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ABSTRACT

Bracing-friction damper system (BFDS), one of passive control devices, consists of a Pall
friction damper added in-line with a diagonal, which is utilized for the seismic retrofit of
building structures. The BFDS can dissipate the input energy of earthquakes and mitigate a
considerable amount of the hysteretic energy of structures. This study presents the optimal
seismic retrofit of inelastic steel moment-resisting frames (SMRFs) through the optimum
design of the BFDSs installed in each story of SMRFs. For this purpose, minimizing the
maximum damage index of stories averaged over seven scaled earthquake excitations is
selected as the objective function so that the story damage is uniformly distributed along the
height of SMRFs. The damage index is calculated based on the Park-Ang damage model
which is expressed based on a linear combination of deformation, moment, and
absorbed hysteretic energy of structural elements imposed by an earthquake excitation. The
results indicate that the optimized BFDSs-equipped SMRFs exhibits the better distribution
of story damage than that of uncontrolled SMRFs. Finally, the seismic assessment of
SMRFs is done by the fragility analysis. The results of the seismic fragility assessment
demonstrate that the optimized BFDSs improve the seismic performance of retrofitted
SMRFs compared to that of uncontrolled SMRFs at different damage states.
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1. INTRODUCTION

Earthquakes, recognized as one of the most catastrophic natural events, impose a serious
threat to human life and cause significant structural and economic losses. Given the wide-
ranging socio-economic consequences and the destructive nature of seismic events,
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extensive research has been developed to both the seismic design of newly constructed
buildings and the retrofitting of existing infrastructure [1-5]. To address and reduce the
detrimental effects of seismic loading, various energy dissipation techniques have been
introduced. Passive energy dissipation systems commonly referred to as passive control
devices have gained notable attention due to their simplicity, reliability, and effectiveness.
These systems primarily operate using the mitigation of the energy demand imposed on
structural elements during an earthquake. In essence, passive devices are designed to either
reflect or absorb a portion of the seismic input energy, thereby diminishing the level of
hysteretic (plastic) energy dissipated by the structural components [6, 7]. As a result, these
systems play a vital role in mitigating seismic vulnerability and preventing damage to both
structural and non-structural elements of a building. Among the various categories of
passive energy dissipation systems, friction dampers can dissipate seismic input energy into
heat through frictional sliding between two surfaces [8-10]. While passive control systems
are not inherently cost-effective in all cases, friction dampers stand out for their affordability
and ease of implementation. Compared to other damping devices such as viscous or
viscoelastic dampers, friction dampers not only offer sufficient lateral stiffness, but also
exhibit hysteretic characteristics like to those of metallic yielding devices.

One of the most widely recognized models is the Pall friction damper which was first
introduced by Pall and Marsh [8]. The Pall friction damper has been successfully
implemented in both newly designed structures and retrofitted older buildings [11, 12].
Several connection configurations for these devices have been explored, including in-line
arrangements with diagonal braces, as well as placements at the intersection points of X-
bracing or chevron bracing systems. Moreover, advancements in friction damper technology
have led to the development of several enhanced variants such as the improved Pall friction
damper [13], Sumitomo friction damper [14], rotational friction damper [15], and friction
walls [16]. FitzGerald et al. [17] proposed a novel application using slotted bolted
connections (SBCs) within diagonal bracing systems. Monir and Zeynali [18] developed and
experimental validated a modified friction damper positioned at the intersection of X-
diagonal braces. Ebrahimi and Mirghaderi [19] designed a friction-slip damper located at the
mid-span of square hollow structural sections (square-HSS) and H-shaped braces. Their
findings indicated that the proposed damper effectively prevented strength and stiffness
degradation in braces while enhancing their energy dissipation capacity. Additionally,
several studies [20-24] have highlighted the advantages of installing friction dampers at
beam-to-column joints in steel moment-resisting frames (SMRFs).

The optimal design of friction dampers has emerged as a complex yet essential topic
within the field of structural engineering and has considerable been interested by
researchers. Moreschi and Singh [25] investigated the optimal placement of friction dampers
throughout various building levels and employed a genetic algorithm to determine key
design parameters such as slip load and brace stiffness. Lee et al. [26] proposed a seismic
design methodology for friction dampers based on the distribution of story shear forces in
elastic structural systems. Taiyari et al. [27] developed a probability-based framework for
designing chevron-braced friction dampers within SMRFs and utilized seismic fragility
functions to evaluate structural vulnerability and damage likelihood. Furthermore, Ghorbani
and Rofooei [28] introduced an innovative friction damping system with dual slip loads for
enhancing the seismic performance of SMRFs. Their optimization process treated both the
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slip force levels and the initial slip displacement as critical design variables. Jarrahi et al. [7]
addressed the optimal design of rotational friction dampers for controlling inelastic behavior
in single-story SMRF. Extending their previous work, Jarrahi et al. [29] explored the
optimal distribution and design of rotational friction dampers for a 10-story inelastic frame
subjected to earthquake ground motions. Additionally, Moghaddam et al. [30] developed an
optimization strategy to simultaneously determine the ideal locations and slip forces of
friction dampers, with the goal of enhancing the seismic performance of SMRFs across
multiple performance levels.

In previous research efforts, various parameters such as structural responses and the
amount of energy dissipated were frequently employed as objective indicators in the optimal
design of friction dampers. However, these indices are inherently limited and often fail to
consistently and comprehensively reflect the extent of structural damage resulting from
seismic events. As such, there is a critical need to establish more robust and inclusive
performance indicators and optimization constraints that more accurately represent actual
structural damage. Another important shortcoming observed in the reviewed studies is that
the optimization procedures have often been carried out subjected to a single earthquake
record. Furthermore, none of the previous investigations has addressed the optimization of
damage distribution along the height of a structure equipped with friction dampers. Feurther,
the damage concentration in specific stories can lead to undesirable failure mechanisms
during strong earthquake excitations.

This study addresses the gap identified above through the optimum design of bracing-
friction damper systems (BFDSs) using the extent of seismic damage to the stories of a
SMREF averaged over a number of scaled seismic excitations as the objective function. The
uniform distribution of story damage over the height of the controlled SMRF is also
considered as the constraint of the optimization problem. In addition, the parameters of the
BFDSs are considered as the design variables. In order to determining the extent of seismic
damage, the Park-Ang damage model is adopted and used in this study. Due to taking into
account both maximum plastic displacement and plastic dissipated energy, this damage
model can represent a good correlation with the observed damage status after occurring an
earthquake. A modified particle swarm optimization (PSO) algorithm is used to solve the
optimization problem. Finally, the fragility curves are developed to assess the seismic
performance of the optimized BFDSs-equipped SMREF at different damage states.

2. BRACING-FRICTION DAMPER SYSTEMS (BFDS)

The BFDS depicted in Figure 1 integrates a Pall-type friction damper directly in-line with a
diagonal brace. Its force-displacement behavior can be idealized as an elastic-perfectly
plastic model characterized by a high initial stiffness. Under seismic loading, this system
dissipates a portion of the input earthquake energy through frictional sliding between steel
plates compressed by post-tensioned bolts, thereby reducing the energy transmitted to the
structural elements [11]. As shown in Figure 1, the mechanical response of the BFDS can be
divided into distinct operational phases. Initially, the system exhibits a stick—slip behavior
before any relative movement occurs between the friction plates. This is followed by a
steady sliding phase, during which energy is effectively dissipated through controlled
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slippage. In cases of strong ground motion, an additional stage, referred to as the slip-lock
phase, may emerge after the sliding phase. This condition arises when the bearing capacity
of the post-tensioned bolts is activated and shows additional resistance to further

displacement [31, 11].
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Figure 1: A frame equipped with BFDSs and the hysteresis model of a BFDS [11]

As shown in Figure 1, the friction damper is arranged in series with its corresponding
diagonal brace, and the BFDS operates in parallel with the primary lateral-load-resisting
components of the structure. Within the design philosophy of the BFDS, the brace element
is expected to remain entirely within its elastic regime throughout seismic excitation,
thereby ensuring that all energy dissipation occurs within the friction damper through
controlled plate slippage. Referring to the idealized hysteretic behavior shown in Figure 1
during the initial stick-slip phase, the friction damper exhibits an elastic stiffness denoted by
ka, which is designed to be greater than the stiffness of the supporting brace element, k.
This mechanical configuration leads to an effective or equivalent stiffness for the BFDS,
represented by k»e. The equivalent stiffness can be derived as a function of ks and k., and is
given by the following relation [25, 27]:
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bd = kbz~b+ ‘IJQJ - kbd ) kb’ (1)

The slip force of the BFDS, Py, is also obtained as:
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where k; is the stiffness of story where the BFDS is installed in it. u, is the total slipping
displacement (or the displacement of the brace at which the device starts to slip). Further,
the slip force of the BFDS can be defined based on the weight of story as follows [27]:
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where F is the normalized slip force pertinent to the BFDS device.

Two primary parameters govern the design of friction dampers in seismic applications:
the stiffness ratio between the brace and the story (denoted as SR), and the normalized slip
force. While several numerical strategies have been developed for determining the optimal
slip force, their implementation remains computationally intensive, particularly for large-
scale structural systems. Baktash and Marsh [32] proposed a numerical approach in which
the optimal slip force is identified by minimizing the discrepancy between the input and
dissipated energy throughout the structural response. In another study, Lee et al. [33]
introduced two coefficients for distributing friction dampers along the building height. These
coefficients were defined by normalizing the slip load with respect to the maximum shear
demand and the peak inter-story shear force observed in the uncontrolled structure.
Furthermore, in their methodology, the stiffness ratio, SR, was assumed to be fixed at a
value of 2. It is important to highlight that although such numerical methods offer theoretical
precision, their practical application to complex or multi-story buildings often incurs
significant computational expense.

3. SEISMIC DAMAGE INDEX

The extent of structural deterioration resulting from seismic events can be effectively
characterized through the use of a damage index (DI). The indices serve as quantifiable
measures to evaluate both localized failures in individual structural elements and the overall
integrity of the entire system across varying levels of seismic intensity. Numerous forms of
DIs have been introduced, particularly tailored to assess the performance of reinforced
concrete and steel frameworks [34-38]. Typically, a DI is formulated as a non-dimensional
metric ranging from 0 to 1, where a value of 0 denotes a completely intact structure and a
value of 1 signifies total structural failure or collapse. Intermediate values within this range
correspond to varying degrees of partial structural degradation.

One of the most popular and practical DIs is the Park-Ang damage model (D/pa) [39]
which has efficiently been adopted for the evaluation of the damage level in reinforced
concrete and steel structures. Initially, DIpa was formulated as a linear combination of peak
displacement (often related to ductility) and the amount of energy dissipated through
hysteresis. Nevertheless, because inelastic deformations predominantly occur within plastic
hinge zones of certain structural members, establishing a direct link between global
structural displacements, localized plastic rotations, and the DI remains a main challenge.
Hence, DIpa was modified later by Park et al. [38] and Kunnath et al. [37] to express damage
in a structural element as a linear combination of its rotation, moment, and cumulative
energy demand during earthquake excitation. For the element’s end-section damage, the
modified DIpa is expressed as [40]:

0-6 B
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where 0, and 6, are the maximum rotation of the end-section and ultimate rotation capacity
of the structural element, respectively, 6, is the recoverable rotation after unloading, £ is a

non-negative parameter, M, is the yield moment of structural element, and J. dE is the

dissipation hysteretic energy of structural element.

The modified DIpa is the basis of the story and overall damage indices [37]. These
indices represent hysteretic energy dissipation in structural elements at the story and overall
levels as:

E
story z( component (D I PA)i ’ (/Icomponent )i = (Z:N—;E)component (5 )
=11
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overall Z( story) (D[story 5 (/1 story ) ( Ns )story (6)
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where Dlsoy and Dloverant are the damage index of stories and overall structure, respectively. £;
is the total absorbed energy (or absorbed hysteretic energy) by the ith structural element or story. Ne
and Ns are the number of structural elements and stories, respectively. It is noted that in this study,
the absorbed hysteretic energy of structural members is calculated using the approximate
computing method introduced by Gong et al. [41].

4. OPTIMUM DESIGN OF BFDS DEVICES

In this study, the optimization problem focused on finding the parameters of the BFDSs in
order to minimize the maximum Dy of an inelastic SMRF averaged over a predefined
number of scaled earthquake excitations. The design parameters of the BFDSs included the
stiffness ratio, SR, and the normalized slip force, F . In this study, it was assumed that an
BFDS was installed in each story of an Ns-story SMRF. Therefore, the optimization problem
is defined as:

Find: X={SR,SRy,....SRy. F{. F,..... Fy, }

Neq

S 1 .
Mlnlmlze:f(X):max{N—ZDlsmry,ie}‘ ; is=12,...,Ns

ie=1

subjectto: g, (X)< g, ; ; j=12,...,n (7)
SR™" < SR, <SR™ ; i=1,2,...,Ns
F;min < F; < F;max

where SR™,SR™ ,F™, and F"™ set bounds on the stiffness ratio and the normalized slip
force of the ith BFDS, g, and g, ;are behavioral constraints and their allowable values;
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and Negq is the predefined number of scaled earthquake excitations, taken to be seven in this
study.

The distribution pattern of the story damage index (Dlsory) Was considered as the
constraint to prevent the concentration of damage during severe earthquake excitations and
ensure a relatively uniform distribution of damage along the structure’s height. The
constraint was defined as follows [42]:

g, =mean(DI,

story )i

—-mean(DI, ), <DI, ; i=j=12,.,Ns 8)

where DI, 1s a user-defined value for the uniform distribution of Distory.
The mean value of maximum force, F;™, of the ith brace corresponding to ith BFDS
averaged over seven scaled earthquake excitations was considered as another constraint:
1 Neg

D (F™),<Fy ; i=12,...,Ns )

g2 - Neq ie=1

where Fai is the ultimate axial capacity for tension or compression in accordance with
AISC-LRFD.

A number of constraint-handling approaches have been proposed for solving
optimization problems with metaheuristic optimization methods [43]. In this study, a
dynamic penalty function was used as follows [44, 45]:

g
& an

Pf=(1+£1v)52 ; v:Zmax( -1,0.0) (10)
J

where P is the penalization factor. &, and ¢, are parameters that determine the behavior of
penalty function. In this approach, a penalty term is multiplied by the constrained objective

function to convert it into an unconstrained one, f, as:

fX)=f(X)xP, (11)

In the present study, the particle swarm optimization (PSO) with passive congregation,
proposed by He et al. [46], was used for the optimum design of the BFDSs installed in the
stories of an inelastic SMRF.

5. SEISMIC FRAGILITY ASSESSMENT

Seismic fragility assessment of a building structure is defined as the conditional probability
of exceeding a prescribed damage state (DM), given of intensity measure (IM). In other
words, it describes the relationship between IM and DM and assesses the probability of
failure of a structure under different earthquakes. The performance-based fragility analysis



454 M. Khatibinia, A.H. Saeedi, and E. Mohtashami

method for a structure is to apply the performance-based seismic design method to a seismic
fragility analysis [47, 48]. This method allows for assessing the probability of exceedance of
each performance level at various levels of damage given a specific ground motion intensity.

Fragility curves represent the conditional probability of damage that structural seismic
demand would reach or exceed a limit state. Within the performance-based design
framework, this probability is conditioned on a given IM, here representing the level of
ground shaking. The fragility function is expressed as [49]:

F=P[C=D,|M] (12)

where C is the maximum response of the structure, and D, is the capacity of a limit state

corresponding to the structural response at the ith performance level.

The fragility function can be defined based on two assumption including: 1) a lognormal
distribution for the response C; 2) a deterministic nature for the limit state capacity Dys per
code requirements. Hence, the fragility function is expressed as [49]:

Fel-o ( (D5 )= Acy J
=1-0| ———— (13)
Bro:

where @(:) is the standard normal cumulative distribution function, Acms 1is the natural

logarithm of the median of the response in a specific intensity measure which is calculated
by the estimated relationship between /M and C; and Sz is total uncertainty of the system
encompassing uncertainties associated with capacity, modeling, and property of structures as
[50]:

ﬂrm = '\/IB;TR + ﬂ[zm + ﬂ?)r + ﬁ/\z/IDL (14)

where frrr, Ppr, Prp, and Pupr are the uncertainty sources of record-to-record, design
requirements, test data, and modeling, respectively. In the present study, the values of frzr,
Por, Prp, and Pupr were respectively assumed to be 0.4, 0.2, 0.2, and 0.1 [51].

Based on the results of the studies implemented by Cosenza and Manfredi [52] And Park
et al. [53], DI, =1.0 represents the collapse level, for DI ., <0.5 the damage is

repairable, and for 0.5 < DI

overall

building is not repairable. Moreover, for DI

overall

<1.0no collapse occurs in the building but the damage of the
< 0.2 the damage is negligible. Pujades et al.

[54] proposed the new thresholds for damage states which was used in this study. The limit
states included the slight damage state at DI =0.1, the moderate damage state at

overall
Dloverall =04 [54]. In addition, DI

overall

=0.2, and the severe damage state at DI =0.9 was

overall

assumed as the complete damage state (i.e., not-repairable damage) in this study.
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6. MODELLING INELASTIC SMRF EQUIPPED WITH BFDS

Two benchmark SMRFs shown in Figure 2 were used in this study to demonstrate the
efficacy of the optimized BFDSs for the seismic retrofit of the structures. The three-bay, 6-
and 10-story SMRFs were introduced by Wong [55] and Wong and Johnson [6],
respectively. The mass of the 6- and 10-story SMRFs were assumed to be 300 and 218.9
tons, respectively. The beams of the SMRFs were subjected to a uniformly-distributed load
of 21.89 kN/m. Structural damping was assumed to be 3%. The yield stress and Young's
modulus of steel were 248.2 MPa and 2x10°> MPa, respectively.
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Figure 2: The model of SMRFs equipped with FDDBs adopted in this study

Modeling the inelastic SMRFs and the nonlinear time-history analysis were conducted in
the open-source finite element software OpenSEES [56]. The lumped plasticity approach
was adopted for the nonlinear behavior of beams and columns. For this end, the plastic hinge
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at the ends of elastic beams and columns was modeled by a zero-length element. The
modified Ibarra-Medina-Krawinkler (IMK) deterioration model with pinching
hysteretic response [57] was assigned to the plastic hinges. The Rayleigh damping model
was used to define the damping matrix of the SMRF equipped with FDDBs. Two numerical
evaluations of the structural responses were adopted to validate modeling the SMRFs in this
study. First, the natural period of vibration corresponding to the fundamental mode of the
structures was computed and reported in Table 1.

Table 1: ComEarison of the natural Eeriod of fundamental mode

Natural period (s) . 0
SMRF Reference Present study Difference ()
6-story 1.22 [55] 1.18 3.28
10-story 1.50 [6] 1.49 -0.67

The results given in Table 1 indicated that the natural period of fundamental mode was
close to that reported by Wong [55] and Wong and Johnson [6]. In addition, the cumulative
hysteresis energy of the 6- and 10-story SMRFs was respectively calculated under the record
of the 1994 Northridge and 1995 Kobe earthquakes and compared with that of references
[55, 6]. The cumulative hysteresis energy of the SMRFs was shown in Table 2. Therefore,
these results shown in Table 2 verified modeling the SMRFs and the numerical method
(expressed in section 3.2) used in this study.

Table 2: ComEarison of the cumulative hzsteresis energy of SMRFs

SMRF Cumulative hysteresis energy (kJ) Difference
Reference Present study (%)

6-story 2,580 [55] 2,540 -1.55

10-story 3,665 [6] 3,681 0.40

To model the BFDS in OpenSEES [56], the process of modeling the BFDS proposed by
Morales Ramirez [11] was adopted and used in this study. It is noted that in this study, the
stick-slip and the slipping (or sliding) phases were considered for modeling the BFDS, and
the slip-lock phase was ignored. In this method, the brace behavior in tension and
compression cases was simulated using the truss element with the uniaxial Steel02 material.
In addition, a zero-length element was considered for modeling the friction damper. The
uniaxial BoucWen material was chosen to simulate the hysteresis behavior of friction
damper in the stick-slip and slipping phases. Since all past studies for the optimization
design and assessment of the friction dampers haven’t considered the slip-lock phase, the
phase wasn’t model in the optimization process of this study.

7. RESULTS AND DISCUSSION
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Details of the selection and scaling of earthquake records, the optimal design of the BFDSs,
and the fragility assessment results of the optimized BFDSs-controled 6- and 10-story
SMRFs are presented in this section.

7.1. Selection and scaling of earthquake records

The design of a passive system is strongly dependent on earthquake excitations. Hence,
the selection of earthquake records has been considered as a substantial challenge in the
design of a passive system [58]. The seismic provisions of building codes such as
ASCE/SEI 7-16 offer the selection of at least seven pairs of ground motion excitations for
representing the seismic hazard of the site. Due to the high computational cost of the optimal
design of the BFDSs for the seismic control of a large inelastic building, the 6- and 10-story
SMRFs were first analyzed under the 22 far-field ground motion records given in FEMA-
P695 [50]. Then, the seven records (Table 3) were selected for the optimum design of the
BFDSs, which caused the high values of Dloveran. The main characteristics of the strong
ground-motion records used in this study were listed in Table 3. For each earthquake, the
main horizontal component with larger PGA was selected as the strong component.

Table 3: Far-field Eround motion records selected in the oBtimization Erocedure [50]

No Name Year Station Magnitude PGA (g) PGV (cm/s)
1 Landers, USA (1) 1992  Yermo Fire Station 7.3 0.24 52
2 Landers, USA (2) 1992 Coolwater 7.3 0.42 42
3 Duzce, Turkey 1999 Bolu 7.1 0.82 62
4 Cape Mendocino, USA 1992 Rio Dell Overpass 7.0 0.45 44
5 Northridge, USA 1994  Canyon Country 6.7 0.48 63
6 Imperial Valley, USA 1979  El Centro Array #11 6.5 0.38 33
7 Superstition Hills, USA 1987  Poe Road (temp) 6.5 0.45 36

In this study, the optimal design of the BFDSs was conducted under the scaled
earthquake records (Table 3). Due to no existing the information of the soil conditions of the
sites correspond to the 6- and 10-story SMRFs, the earthquake records were not scaled to
match a design response spectrum. In this study, scaling the earthquake records was
implemented so that the value of their 5%-damped spectral acceleration at the fundamental
period, Sa(71, 5%), of the structures was equal to 1.0 g [58].

7.2. Optimal design of the BFDSs
SR__,F_ and F__ were respectively set at

For the optimum design of the BFDSs, SR . ,SR__ ,F. ., -

1.0, 5.0, 0.1 (10%), and 1.0 (100%), which were recommended by Taiyari et al. [27]. The
DI value is commonly left to the discretion of the design engineer. Here, it was assumed to
be 0.30. The particle swarm optimization algorithm with passive congregation, called
PSOPC, [46] was used in this study. The population size of the PSOPC algorithm was to
30, and the maximum number of iterations of the PSOPC algorithm was selected to 200. The
bounds of the inertia weight were assumed to 0.1 and 0.4. These values were selected based
on the authors’ experience and recommendations of the literature [59, 60, 42]. The optimum
parameters of the BFDSs for the 6- and 10-story SMRFs obtained by the PSOPC algorithm
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were presented in Table 4. Due to the algorithm’ stochastic nature, ten independent runs
were carried out, and then the values correspond to the minimum objective function among

the ten runs were considered as the optimum design of the BFDSs.

Table 4: The optimum value of the BFDSs parameters

Story level 6-story SMRF 10-story SMRF
ory leve SR F (%) SR F (%)
1 3.136 60.27 2.988 65.76
2 4.440 80.84 4.225 75.51
3 3.098 31.21 2.262 40.04
4 2.922 62.78 3.291 67.0
5 2.457 15.16 2.221 46.72
6 4.655 52.87 3.338 69.16
7 - - 3.808 34.81
8 - - 4.250 56.51
9 - - 3.029 56.37
10 - - 3.886 30.60

Figure 3 shows the comparison of the distribution of the DIy mean values under the
seven scaled earthquake records along the height of the uncontrolled (w/o BFDS) and
controlled (w/ BFDS) SMRFs. Results show that the optimized BFDSs considerably reduced
the damage index of stories, especially the 1%, 4™ and 5" stories of the 6-story SMRF, and
the 1™ to 8™ stories of the 10-story SMRF. In fact, considering the difference of the Disory
mean values as the constraint of the optimization problem efficiently provided the uniform

distribution of the seismic damage in the controlled structures.

6 ¢ 10 -
—e—w/ BFDS T —e—w/ BFDS
- - wio BFDS ol W - - wio BFDS
5t \.\ 8 b Te-m
K 7 m’
4 .. \ e
6 L
w n 5 -
3t / .
4 \ w
2t 3 \ -
.o 2 \ !/
1 ! \\\.\ 1 . ‘\. ) )
0 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Mean of Dy, Mean of Dlg,,
(a) 6-story (b) 10-story

Figure 3: Comparison of DI, mean value over the height of the uncontrolled and controlled
SMRFs under the seven scaled earthquake records
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The mean values of Dlsory shown in Figure 3 were reported in Table 5. As can be
observed from Table 5, the maximum value of mean Dlsory for the 6- and 10-story SMRFs
controlled by the optimized BFDSs was, respectively, 74.47% and 58.42% less than that of
the uncontrolled SMRFs. Also, the variance of the mean Dlory for the 6- and 10-story
SMRFs controlled by the optimized BFDSs was, respectively, 95.06% and 82.38% less than
that of the uncontrolled SMRFs. The reduction of the variance of mean Doy over the
height indicate that the optimized BFDSs efficiently provide the uniform distribution of
damage over the height of the structures.

Table 5: Comparison of mean values of D/, in the uncontrolled and controlled SMRFs

averaged over seven scaled earthguake records

Story level 6-story SMRF 10-story SMRF
w/o BFDS w/ BFDS w/o BFDS w/ BFDS

1 0.777 0.199 0.436 0.225

2 0.25 0.1012 0.323 0.214

3 0.083 0.056 0.376 0.192

4 0.472 0.041 0.254 0.099

5 0.328 0.056 0.408 0.150

6 0.106 0.001 0.265 0.127

7 - - 0.429 0.070

8 - - 0.671 0.070

9 - - 0.092 0.017

10 - - 0.006 0.002
Maximum 0.777 0.199 (74.40%)" 0.671 0.225 (58.42%)
Mean 0.336 0.076 (77.47%) 0.326 0.117 (64.15%)
Variance 0.056 0.004 (93.06%) 0.032 0.006 (82.38%)

* Percentage reduction w/ FDDB (controlled) to w/o FDDB (uncontrolled)

The mean value of Dloeran for the uncontrolled and controlled SMRFs under the seven
earthquake records was shown in Table 6. Results indicate that the mean value of Dloyeran of the
6- and 10-story SMRFs equipped by the optimized BFDSs was respectively down 71.62% and
52.26% from that of the uncontrolled SMRFs.

Table 6: Comparison of mean values of Dl,er-an 0f the uncontrolled and controlled SMRFs

averaged over scaled earthﬂuake records

SMRF w/o BFDS w/ BFDS Reduction (%)
6-story 0.613 0.174 71.62
10-story 0.442 0.211 52.26

Figure 4 Figure 5 shows the comparison of the maximum value of the mean drifts and
accelerations under the seven scaled earthquake records along the height of the uncontrolled
and controlled SMRFs, respectively. Figure 4 indicates that the optimized BFDSs mitigate
the maximum value of the mean drift of stories. As can be seen in from Figure 5, the
optimized BFDSs provide the reduction of the maximum value of the mean acceleration in
the stories of the 6-story SMRF, while the increase of these responses is shown in the stories
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of the 10-story SMRF equipped with the optimized BFDSs. It is noted that in the controlled
10-story SMRF the maximum increase of the mean acceleration is occurred by about 15%
(in 9™ story). The more favorable effect of the friction damper system in decreasing the drift
response than the reduction of the acceleration response was reported in literature [33].

6 10
—&—w/BFDS —e—w/ BFDS
-8 - w/o BFDS 9r
- - w/o BFDS
5
8
7
4
6
g z \
@ »n 5 ) |
3
4
2 “m 3
. 2
1 | | o— | n\‘. 1 ! L g \.
0 001 002 003 004 005 0.06 0 0.01 0.02 0.03 0.04 0.05
Mean of drift Mean of drift
(a) 6-story (b) 10-story

Figure 4: Comparison of the maximum value of the mean drifts over the height of the
uncontrolled and BFDSs-equipped SMRFs under the seven scaled earthquake records
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Figure 5: Comparison of the maximum value of the mean accelerations over the height of the
uncontrolled and BFDSs-equipped SMRFs under the seven scaled earthquake records
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7.3. Seismic fragility assessment

The curves of the incremental dynamic analysis (IDA) of the 6- and 10-story SMRFs in
the controlled and uncontrolled conditions were first obtained under the 22 far-field
earthquake records given in FEMA-P695 [50]. Then, the 16%, 50%, and 84% fractile IDA
curves shown in Figure 6 were constructed. Comparison of the fractile IDA curves for the
different damage states allows for assessing the structure’s adequacy to resist both frequent,
small ground motions and rare, highly destructive earthquake records. In Figure 6, at a given
fractile, the curves associated with the uncontrolled SMRFs fell to the lowest, followed by
those of the controlled SMRFs, indicating that increasingly higher PGAs are required to
cause a given Dloeran in the SMRFs as its form changes from uncontrolled to BFDSs-
controlled. It is noted the value of Dloveran is null (i.e., zero) in the elastic response range.
Hence, the values of the fractile IDA curves (see Figure 6) corresponding to lower values of
PGA are null.
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25
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Dloverall Dloverall

(a) 6-story (b) 10-story
Figure 6: 16, 50 and 84% fractals of IDA curves for the controlled and uncontrolled SMRFs

A similar observation is made from the fragility curves of the 6- and 10-story SMRFs
shown in Figure 7Figure 8, respectively. At each of given damage states, the highest
probability of failure is considered for the uncontrolled SMRF. For a better comparison of
the seismic performance of the controlled and uncontrolled SMRFs, the results obtained
from the fragility curves shown in Figure 7Figure 8 were reported in Table 7 for the PGA
value corresponding to the mean Ps (i.e., Pr= 0.5) for each of defined damage states. Results
indicates that the uncontrolled SMRFs are associated with considerably greater PGA
demands than controlled SMRFs in all the damage states. Therefore, the results of the
seismic assessment demonstrate that the seismic retrofit of the SMRFs using the optimized
BFDS devices can enhance the seismic performance of the SMRFs.
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Figure 7: Fragility curves for the controlled and uncontrolled 6-story SMREF in different
damage states

8. CONCLUSIONS

This study focused on the optimum design of the bracing-friction damper systems (BFDSs)
for the optimal seismic retrofit of the 6- and 10-story inelastic steel moment-resisting frames
(SMRFs). For this end, the parameters of the BFDSs containing the stiffness ratio and the
normalized slip force were optimized through minimizing the maximum damage index of
stories of the BFDSs-equipped SMRF averaged over the seven scaled earthquake records.
The optimization problem was constrained to look for solutions (systems) that exhibit
uniformly distributed damage along the SMRF building height during earthquake excitation.
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The optimal design of the BFDSs was achieved using the passive congregation particle
swarm algorithm (PSOPC).
1 T

—== 1
0.9 0.9
08} 08+
07t 0.7
(]
®© ]
2 06f & 06
(] w
w .
— 5]
5 05 2 05f
= =
= o
& 04f 8 04
3 5
o o
& o3 0.3
0.2 0.2}
- - w/o BFDS ! - - w/o BFDS
01} 1 01 1 1
— w/ BFDS ——w/ BFDS
O 1 1 0 L L L
0 1 2 3 4 5 0 1 2 3 4 5
PGA(g)
(b) Moderate state
1 1 T
09" 09
0.8 08F
07t o 07
F 06 g 08y
s k<l
> 05 > 05
3 E
£ o4 § oaf
o o
03 03
02t 0.2
7/
oap |} wio BFDS. | ol ’ - - wo BFDS |
— w/ BFDS —w/ BFDS
0 . - 0 ” L L
0 1 2 3 4 5 0 1 2 3 4 5
PGA(g) PGA(g)
(c) Severe state (d) Complete state

Figure 8: Fragility curves for the controlled and uncontrolled 10-story SMRF in different
damage states

Table 7: ComEarison of the PGA value corresBondinE to mean Pﬂi.e., Pﬁ= 0.52

Damage state 0-story 10-story

w/o BFDS  w/BFDS  Change (%) w/o BFDS w/BFDS  Change (%)
Slight 0.55 1.1 100 0.69 1.09 57.9
Moderate 0.71 1.27 78.9 0.91 1.38 51.6
Severe 0.94 1.59 69.1 1.40 1.71 22.1

Complete 1.65 2.16 30.9 2.11 2.61 23.7
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The optimization results indicated that the maximum value of the story damage index
(DIsory) averaged over the seven scaled earthquake records for the 6- and 10-story SMRFs
controlled by the optimized BFDSs was respectively reduced to 74.47% and 58.42% down
from the uncontrolled SMRFs. The variance of the mean values of the maximum D/siory for
the 6- and 10-story SMRFs controlled by the optimized BFDSs was 95.06% and 82.38%
less than that of the uncontrolled SMRFs, respectively. Thus, for the controlled SMRFs the
distribution of damage was uniformly occurred over the height of the structures. In addition,
the reduction of the overall damage, Dlovera, and drifts were concluded that the optimum
design of the BFDSs could protect the inelastic SMRFs from suffering damages subjected to
scaled seven earthquake excitations.

In the final phase of this study, the fragility concept was used to assess the seismic
performance of the considered SMRFs with and without the optimized BFDSs at various
damage states. The seismic fragility assessment of the structures was conducted based on
IDA. The results of the seismic fragility assessment revealed that the seismic performance of
the optimized BFDSs-equipped SMRFs is superior to that of the uncontrolled SMRFs at all
considered damage states, reducing significantly structural and non-structural damage.
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