numbers
of simulations, and the resilience index is calculated.
As seen in Fig. 14, resilience index tends to converge to
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Fig. 12 Probabilistic recovery functions for 12-story DRLF frame (left) and reference frame (right) under: (a) 2475-year; (b) 975-year; (c) 475-year;
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Fig. 13 Resilience indices for: (a) 6-story and (b) 12-story DRLF frames (blue bars) and reference frames (green bars)
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Fig 14 Influence of the number of recovery function simulations on the resilience index
a stable value as the number of simulations increases. below 1%. Therefore, the 500 simulations conducted in

Beyond a certain point, the variation in results becomes this study provide a statistically sufficient basis, ensuring
negligible; specifically, after 300 samples, differences fall the reliability of the obtained results.
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6 Conclusions

This study investigated the seismic resilience of steel
moment frames equipped with energy-dissipating
replaceable links, as well as their effects on fragility func-
tions and vulnerability curves. For these purposes, this
research focused on two steel structures, a 6-story and
a 12-story building, analyzed under two configurations:
conventional moment-resisting frames and frames incor-
porating energy-dissipating replaceable links. The pre-
liminary designs were conducted and detailed nonlinear
models were developed in OpenSees. IDA procedure was
subsequently carried out using 22 ground motion records
recommended in FEMA P695 report [52]. Based on these
results, fragility curves were derived for the studied
frames, providing a practical means to evaluate seismic
vulnerability and resilience. The loss ratios as a function
of earthquake intensity measures were obtained through
vulnerability analysis. Subsequently, the seismic resil-
ience of the conventional moment frame and the moment
frame equipped with energy-dissipating links was evalu-
ated across different return periods, in order to assess resil-
ience under varying seismic intensity levels. The frame-
work for resilience assessment must be probabilistic to
adequately account for the uncertainties associated with
recovery functions. To this end, different recovery func-
tions were considered for each of the three damage states,
with 500 samples generated for each (using LHS tech-
nique), in order to derive probabilistic resilience curves.
Significant conclusions are summarized below:

* The analysis results indicate that the inter-story drift
in structures equipped with dissipative devices was
consistently lower across all earthquake intensity
levels compared to conventional frames. This reduc-
tion in drift also helps mitigate secondary damage
to non-structural components such as partition walls
and facades. In conventional frames, damage was
distributed unevenly and primarily concentrated
in critical beam and column regions. By contrast,
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