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Abstract

Buckling Restrained Braces (BRBs) represent an effective strategy for the seismic retrofit of
existing steel Moment Resisting Frames (MRFs), as they contribute to increase the strength,
stiffness and energy dissipation capacity of the frame. Nonetheless, the design choices made
during the retrofit process have a significant impact on the performance of the structure. For
example, the inclusion of ‘large’ BRBs (i.e., high yielding strength and stiffness) may contribute
to limit the deformation demands in the MRF; nonetheless, it may also induce large forces in
the beams and columns of the existing structure. On the other hand, the inclusion of ‘smaller’
BRBs (i.e., low yielding force and stiffness), while allowing reaching the required safety re-
quirements, may not be able to protect the MRF from damage. Additionally, the sizing of the
BRB elements has an influence on the seismic demand parameters affecting the global perfor-
mance of structural and non-structural components (i.e., peak and residual drifts, as well as
storey accelerations). The present study investigates the impact of the design choices in the
seismic performance of a retrofitted three-storey case-study frame by considering three retrofit
options. The case-study MRF for the bare frame and the three retrofit configurations are mod-
elled and numerically investigated in Opensees by monitoring local damage states (e.g., dam-
age in BRBs, beams, columns, panel zones). First, a comparison is made in terms of non-linear
static analyses to identify the deficiencies of the structures. Then, a fragility analysis is carried
out through Incremental Dynamic Analyses (IDAs) accounting for the influence of the record-
to-record variability. Finally, a comparison is made in terms of local and global Engineering
Demand Parameters, by developing fragility curves for the components, for storey drifts and
accelerations.
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1 INTRODUCTION

Buckling Restrained Braces (BRBs) have proven to be effective in improving the seismic
performance of existing and new Moment Resisting Frames (MRFs) [1-3]. Such devices can
be included within diagonal steel bracing connected to the existing frame contributing to the
strength and stiffness of the existing structures by providing a parallel truss-like force path for
the seismic lateral load imposed on the building hence forming a dual system [4]. In addition,
the stable hysteretic behaviour provided by the BRBs largely contributes towards the increase
of the energy dissipation capacity of the structure [2,5]. Similarly to other yielding devices,
BRBs rely on the passive dissipation of elasto-plastic energy through the yielding of a steel
core, which is surrounded by an unbonded buckling-restraining sleeve that allows the develop-
ment of significant compression capacity, thus generating nearly symmetrical hysteretic loops
[6,7]. In addition, BRBs require low maintenance and can be easily replaced after a strong
earthquake, if required.

Regardless of the multiple advantages of BRBs, several aspects require further investigation.
For example, the use of BRBs as a retrofit measure for existing steel MRF is followed by a
redistribution of load paths and deformation mechanisms, which may induce larger seismic
demands on the existing elements [2]. In addition, while the high ductility of BRBs may provide
the structure with large energy dissipation capacity, their low post-yielding stiffness may result
in large Residual Inter-storey Drift Ratios (RIDRs) [8], hence jeopardising the operativity and
repairability of such structures [9-11]. Besides, residual deformations, together with the de-
vice’s cumulative damage, may also increase the collapse risk under future earthquakes [12].

When properly designed, the MRF can provide restoring forces to counteract the residual
drifts related to the yielding of BRBs [4]. Additionally, the Buckling Restrained Braced Frame
(BRBF) can contribute towards the reduction of the floor accelerations arising from higher
modes effects [4,13] and can limit the damage in the MRF [8]. Nonetheless, the efficiency of
this dual system (i.e., MRF + BRBF) is function of the relative properties of the MRF and the
BRBF; therefore, the sizing of the bracing system plays a significant role in the effectiveness
of the retrofitting scheme.

The present study aims at evaluating the influence of the design choices in the fragility of
steel MRFs retrofitted by means of BRBs. First, the assessment of the un-retrofitted case-study
structure is performed by comparing deformation-based local Engineering Demand Parameters
(EDPs) (i.e., rotations in beams and columns, distortion in panel zones and ductility demand in
the BRBs), with the Acceptance Criteria (AC) corresponding to Performance Levels (PLs) as
outlined in the ASCE 41-17 [14]. Successively, the design of three retrofitting schemes is car-
ried out considering different design objectives. Then, the bare and retrofitted structures’ seis-
mic response is compared by performing both non-linear static and dynamic analysis in an
Incremental Dynamic Analyses (IDAs) [15] fashion. The IDAs are performed considering 30
Ground Motion (GM) records allowing the definition of fragility curves. A few preliminary
considerations and insights are provided on the influence of the design objectives in the differ-
ent parameters characterising the seismic performance of structures retrofitted with BRBs.

2 CASE-STUDY STRUCTURE AND RETROFITTING SCHEMES

The Boston 3-storey, pre-Northridge MRF designed within the SAC Steel Project [16] has
been selected for case-study purposes. This structure is representative of low-code pre-
Northridge steel MRFs, as it was designed according to the 12" edition of the National Building
Code. In this study, the structure is considered to be representative of buildings designed for
low seismic demands, which often require retrofitting due to an update in the structural design
regulations (i.e., their performance does not comply with new regulations) or those structures
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located in regions where design seismic demand was increased as a result of new data on the
seismic hazard of the site. The case-study structure was designed assuming stiff soil (Soil Class
D in modern standards, e.g., [14,17]), office occupancy, and regular plan distribution and with
no considerable irregularities along with the height. In addition, only the perimeter frames are
considered to withstand lateral loads (i.e., internal frames are connected as gravity frames only),
as it was a common practice in the early 1990s in the United States. Details of the case-study
frame are shown in Figure 1.

A 2-D non-linear Finite Element (FE) model of the north-south direction frames is developed
in OpenSees [18]. Only this frame is considered in the present study, as the structure is fully
symmetric (i.e., torsional effects are negligible). Additional details on the modelling strategy
are extensively detailed in Gutiérrez-Urzta et al. [19].
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Figure 1: Description of the case-study structure: (a) elevation view of the MRF and location of braces in the ret-
rofitting schemes; (b) plan view of the typical storey floor.

2.1 Assessment of the case-study structure

The first and second periods of vibration are T; = 1.88 sec and Tz = 0.52 sec, which is in
agreement with previous studies (i.e., [16]). The mode-shape corresponding to the first mode
(i.e., [0.29 0.66 1.00]) shows a relatively uniform distribution of mass and stiffness along with
the height. Non-linear static analyses, with lateral loads proportional to the first mode-shape
and story mass distribution, are performed to evaluate the local components’ capacity hierarchy
for each PL and to identify the structure’s deficiencies. Figure 2 shows the pushover curves for
the Inter-storey Drift Ratios (IDRs), including markers for each local component type (i.e., col-
umns, beams and panel zones), to indicate at which points each AC is overpassed. The PLs and
AC used in the present study are those defined in the ASCE 41-17 [14]. The green, yellow and
red symbols in Figure 2 are related to the Immediate Occupancy (10), Life Safety (LS) and
Collapse Prevention (CP) PLs, respectively. As observed in Figure 2, the failure of the panel
zones (square markers in Figure 2) is the first mechanism to occur at all storeys and PLs. For
the 10 PL the failure of the panel zones is followed by the columns (circle markers in Figure 2)
at the first storey and the beams (triangle markers in Figure 2) at the third storey. The system
overpasses the 10 PL at a roof drift of 0.11 m (corresponding to IDRs of 0.82%, 1.04% and
0.94% for the first, second and third storeys, respectively). Similarly, the LS and CP PLs are
reached simultaneously at a roof drift of 0.44 m (corresponding to IDR of 3.61%, 3.96% and
3.46% for the first, second and third storeys, respectively), as the AC for the panel zones is the
same in the LS and CP PLs.
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Figure 2: Pushover curves for the un-retrofitted structure. Grey lines relate the IDR at each storey to the roof dis-
placement at every 0.05 m.

2.2 Buckling Restrained Braces (BRBs) retrofitting design

Three retrofit schemes are designed to comply with different design objectives, expressed in
terms of target roof displacements (du). The first retrofit scheme (R-A) is designed to match the
roof displacement at which the first element reaches the CP PL in the MRF structure (panel
zones in the first storey, as observed in Figure 2). This represents the design choice where all
the resources of the structure are exploited to satisfy the CP requirements. The second retrofit
scheme (R-B) is designed based on the roof displacement at which the IDR reaches 2% in any
of the storeys, as this is one of the prescribed design limit established by the AISC 341-16 [20]
for BRBFs. Finally, the third retrofit scheme (R-C) aims at avoiding damage in the MRF; there-
fore, the roof displacement is limited to the step at which any of the MRF elements overpasses
the 10 PL, based on the AC defined by the ASCE 41-17 [14]. Nowadays, there is considerable
interest in the definition of seismic-resilient structures (e.g., [11,21,22]) and this third retrofit
option aims at limiting the damage to the BRBs only at the CP PL hence allowing an easy and
quick repairability of the structure. Table 1 summarises the design limits for the three retrofit-
ting schemes.

Retrofit Desion obiective Target roof dis-

scheme £h ob) placement, du
Avoid the CP PL in the MRF

R-A (according to ASCE 41-17 [14]) 0.44 m
Limiting the IDR to 2% in all storeys

R-B (according to AISC 341-16 [20]) 0.21'm

R-C Avoid the IO PL in the MRF 011 m

(according to ASCE 41-17 [14]

Table 1: Target roof displacements (d,) for the considered design objectives.

The design process is carried out by considering an equivalent Single-Degree-of-Freedom
(SDoF) system approximation [23], based on the bi-linearised (system base shear vs. roof dis-
placement) capacity curves from the original bare frame, with an initial stiffness (ko) equivalent
to the ratio between the 60% of the maximum base shear (Fu), and its corresponding roof dis-
placement. The yielding force and displacement (Fy, dy) are calculated by considering an equal
energy approach (i.e., equal areas under the pushover curves; therefore, defined consistently
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with ko and du), and the equivalent SDoF capacity curves are compared to the seismic demands
in the acceleration-displacement response spectrum (ADRS) plane.

The seismic demands are calculated considering Seattle as case-study region (corresponding
to a moderate seismic region) and following the approach suggested by the ASCE 41-17 [14].
Seismic Risk Category II and stiff soil (Type D) are considered. All the retrofit schemes are
designed by considering the BSE-2E hazard provisions (i.e., 5% probability of exceedance in
50 years); nonetheless, the BSE-2N hazard is also considered, as the code requires to use this
hazard level as an upper boundary in those cases in which BSE-2E results in higher demands.
The response spectra are built aided by the SEAOC’s online tool [24], and further modified to
consider a 3% damping ratio (i.e., spectra are multiplied by a factor B; for BSE-2E and Bss; for
BSE-2N, as specified in ASCE 41-17 [14] and ASCE 7-16 [25], respectively). Figure 3 shows
the response spectra for the BSE-2E and BSE-2N hazard levels for the 3% damping ratio. As it
can be observed, BSE-2N results in lower demands in all periods; therefore, this spectrum is
used for the retrofit design in the present study.
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Figure 3: Elastic response spectra for the design of retrofit schemes, corresponding to the BSE-2E and BSE-2N
hazard levels. BSE-1E and BSE-IN hazards shown for reference purposes.

Figure 4 shows the comparisons between the seismic demand and capacity for the MRF (i.e.,
the red lines) by considering the three target roof displacements. The comparison shows the
inadequacy of the bare frame and hence the need for retrofitting. At the same time, the figures
show the seismic demand and capacity for the retrofitted frames (i.e., the dual system) designed
such that the capacity is able to meet the demand (i.e., the blue lines). The retrofitted capacity
line is the bilinearised form of the trilinear curve composed by the addition of the MRF capacity
line and the BRBF capacity line (i.e., the purple line).The ductility-reduced demands [23] are
obtained after bi-linearisation of the systems.

The MRF ductility (uwvrr) is equal to 3.32, 1.74 and 1.17 for the R-A, R-B and R-C schemes,
respectively, while the BRBF ductility (usrsr) is designed as 18, 14 and 8. The resulting system
ductility (ups), defined as the ratio between the ultimate and yielding displacements in the dual
system bilinearised curve (du/dy), is equal to 4.74, 4.28 and 4.40. In order to match the BRBF
stiffness and ductility requirements, the SDoF is de-coupled by considering the original mode
shape of the structure, therefore, defining the design requirements at each storey. Finally, the
area and length of the BRBs is defined in accordance to the force and ductility requirements for
the storey, while the area in the complementing elastic brace is defined in accordance with the
stiffness requirements of the storey (i.e., with the elastic brace and BRB working in series). For
a more in-depth discussion on the design method, the reader is referred to Freddi et al. [26].

The nominal material yield strength (fy) considered for the BRBs, correspond to steel ASTM
A36 (fy =248 MPa), which is further increased by 30% for the design, to represent the expected
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yield strength (fye) of the material, based on the ratios provided by the AISC 341-16 [20]. The
design ductility (usrs) of the BRB material is 20, which is within (and consistent with) the
ranges observed in previous experimental work [27]. The elastic braces are made in steel ASTM
A500 Grade C (fy =317 MPa).

The BRBs are modelled in Opensees [18] by using the Stee/BRB material [5], while the
elastic braces are modelled by considering the Elastic material, as they are not expected to yield
at any point due to the lower strength in the connected BRBs. Table 2 shows a summary of the
BRB properties for each retrofitting scheme.
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Figure 4: Bi-linearised pushover curves of the equivalent SDoF bare and retrofitted structures, in comparison
with the demands, presented in the displacement-acceleration response spectrum (ADRS) plane.

BRB device Elastic brace
Model Storey  Area  Length  Area  Length

[mm’] [m] [mm’] [m]

1 1301 2.96 11542 3.09

R-A 2 1115 3.75 5813 2.30
3 693 3.47 4385 2.58

1 5204 1.41 37167 4.64

R-B 2 4460 1.78 23109 4.27
3 2771 1.08 16017 4.97

1 11710 0.70 52383 5.35

R-C 2 10034 0.58 34204 5.47
3 6236 0.54 23280 5.51

Table 2: Characteristics of the BRBs and elastic braces in the different retrofitting schemes.

3 ASSESSMENT OF THE RETROFITTED CASE-STUDY STRUCTURES

After the retrofitting of the case-study building, the structure’s fundamental period is reduced
from 1.88 s, for the bare frame, to 1.06 s, 0.60 s and 0.50 s for R-A, R-B and R-C, respectively.
Non-linear static analyses are performed on the retrofitted structures, and the AC thresholds for
all the structural PLs established in ASCE 41-17 [14] are monitored and shown in Figure 5. For
BRBs, the AC is expressed in terms of plastic deformations and the CP PL is increased from
13.3 to 19 times the yielding deformation, as this value is consistent with the design ductility
of 20.

In the case of R-A, shown in Figure Sa, the structure’s improvement allows reaching base
shear values over 2000 kN, with PLs that are first overpassed by the BRBs at all storeys. How-
ever, the PLs for the panel zones in the IO and CP PLs, closely follows, highlighting the
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adequacy of the design strategy in terms of the distribution of the devices stiffness and strength.
In addition, when the structure reaches a CP PL, columns in the bottom storey are considered
to experience structural damage, as their IO PL is overpassed. In the case of R-B, , shown in
Figure 5b, the pushover curves show higher post-yielding stiffness due to the hardening of the
BRBs, which provide a larger base shear contribution in this configuration. BRBs control the
system failure for all PLs; nonetheless, panel zones reach the IO PL when the BRBs overpass
the LS PL, which suggests that the MRF exhibits damage whenever the BRBs overpass this PL.
Finally, the case R-C, is shown in Figure 5c. In this case the strength and stiffness contribution
of the BRBs is significantly higher, while the BRBs reach the CP LS almost as the panel zones
reach the 1O LS, which suggests that the MRF remains undamaged while the BRBs reaches its
considered failure. It is worth mentioning that the damage scenario observed is consistent with
the design objectives which are also represented by the lines for the design displacement d, (i.e.,
the blue dotted lines) in Figure 5.
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Figure 5: Pushover curves for the retrofitted structures. Grey lines relate the IDR at each storey to the roof dis-
placement at every 0.05 m.

3.1 Fragility of the case-study structure and retrofitting schemes

The fragility of the bare and retrofitted structures is derived based on IDAs [15] by consid-
ering a set of 30 GM records selected from the PEER NGA-West2 database [28]. These GMs
are selected to be in agreement with the BSE-2N spectrum (see Figure 3), with no further dis-
crimination (all types, with no distinction for distances, wave velocities nor significant dura-
tion). Only the acceleration in the x-direction is considered.

Based on the results of the IDAs, fragility curves are derived. These provide the probability
of the Damage State (DS) exceeding a specific PL in a component (or in the system), condi-
tional to the value of the intensity measure (IM), i.e., P(DS > PL | IM). DSs are defined by the
the seismic deformation demands and compared to the capacity (i.e., the element-based AC
related to a PL) for all the considered components. The spectral acceleration corresponding to
the structure’s fundamental period Sa(T1) is considered as IM [29] in the present study.

The fragility curves for the bare and retrofitted case-study structures are shown in Figure 6.
These curves are derived for each element type (e.g., BRBs, columns, beams and panel zones),
while the system fragility is defined by considering a series arrangement of the components,
i.e., corresponds to the first element (of any kind) to overpass the AC for the considered PL. In
addition, fragility curves are built for those cases in which the numerical model does not reach
convergence due to excessive deformation (i.e., collapse cases, as defined by Jalayer et al.) [30].
Nonetheless, these cases occur once the element-based AC is overpassed in all PLs, therefore,
they are simply treated as collapse cases.
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Consistently with the observations from the pushover analyses, the panel zones define the
system fragility for the bare frame, while the BRBs define the system fragility in the retrofitted
cases, i.e., they represent the most fragile components for the whole range of IM values. The
direct comparison of fragility curves for the different retrofitting schemes allows to syntheti-
cally contrast the capacity of the retrofitting schemes, however, it should be noted that it does
not allow to consider the demand changes due to the period shifting, therefore, a comprehensive
comparison requires site-dependent hazard considerations.

As it can be observed, the increase of capacity is reflected in the shifting of the fragility
curves to higher IM values, accordingly with the retrofitting level. The median intensity values
(IMs0) of the retrofitted structures are increased by 136%, 255% and 445% for the R-A, R-B
and R-C retrofitting schemes for the IO PL; by 54%, 80% and 100% for the LS PL; and by
159%, 184% and 207% for the CP LS. The effect of the record-to-record variability is more
noticeable in the retrofitting scheme R-A when compared to R-B and R-C, as reflected by the
lognormal standard deviation £ values. This effect may be related to the larger ductility of the
BRBF in the R-A retrofitting scheme, as highlighted by Freddi ef al. [4]. It is relevant to high-
light that all force-controlled failures (e.g., compression/tension in columns, shear in beams)
occur after all the PLs are overpassed, therefore, they do not influence the fragility curves.
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Figure 6: Element-based fragility curves for the 10, LS and CP PLs. The parameters IMso and f are shown for
each system fragility curve.
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Finally, for comparison purposes only, Figure 7 shows the fragility curves for the monitored
global EDPs, which include the Peak Inter-storey Drift Ratios (PIDRs), the Residual Inter-sto-
rey Drift Ratios (RIDRs) and Peak Storey Accelerations (PSAs). The AC thresholds for the
PIDR of 0.5%, 1.5%, and 2%, suggested by the ASCE 41-06 [31] for braced frames, respec-
tively for IO, LS and CP PLs have been assumed in this study. For the RIDR, an AC thresholds
of 0.5% is used, in accordance with McCormick et al. [9], which was defined with the aim of
controlling building repairability. Finally, the AC thresholds for PSA have been assumed based
on the limits used by the Hazus-MH MR4 Technical Manual [32] for moderate-code structures,
corresponding to 0.5g, 1.0g and 2.0g for the Moderate, Extensive and Complete PLs.

As shown in Figure 7, the median (i.e., IMso) values for the PIDR and the RIDR fragility
curves are increased as the stiffness of the structure is increased, as expected. In the case of the
IM5so for the PSA fragility curves, all the retrofitting schemes exhibit similar values for the first
two thresholds (i.e., 0.5g, 1.0g); however, when the largest acceleration threshold (i.e., 2.0g) is
considered, the stiffest structures exhibit larger IMso values. Similarly to the element-based
fragility curves, the f parameter is larger in the retrofitting schemes with larger ductility in the
BRBF. Also, the dispersion is observed to be larger for the RIDR and PSA fragility curves.
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Figure 7: Global fragility curves for the peak inter-storey drift ratios -PIDR- (top), residual inter-storey drift ra-
tios -RIDR- (middle) and peak storey accelerations -PSA- (bottom), for different performance limits (PLs).
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4 CONCLUSIONS

This paper presented the fragility assessment of a case-study steel Moment Resisting Frame
(MRF) retrofitted with Buckling Restrained Braces (BRBs). Three retrofit configurations were
considered which aimed at achieving different performance levels (PLs): R-A was designed to
protect the MRF elements from reaching the Collapse Prevention (CP) Performance Limit (PL);
R-B was designed to avoid a Peak Inter-storey Drift Ratio larger than 2% at any storey; while
R-C was designed to protect the MRF elements from reaching the Immediate Occupancy (10)
PL. The assessment of the bare frame and of the three retrofitting solutions was carried out both
by pushover analyses and by Incremental Dynamic Analyses (IDAs). IDAs were performed by
using a set of 30 Ground Motion (GM) records, and fragility curves were successively derived
by considering limits for element-based and global Engineering Demand Parameters (EDPs).

The following conclusions can be drawn:

e The R-A fragility was controlled by the BRBs in all PLs, closely followed by the panel zones
in the IO and CP PLs. In the R-B scheme, the BRBs were capable of protecting the MRF
from damage (i.e., overpassing the IO PL) up to a Life Safety (LS) PL in the BRBs. Finally,
the R-C scheme was capable of protecting the MRF from damage up to a CP PL, as originally
intended during the retrofitting design. These observations are made based on both the non-
linear static and the fragility assessments.

e In the case of the global EDPs, the retrofitted structures exhibited a lower probability of
exceeding the PLs for all the values of intensity measure (IM), when compared to the bare
frame. The stiffer retrofitting schemes were capable of reducing the Peak and Residual Inter-
storey Drift Ratios (PIDR and RIDR) for all the values of IM. Conversely, for Peak Storey
Acceleration (PSA), the fragility curves derived by considering low acceleration limits (e.g.,
0.5g and 1.0g) is similar for all retrofitting schemes. For larger limits of acceleration (e.g.,
2.0g), the probability of exceedance is reduced for all values of IM in the stiffer retrofitting
schemes (i.e., R-B and R-C).

e In all fragility curves, the dispersion of the distribution (represented by the lognormal stand-
ard deviation, f) is increased in structures with larger ductility (e.g., R-A) while it is reduced
in structures with lower ductility (e.g., R-C). In all cases, the fragility curves for the RIDR
and the PSA exhibit larger £ values, in comparison to other EDPs. This is consistent with
other studies present in the literature.

e Despite the increase of axial demands in the column and beam elements due to the trussing
effects provided by the braces, none of the retrofitting schemes exhibited force-controlled
failures in these elements earlier than any of the deformation-controlled acceptance criteria
(AC) defined.

e In general, the median capacity (represented by IMso) of the retrofitted structures was bene-
fited from larger retrofitting options, in particular, when large PLs are considered as limits
(e.g., CP). The dispersion of the fragility distribution (f) generally increased when consid-
ering higher PLs, as well as when considering the RIDR and PSA in comparison with other
EDPs. In addition, larger values of § were observed when the Buckling Restrained Braced
Frames (BRBFs) within the dual systems were designed for larger ductility targets (e.g. R-
A).

It is noteworthy that the comparison in terms of fragility only does not provide information
on the retrofit’s effectiveness, as it considers the variation of the capacity alone. Future work is
required toward the inclusions of considerations related to the seismic demand variation for the
different retrofit options (e.g., risk definition).
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