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ABSTRACT

The use of buckling-restrained braces (BRBs) is an effective strategy for improving the seismic performance of existing structures.
BRBs can be included within existing frames, creating an additional load path and contributing to their strength, stiffness, ductility,
and, in turn, energy dissipation capacity. However, BRBs are typically inserted within the structural mesh of the existing frames,
thus requiring the demolition and reconstruction of non-structural components. The present study explores the seismic retrofitting
of existing steel structures, considering an external placement of BRBs to minimize the invasiveness of the intervention scheme
and, consequently, business interruptions and indirect losses. A two-story steel moment-resisting frame (MRF) designed primarily
for gravity loads and retrofitted with BRBs placed externally to the frames were considered for case study purposes. The research
includes large-scale Pseudo-Dynamic Hybrid tests performed as part of the HITFRAMES (i.e., HybrId Testing of an Existing Steel
Frame with Infills under Multiple EarthquakeS) project funded by the EU-H2020 SERA Consortium in Europe. The experimental
results provided significant insights into the seismic response of the retrofitted structure and allowed the calibration of advanced
3D finite element models. An extensive numerical parametric analysis was performed to investigate some of the key variables
affecting the local and global response of the structure. The results provide valuable insights into effectively implementing this
retrofit solution and the influence of BRB eccentricity on the seismic response.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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1 | Introduction

Steel moment-resisting frames (MRFs) are commonly used
as earthquake-resisting systems in building structures due to
their architectural and constructional benefits, such as open
facades and rapid construction. However, existing steel MRFs
designed before modern seismic design codes have shown
several performance shortcomings following large earthquakes,
for example, [1-4]. While modern design codes, for example,
[5, 6] have addressed most of these issues, many existing steel
MRFs were designed under older regulations, lack adequate
seismic detailing, and often require upgrades to enhance their
performance. To this end, it is essential to develop reliable,
effective, and easy-to-implement retrofit strategies to improve
their seismic performance [7].

A viable and efficient retrofitting solution involves integrating
buckling-restrained braces (BRBs) into existing frames.
Compared to conventional braces, BRBs offer additional
strength, stiffness, ductility, and, in turn, energy dissipation
capacity. This is achieved using an unbonded restraining sleeve,
which prevents the steel core from buckling, allowing nearly
symmetrical hysteretic loops and large energy dissipating
capacity [8-11]. Many research studies investigated the behavior
of BRBs and their effectiveness in improving the seismic
performance of newly designed and retrofitted structures,
including large-scale experimental tests on reinforced concrete,
for example, [12-16] and steel frames, for example, [17-22],
extensive numerical studies, for example, [23-31] and the
definition of optimal design methods, for example, [32-36].

BRBs are typically installed by aligning the diagonals within
the plane of the frames. Thus, their installation requires the
removal of non-structural components, such as infill walls, as
part of the retrofit intervention. This process often results in
prolonged business interruptions and additional retrofitting
costs, representing one of the main limitations to the widespread
application of this retrofit strategy. Various innovative solutions,
such as exoskeletons, for example, [37-39], have been explored
to overcome these challenges. In such solutions, the existing
structure is retrofitted with braces placed externally to the frame
[40, 41] or by connecting the structure to a parallel system,
providing additional stiffness, strength, and ductility. This results
in a reduction in the imposed seismic demand in the components
of the existing frame, thereby protecting them from damage.
Such solutions offer the advantage of minimal disruption to daily
building use, making them highly favorable for practical imple-
mentation. However, aspects like integrating exoskeletons within
steel frames and incorporating dissipative devices like BRBs have
received limited attention and require further investigation.

In such retrofit solutions, the design of the connections of the
braces to the existing frame represents one of the most critical
aspects. As highlighted by the AISC Design Guide 15 [42], seismic
retrofit of existing steel buildings via bracings requires proper
detailing of the connections that should be adequately stronger
than the expected resistance of the connected braces. However,
guidance is given for in-plane connections of internal braces,
while no specific recommendations are provided for eccentric
connections of externally located bracings. Design recommenda-
tions for conventional in-plane connections of both conventional

braces and BRBs can be found in the AISC standards [6] and in the
second generation of Eurocode 8 [43], where a specific Annex pro-
vides rules and guidance for in-plane gusset connections of brac-
ings internally placed into the main plane of the frame. However,
neither North American nor European codes give recommenda-
tions for eccentric connections of externally placed bracings, even
though such types of connections have specific features that may
highly affect the rigidity, resistance, and ductility of the connected
braces, that is, the deformability of the connections can limit
the effectiveness of the bracing systems in developing their full
ductility. The eccentricity is also responsible for secondary effects
(e.g., torsion on columns and beams, bending in the minor axis of
beams, and bending of braces) that may compromise the overall
performance of retrofitted structures. Minimal research has been
carried out in this direction, and there is a significant need for
extended studies to define reliable design recommendations.

The present paper illustrates the second part of the experimental
campaign carried out as part of the HITFRAMES (“Hybrld
Testing of an Existing Steel Frame with Infills under Multiple
EarthquakeS”) project funded by the EU-H2020 SERA Con-
sortium in Europe. HITFRAMES focused on the assessment
and retrofitting of existing (i.e., non-seismically designed) steel
MRFs and included large-scale Pseudo-Dynamic Hybrid testing
(referred to as PsD in the rest of the paper) performed at the
Structures Lab (STRULAB) of the University of Patras, Greece.

The case study building selected for the tests is a two-story
steel MRF designed primarily for gravity loads with insufficient
seismic detailing. The design of the case study building aimed to
replicate the characteristics of an existing steel frame in Amatrice
(Italy), which is considered to be representative of pre-code design
scenarios and was extensively damaged after the 2016 Central
Italy Earthquake [2]. The first part of the experimental cam-
paign aimed to evaluate the performance of the existing frame,
including the influence of masonry infills, and the results are
summarized in Di Sarno et al. [44]. The second part of the exper-
imental campaign discussed and elaborated in this paper focused
on the seismic response of the structure retrofitted with BRBs.

The PsD tests were performed on the bare and retrofitted frame.
The test specimen was a single frame of a two-story steel MRF,
while the rest of the structure (i.e., the numerical substructure)
was modeled in OpenSees [45]. In the retrofitted frame, the
BRBs were installed considering a tailored connection, placing
the BRBs eccentrically to the plane frame. Significant attention
was placed on the connection details for BRBs and their influence
on the response of the tested frame. PsD tests were performed for
increasing intensities of the selected ground motion record. The
experimental tests highlighted large torsional and distortional
deformation in the parts of columns where the BRB connections
were located, which was anticipated to be attributed to the
eccentricity of the BRBs. The experimental results were essential
to validate an advanced finite element (FE) model in ABAQUS
[46] considering system- and local-level response parameters,
including the above-mentioned torsional and distortional effects.
Then, the paper investigates the effectiveness and optimization
of the retrofitting strategy through parametric numerical FE
analyses. The influence of BRB eccentricity on the seismic
response is investigated, and the key parameters affecting the
effectiveness of the solution are identified.
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FIGURE 1 | Prototype structure: (a) plan and (b) elevation views (units in mm).

The paper is organized as follows: Section 2 presents the case
study structure and the relevant details; Section 3 summarizes the
details of the performed PsD tests; Section 4 numerically investi-
gates the influence of the BRBs eccentricity through a parametric
FE analysis; Section 5 describes and discusses the response of
structure with external BRBs; while Section 6 summarizes the
main findings and conclusions.

2 | Case Study Steel Moment-Resisting Frame
2.1 | The Prototype Structure

Figure 1 shows the plan and elevation views of the prototype
structure, which consists of a two-story, one-bay by three-bay
non-seismically designed steel MRF. The building has a constant
inter-story height of 3.4 m and bay widths of 4.65 and 8.65 m,
respectively, along the x- and y-directions. The total dimensions
of the building are 13.95 m by 8.65 m in plan and 6.8 m in height.
The building was designed for gravity loads only following the
European design code for steel buildings, Eurocode 3 (EC3) [47],
assuming a non-structural permanent load equal to 2.58 kN/m?
and an imposed load equal to 3 KN/m?. Furthermore, as per the
EC3, wind loads are considered negligible for low-rise structures,
leading to a complete lack of lateral load-resisting systems in
the frame design. The steel profiles were HE 220 A, IPE 240,
and IPE 160, respectively, for columns, primary and secondary
beams, with the weak axis of columns in the x-direction. A
steel grade S355 (f, = 355 MPa) was adopted for beams and
columns. All primary beams were connected to columns through
full penetration welds, and columns were fixed at the base. A
200-mm-deep concrete slab was also considered for each story.
The mass of the prototype building was equal to 117.0 and 95.0
tons, respectively, for the first and second stories. The interested
reader can refer to Di Sarno et al. [44] for additional details on the
prototype structure.

2.2 | The Scaled Structure—Scaling and
Similitude of the Prototype Building

The prototype structure was scaled down by a factor 4 = 0.75
for the experimental tests according to the lab capabilities and
following the same strategy used in Di Sarno et al. [44]. The
prototype structure after scaling is then referred to as the “scaled
structure” in the remaining part of the paper. The model scaling
was implemented assuming acceleration and material scaling

TABLE 1 | Similitude scaling factors with 1 = 0.75.

Parameter Scaling factor
Density A1=133
Stress, strain, angular deform., acceleration A% =1.00
Period, time, velocity 1703 =0.87
Length, linear deform., stiffness Al=0.75
Force, weight, mass, area A*=0.56
Volume, section moduli, moment 3 =0.42
Moment of inertia A4=0.32

identity, as summarized in Table 1. Such a scaling factor (SF)
is typically considered adequate for investigating the frame’s
seismic response at the global and local levels. As a result of
the model scaling, the steel frame’s story height and bay width
were reduced to 2.5 and 3.5 m, respectively, and the columns’ and
beams’ profiles became HE180A and IPE200.

2.3 | BRBs Design and Numerical Modeling

According to Eurocode 8-Part 3 (EC8-3) [5], the BRBs design
should allow the retrofitted steel MRF to meet the requirements
for a new structure, as per Eurocode 8-Part 1 (EC8-1) [43]. BRBs
were installed in the central bay of the steel frames only; hence,
a total of four BRBs (i.e., one per story of two parallel frames)
were used for the retrofitting of the scaled structure. The BRBs
were initially designed according to the procedure described in
Gutiérrez-Urzua and Freddi [30]. The design included modeling
the frame in OpenSees [45], assessing the seismic performance of
the existing structure, and designing the BRBs’ properties to meet
the design spectrum. However, the final choice for the BRBs used
in the experimental campaign was dictated by the availability of
the BRBs from the manufacturer. The selected BRB devices are
the smallest ones available and represent a slightly overdesigned
but still realistic solution to the seismic retrofit of the steel frame.

In this study, the BRBs were made by a series arrangement of an
elastic brace and a BRB device [30]. The properties of the BRB
devices adopted in the present study are provided in Table 2,
where K, is the elastic stiffness, F), is the force at first yielding,
d, is the maximum allowable axial displacement, F; ; and F;
are the yielding forces at stable hysteretic loops in tension and
compression and F, ; and F, . are the maximum forces in
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TABLE 2 | Property of the selected BRB device for retrofitting the scaled structure.

Tension Compression
L (m) K, (kN/m) F, (kN) d, (mm) F, r (kN) F, r (kN) F, ¢ (kN) F,c (kN)
1.535 88 125 20 167 175 191 225

tension and compression, respectively. The elastic braces had
circular tube cross-sections with an external radius equal to
75 mm and a thickness of 10 mm.

2.4 | BRBs Connection Design

Figure 2 shows the geometry of the connection between the BRBs
and the columns used for the specimen. The maximum effect
due to the ultimately expected resistance of the BRBs (alterna-
tively in tension and compression) was adopted to estimate the
design demand on the bolted end-plate connections in terms of
shear force, bending, and torsional moments. The eccentricity
of the BRBs and their tilted position generate moments in
both major and minor axes of the end-plate, as well as shear
force and torsion. The resistance of end-plates was estimated
in accordance with Eurocode 3-Part 1.8 (EC3-1-8) [48]. In par-
ticular, the biaxial moment resistance was evaluated, assessing
the interaction domain in both major and minor axes of the

end-plate connection. The center of compression in the minor
axis was assumed in the central vertical axis (where the vertical
ribs are aligned), while one vertical line of bolts was considered
active in tension. The moment resistance in the major axis was
estimated assuming tension-active bolts solely those in the half
part of the flange. In contrast, the center of compression was
assumed in the centroid of the rib in the opposite half part of
the connection. The shear forces due to torsional moment were
estimated in all bolts assuming rigid in-plane flange, while the
shear forces due to the applied action of the brace were calculated
solely for the bolts in the compression zone.

3 | Pseudo-Dynamic Hybrid Simulation

The details of the experimental tests are illustrated hereafter.
The specimen experimentally tested in the lab was the 1st bay
plane frame of the scaled structure, as shown in Figure 3, and
referred to as the test specimen in the following discussion.

Column High-strength 30, 90 30
(@ (b) o (c) FH—++
-loadable bol o
pre-loadable bolts 20
© ©
End-plate (t = 25mm) O O 40
40
Rib-stiffener (t = 15mm) © © 40
©
Eye-rib (t= 15
ye-rib (1 mm) 400 ”
BRB end-connection O
O © 45
@ @ 100
© N ©
bt
150
FIGURE 2 | BRB-to-column connection details: (a) geometrical configuration, (b) disassembled configuration, and (c) geometric dimension (units
in mm). BRB, buckling-restrained brace.
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FIGURE 3 | Schematic view of the (a) bare and (b) retrofitted test specimens (units in mm).
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FIGURE 4 | (a) Test setup of the bare test specimen, (b) test setup of the retrofitted test specimen, (c through g) BRB’s connection details, (h)

beam-to-column connection, and (i) slab details. BRB, buckling-restrained brace.

Two configurations were considered, namely the bare and the
retrofitted test specimens.

3.1 | Test Setup and Instrumentation

Figure 4 shows the bare (a) and retrofitted (b) test specimen
setup, including details on the installation of the external BRBs
(c to g). The test specimen was built based on the common
European construction practice. The steel frame was welded and
prepared in the workshop and fully assembled in the laboratory.
Asshown in Figure 4a,b, four actuators were employed to conduct
the PsD tests, with two connected to the slab at each story.
The connection between actuators and slabs was designed to
ensure a smooth transfer of stress from the actuators to the test
specimen, as shown in Figure 4i. Two parallel tubular beams
were placed on top of the column base plates and anchored to
the strong floor of the lab, as shown in Figure 4f, in order to
increase the rigidity of the base restraints of the test setup. The
concrete slab was built following the construction of the steel
frame. It is worth mentioning that stiffeners were also adopted to
increase the rigidity of the beam-column connections, as shown
in Figure 4h. Figure 4g shows the connection between the bracing

system and the BRB device. Moreover, Figure 4c—f shows the
eccentric pin connections of the BRBs to the external flange of the
columns.

Additionally, coupon tests were performed on steel pieces
extracted from beams and columns of the test specimen and
conducted according to the BS EN ISO 6892-1 [49] standard. The
experimental mean yield strength and ultimate strength of S355
steel were 424 and 575 MPa, respectively.

The instrumentation for the PsD tests was designed to monitor
the response of the test specimen. Figure 5 schematically shows
the key sensors used in the experimental tests, the results of which
are used in the present paper to validate the FE models. In the
free vibration test, four accelerometers and four displacement-
measuring optical devices (OPT1 to OPT4 in Figure 5) were used
to monitor the story displacements and accelerations. Besides,
two potentiometers (DTB1 and DTB2 in Figure 5) were placed
to monitor any story transversal displacement. Then, during the
PsD tests, the accelerometers were removed from the test setup.
At the same time, a range of additional sensors were installed
to monitor the joint rotations, the column deformations along
the height of the expected plastic hinge zone, and the diagonal
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FIGURE 5 | Location of the key sensors for monitoring the response of the steel frame: (a) BRB test specimen, (b) first floor, and (c) second floor.

BRB, buckling-restrained brace.

elongation of both stories, as illustrated in Figure 5. Furthermore,
twelve strain gauges were employed to measure strains induced
in the selected column, as shown in Figure 5. The axial force and
deformation of BRB devices were also monitored during the tests
(DTA9 and DTAIO in Figure 5). The complete description of the
instrumentation used in the tests and the full data set is provided
in Bousias et al. [50].

3.2 | Ground Motion Record Selection

The East-West component of the August 24, 2016, Central Italy
earthquake recorded at the Station in Norcia, Italy (NRC) was
used in the PsD tests. Such strong motion was considered repre-
sentative of areas with moderate- to high seismicity in Southern
Europe. It was characterized by large spectral accelerations in
the range of natural periods corresponding to bare and retrofitted
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TABLE 3 | Information of the selected ground motion record for the
Pseudo-Dynamic Hybrid tests.

Date M, (-) R,; (km) PGA (g)

August 24, 2016 6.0 15.3 0.35

Note: ID EMSC-20160824_0000006, Station in Norcia, Italy (NRC)-East-West
component of the ground motion. Source: https://esm.mi.ingv.it/.

frames. Table 3 reports the main information of the selected
record, including the moment magnitude (M,,), epicentral dis-
tance (R,,), and peak ground acceleration (PGA). The ground
motion record was obtained from the Engineering Strong-Motion
database (ESM) [51]. The earthquake time history was scaled in
time by a factor of 0.87 according to the similitude scaling in
Table 1. Figure 6a shows the accelerogram of the ground motion
scaled in time, while Figure 6b,c shows its response spectra.

1 L |
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FIGURE 6 | Selected ground motion record: (a) accelerogram, (b) acceleration response spectrum and natural periods of the scaled structure, and

(c) displacement response spectrum.
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FIGURE 7 | Integration of the numerical and physical substructures in the hybrid simulation using NICON-AIO.

3.3 | Implementation of the Hybrid Simulation

In hybrid simulation, the target structure is divided into two
parts: a numerical substructure and a physical substructure. A
part of the target structure whose behavior is of interest or
challenging to simulate numerically is tested in the laboratory
(i.e., the test specimen). In contrast, the rest of the target structure
is modeled, typically using the FE method, and numerically
considered during the test (i.e., the numerical substructure). This
approach allows for an efficient and cost-effective investigation of
the behavior of the system without the need to physically test the
whole structure.

In the hybrid simulation of this study, the 2nd and 3rd bays,
which are not retrofitted by BRBs, were considered as the
numerical substructure. OpenSees [45] was used for modeling
the numerical substructure. In the model, the columns were
modeled with forceBeamColumn element, while the beams were
modelled with elasticBeamColumn elements. For the beams in
the lateral direction, zeroLength elements were added at both
ends of the beam elements to represent plastic hinges. Steel01
material was used for the columns, and Hysteretic material was
used for the beam hinges. The slabs were modelled with rigid
truss elements to represent a rigid diaphragm. Figure 7 illustrates
how the numerical substructure was modelled and integrated
with the physical substructures in the hybrid simulation. At each
time step of the test, the response of the target structure subject
to the input ground motion was calculated through numerical
integration, including the displacements at the interface between
the numerical and physical substructures. The alpha-operator
splitting method [52] was used for the numerical integration. The
interface between the numerical and physical substructures was
assumed to be pin-connected, thereby transmitting no bending
moment through the interface. Thus, the interface was modeled
with hinge nodes in the OpenSees model (highlighted in red
dots in Figure 7). The calculated displacements in the lateral
direction at the interface were imposed on the test specimen
by controlling the four actuators mounted on it. Subsequently,
the restoring force of the test specimen was measured from the
actuators, which was fed back to the OpenSees model to calculate

TABLE 4 | Test matrix for the bare and retrofitted steel frame.

Test Description

BRB component test

Snap-back free-vibration test of the bare frame
PsD test of the bare frame (SF = 0.35)
PsD test of the bare frame (SF = 0.75)
PsD test of the bare frame (SF = 1.00)

PsD test of the retrofitted frame (SF = 1.00)
PsD test of the retrofitted frame (SF = 1.50)

Test specimen
A U AW N =

displacements for the next time step. This process was repeated
throughout the hybrid simulation.

To efficiently perform the above-mentioned process during the
test, an interface software called NICON-AIO was used. The
NICON-AIO was developed based on the generalized hybrid
simulation framework UT-SIM (www.ut-sim.ca) [53], which
incorporates a variety of functionalities required to run the hybrid
simulation, such as data exchange and communication between
the numerical and physical substructures, coordinate transfor-
mations between the calculated and measured displacements
and forces, scaling of the measured displacements and forces for
small-scale test specimens, ramp generation for actuator control,
error compensation, and limit checks. Further details on the
NICON-AIO can be found elsewhere [54, 55].

3.4 | Test Matrix

The test matrix is summarized in Table 4. This includes the
component test of one BRB and several tests of the test speci-
men. The test specimen was first subjected to a snap-back free
vibration test in its bare configuration. A set of PsD tests was
then performed on both the bare and retrofitted configurations,
considering incremental intensities of the ground motion record,
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FIGURE 8 | Finite element (FE) modeling of the test specimen retrofitted with BRBs. BRBs, buckling-restrained braces.

with SFs ranging from 0.35 to 1.50. The SF = 1.5 was adopted to
ensure the yielding of BRBs, such that the full behavior of BRBs
could be observed during the test. The final test with SF = 1.5 was
terminated due to large torsional effects in the columns.

3.5 | Test Results and Numerical Modeling

A refined FE model was built in ABAQUS [46] to investigate
the seismic performance of the retrofitted frame. In addition
to the OpenSees model used for the PsD tests, the ABAQUS
model allows investigating the influence of the local details and
expanding the results through parametric numerical simulations.
Details of the ABAQUS model are presented in Figure 8. All steel
components (i.e., beams, columns, plates, and stiffeners) were
modeled using the C3D8R solid element, which is a general-
purpose linear brick element with reduced integration points.
Young’s modulus and Poisson’s coefficient of the steel were
assumed to be 210 GPa and 0.3, respectively, while its plastic
behavior was defined by a yield stress of 424 MPa and a hardening
ratio of 0.02 according to the results of the coupon tests. Besides,
beams were connected to the web of columns through tie
constraints to simulate the full penetration welds. Similarly, the
stiffeners were also connected to beams and columns through
tie constraints. The concrete slabs in the FE model were also
modeled using C3D8R solid elements, which were simplified as
homogeneous concrete blocks with Young’s modulus equal to

(a) (b)

(© l
(e) *%r

35,000 MPa. The plastic behavior of the concrete slabs was not
defined in the present study since no evident cracking was noticed
during the PsD tests. The slab was connected to the top flange of
beams through tie constraints. Lastly, fixed boundary conditions
were imposed on the bottom of columns and adjacent stiffeners.

In the retrofitted test specimen, the BRB devices and elastic
braces were modeled separately, as shown by the BRB model
in Figure 8. The elastic braces were explicitly modeled as steel
tubes, while the BRB devices were simulated by two parallel axial
connectors. In Figure 8, the layout of the BRB devices is included
for visualization purposes only, as connector elements do not
have a physical shape. The elastic stiffness of the BRB devices,
that is, the combined elastic stiffness of the two connectors, was
equal to 88000 N/m. On the other hand, their plastic behavior
involved the definition of two types of non-linear hardening, that
is, isotropic and kinematic hardening. The isotropic hardening
was solely defined by one of the connectors. Conversely, both
connectors were individually assigned the parameters to define
their kinematic hardening, such that the “true” kinematic hard-
ening of the BRB device could be better captured. The parameters
calibration was performed against the experimental cyclic tests of
a BRB device, as discussed in the following section.

Figure 9 shows the mesh for the relevant elements of the FE

model. A specific mesh density has been identified per element
to obtain a consistent stress and strain distribution. In particular,

(d) ‘ | (®
® ‘ \

FIGURE 9 | Adopted mesh for: (a) end-plate, (b) eye-rib, (c) beam-to-column connection stiffener, (d) column, (e) bolt, (f) beam, and (g) column

flange in the connection zone.
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FIGURE 10 | Cyclic response of the BRB device: Experimental
versus numerical results. BRB, buckling-restrained brace.

end-plates (Figure 9a), eye rib (Figure 9b), and bolts (Figure 9¢)
were discretized by means of a 5 mm mesh, while an approximate
element dimension of 10 mm was used for beam-to-column
connection stiffeners (Figure 9c). Beam and column profiles were
meshed with elements of 10 mm in the connection zones and
25 mm in the remaining regions (Figure 9d.f,g).

3.5.1 | Cyclic Test of BRB Devices

The behavior of the adopted BRB devices was experimentally
investigated through a cyclic test. The loading scheme involved
five cycles at +5 and +10 mm, respectively, and ten cycles at
+20 mm, which is the maximum allowable deformation of the
adopted BRB device. The obtained cyclic response of the BRB
device is presented in Figure 10. The adopted BRB device had
a capacity of ~175 and ~225 kN in tension and compression,
respectively, consistent with the properties provided by the
manufacturer, as summarized in Table 2.

The properties of the two connectors used for the FE model
of the BRB device are reported in Table 5. The hardening
behavior of such connectors is controlled by Equations (1) and
(2). Equation (1) describes the yield surface size for non-linear
isotropic hardening, where F° represents the yield surface defined
as a function of the equivalent plastic deformation @?!, F|, is
the yield force at zero plastic deformation, Q;, is the maximum
increase in the size of the yield surface, and b is the rate at
which the yield surface increases. On the other hand, Equation (2)
describes the non-linear kinematic hardening, where « is the
backforce, and u*! is the plastic deformation. Moreover, C and y
are parameters calibrated from the test data, which respectively

TABLE 5 | Parameters defining the non-linear isotropic and kine-
matic hardening of the cyclic behavior of the simplified BRB model using

connectors.
Flo (kN) Q;y (kN) b C(kN/m) vy
Connector 1 75 75 0.003 55 1.25
Connector 2 — — — 3 0.25

represent the initial kinematic hardening modulus and the
rate of the decrease of the kinematic modulus with increasing
plastic deformation. In the present study, two pairs of C and y
parameters were used to describe the kinematic hardening of
the BRBs; hence, two parallel connectors were included in the
model.

Figure 10 shows a satisfactory match between the cyclic experi-
mental and numerical results of the BRB device. However, some
limitations can be observed. The model was able to correctly
simulate the capacity in tension (i.e., ~175 kN); however, the
built-in material model in ABAQUS was unable to correctly
reproduce the asymmetric behavior in compression, that is,
the capacity in compression is the same as in tension, result-
ing in ~22% lower force than the actual capacity. The use
of a compression-only spring could compensate for the extra
capacity in compression, as done in the study by Tsai et al.
[56]. However, this approach was not followed in the present
study. The adopted strategy was considered the best compromise
between the complexity of the model and the accuracy of
the results. This difference in the experimental and numerical
results at the component level only had a limited impact on
the final numerical simulations, as demonstrated and discussed
afterward.

FO = Fly+ Quy (1 - e-b“"’) )

a= % (1 - e‘y"pl> 2

3.5.2 | Test Results and Validation of FE Models

The snap-back tests allowed the calibration of the stiffness
of the FE model for the bare configuration corresponding to
Tipare = 0.532 s. The numerical simulations of the PsD tests
were performed by applying the story displacement histories
recorded during the PsD tests to the FE model, allowing a
direct comparison of the results. Figures 11 and 12 show the
experimental versus numerical results for the bare test specimen
for Test 4 (SF = 1.00-see Table 4). The results of the bare test
specimen were used for FE model calibration at global and local
levels.

Figure 1la shows the story displacement histories, while
Figure 11b,c shows the comparison of the story shear forces.
The bare test specimen experienced a maximum inter-story drift
ratio (IDR) of ~1.8% and ~2.5% at the first and second stories,
respectively. Figure 12 shows the experimental versus numerical
results for the strains in one of the columns (see Figure 5 for the
position of strain gauges). Minor yielding occurred at the base of
the monitored column, with strain recordings slightly exceeding
the yield strain of ~0.002 (i.e., SG2 and SG6). Such comparisons
show an excellent agreement between the experimental versus
numerical results at both global and local levels. The maximum
error between the experimental and numerical results was
approximately 15%.
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FIGURE 11 | Experimental versus numerical results for the bare test specimen for Test 4 (SF = 1.00-see Table 4). (a) Displacement time histories
at the 1st and 2nd story, (b) story shear at the 1st story, and (c) story shear at the 2nd story.
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FIGURE 12 | Experimental versus numerical results for the bare test specimen for Test 4 (SF = 1.00-see Table 4). Strain gauges readings at different
locations in a first story column (see Figure 5 for strain gauge location).
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FIGURE 14 | Experimental versus numerical results for the retrofitted test specimen for Tests 5 and 6 (SF = 1.00 and 1.50-see Table 4). Axial forces

in BRBs at (a) 1st and (b) 2nd story. BRBs, buckling-restrained braces.

Figures 13, 14, and 15 show the experimental versus numerical
results for the retrofitted test specimen for Tests 5 and 6 (SF = 1.00
and 1.50-see Table 4). Test 5 was completed by applying the full
acceleration time-history. Conversely, Test 6 was interrupted after
approximately 4 s of the time-history due to excessive torsional
deformations in the columns and out-of-plane displacements of
the frame.

Figure 13a shows the story displacement histories highlighting
that, during Test 5 (SF = 1.0), the introduction of the BRBs
reduced the maximum IDRs to ~0.9 and ~1.5%, respectively, at
the first and second story. These values are ~50% and ~40%
smaller than those recorded during the test of the bare specimen.
Besides, during Test 6 (SF = 1.5), the maximum IDRs reached

values of ~2.2% and ~2.8%, respectively, at the first and second
stories, after which the test was stopped. Figure 13b,c shows
the comparison of the story shear forces. These results showed
that the FE model slightly underestimates the shear force in the
negative direction (i.e., with the BRBs in compression).

Figure 14 shows the experimental versus numerical results for the
forces in the BRBs. The FE model tends to slightly overestimate
the BRBs forces in tension and underestimate them in compres-
sion, with an error of up to 35%. This was due to several reasons,
including the limitations of the BRBs modeling previously
discussed and the tolerance in the pin connection of BRBs, which
played a role in the experimental response. This tolerance was
not included in the ABAQUS model, leading to overestimating
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FIGURE 15 | Experimental versus numerical results for the retrofitted test specimen for Tests 5 and 6 (SF = 1.00 and 1.50-see Table 4). Strain gauges

readings at different locations in a first story column (see Figure 5 for strain gauge location).
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FIGURE 16 | Experimental versus numerical results for the retrofitted test specimen after Test 6 (SF = 1.50-see Table 4). Damage observed in the

test specimen versus (b) stress distribution and (c) PEEQ and in the numerical model.

the forces in BRBs, especially for small displacements. Despite
the differences in terms of story shear and forces in BRBs,
Figure 15 shows an excellent agreement in terms of experimental
versus numerical strains in the monitored column, characterized
by a maximum error of 15% (see Figure 5 for the position of strain
gauges). Lastly, Figure 16 shows the damage observed in one of
the columns of the test specimen at the end of Test 6. It can be
observed that the column web was fractured at the connection
zone due to excessive torsional and distortional deformations.

Such damage was anticipated from the FE model, which shows
high-stress concentration (Figure 16b) and equivalent plastic
strain (PEEQ, Figure 16¢) where the fracture occurred. Overall,
the comparisons show a satisfactory agreement between the
experimental versus numerical results at both global and local
levels.

Although some simplifications were introduced in the model,
in the Authors’ opinion, the adopted strategy is the optimal
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FIGURE 17 | Validation of the simplification of bolted connections using tie constraints: (a) complex versus simplified modeling strategy, (b)
response of the first story, and (c) for the second story during Test 6 (SF = 1.50-see Table 4).

compromise in terms of computational efficiency and accuracy
of the results.

3.6 | Simplification of Bolted Connections

To further reduce the computational effort in numerical sim-
ulations, a simplified model was introduced to simulate the
connection between the flush end-plate of BRBs and the flanges
of columns. In particular, the complex connection simulating
contacts and pre-loads in the bolts was simplified by a tie
constraint, as shown in Figure 17a. Figure 17b,c compares the
story shear versus IDRs for the first and second stories during
Test 6. The comparison highlights that the complex (i.e., bolts
modeling) and simplified (i.e., tie constraint) modeling strategies
show similar results. Hence, such simplification was adopted for
the following analyses.

4 | Evaluation of the Influence of BRB
Eccentricity

The outcomes of experimental tests in the previous section high-
lighted the expected torsional and distortional deformation in
columns due to the BRBs eccentricity and allowed the validation
of a detailed numerical model. Such a model is used in the present
section to further investigate the influence of BRBs eccentricity
through a parametric analysis. An equivalent numerical model
of the steel frame with in-plane BRBs was created and used as a
benchmark for comparison with different configurations incor-
porating external BRBs. A parametric analysis was conducted to

investigate the influence of the torsional and distortional stiffness
of columns on the seismic response of frames with external BRBs.

The FE models used in this section focus on the same steel
frame and retrofit configuration investigated in the PsD tests. The
BRBs were assumed to possess the same mechanical properties
described in Figure 10. Nonetheless, as the adopted FE model
could not capture the asymmetric behavior of the BRB devices
under cyclic loading, pushover analyses were performed sepa-
rately in the tensile and compressive directions. To this end, the
FE model of the BRB devices was updated using the same two-
parallel-connector configuration but with modified properties
assigned to each connector, as summarized in Table 6. The
isotropic hardening was not defined in this case, as it was not
required in pushover analysis. However, an elastic connector was
adopted in the BRB model to simulate yield stress increase due to
isotropic hardening, as shown in Figure 18. For the sake of brevity,
the following section presents the results of pushover analysis
only for the BRBs subjected to tensile forces. Similar considera-
tions can be made for BRBs subjected to compressive forces.

TABLE 6 | Parameters defining the monotonic behavior of the
connectors in the modified BRB models.

K(kN/m) F,(kN) C(kN/m) vy

Tens  Connector1 86 68 65 1.25
Connector 2 2 — — —
Comp Connector 1 83 66 65 1.25
Connector 2 5 — — —
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FIGURE 18 | Cyclic response of the BRBs: Comparison between the
test results and numerical simulation. BRBs, buckling-restrained braces.

4.1 | Parameters Affecting the Effectiveness of
External BRBs

The parametric analysis considers six FE models, as summarized
in Table 7 and Figure 19. Such models consider different positions
of BRBs (i.e., in-plane and external) and different constraints to
avoid the torsional and distortional effects in the columns. Such
constraints are included to simulate the contribution that could
be achieved from tailored steel plates to increase the stiffness of
the connection and/or the stiffening contribution of the concrete
slab. Additional details about the practical implementation
of possible constraints are provided in Section 5. It is worth
mentioning that torsional and distortional constraints (TCDC)
were applied to the middle section of columns within each
connection zone (see Figure 19d).

Figure 19a shows the steel bare frame (Model 1-BARE), while
Figure 19b shows the steel frame retrofitted with BRBs placed
in-plain within the frame (Model 2-BRB_INP), representing
the benchmark BRBs structure. Conversely, Figure 19c shows
the global configuration of the steel frame retrofitted with
BRBs placed externally, as done in the PsD test, and with no
additional constraints (Model 3-BRB_EXT). The above three
models are referred to as the reference models in the following
discussion.

Three additional models were built based on the same global
configuration of Model 3 -BRB_EXT but with the inclusion of
TCDC applied to the columns, as illustrated in Figure 19d. Model

4-BRB_EXT_TCDC included TCDC. A rigid body constraint was
used to prevent the distortional deformation of column flanges,
which tied the displacements of each controlled cross-section
of columns to the displacements of the reference point located
at its geometric center. Boundary conditions were applied to the
reference point to restrain the out-of-plane displacement and
rotation of the controlled sections, thus preventing torsional
deformations. Model 5-BRB_EXT_TC included only the torsional
constraint (TC). The torsional deformation at the controlled sec-
tions was avoided by restraining the inner flanges’ out-of-plane
displacement, while the section distortion was permitted. Lastly,
Model 6-BRB_EXT_DC included only the distortional constraint
(DC). The distortional deformation of flanges was restricted
by using the rigid body constraints as in Model 4. However,
no additional boundary conditions were implemented at the
reference point, thus allowing the torsional deformation of the
section.

The results of the pushover analyses of the different config-
urations are presented in Figure 20 in terms of story shear
versus IDRs. The end of each pushover curve represents the
failure of BRBs due to maximum axial deformation (i.e., 20 mm
in this study). These figures show how the BRBs retrofitting
strategy results in a substantial increase in stiffness and strength.
The comparison between BRB_INP and BRB_EXT (i.e., frames
with in-plane and external BRBs) highlights how torsional
and distortional deformations in the columns affect the stiff-
ness of the frame and force transfer mechanism within the
devices. For instance, the lateral stiffness of BRB_INP was
over five times that of BRB_EXT. It can thus be highlighted
how the BRB_EXT results in lower plastic deformations in the
BRBs and, hence, lower energy dissipation compared with the
BRB_INP.

Figure 20 shows how the BRB_INP and BRB_EXT_TCDC yield
similar results, indicating that the use of in-plane BRBs is
approximately equivalent to the use of external BRBs with
restricted torsional and distortional deformability of columns in
the connection zones. This confirms the importance of these
two key parameters in controlling the effectiveness of the retrofit
strategy with external BRBs. Figure 20 also shows the comparison
of the BRB_EXT_TC with the reference models, highlighting
that the TCs alone do not improve the performance of the
retrofitted frame. Similarly, the comparison of the BRB_EXT _DC
with the reference models shows that the DCs led to a nearly
100% increase in the initial stiffness of the model BRB_EXT.

TABLE 7 | Adopted FE models to investigate the influence of BRB eccentricity.

BRB Torsional Distortional
Model Label position constraint (TC) constraint (DC)
1 BARE None No No
2 BRB_INP In-plane No No
3 BRB_EXT External No No
4 BRB_EXT TCDC External Yes Yes
5 BRB_EXT_TC External Yes No
6 BRB_EXT_DC External No Yes
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(BRB_EXT TC) (BRB_EXT DC)

FIGURE 19 | FE models for the parametric analysis. (a) bare frame, (b) frame with in-plane BRBs, (c) frame with external BRBs, and (d) torsional

(TC) and distortional (DC) constraints in the columns. BRBs, buckling-restrained braces.
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FIGURE 20 | Story shear versus inter-story drift curves. Comparisons of the BRB_EXT_TCDC, BRB_EXT_TC, and BRB_EXT_DC with the
reference models: (a) first story; (b) second story (solid line represents BRB in tension, dash line represents BRBs in compression). BRB,

buckling-restrained braces.

Nevertheless, this intervention did not significantly improve the
frame’s energy dissipation capacity, mainly because the BRBs
were not adequately activated at lower displacements, as in the
case of BRB_EXT_TCDC. Figure 20 shows the pushover curves
with BRB in tension (solid lines). Additional pushover curves

representing BRB in compression were included (dash lines) for
the models BRB_EXT and BRB_EXT_TCDC. Similar consider-
ations can be drawn from those cases. It can be observed that
the cases with BRB_EXT show very similar results. Conversely,
in the cases with BRB_EXT_TCDC the curve for the BRBs in
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TABLE 8 | Additional torsional stiffness to the columns.

Stiffness of the rotational spring (kNm)

1st story 2nd story

Coefficient«  Bottom Top Bottom Top

0.0 0.00 0.00 0.00 0.00
0.5 27.80 2.67 2.67 1.26
1.0 55.60 5.34 5.34 2.52
2.5 139.00 13.34 13.34 6.30
5.0 278.00 26.68 26.68 12.61
10.0 555.99 53.37 53.37 25.22
50.0 2779.96 266.83 266.83 126.10
100.0 5559.93 533.65 533.65 252.19
500.0 27799.64  2668.27 2668.27 1260.95

compression shows a slightly higher hardening, reflecting the
higher post-elastic response of the BRBs in compression.

In all cases, it can be observed that the pushover curves show a
high post-yielding stiffness. On one end, this is due to the stiffness
of the frame, which remains elastic, on the other end, to the
stiffness of the BRBs, which accounts for the isotropic harden-
ing, as discussed at the beginning of Section 4 and shown in
Figure 18.

Itis also noted that, by constraining the torsional and distortional
deformability of columns in the connection zones, damage in
the column (as shown in Figure 16) was effectively prevented, as
no yielding or fracture was observed in columns. It is observed
that the model BRB_EXT_TCDC shows a response similar to
the model BRB_INP where the steel frame remained elastic for
displacements within the capacity of BRBs.

4.2 | Parametric Analysis on the Torsional
Stiffness of Column

The previous section highlighted that external BRBs could
be effective solely if additional measures are implemented
to increase the columns’ torsional stiffness and prevent

flange-to-web distortional deformations. While preventing
distortional deformations can be easily achieved through
stiffening welded plates, increasing the torsional stiffness is a
more difficult task and requires additional investigation.

A parametric analysis was conducted to investigate the influence
of column torsional stiffness on the performance of retrofitted
steel frames, provided that the distortional deformation of
column flanges is prevented. To this end, additional eight FE
models of the retrofitted steel frame were built based on the
configuration of BRB_EXT_TCDC, in which the distortional
deformation of the column flange was prevented at the controlled
sections via the rigid body constraint, as shown in Figure 19.
The additional torsional stiffness provided to the column was
modeled through a rotational spring connecting each reference
point and externally fixed. The stiffness values assigned to the
springs were defined by evaluating the pure torsional stiffness
of the column profile and amplifying them through coefficient
a. The adopted values of the coefficient a are summarized in
Table 8. The torsional stiffness of the column profile is computed
as GJ/L;, where GJ represents the torsional rigidity and L;
corresponds to the height of the BRB connections.

Figure 21 shows the results of the pushover analyses for all the
models with increasing torsional stiffness in terms of shear story
versus IDRs. The results show that by increasing the torsional
stiffnesses, the frame’s response approaches the limit case of
in-plane BRBs (i.e., BRB_INP). The FE analyses showed the
beneficial role of torsionally rigid columns (or the inclusion
of torsional restraints), which allow exploiting the rigidity and
ductility of the braces as well as reducing the flexural demand on
the frame members.

This analysis allows for identifying the parameters affecting the
torsional response experienced by the columns as a consequence
of the use of BRB. A dimensionless parameter § was proposed, as
defined in Equation (3), where F), is the yield force of BRB, e rep-
resents the BRB eccentricity, K, is the column torsional stiffness,
that is, the sum of the torsional stiffness of the column, and the
additional stiffness provided by the spring. In Equation (3), K|, is
the warping stiffness of the column cross-section, and GJ /L is the
pure torsional rigidity of the column. The terms at the numerator
represent the torsional moment applied to the column, while
the terms at the denominator represent the torsional stiffness.

(3)2300 st st (b)2300 Jnd st
St Sto nd sto
=) i 5} i
) )
© 200 © 200
S S
= ----BRB_.INP —a=5.0 = . ~---BRB_.INP —a=5.0
o /I _ _ Q J I 1
ﬁ 100 | —a=0.0 —a=10.0 '5:3 100 | K/ a=0.0 a=10.0
o —a=0.5 a=50.0 o K —a=0.5 a=50.0
5 —a=1.0 —a=100.0 5 ' —a=1.0 —a=100.0
an 0 a=2.5 a=500.0 o 0 ' a=2.5 a=500.0
0 50 100 150 0 50 100 150
Displacement (mm) Displacement (mm)
FIGURE 21 | Story shear versus inter-story drift curves. Comparisons between models with increasing torsional stiffness and the reference model

with in-plane BRBs: (a) first story and (b) second story. BRB, buckling-restrained braces.
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FIGURE 22 | Improvement of structural performance with external

BRBs due to increasing column torsional stiffness (see Table 8 and
Equation (3) for the definition of a). BRB, buckling-restrained braces.

Thus, a high § value indicates a more significant impact of BRB
eccentricity.

Fe Fe Fe
=g = = — ®)

K, K0+a%] _(1+a)%

Based on the definition of 8, several measures can be taken
to reduce the impact of BRB eccentricity, such as selecting
a BRB with low yield strength, minimizing the eccentricity
of BRB connections, and/or increasing the column torsional
stiffness. However, the former two are usually restricted by
design requirements and geometric limitations and, hence, may
not be easily achieved. Figure 22 illustrates the effectiveness of
increasing column torsional stiffness to mitigate the impact of
BRB eccentricity. The horizontal axis is related to 1/(1 + «),
which represents the variable component of the parameter
that decreases by increasing the column torsional stiffness. In
contrast, the vertical axis represents the IDRs normalized to the

Perspective view

IDRs of the BRB_INP model at the failure of BRBs. Figure 22
shows that the improvement in the structural performance
is limited for 1/(1 + a) > 0.25 (i.e., @ < 3), and significant
improvements are obtained starting from 1/(1 + a) < ~0.1 (i.e.,
a > ~10).

5 | Local Retrofit of the BRB Connections

This section investigates the response of the structure with exter-
nal BRBs by explicitly considering the contribution of transverse
beams and slabs to the column torsional stiffness and the impact
of stiffening welded plates to avoid distortion of the sections.

The BRB retrofitting was applied to the scaled structure intro-
duced in Section 2 instead of the plane frame considered in the
PsD test and the parametric analysis. Figure 23 shows the FE
model of the 3D structure (denoted as BRB_EXT_PT), which was
built following the same modeling strategies as the plane frame.
To reduce the computational demand, only half the model was
built, including appropriate boundary conditions at the end of the
slab and transverse beams accounting for the symmetry of the
structure. Stiffening plates were applied at the top, mid-height,
and bottom of each BRB connection to avoid the distortion of the
column flanges (Figure 23).

Figure 24 shows the comparisons between the response of
BRB_EXT_PT and the reference models. The results show that
the introduction of the stiffening plates and the slabs effectively
prevents the columns from experiencing large torsional and
distortional deformations. Figure 24a,b shows the results of the
pushover analyses in terms of shear story versus IDRs, demon-
strating that the performance of the BRB_EXT_PT is comparable
to the model with in-plane BRBs. Additionally, Figure 24c,d
shows that the IDRs corresponding to the failure of BRBs are
less than 20% larger than those of the model with BRBs in-plane,
indicating that the retrofit scheme using external BRBs with the

Deflected shape of
columns

Local retrofit

FIGURE 23 | Perspective view of the Model BRB_EXT_PT, details of the local retrofit of BRB connections using stiffening plates and the deflected
shape of columns at the mid-height of connections at the failure of BRBs. BRBs, buckling-restrained braces.
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FIGURE 24 | BRBs axial forces. Comparisons of the pushover curves of Model BRB_EXT_PT with reference models: (a) first story and (b) second

story. BRBs, buckling-restrained braces.

stiffening plates can lead to approximately the same structural
performance as the conventional retrofit approach using internal
BRBs.

6 | Conclusions

This paper investigates the seismic retrofitting of existing steel
structures through buckling-restrained braces (BRBs) placed
externally to the frame to minimize the invasiveness of the
intervention. The paper presents the details of a large-scale PsD
experimental campaign performed on a two-story steel MRF as
part of the HITFRAMES (i.e., Hybrld Testing of an Existing Steel
Frame with Infills under Multiple EarthquakeS) SERA project.
The frame was designed to be representative of existing (non-
seismically designed) structures and was successively retrofitted
with externally placed BRBs. The experimental results allowed
the evaluation of the seismic response of the retrofitted structure,
including the influence of the BRBs placement on the local
and global response. The experimental results were essential
for the calibration of advanced 3D FE models in ABAQUS.
An extensive numerical parametric analysis was successively
performed to investigate the influence of some key variables
affecting the local and global response of the structure and to
provide design recommendations. Based on the results of the
study, the following conclusions are drawn:

* The eccentricity caused by the externally placed BRBs led to
excessive torsional deformation of columns and distortional
deformation of the flange where the BRB connections are
located. For the present case study, this accounted for more
than 80% reduction of lateral stiffness compared to the case of
conventional in-plane placement of BRBs;

* The implementation of external BRBs without additional
details to increase the stiffness of the connections could not
adequately activate the BRB devices at low displacements;
hence, it did not allow to achieve a performance comparable
to conventional solutions with in-plane BRBs;

* The influence of the eccentricity of external BRBs can be
reduced/removed, providing that sufficient constraints were
applied to restrain the torsional and distortional deformation
of columns simultaneously; however, restraining solely one

of the former two deformations would not lead to significant
improvement of the structural performance;

* The parametric analysis showed that the relationship between
the increase in torsional column stiffness and the reduction in
interstory drift at BRB failure could be represented by a loga-
rithmic regression. The key regression parameters are defined,
offering some insights into the key parameters controlling the
response;

* For the present case study structure, the parametric analysis
showed that providing that the distortional deformation of
flanges was prevented, the column torsional stiffness at the
joint location should be at least ten times larger to effectively
improve the seismic performance to a level that is comparable
with the case of in-plane BRBs;

* The more comprehensive FE model, also including the
presence of adjacent bays, transverse beams, and concrete
slab, demonstrated that stiffening plates could be used to
prevent the distortional deformations of the section. On
the other side, ensuring proper interactions of the column
with the adjacent beams and concrete slab can provide
the required torsional stiffness. The numerical simulations
demonstrated that the careful design of local measures at the
connection represents a potential solution to address the detri-
mental effects related to the BRBs eccentricity. The results
showed that the proposed solution can lead to a performance
comparable to conventional retrofit strategies with in-plane
BRBs.

The obtained results, from one side, underline the importance
of carefully designing the BRBs’ connection and the impact it
can have on the global response of the frame; on the other side,
they provide important design recommendations for innovative
retrofit solutions with significant benefits in terms of increased
seismic performance and reduced business interruption during
the retrofitting operations.

The results of this study are limited to the considered con-
figuration. Additional studies should be carried out to investi-
gate, numerically and experimentally, different structures, BRBs’
properties, and configurations to generalize the results. The
proposed/identified solution to avoid torsional and distortional
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deformations was investigated only through numerical simula-
tions in ABAQUS. Although these models have been validated
against experimental results, additional tests to validate this strat-
egy would be beneficial. Moreover, the obtained results provide
several insights into the design of the proposed solution, but clear
guidelines are still missing. Further studies are deemed neces-
sary to ensure the adequate performance of externally placed
BRBs.
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