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Abstract

Buckling restrained braces (BRBs) represent an effective strategy for the seis-
mic retrofit of existing steel moment resisting frames (MRFs), as they contribute
to increasing the strength and ductility capacity of the structure. However, cur-
rent design strategies do not provide recommendations on how the performance
increase is achieved. Prioritising either the increase of strength or ductility capac-
ity has an impact on the damage evolution and affects the overall performance
of the structure. A low increase of strength typically requires larger exploita-
tion of the ductility capacity (i.e., damage) of the existing structure, while a high
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increase of strength produces a significant increase of stiffness, which is often
accompanied by an increase of the seismic demands that may limit the effective-
ness of the retrofitting solution. The present study assesses the impact of these
decisions on the overall performance of steel MRFs retrofitted with BRBs. For
this purpose, two MRFs with several BRB retrofitting configurations are used as
case study structures. Finite Element Models are built in OpenSees and assessed
through Incremental Dynamic Analyses to account for the record-to-record vari-
ability. Fragility relationships are derived based on local Engineering Demand
Parameters (EDPs) to describe structural and non-structural damage, as well as
path-dependent damage indicators (i.e., residual drifts and cumulative ductility
in BRBs). A comparison of the overall performance of the structures is carried

out in terms of risk estimates for a high seismicity location.

KEYWORDS
buckling restrained braces, design objectives, local engineering demand parameters, moment
resisting frames, risk assessment, seismic retrofit

1 | INTRODUCTION

Steel moment resisting frames (MRFs) represent a popular structural typology for seismic-resistant buildings due to
their architectural and constructional advantages (e.g., open facades, fast construction); nonetheless, several performance
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limitations have been identified in these structures after strong ground motions."”* Although these deficiencies have
been addressed in modern design codes (e.g., AISC 341-16%), a significant number of existing steel MRFs were designed
according to older regulations and are often found in need of performance upgrades.” Among the retrofitting options, an
increasingly popular approach consists in the inclusion of Buckling Restrained Braces (BRBs) within the frames of the
existing structure (e.g., 6-10) as these devices can provide additional strength, stiffness, and energy dissipation capacity.'"'?
Unlike regular braces, BRBs can develop significant compression capacity thanks to an unbonded restraining sleeve that
limits the steel core from buckling, thus dissipating the seismic energy with nearly symmetrical hysteretic loops.'*'*

Modern seismic retrofitting codes (e.g., ASCE 41-17") and seismic design codes (e.g., AISC 341-16, ASCE 7-16'®) have
incorporated general guidelines for the design of Buckling Restrained Braced Frames (BRBFs). These include require-
ments related to capacity design (e.g., the capacity of connections and adjacent elements larger than BRB’s capacity), BRB
device characteristics, deformation limits (e.g., strain limits, plastic deformation limits, storey drift limits), testing proto-
cols, frame configurations and other general design considerations (e.g., R-factors and m-values for linear approaches).
Nonetheless, they offer design freedom in deciding how the structure meets the seismic demand through retrofitting;
hence, the design can be aimed at increasing the strength or deformation capacity of the structure. The retrofitting of MRF
with BRBs results in a dual system with increased strength and plastic deformation capacity (and, consequently, ductility
and stiffness) with respect to the existing structures through the addition of BRBs. To simultaneously consider both charac-
teristics in the design process, the capacity curve of the structure can be compared to the ductility-reduced (e.g., inelastic)
demand spectrum in the Acceleration-Displacement Response Spectrum (ADRS) plane, as previously done by several
other authors (e.g., 17, 18). Several design methods have been developed for newly designed BRBFs and for the retrofitting
of existing structures with BRBs (e.g., 19-22). The present study uses a design procedure aligned with the one developed
by Ragni et al.,?° as it allows to directly calibrate strength, stiffness and ductility of the BRBs in order to meet specific
design objectives. Nonetheless, prioritising either strength or deformation capacity may allow simultaneously reaching
other performance objectives. For example, the inclusion of “large” BRBs (i.e., large yielding strength and stiffness) can
limit the deformations, thus protecting the structural members in the MRF®7?* and the non-structural components of
the existing structure”; however, it also affects the dynamic response of the structure, which could be accompanied by an
increase in the seismic demands,”’ and a redistribution of forces that would require local retrofitting interventions. On
the other hand, the inclusion of “small” BRBs (i.e., low yielding strength and stiffness) allows the engagement of the exist-
ing MRF in the dissipation of the seismic energy, attenuates the increase of the seismic demands and represents a lower
investment due to smaller bracing systems and minor local retrofitting requirements. Nonetheless, this second option may
result in difficult repairability of the structure after a strong earthquake due to large permanent drifts*>** and damage to
the existing structural and non-structural elements.

The complexity of designing BRBFs is further highlighted when considering the proclivity of BRB devices to fail due to
low-cycle fatigue,?*?°~’ their ability to develop isotropic hardening,'* and the possibility of inducing large residual drifts
in the structure®* as all of these effects are path-dependent. In the present work, these aspects are considered through a
probabilistic-based assessment procedure accounting for the uncertainty related to the record-to-record variability. Sev-
eral studies have made use of fragility curves to relate the probability of exceeding a predefined damage state or failure
condition to a strong-motion shaking severity, quantified by means of an appropriately selected Intensity Measure (IM).
For instance, Castaldo et al.” and Giineyisi® investigated the seismic performance of low-rise structures retrofitted with
BRBs. For this purpose, fragility curves were used, and comparisons were drawn in terms of risk estimates to consider
the shift in demands due to the change in modal properties of the structure. Despite the influence that the design choices
may have on the performance of a (demand-compliant) retrofitted structure, the aforementioned works have focused on
increasing the seismic performance of a structure to meet its demands and to compare it to the un-retrofitted case, thus
overlooking the effects that the design decisions have on the performance of the retrofitted building itself. Only a few
authors have performed parametric analyses to understand the effect of the design decisions (e.g., 23); nonetheless, they
have been mostly focused on Single Degree of Freedom (SDoF) systems, which overlooked local performance aspects.

The performance of the structure is conventionally evaluated based on Engineering Demand Parameters (EDPs)*® and
the comparison between their demand values and acceptance criteria (also referred to as capacity limits). Most research
studies focusing on fragility assessment (e.g., 6, 7, 9, 29) consider global EDPs, as they allow estimating structural and
non-structural damage states with relatively low computational efforts. Among others, the inter-storey drift ratio (IDR) is
a widely adopted global EDP, as it is used as a proxy to synthetically describe the local damage in the structure. However,
as highlighted in previous studies (e.g., 5, 7), the proportionality between local and global EDPs is not necessarily held in
all cases. In addition, the definition of acceptance criteria for IDR at each performance level adds epistemic uncertainty to
the fragility relationships, as they are either established based on code- or literature-based generic structural limits (e.g.,
6) or through mapping processes that rely on simplified correlations (e.g., 30). Thus, the present study makes use of local
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(A) Elevation view (B) Plan view

FIGURE 1 Case study structure A (representative of an existing low-rise steel MRF): (A) elevation view, (B) plan view

EDPs, which allow capturing the structural damage on each element individually, including interaction effects (e.g., axial
loads reducing rotation capacity of columns), to correctly attribute the deformation contribution of elements working in
series (e.g., beams and panel zones), to detect undesired mechanisms (e.g., soft-storey mechanism) and to quantify the
energy dissipation and Cumulative Ductility Demand (CDD) on each BRB.

The present study investigates the effect of the design objectives (e.g., design target drift, hence, BRBs sizing) on the
performance of steel MRFs retrofitted with BRBs by comparing several retrofit configurations. These design objectives
are established in terms of target top storey drift (d,) values. Two steel MRFs are selected as case study structures to
represent two building categories: a low-rise (3 storeys) and a mid-rise building (6 storeys). Fragility relationships are
derived considering local (i.e., component-level) EDPs, to measure the structural damage, global EDPs, to characterise
the non-structural damage, and path-dependent quantities (i.e., residual drifts and cumulative ductility in BRB devices)
to assess the repairability of the case study structures. Finally, risk estimates are derived for each EDP and performance
level by accounting for the seismic hazard related to a high-seismicity region to draw comparisons on the performance of
different retrofitting schemes.

2 | ASSESSMENT AND RETROFITTING METHODOLOGY

The present section presents the methodology followed for the assessment and retrofitting design of each case study struc-
ture. However, to avoid unnecessary repetition, some details are only presented for the low-rise building, referred to as
case study structure A, while later sections present the results for both case study structures.

Case study structure A is based on the pre-Northridge Boston 3-storey structure designed within the SAC Steel Projec
This structure is considered to be representative of low-code steel MRFs, as it was designed following the provisions of
the 12 edition of the National Building Code*” by considering gravity, wind and low seismic demands. This case study
structure was designed assuming stiff soil (site Class D in modern standards, e.g., 15, 16), office occupancy, regular plan
distribution and 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 common practice in the
early 1990 s in the US. In this study, only one of the North-South external MRFs is considered, as the building is fully
symmetric. The material properties for beams and columns are based on the ASTM A572standard, specifically steel Grade
50 (Group 1 f; = 344.74 MPa; E = 199.95 GPa). The nominal value of f; is further increased by 10% to account for the
material overstrength (i.e., to consider the expected yielding strength, f;.), based on the recommendations of ASCE 41-17.
Details of this frame are shown in Figure 1.

The retrofitting aims at improving the seismic performance of the structure to comply with larger seismic demands, as
is the case when there is a change in the occupancy of the building (e.g., housing occupancy to school occupancy) or there
is an update to the hazard maps and/or code regulations. For this purpose, the seismic hazard characteristics associated
with Los Angeles (site Class D) are considered, as they are representative of a site with high seismicity. The retrofitting
is carried out by including two BRBs per storey in a chevron (i.e., inverted “V”) configuration, as shown in Figure 1(A).

t'sl
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Each BRB is composed of a pinned in-series arrangement of a BRB device and an Elastic Brace (EB). The nominal yield
strength of the material used for the BRB device core is considered as f;, = 322 MPa. The Young’s modulus of the BRB
device and EB is considered as E =199.95 GPa.

2.1 | Finite element modelling

A 2-D nonlinear finite element model of the perimeter MRF is developed in OpenSees.** As only one of the external frames
is considered, only half of the storey masses are assigned to the studied frame (i.e., 957/2t for the 15' and 29 storeys, 1035/2t
for the 3™ storey). Gravity loads applied on the case study structure correspond only to the tributary area of the considered
external frame. Columns are modelled based on the distributed plasticity approach to account for the interaction of axial
and bending stresses. Beams are modelled based on the lumped plasticity approach (i.e., nonlinear rotational springs plus
an elastic beam element). The plastic hinges on the beams are calibrated based on the model proposed by Lignos and
Krawinkler,>* modified as suggested by Zareian and Medina® to compensate for the flexibility and damping properties
of the beams. Panel zones are modelled according to the ‘Scissors model*° using two parallel rotational springs. Column
bases are modelled as fixed, as previous studies®” have suggested that MRFs modelled with a fixed base assumption do not
exhibit significantly different behaviour when compared to frames modelled with detailed base plate springs. Damping
is considered by using mass- and stiffness-proportional (i.e., Rayleigh) damping, with a damping ratio {= 3% for the first
and second modes.

Figure 2 shows the hysteretic behaviour of the aforementioned materials and components. Figure 2(A) shows the hys-
teretic behaviour of the steel material used in the columns’ fibres modelled by using the Steel01 Opensees material, with a
post-yielding hardening (8), equivalent to 0.3% of the Young’s modulus (E) and no cyclic degradation. Figure 2(B) shows
the hysteretic behaviour of the beam system (i.e., the nonlinear plastic hinge spring and the elastic beam element), con-
nected in series. The nonlinear spring’s behaviour is modelled using the Bilin material (Modified IMK deterioration
model).*® Panel zones are modelled with Steel0l and 8 = 1% hardening. As a result of the spring configuration, the tri-
linear curve shown in Figure 2(C) is a result of both springs working in parallel. Similarly to the columns, this component
does not consider cyclic degradation.

The modelling approach of the BRBs (including BRB device and EB) is detailed in Figure 3. The BRB devices are mod-
elled using axial-only corotTrussSection elements, characterised by the SteelBRB material,'* while the EBs are modelled
using elasticBeamColumn elements, as they are calibrated based on stiffness demands and checked to avoid yielding. An
additional elasticBeamColumn support element is placed in parallel to each BRB device element in order to provide stabil-
ity in other degrees of freedom. This element is characterised by high flexural stiffness and no axial capacity. Figure 2(D)
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FIGURE 3 Modelling approach for the braces, Buckling Restrained Brace (BRB)
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details the generic hysteretic behaviour of the BRB device element, with hardening parameters calibrated on previous
experimental tests.*"

The addition of the bracing system creates a truss-like cantilever mechanism composed of the added braces and the
existing columns and beams (i.e., a BRBF). As the beam-to-column connections continue to provide a parallel load-transfer
path for the structure, the lateral load-resisting mechanism is formed by a dual system.?* Although some codes require
the MRF to provide a non-negligible lateral capacity to the system (e.g., 25% in the ASCE 7-16), the present paper refers
to the retrofitted structures as dual systems, regardless of the relative contribution of the MRF.

The gravity loads tributary to the non-modelled frames are lumped into a parallel continuous leaning column, similar
to the approach followed by MacRae et al.,* as represented in Figure 1(A). The leaning column is linked to the structure
by rigid truss elements. The objectives of the leaning column are (1) to account for the second-order geometric effects
due to gravity loads (P-A), and (2) to provide continuous lateral stiffness (i.e., spine effects) along with the height of the
structure. The latter issue is especially significant for low-code designed structures, as the stiffness of the gravity frame
could represent a large portion of the overall lateral stiffness.” Each gravity column from the mass tributary area in the
frame (i.e., half of the gravity columns in the building) is modelled as an individual nonlinear fibre-based element and
connected within the same vertical axis. Despite modelling the columns individually, all the elements are connected to
the same nodes acting as a spine element for the structure. This approach effectively functions as a single leaning column
in which their geometric properties are added together; simultaneously, they can be monitored individually. The effects of
the beam-to-column shear connections in the gravity frames can be significant in certain buildings, particularly when the
contribution of the uncracked floor slab is considered in the low performance levels.*’ Nonetheless, the stiffness provided
by these shear connections in the case study structures is negligible when compared to the contribution provided by the
continuity of the gravity columns.*! For this reason, the beam-to-column connections of the gravity frame are assumed as
pinned in the present study.

As the base plates for gravity frames tend to be more flexible than those in the main frame, the modelling of the column
bases for the leaning columns is often assumed as pinned. However, this assumption reduces the lateral stiffness of the
gravity columns at the bottom storey, which leads to a large concentration of demands in the columns of the seismic-
resistant perimeter MRF where the columns are fixed. To reduce this effect, the strength and stiffness of the base plates in
the gravity columns are considered in the numerical model by adding zeroLength rotational springs, which properties are
calibrated based on the approach proposed by Kanvinde et al.*? As the literature describing the design of the considered
case study structures does not include detailing on the base connections of the gravity frame, these elements are designed
by following the approach suggested by the AISC Steel Design Guide.*

2.2 | Assessment of the existing structure

The retrofit design objectives are established by assessing the seismic performance of the bare frame through a first-
mode proportional pushover analysis. The deformation demands imposed on local elements within the MRF (i.e., chord
rotation in beams, chord rotation in columns, and distortion in panel zones) are recorded during the pushover analysis
and compared to the deformation-based acceptance criteria established in the ASCE 41-17 and summarised in Table 1. For
each element type, the ASCE 41-17 defines acceptance criteria at three structural performance levels: (1) the Immediate
Occupancy (I0) structural performance level, where the structure is safe to occupy and retains its original strength and
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TABLE 1 Plastic deformation acceptance criteria according to ASCE 41-17

Immediate Life Collapse
Element Occupancy Safety Prevention
type (I0) (LS) (CP)
Beams 1t02.256, 3t09 6, 4to 110,
Panel zones' 16, 126, 126,
Columns? 05a 0.75b b
!For panel zones with lvg| < 0.4.
2For definition of ‘a’ and ‘b’ refer to ASCE 41-17.">-
(A) (B)
1400 5 1400 1 | ‘
7
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FIGURE 4 Pushover of the bare frame of case study structure A, including markers for the ASCE 41-17 performance levels. (A) Capacity
curves for each storey in terms of IDR and storey shear. Grey lines represent 0.05 m drift intervals of the top storey; (B) Pushover curve for the
structure

stiffness; (2) the Life Safety (LS) structural performance level, where the damaged structure retains a margin of safety
against the onset of partial or total collapse; and (3) the Collapse Prevention (CP) structural performance level, where the
damaged structure continues to support gravity loads but has no margin to withstand lateral loads to avoid collapse.>"

Figure 4(A) shows the relationship between the IDR and the storey shear (Vsorey) during the pushover analysis of case
study structure A; while Figure 4(B) shows the pushover curve in terms of the top storey (i.e., 3™ storey) drift (d) and base
shear (Vg,se)- In addition, the figures indicate the steps at which the demands exceed the code-based acceptance criteria
at each performance level and for each element typology. For case study structure A, the panel zones are the first elements
to exceed the acceptance criteria in all structural performance levels. The IO is first reached by the panel zones at the 1%
storey, for a top storey drift of 0.11 m (IDR of 0.83%, 1.05% and 0.94% for the first, second and third storeys, respectively). The
LS and CP are reached simultaneously for a top storey drift of 0.44 m (IDR of 3.65%, 3.99% and 3.48%), as the panel zones
deformation controls the capacity, and, according to the ASCE 41-17 regulations, their acceptance criteria are identical for
LS and CP. It is noteworthy that the bottom storey columns have already exceeded the IO for this deformation value.

2.3 | Retrofitting design objectives and seismic demand

Seven retrofitting configurations are established in terms of target top storey drift (d,). For this purpose, the properties
of the retrofitting system are calibrated such that its maximum capacity is reached at the desired d, value, as detailed in
Section 2.4. These retrofitting configurations are equally distributed within two boundary design objectives: (1) the lower
boundary (d,, = 0.11 m), in which the design objective is to protect the MRF from damage (i.e., all of the MRF elements
remain below the I0) hence promoting the resilience of the structure (i.e., easy reparability of the structure through
substitution of the BRBs); and the upper boundary (d, = 0.44 m), that represents a design objective in which the MRF
provides a larger relative contribution to the dual system capacity, thus allowing the development of a limited amount
of damage in the existing elements (i.e., any of the MRF elements can overpass the IO, but must remain below the CP).
The other five target top storey drift (d,,) values are defined to investigate intermediate situations, as it is summarised in
Table 2 and illustrated in Figure 4(B).

85UB017 SUOLULLOD AII81D) 3(dfedt [dde 8U) Aq peueA0b 8e SSdILE VO ‘SN J0 S8JNI 0} AIq 1T 8UIUO /8|1 U (SUONIPUOD-pUB-SWSIALI0Y A8 | I AReiq 1 pU1|uD//:SdNY) SUONIPUOD PUe Swie | 8y} 89S *[220Z/0T/yT] uo Akeiqiauliuo A8|IMm 'seoiAls A%iqi TON uopuoabe|i0 AisAluN Aq £T/€0b8/200T 0T/10p/Wod A8 M AReiq iUl juo//:Sdny wol) papeo|umod ‘€T ‘2202 ‘Sv86960T



GUTIERREZ-URZUA AND FREDDI 3137
WILEY 1
TABLE 2 Target top storey drift (d, ) for the retrofitting of the case study structure A
Retrofitting scheme R-1A R-2A R-3A R-4A R-5A R-6A R-7A
Target top storey drift, d, [m] 0.11 0.165 0.22 0.275 0.33 0.385 0.44
FIGURE 5 Site response spectra for Los Angeles, site 25r

Class D with 3% damping, as defined by ASCE 41-17

— BSE-2E

The design of all of the retrofitting schemes is carried out by pairing the damage state associated to the failure of the
BRBs with the hazard associated to CP in the ASCE 41-17. The ASCE 41-17 acknowledges that the performance expected
from retrofitted structures is not necessarily equivalent to the performance of newly built structures (15 §C2.2.1); thus, the
return period of the hazard is established accordingly. For this purpose, the ASCE 41-17 proposes the Basic Performance
Objective for Existing Buildings (BPOE), which, in the case of Risk Category II buildings (as the case study structures),
pairs the CP to the BSE-2E hazard level, which is associated to a probability of exceedance of 5% in 50years (or 975 years
mean return period).

Figure 5 shows the site response spectrum associated with the BSE-2E hazard level for Los Angeles, considering a
site Class D and a 3% damping, as defined by ASCE 41-17. This response spectrum is characterised by Sxg = 1.81 g,
Sx1 = 0.92 g and B; = 0.89. In addition, Figure 5 shows the response spectrum associated with the hazard level required
for new buildings (BSE-2N) for comparison purposes. The BSE-2N hazard is equivalent to the risk-targeted maximum
considered earthquake (MCEg) of the ASCE 7-16, which is defined by considering a uniform-risk approach rather than a
uniform-hazard one and is related to a 1% probability of collapse in 50 years.

2.4 | Retrofitting design procedure

The design of the retrofitted structures considers a dual system configuration, in which the existing MRF and the BRBF
work in parallel. The design procedure for the BRBs is similar to the approach used by previous authors?’ and relies on an
equivalent SDoF approximation.”” The main objectives of the design procedure are: (1) to produce a controlled increase
of the base shear capacity of the system, i.e., the base shear of the dissipative system when added to the base shear of
the bare frame; (2) to increase strength, stiffness, and energy dissipation capacity of the structure while maintaining a
proportional response per storey. In particular, (2a) the strength of the BRBs is distributed among the storeys to produce
the simultaneous yielding of the BRB devices hence maximising the energy dissipation capacity; and (2b) the stiffness and
ductility of the devices are calibrated to allow the BRB device failure to occur about simultaneously at the target top storey
drift (d). The design procedure is illustrated in Figure 6 and summarised as follows:

1. The pushover curve of the bare frame (Figure 4(B)) with the chosen target top storey drift (d, ) is bi-linearised into an
elastic perfectly plastic system based on an equal energy approach allowing the definition of the yielding parameters

(i.e., Fy.mre> dy-MRF)-
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2. The pushover curve of the multi-degree of freedom system (MDOoF) is transformed into an equivalent SDoF system
(i.e., with parameters F*y ygp, d*yvrr, d*,) and compared with the inelastic response spectrum demand within the
ADRS plane’’ (i.e., a*y.mrr = F*yvrp/m* is compared with the seismic demand). As the inelastic response spectrum
depends on the ductility of the dual system (upy, = du/dy-puar), which simultaneously depends on the capacity of the
BRBF, the following iterative procedure is required:

(@)
(b)
©

assume an initial value for ppy,r;

define the corresponding inelastic response spectrum;
define the required capacity in the BRBF (i.e., a*ygrpr = F*y.grpr/m*) by the comparison of the inelastic

response spectrum demand and the capacity of the MRF;

(@)

calculate the initial stiffness of the BRBF (k_grpr) based on the assumed design ductility of the BRBF (ugrpp)-

In the present study, ugrpr is assumed equal to 12.6 for all retrofitting schemes;

(e)
and BRBF;
9]

define the properties of the dual system (i.e., Ko.pyal> @*y-pual> “pual) by summing the contributions of the MRF

repeat steps (b) to (e) with the new up, until convergence is found.

Figure 7 shows the capacity curves for all the retrofitted SDoF structures of case study structure A and the demand

response spectra in the ADRS plane.

85UB017 SUOLULLOD AII81D) 3(dfedt [dde 8U) Aq peueA0b 8e SSdILE VO ‘SN J0 S8JNI 0} AIq 1T 8UIUO /8|1 U (SUONIPUOD-pUB-SWSIALI0Y A8 | I AReiq 1 pU1|uD//:SdNY) SUONIPUOD PUe Swie | 8y} 89S *[220Z/0T/yT] uo Akeiqiauliuo A8|IMm 'seoiAls A%iqi TON uopuoabe|i0 AisAluN Aq £T/€0b8/200T 0T/10p/Wod A8 M AReiq iUl juo//:Sdny wol) papeo|umod ‘€T ‘2202 ‘Sv86960T



GUTIERREZ-URZUA AND FREDDI

WILEY 122

FIGURE 8 Main characteristics of the

«10° (A) Yielding force

(B) Energy

equivalent SDoF systems of case study 5 600
structure A: (A) yielding force, F*y; (B) energy X Dual Sys. 500
(area under the curve), E*; (C) initial stiffness, 4 X BRBF
ko; (D) ductility, u — X MRF 400
z 3 L
- < 300
x> 2 *'_'
~ m 200
1 100
0 0
< < < < < < <« < < < < < < <
= Qe ¥ 9w v 5 T ¥ v v 5
[ - - A - - - [ A - 7R = 7 R = 4
g X 10° (C) Initial stiffness s (D) Ductility
6 12
£ — 9
Z 4 -
o K e xx—X
2 3 M
0 o
< < < < < < <« < < < < < < <
- Qo ¥ v v 5 T ¥ v v 5
[ R - - - - A -/ [ B A A - 7R 7 R = 1

3. The characteristics of the BRBF are transformed back into a MDoF system. The horizontal yielding force and initial
stiffness per storey (Fy.grpr.i> Ko-grpr.i) are calculated as follows:

—_ £3
Fy_prer-i = F'y_BrBrl Vi

MBRBFFy—BRBF-1

Vi

k{)—BRBF—i - du

D, —

D W

where I is the modal participation factor, ®; is the mode shape factor, and v; is the storey shear shape factor defined as

follows:

3
w= Y
' m; P,

n=i

@

. Assuming the Maximum Ductility Capacity (MDC) for the BRB devices (i.e., uggrg = 20 in the present study), the
yielding resistance of the material for BRB devices (fygrg = 322 MPa), and based on strength Fy_ggrpr.i, and stiffness
ko.prpr.i Of the dissipative braces, the properties of the components can be easily derived. The cross-sectional area of
the BRB devices (Aggg) is derived based on the force demand and number of braces per storey Fy prpr.j, while the
length of each BRB device (Lggrp) is based on the plastic deformation required to achieve the target top storey drift, d,.
The properties of the EB (Agg, Lgg) are derived to comply with the stiffness demand per storey kg grgr.i, by considering
a series arrangement of the components.’

Figure 8 shows a summary of the design parameters for the SDoF equivalent systems, including (A) the yielding force of

the bilinear capacity curves, (B) the energy dissipation capacity (i.e., the area under the curves), (C) the initial stiffness and
(D) the ductility. As a general rule, it is observed that the retrofitting schemes with lower target top storey drift (e.g., R-1A)
are characterised by stiffer and stronger dual systems; nonetheless, the energy displaced is lower than in the retrofitting
schemes with larger target top storey drifts (e.g., R-7A). As previously stated, the MDC of the BRB device is considered
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FIGURE 9 Bracing system characteristics of case study structure A: (A) BRBF stiffness per storey; (B) Cross-sectional area of BRB
devices; (C) Length of BRB devices

to be uprp = 20, which is consistent with the values described in previous experimental work.** As a consequence of the
design methodology, the design ductility for the entire BRBF is equal with the ductility of each individual BRB (i.e., BRB
device plus the EB), which for this study is considered ugrpr = 12.6. As a result, when combined with the MRF in a dual
system configuration, the ductility of the entire system ranges from pupy, = 4.47 (in R-5A) to 5.09 (in R-1A), as observed
in Figure 8(D).

The design characteristics of the BRB devices for case study structure A are shown in Figure 9, including (A) the initial
horizontal stiffness at each storey, (B) the cross-sectional area and (C) the lengths of the BRB devices. Although some
of the retrofitting schemes result in dimensions that could become impractical, these extreme cases are included in the
present study with the purpose of covering a large range of retrofitting design solutions within the boundaries delimited
by the IO and the CP structural performance levels in the MRF. In addition, the storey strength and stiffness demands
could be covered by including more BRBs per storey without significantly altering the response of the structure; yet these
assumptions are out of the scope of the present work.

2.5 | Pushover analyses on case study structure A

For the definition of fragility relationships in the structures, this study considers three structural EDPs for the MRF,
including the chord rotation in beams, the chord rotation in columns and the distortion in panel zones, as well as the
ductility in BRB devices. The structural EDPs related to the MRF are evaluated by considering the acceptance criteria for
the three structural performance levels outlined in the ASCE 41-17, previously summarised in Table 1. For the ductility in
BRB devices, the MDC value considered is ugrp = 20.

Figure 10 shows the relationship between the IDR and the storey shear (Vsqrey) during the pushover analysis for all
the retrofitted structures and the bare frame. In addition, the points at which any element of each type (e.g., BRBs, panel
zones, columns and beams) exceeds the acceptance criteria for a given structural performance level at each storey are
marked. As observed, the damage progression is consistent with the boundary design objectives: R-1A reaches the MDC
in the BRBs before the panel zones (and other structural elements in the MRF) reach the 10 structural performance level.
On the other hand, R-7A reaches the MDC in the BRBs, closely followed by CP in the panel zones. The LS structural
performance level does not appear in Figure 10 as the acceptance criteria for panel zones at the LS and CP are the same
(e, A, >126y).

In general, for all performance levels, the panel zones are the critical elements of the bare frame structure; however,
in all retrofitted cases, the BRBs exceed the MDC before the MRF elements exceed the CP. It is also worth highlighting
that, in accordance with the objectives of the retrofitting design methodology, all the BRBs at all storeys show similar
ductility demand values, which allows them to exceed their capacity limits almost simultaneously during the pushover
analyses. Moreover, no force-controlled capacity limits are exceeded, and no soft-storey mechanisms are observed in any
of the cases.
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FIGURE 10 Capacity curves per storey with performance levels for the retrofitted structures (a to g) and the bare frame (h) of case study

structure A. Grey lines represent 0.05 m top storey drift intervals, while red dotted lines represent the step at which the target top storey drift
(d,) value is reached. In addition, the minimum IDR is indicated, based on the first element in the MRF (IDR;, and IDRp) to exceed the
acceptance criteria for a given performance level and the first BRB to reach its MDC (IDRggg)

3 | FRAGILITY AND RISK ASSESSMENT PROCEDURES AND APPLICATION TO CASE
STUDY STRUCTURE A

The bare frame and retrofitted structures based on case study structure A are assessed through fragility and risk analyses
allowing the comparisons in terms of structural damage, non-structural damage, residual storey drifts, and cumulative
ductility in the BRB devices. The fragility relationships are defined through Incremental Dynamic Analyses (IDAs)* by
considering code- and literature-defined limits for various performance levels. Each fragility curve relates an IM with
the probability of exceeding the acceptance criteria associated with a given performance level. In addition, risk estimates
allow the comparison among the retrofitted cases accounting for the variation in terms of capacity of the structures (i.e.,
fragility curves) and seismic demands (i.e., hazard curves) due to the variation of the fundamental period of vibration.

The fragility assessment is carried out by considering a set of 30 ground motion records selected from the PEER NGA-
West2 database.*® These ground motion records are selected by using the BSE-2E spectrum as a reference, considering a
period range from 0.2T}_in to 1.5T_pmax (i-€., from 0.1 to 2.82 s for case study structure A). This period range is based on
the ranges often considered in literature (e.g., 47, 48), which are used to consider the contribution of higher modes and the
possible elongation of the fundamental period. The selected ground motions for case study structure A are characterised
by magnitudes from M,, = 5.2 to 7.36, and correspond to far-field records with a mean significant duration (Ds.gs¢) of
18.59 s, and a mean rupture distance (Rp) of 29.79 km. The spectra for the selected ground motions, normalised by the
peak ground acceleration (PGA) in the design spectrum, are shown in Figure 11. Fragility curves are derived through
an IDA procedure, using the spectral acceleration at the fundamental period of the structure, S,(T;), as IM. The ground
motions are scaled in order to match different values of S,(T;), with smaller discretisation in lower values of intensity
(every 0.02 g up to 0.1 g, and every 0.1 g onwards). The median scaling factors to match the IM associated with the MDC
in BRBs (retrofitted structures) or the CP in the MRF (bare frame structures) range from 5.07 in R-1A to 7.31 in the bare
frame of case study structure A.

Although a comparison between fragility curves allows drawing capacity-based comparisons, the change in the dynamic
properties of the building also affects the demands to which the structure is subjected to. Therefore, a comprehensive
comparison should consider the site-dependent demands in a risk-based approach. Thus, the local hazard information
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for Los Angeles is obtained through the USGS Unified Hazard Tool*’ by using the Conterminous US database (v4.2.0) and
considering site Class D (Vgo = 259 m/s). The hazard curves corresponding to the fundamental period of the bare and
retrofitted schemes of case study structure A are shown in Figure 12.

Thus, the annual probability of exceedance (P;y) is obtained through the convolution of the fragility and hazard curves,
as follows:

dA (IM;)

IM;=IMmax
Py = P (EDP > ACyp, |IM = IM;
w=/ (EDP > ACy v = 1) (G

) d (IM;) (3)

where A represents the hazard’s annual frequency of exceedance and ACpy, is the acceptance criteria (i.e., capacity limit)
associated with a given performance level. The lifetime probability of exceedance (Psyy), which corresponds to the
probability of exceedance in Ty = 50 years, is obtained as follows:

Pspy = P(EDP > ACpy, |50 years) = 1 — (1 — Pyy)'™ 4

3.1 | Structural damage assessment

The local EDPs of the bare and retrofitted versions of case study structure A are recorded throughout the analyses, and their
peak deformation demands are contrasted with the ASCE41-17 acceptance criteria for beams, columns and panel zones,
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FIGURE 13 Structural fragility parameters and risk values for the bare frame and retrofitted schemes of case study structure A at all
structural performance levels defined by ASCE 41-17

at all structural performance levels (IO, LS and CP). Similarly, the ductility demands on the BRB devices are contrasted to
their MDC values. As shown in Figure 13(A), when considering the structural damage in the MRF, the median capacity
(IM5) of all the retrofitted structures is increased with respect to the bare frame for all performance levels. The M5, for
the MDC of the BRBs follows the same trend, as the stiffer frames exhibit the larger median capacity; nonetheless, the
difference between the median capacity values for different retrofitting schemes is not as significant, with R-2A exhibiting
the highest median capacity (1.45 g) and R-7A the lowest one (1.03 g).

When the comparison is performed in terms of risk, all of the retrofitted structures exhibit lower values of risk for the
IO and CP structural performance levels than the bare frame, as shown in Figure 13(C). For the IO, the risk values are
significantly reduced from the bare frame, with 0.55, to the most flexible retrofitted building (R-7A), which exhibits a risk
value of 0.25. From there, the risk values continuously reduce to 0.04 at the stiffest structure (R-1A). In the case of the CP,
this decreasing trend is also observed as the risk value of 0.08 in the bare frame is reduced to only 0.03 in the R-7A and
0.01 in R-1A. Nonetheless, all the CP risk values in the retrofitted structures are lower than their respective risk values for
MDC in BRBs, thus become less relevant.

The risk values for the MDC remain fairly similar for all retrofitting schemes, which is consistent with the retrofitting
design objectives. The risk values oscillate around 0.05 for R-1A to R-4A and slightly reduce to 0.04 for R-5A to R-7A. It
is worth highlighting that the observed risk values for the I0 in R-1A and for CP in R-7A are lower than the risk values
corresponding to the MDC of the BRBs, which is consistent with the design objectives.

3.2 | Non-structural damage assessment

The non-structural assessment is made by considering damage in drift- and acceleration-sensitive components. For this
purpose, the HAZUS MR4 Technical Manual is used as a reference to establish the acceptance criteria for different non-
structural damage state classifications (analogous to the performance levels in ASCE 41-17). In the case of drift-sensitive
components, the manual makes use of IDR limits of 0.004, 0.008, 0.025 and 0.050 for the Slight (S), Moderate (M), Exten-
sive (E) and Complete (C) damage state classifications, respectively. These values are considered the same for all kinds of
structures regardless of the lateral resisting system typology (e.g., braced, MRF). As observed in Figure 14(A), the IMy, val-
ues for the IDRy;5x (i.e., the maximum-over-time IDR in all storeys) increase in larger retrofitting schemes, as it is directly
dependent on the lateral stiffness. On the other hand, the risk values shown in Figure 14(C) follow the opposite tendency
as the bare frame structure exhibits the largest risk values in all damage state classifications. Nonetheless, the risk reduc-
tion is more noticeable when lower damage states classifications are considered. It is noteworthy that the IDRyox limit
values used by HAZUS MR4 are considerably large for the Extensive and Complete damage state classifications; thus, the
non-structural drift values become irrelevant in most cases as they exceed the MDC risk values in which the total loss of
the building is assumed.

In the case of the acceleration-sensitive components, the manual uses storey acceleration acceptance criteria that vary
depending on the seismic design level of the structure. For comparison purposes, in this paper, the limits corresponding
to moderate-code structures are used; thus, the storey acceleration limits are considered as 0.25, 0.5, 1.0 and 2.0 g for
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FIGURE 14 Non-structural fragility parameters and risk values for the bare frame and retrofitted schemes of case study structure A: (A)
to (C) for the drift-sensitive components (measured through IDRy;,x); (D) to (F) for the acceleration-sensitive components (measured
through PSAax)

the Slight (S), Moderate (M), Extensive (E) and Complete (C) damage state classifications, respectively. The maximum-
over-time storey acceleration values (PSAyax) are recorded and compared to the acceptance criteria to derive fragility
curves and risk values, as shown in Figure 14(D) to 14(F). As observed, the addition of a stiffer retrofitting scheme tends
to increase the IMs, values for the PSAy 5%, which is consistent with the observations made by previous researchers (e.g.,
51). However, the larger dispersion values (i.e., 8 in Figure 14(E)) and the higher demand values nullify the capacity gains
and result in risk values that are similar among all structures (Figure 14(F)).

3.3 | Residual drift assessment

In addition to the structural and non-structural damage, the residual inter-storey drift ratio (IDRggs) is a key EDP to
characterise the performance of BRBFs, as the BRB devices are often associated with large residual drifts due to their low
post-yielding stiffness.”>>? According to previous studies,”>* IDRgpg values larger than 0.5% are associated with repair-
ing costs that exceed the costs of replacing the structure. Figure 15 shows the fragility parameters and risk estimates for
the IDRrgs when considering a 0.5% acceptance criterion. In all cases, the retrofitted structures increase their median
capacity with respect to the bare frame structure while increasing their dispersion. The larger retrofitting schemes (short
BRB devices with large cross-sections) are associated with higher IMs, values, as the residual deformation in the BRBs is
proportional to their length. In fact, when considering the risk values, the R-1A to R-5A schemes exhibit lower or similar
values than the risk of exceeding the MDC. Only in the cases of R-6A and R-7A, the risk of exceeding the IDRggg = 0.5%
is meaningfully larger than the risk of exceeding the MDC. It is important to highlight that the current study neglects the
possible re-centring capacity that the MRF elastic strains could provide after the removal of the damaged BRB devices in
the dual system (as they are intended to be fuse elements); thus, the observed residual drift risk values could be lower and
repairability even more feasible.
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FIGURE 15 Fragility parameters and risk values for the bare frame and retrofitted schemes of case study structure A: residual
inter-storey drift ratio (IDRggs)
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FIGURE 16 The ratio between residual inter-storey drift ratios (IDRggg) and maximum inter-storey drift ratios (IDRy»x) at each IM
level, in the bare frame and retrofitted schemes of case study structure A

Figure 16 shows the ratio between the IDRggg and the IDRy5x for all IM values up to the point on which the BRBs reach
their MDC (retrofitted frames) or the MRF reach the CP (bare frame). As observed, the ratio tends to slightly increase when
the more flexible structures are considered. In general, the ratio oscillated around 0.40 for the retrofitted structures, while
the bare frame exhibited significantly larger ratios.

3.4 | Hysteretic energy dissipation and cumulative ductility in BRB devices

The hysteretic energy dissipated through the plastic deformation in the structural elements is a useful parameter to syn-
thetically represent the level of structural damage. For this purpose, Figure 17 shows a synthesised comparison between the
mean hysteretic energy dissipated by the BRB devices and the MRF elements. The energy dissipation is directly recorded
during the analysis by measuring hysteretic loops at each converging time-history analysis, then the mean of the recorded
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FIGURE 17 Comparison of the mean hysteretic energy dissipated by the BRBs and the MRF elements (panel zones, columns and beam
plastic hinges) in the bare frame and retrofitted schemes of case study structure A

values, among all ground motions, is computed for each IM intensity. As observed, all the retrofitting schemes reduce
the mean energy dissipated by the MRF elements, which suggest lower levels of damage in the MRF for all IM values.
Although the energy dissipation alone is not necessarily an indicator of good performance, the comparison allows a syn-
thetic comparison of the engagement level (i.e., damage) of the MRF with respect to the BRBs. As highlighted before, the
concentration of damage in the BRBs and the reduction of damage in the MRF, increase the repairability of the structures,
as the BRB devices can be easily replaced and the MRF are less likely to require repairments.

Some structural elements, such as the BRBs, are explicitly designed to contribute towards the improvement of the per-
formance of the structure through their hysteretic energy dissipation capacity. Nonetheless, despite the apparent benefits
of large energy dissipation in a structure, the use of the hysteretic energy as a sole parameter cannot be understood as a
measure of structural performance, as the hysteretic energy dissipation is also a reflection of damage.

To measure the damage in the BRBs, the present study also considers the CDD imposed on the devices, as previous
experimental studies® have shown their proclivity to develop low-cycle fatigue. The measurement of the CDD in a BRB
becomes a straightforward task, as they can be measured directly from the time-history analyses. However, the definition
of the capacity becomes a more challenging task, as the Cumulative Ductility Capacity (CDC) of a BRB is path-dependent
(i.e., the demand history affects the CDC of the BRB devices).

To overcome this limitation, Andrews et al.”® proposed a method based on a predictive model to estimate the CDC of
BRB devices. This method is expressed in terms of dimensionless parameter ratios and calibrated on an extensive pool of
previous experimental data, comprising 21 BRB device specimens that were cyclically loaded until they developed low-
cycle fatigue. At each point of the load-paths, Andrews et al.”® estimated the remaining CDC by considering the total
capacity, experimentally measured at the end of the cyclic tests, minus the CDD up to the analysed point. The experimental
results were fitted through a regression process to derive the remaining capacity (Cgrgy) model, which includes path- and
non-path-dependent parameters, and is defined as follows:

0.425 0.044 —1.46
_ A L —3.45 f _BRB
CREM =2 21.2 < BRB ) < BRB ) (Ey—BRB) ( u

(ABRB) max (LBRB) gy fy-BrB
—152.9 < MBRB—c ) ~1.12 </~‘BRB—max> (s)
MBRB—ult MBRB—ult
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FIGURE 18 Fragility parameters and risk values for the bare frame and retrofitted schemes of case study structure A for cumulative
ductility in BRB devices

where ¢y ggp is the yield strain of the BRB device core (e.g., fy-gre/Egrp), fy-sre and f, grp are the yielding and ultimate
strength of the BRB core material, uggrp.. is the cumulative ductility at the analysed instant, equal to the sum of plastic
deformation normalised by the deformation at yielding (£A, grg/Ay.BrB)> UBRB-max 1S the maximum ductility that the
device underwent in its path-history since the undamaged state, ugrp.u¢ is the ratio between the ultimate tensile strain of
the BRB device core &, ggp (normally considered as 0.35) and ¢y ggp. Finally, (Agrp)max and (Lgrp)max cOrrespond to the
maximum area and maximum length of the tested specimens, corresponding to 184.6 cm? and 472.1 cm, which were used
as a reference for the fitting of the capacity model.

The first term in Equation (5) includes the non-path-dependend parameters, while the remaining two account for the
path dependant. Therefore, when the remaining capacity is zero (Crgy = 0), the first term in Equation (5) is equal to
the negative sum of the last two. Thus, an EDP related to the cumulative ductility is built by rearranging Equation (5) as
follows:

152.9 < MBRB—c ) +1.12 (MBRB—max )
MBRB—u, MBRB—u,
CDR = BRB—ult BRB—ult (6)

0.425 0.044 345 —1.46
_ ABRrB Lprp =3 Sfu-BRB
(ABRB) max (LBRB)max fy—BrB

such that the cumulative ductility ratio (CDR) is equal to zero when the BRB is undamaged, and equal to one when the
BRB has reached failure due to low-cycle fatigue. Three capacity limits are arbitrarily established for this EDP: CDR = 0.1,
CDR = 0.25 and CDR = 0.5. Figure 18 shows the fragility parameters and risk estimates for all the retrofitted structures
when considering the aforementioned limits for the cumulative ductility EDP. As observed, the stiffer structures exhibit
larger IMs, values; nonetheless, § values remain almost constant for the same acceptance criteria. Thus, those structures
with more flexible retrofitting schemes tend to exhibit higher risk values. Nonetheless, when compared with the risk of
exceeding the MDC, none of the retrofitted schemes exceeds the 0.5 capacity limit, except for R-7A.

It is worth highlighting that the current observations do not disregard the possibility of low-cycle fatigue failure in any
of the schemes, as the present study only considers the CDD corresponding to a single ground motion and disregards the
cumulative damage due to multiple sequential ground motions. Nevertheless, the present values allow drawing general
comparisons on the effects of cumulative ductility on the different retrofitting options.

4 | ASSESSMENT OF CASE STUDY STRUCTURE B

Case study structure B is subjected to the retrofitting and assessment procedures described in the previous Sections. This
building is representative of an existing mid-rise steel MRF structure (6 storeys). The building is based on a modified
version of a mid-rise, pre-Northridge steel MRF designed within the SAC Steel Project.?' The details of case study structure
B are shown in Figure 19.
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4.1 | Characteristics of the structure and retrofitting design

The material characteristics of the case study structure presented in this section match the characteristics of case study
structure A, and the OpenSees numerical models are built by following the same assumptions and by utilising the same
material constitutive models shown in Figure 2. The pushover of the bare frames in case study structure B is shown in
Figure 20. In addition, markers are placed on the steps at which the acceptance criteria for each element typology are
exceeded in all structural performance levels (i.e., IO, LS and CP). As observed, similarly to case study structure A, the
panel zones in case study structure B are the most critical elements in their assessment for the LS and CP (which are
exceeded simultaneously as the acceptance criteria is the same). Nonetheless, the 10 is first exceeded by the columns in
the base, closely followed by the panel zones.

Four target top storey drift (d,) values are established for the retrofitting of case study structure B, all of them within
the I0 and CP boundaries for the MREF, as detailed in Figure 20 and Table 3. The retrofitting scheme design is carried
out by following the procedures detailed in previous sections, and by considering the same site conditions and design
assumptions. The main characteristics of the bracing systems are summarised in Figure 21.
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TABLE 3 Design objectives in terms of target top storey drift (d,, ) for the retrofitting of the case study structure B
Retrofitting scheme R-1B R-2B R-3B R-4B
Target top storey drift, d, [m] 0.33 0.43 0.53 0.64
(A) BRBF horizontal stiffness (B) BRB cross-sectional area (C) BRB length
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FIGURE 21 Bracing system characteristics for case study structure B

4.2 | Risk assessment o case study structures B

Similar to case study structure A, the bare and retrofitted versions of the case study structure B are assessed through IDAs
by considering 30 ground motion sequences. Nonetheless, some of the selected ground motion records differ as they are
chosen to match the site’s design spectrum at different periods of interest ranges (i.e., the 0.2T_,i, to 1.5T_ax are different
for each case study structure). The fundamental period of the bare frame in case study structure B is 2.38 s, while the period
of the retrofitted structures are 0.91, 1.04, 1.22 and 1.45 s for R-1B, R-2B, R-3B and R-4B, respectively.

Figure 22 shows the outcome of the risk assessment for both case study structures and offers a comparison of the results
to evaluate the generality of the previously discussed outcomes. Similarly to case study structure A, the retrofitting with
BRBs allows reducing the structural damage in the MRF elements, both in the IO and CP structural performance levels
of case study structure B. As observed, the risk of exceeding the CP in the MRF of case study structure B is reduced from
0.08 in the bare frame to 0.03 in R-4B and 0.01 in R-1B to R-3B. Moreover, all of these risk values result lower than the
risk of overpassing the MDC in the BRBs, which corresponds to 0.06 in R-1B and R-4B and to 0.04 in R-2B and R-3B.
The decrease from the bare frame to the retrofitted structure is even more significant for the IO, as the risk values reduce
from 0.58 in the bare frame to 0.10, 0.09, 0.10 and 0.19 for the R-1B, R-2B, R-3B and R-4B, respectively. In both case study
structures, the addition of BRBs reduce the structural damage observed in the MRF elements, at all performance levels. In
particular, larger cross-sectional areas in BRBs result more efficient as the structural damage in the MRF is proportional
to the stiffness of the structure. Despite the increase of axial force demands in columns, no force-controlled failures are
observed.

In the case of the risk of damage to non-structural components (second and third rows of Figure 22), the same trends are
observed in both case study structures. When considering the drift-sensitive components, the retrofitting schemes with
larger BRB cross-sections exhibit lower values of risk, as a direct result of the increase of lateral stiffness. Nonetheless, in
the case of case study structure B, the performance gain in-between R-3B to R-2B and R-1B is negligible. In the case of the
acceleration-sensitive components, no meaningful risk reduction is observed in case study structure A with respect to the
bare frame, nonetheless, for case study structure B, the risk values are significantly reduced in the medium retrofitting
schemes, particularly in R-3B, in which the risk values of 0.45, 0.11 and 0.07 in the bare frame, are reduced to 0.17, 0.04
and 0.01 for the Moderate (M), Extensive (E) and Complete (C) damage state classifications.

When comparing the structures in terms of residual drifts, the same pattern is observed in both case study buildings,
as the bare frame structures exhibit the largest probability of exceeding the residual drift acceptance criteria, while the
stiffest retrofitting schemes are less likely to exceed it. In most retrofitting cases, the risk of exceeding the residual drift
limit of 0.5% is lower than the risk of exceeding the MDC in the BRBs. Finally, the CDR in all case study structures follows
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FIGURE 22 Risk values for all case study structures and all considered EDPs

the same pattern, as the most flexible BRBs are more likely to exceed the considered ratios. Nonetheless, none of the cases
exhibit a meaningful probability of exceeding 0.5 times the predicted CDR after a single ground motion.

5 | CONCLUSION

The present study evaluated the seismic performance of two case study Moment Resisting Frame (MRF) structures when
retrofitted by means of Buckling Restrained Braces (BRBs) and evaluated the influence of some relevant design parameters.
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These case study structures are representative of existing low- and mid-rise steel MRFs. Several retrofitting schemes were
proposed for each case study structure and designed by considering large seismic demands. The retrofitting schemes are
designed at various top storey drift (d,) objectives, and delimited by two boundary limits: (1) the maximum top storey
drift permitted to avoid the MRF elements to exceed the acceptance criteria in the Immediate Occupancy (10) structural
performance level; and (2) the maximum top storey drift permitted to avoid the MRF elements to reach the Collapse
Prevention (CP) structural performance level. The bare frames and retrofitted structures were assessed and compared
by considering their structural and non-structural performance and their ability to avoid large residual drifts and avoid
low-cycle fatigue in the BRB devices as a result of Cumulative Ductility Demand (CDD). The main conclusions can be
summarised as:

» All of the retrofitting schemes in both case study structures are capable of reducing the damage to structural components
in the MREF, as the stiffness increase reduce the deformation demands imposed on beams, columns and panel zones.
On these case study structures, the risk of exceeding the Maximum Ductility Capacity (MDC) in the BRBs is larger than
the risk of exceeding the CP in the MRF elements. Moreover, the risk of exceeding the MDC in any retrofitting scheme
is lower than the risk of exceeding the CP in the bare frame, which highlights the efficiency of the retrofitting schemes
in improving the performance of the case study structures.

+ Although stiffer retrofitting options often exhibit higher median capacity values (IMs;) than the more flexible schemes,
the change in their fundamental period increases the demands attraction, effectively nullifying performance increases
as a result of the spectrum-consistent design approach used in this paper. When comparing the risk of exceeding the
MDC among retrofitting schemes, the R-5A, R-6A and R-7A retrofitting schemes exhibit marginally lower values of risk
(around 0.04) than the stiffer options (around 0.05), while R-2B and R-3B exhibit lower values of risk (0.04) than R-1B
and R-4B (0.06).

* In all case study structures, the stiffest schemes provide the lowest risk values against damage of non-structural drift-
sensitive components, as the damage in this component is given as a function of the maximum inter-storey drift ratio
(IDRy1ax)- On the other hand, none of the retrofitting schemes in case study structure A significantly reduced the risk of
damage in acceleration-sensitive non-structural components. Nonetheless, this was not observed on the mid-rise case
study structure B, as the risk values are consistently lower in the medium retrofitting schemes (e.g., R-3B) with respect
to other schemes and the bare frame itself.

* When considering a residual inter-storey drift ratio (IDRggg) limit of 0.5%, all of the retrofitting cases exhibit a significant
risk reduction with respect to their bare frame structures. Moreover, most of the stiffer structures exhibited risk values
that are lower or similar to the structural collapse risk.

* None of the retrofitting schemes resulted in low-cycle fatigue failure in BRBs after a single ground motion; nonethe-
less, it is observed that the more flexible retrofitting schemes make use of larger amounts of the available cumulative
ductility. Thus, in ground motion sequences scenarios, these retrofitting schemes are more likely to develop low-cycle
fatigue failure before the stiffer cases. In addition, these schemes allow larger amounts of damage (i.e., hysteretic energy
dissipation) in the existing MRF structure, therefore, increasing its repairing costs and downtime.

Future research on this topic could be benefited from including cost analyses and ground motion sequences. These
aspects allow enhancing the discussion, including the initial cost of the retrofitting schemes, the cost of replacing the
BRB devices after a strong ground motion (or after large values of CDD) and the cost of repairing the damage in the MRF
during the structurets life span.
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