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Abstract: The use of buckling-restrained braces (BRBs) represents an effective retrofit strategy to significantly
improve the seismic performance of existing structures. BRBs can be included within the existing frames,
creating an additional load path and contributing to their strength, stiffness, and energy dissipation capacity.
However, BRBs are typically placed inside the structural frame mesh, thus requiring the demolition and
reconstruction of non-structural components to be installed. The present study explores the seismic retrofitting
of existing steel structures, considering an external placement of the BRBs to minimise the intervention’s
invasiveness and, consequently, business interruptions and indirect losses. A two-storey steel moment-
resisting frame (MRF) designed primarily for gravity loads and retrofitted with BRBs placed externally to the
frames was considered as case study. The research includes large-scale Pseudo-Dynamic (PsD) tests
performed as part of the HITFRAMES (i.e., Hybrld Testing of an Existing Steel Frame with Infills under Multiple
EarthquakeS) SERA project. The experimental results provided significant insights into the seismic response
of the retrofitted structure and allowed the calibration of advanced 3D Finite Element (FE) models in ABAQUS.
The results provide insights into the effective implementation of this retrofit solution and the influence of BRBs
eccentricity to the seismic response.

1. Introduction

Post-earthquake field investigations continuously highlighted the seismic vulnerability of existing structures
designed prior to the introduction of modern seismic design codes (e.g., GOmez et al., 2015; Di Sarno et al.,
2018; Di Sarno and Wu 2020; Freddi et al., 2021). Typical damage observed on exiting steel moment resisting
frames (MRFs) includes the formation of plastic hinges in the columns, yielding of the panel zones at beam-
column connections, and soft-storey mechanisms (e.g., Gutiérrez-UrzUa et al., 2021). It is nowadays essential
to develop reliable retrofit strategies to effectively increase the seismic performance of such structures.

In this context, the use of buckling-restrained braces (BRBs) represents an effective strategy to increase the
seismic performance of existing structures, including their lateral strength, stiffness, and energy dissipation
capacity (e.g., Soong and Spencer 2002). BRBs are passive energy dissipative devices typically incorporated
within a bracing system (Xie 2005). Such devices contain a yielding core confined by a sleeve, providing
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buckling resistance and allowing them to experience large inelastic deformations both in tension and
compression, showing an almost symmetric behaviour (Zona and Dall’Asta 2012). Several experimental
studies investigated the local response of BRBs (e.g., Tremblay et al., 2006) and their effectiveness in the
seismic retrofit of reinforced-concrete (RC) (e.g., Di Sarno and Manfredi 2012; Della Corte et al., 2015; Wu et
al., 2017; Ozcelik and Erdil 2019) and steel frames (e.g., Fahnestock et al., 2003; Lin et al., 2012; Khoo et al.,
2016; Mojiri et al., 2021). Additionally, extensive numerical studies have also been conducted to assess the
seismic performance of BRB-retrofitted framed structures (e.g., Di Sarno and Elnashai 2009; Di Sarno and
Manfredi 2010; Zona et al., 2012; Gineyisi 2012; Freddi et al., 2013 and 2021; Castaldo et al., 2021) and
explore their optimal design and placement (e.g., Ragni et al., 2011; Sutcu et al., 2014; Barbagallo et al., 2016;
Freddi et al., 2021; Gutiérrez-Urzla and Freddi 2022).

BRBs are commonly installed aligned with the plane of the frames, requiring the removal of non-structural
components, such as the infill walls, as part of the retrofit intervention. This operation typically implies lengthy
business interruptions and represents one of the main limitations to the application of this retrofit strategy.
Several innovative strategies, such as the use of exoskeletons or dissipative towers (e.g., Di Lorenzo et al.,
2023; Gioiella et al., 2018), have been recently investigated to overcome such limitations. In such solutions,
the existing structure is retrofitted with braces placed externally to the frame or by connecting the structure to
a parallel system, providing additional stiffness, strength, and ductility. Such solutions have the advantage of
being implemented with minimal disturbance to the day-to-day use of the building. However, the use of
exoskeletons equipped with dissipative devices, such as BRBs, has received limited attention.

In such solutions, the design of the connections is one of the most critical aspects, as it affects the ability of
the BRBs to fully develop their ductility. Moreover, the failure modes of such connections may impair the global
performance of the retrofitted structures. Guidance on the design of gusset plates for conventional BRBs
connections can be found in the AISC standards (AISC 2016). However, there is still limited guidance on the
design of these types of assemblies, and no prequalified connections have been developed for externally
installed BRBs. Therefore, further investigation should be carried out in this regard.

This paper presents the preliminary work and results of a large-scale Pseudo-Dynamic (PsD) test performed
on an existing steel MRF retrofitted with external BRBs. The tests were performed as part of the HITFRAMES
(i.e., Hybrld Testing of an Existing Steel Frame with Infills under Multiple EarthquakeS) SERA project at the
STRULAB of the University of Patras, Greece. The test specimen was a two-storey existing steel moment
frame designed primarily for gravity loads and retrofitted with external BRBs. Significant attention was placed
on the BRBs’ connection details and their influence on the response of the tested frame. The experimental
tests highlighted the significant torsional and distortional deformation in the parts of columns where the BRB
connections were located, which was anticipated to be attributed to the BRBs eccentricity. Numerical
simulations were performed by an advanced Finite Element (FE) model in ABAQUS (Dassault Systéemes 2014)
to investigate the influence of the connection detail.

2. Case study structure

2.1. The prototype structure

The prototype structure consists of a two-storey, one-bay by three-bay non-seismically designed steel MRF.
The building has a constant inter-storey height of 3.4 m and bay widths of 4.65 m and 8.65 m, respectively,
along the x- and y-directions. The building was designed for gravity loads only following the European design
code for steel buildings, Eurocode 3 (EC3), assuming a non-structural permanent load equal to 2.58 kN/m?2
and an imposed load equal to 3 kN/m2. Wind load was considered negligible, leading to a complete lack of
lateral loading resisting systems in the frame design. The steel profiles were HE 240 A, IPE 270, and IPE 200,
respectively, for columns, primary and secondary beams, with the weak axis of columns in the x-direction. A
steel grade S355 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 considered for
each storey. The final 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., 2021 for additional details on the
prototype structure.
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2.2. The scaled structure

The prototype structure was scaled down by a factor A = 0.75 for the experimental tests according to the lab
capabilities. The model scaling was implemented assuming material scaling identity. As a result, the storey
height and bay width of the steel frame were reduced to 2.5 and 3.5 m, respectively, and the profiles of columns
and beams became HE180A and IPE200. The BRBs were installed in the central bay of the steel frame only;
hence, a total of four BRBs were employed to retrofit the structure.

2.3. Codified assessment of the scaled structure

The seismic performance assessment of the scaled structure was conducted through non-linear static
analyses according to the current Eurocode 8 - Part 3 (EC8-3). A two-dimensional FE model of the frame of
the scaled structure in the x-direction was developed in OpenSees (McKenna et al., 2011), accounting for both
mechanical and geometric non-linearities. Beams and columns were modelled with a distributed plasticity
approach using ‘forceBeamColumn’ elements and fibre sections. The ‘Steel01’ material was adopted for
modelling beams and columns with a yield stress of 424 MPa and 2% hardening. Besides, fully rigid beam-
column connections were assumed in the FE model, and the model was fixed at the base.

A modal analysis was performed to determine the natural periods and mode shapes of the frame. The results
are presented in Table 1. Successively, pushover analyses were performed to assess the seismic performance
of the building. The pushover analyses considered two lateral load patterns according to the EC8-3, namely
‘uniform’ and ‘modal’ patterns. The pushover curves of the prototype building are presented in Figure 1,
including the roof drifts corresponding to the demands (indicated as unfilled dots) and capacities (filled dots)
of each limit state defined in the EC8-3 (i.e., Damage Limitation - DL, green dots, Significant Damage - SD,
orange dots) and Near Collapse - NC, red dots). The seismic demands, i.e., target displacements, were
determined by following the N2 method employed in the Eurocode 8 (EC8-1), while the seismic capacities
were determined by monitoring the end rotation of all beams and columns, according to the criteria in Table 2,
which are defined in terms of multipliers of the yielding rotation 6, of columns and beams. Both demands and
capacities were represented by the roof drift herein. Figure 1 shows that the bare-scaled structure failed to
fulfil the requirements for the DL and NC limit states; therefore, the retrofit was necessary to improve the
seismic performance of the steel frame.

Table 1. Modal characteristics of the scaled structure.

Configuration 15t period [ sec ] 15t mode shape Participating mass [ % ]
Bare 0.94 [0.428, 1.000] 85.27
Retrofitted 0.32 [0.545, 1.000] 91.64

Table 2. Capacity Limits for beams and columns according to EC8-3, valid only for v < 0.3.

Cross section type Limit States

yp Damage Limitation Significant Damage Near Collapse
Class 1 1.0 6, 6.0 6, 8.0 6,
Class 2 0.25 6, 2.0 6, 3.06,

2.4. Design of BRBs and numerical modelling

As per the EC8-3, the design of BRBs should allow the retrofitted steel MRF to meet the requirements of newly
designed structures defined in the EC8-1. Two limit states are defined in EC8-1, namely the Ultimate Limit
State (ULS) and the Damage Limit State (DLS), respectively, associated with return periods (Tr) equal to 475
years and 95 years. The ULS requires the design seismic forces in each structural component not to exceed
the corresponding design resistance, whilst for cases with non-structural elements fixed in a way so as not to
interfere with structural deformations, the DLS requires inter-storey drifts (d/h) not to exceed the value of 1%.

The properties of the BRB devices adopted in the present study are provided in Table 3, where K. is the elastic
stiffness, Fy is the force at first yielding, d, is the maximum allowable axial displacement, F1t and Fic are the
yielding forces at stable loops in tension and compression, and F, 1 and Fyc are the maximum forces in tension
and compression, respectively. The considered model of BRBs is shown in Figure 2. The BRB devices are
arranged in series with an elastic brace to form the bracing system. A truss element was adopted to model the
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axial behaviour of the BRB, while an elastic beam element was adopted to simulate the elastic brace. Besides,
in order to overcome convergence issues, an additional elastic element with flexural and torsional capacity
and negligible axial resistance was included in parallel to the BRB (Gutiérrez-UrzGa and Freddi 2022).
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Figure 1. Pushover curves of the scaled structure with and without BRBs.
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Figure 2. Model of the BRB brace in OpenSees.
Table 3. Property of the selected BRB for retrofitting the scaled structure.
Tension Compression
Ke [KN/m Fy [kN du [mm
o ] v kN « (mm] Fo1 [KN] Fur [KN] Fic [KN] Fu.r [KN]
88000 125 20 167 175 191 225

Figure 1 also shows the pushover curves of the retrofitted scaled structure. It is worth mentioning that two
pushover analyses in opposite directions were performed for each lateral load pattern to account for the
asymmetric behaviour of BRBs in tension and compression. Besides, as shown in Figure 1, the seismic
demands were indicated by the unfilled ‘squares’ to highlight that they were determined based on the limit
states in EC8-1 instead of EC8-3. Figure 1 shows that the use of BRBs significantly increased the lateral
stiffness and strength of the scaled structure. The asymmetric behaviour of BRBs in tension and compression
can also be anticipated from the pushover curves, where the retrofitted frame showed greater strength and
hardening when the BRBs were activated in compression than in tension.

To check the performance of the BRBs-retrofitted frame with respect to the ULS, the bending moment demand-
to-capacity ratios (DCRs) for all beams and columns were examined and shown in Figure 3. The demands
were determined as the bending moment induced on each member at the target displacement for ULS. On
the other hand, the determination of bending moment capacities took into account the interaction with axial
and shear forces, according to the EC3-1. Figure 4 shows that all beams and columns satisfied the ULS
requirements. The most critical bending moment demands were found to be concentrated on the columns on
the lower floor, regardless of load pattern or direction, where the DCRs were approximately 0.4, while all other
beams and columns showed a DCR lower than 0.2. In addition, the response of BRBs is presented in Figure
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4. In all loading cases, the BRBs at the first storey experienced inelastic deformations at ULS, while the BRBs
at the second storey remained almost elastic. Although this does not represent an optimal solution, this was
due to the approach followed that aimed at keeping the BRBs at both stories the same. Moreover, the inter-
storey drift ratio of the retrofitted scaled structure at the DLS is also represented in Table 4, which indicates
that the inter-storey drift ratios at DLS were less than 1%.
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Figure 3. Damage state of the retrofitted scaled structure represented by the bending moment DCR for
beams and columns.
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Figure 4. Monotonic behaviour of the BRBs under tension and compression and their deformation at DLS
and ULS.

Table 4. Inter-storey drift ratio (d./h) of the retrofitted scaled structure at DLS.

Uniform Pattern Modal Pattern

Tension Compression Tension Compression
1st storey 0.40 % 0.37 % 0.35 % 0.33%
2"d storey 0.13 % 0.12 % 0.17 % 0.16 %

2.5. Design of BRBs connection

The above analyses were performed assuming the BRBs pinned to the beam-column intersection without
accounting for the detailed modelling of the connection. In the test specimen, the BRB was connected to the
column, as illustrated in Figure 5. The maxima effects due to the ultimate resistance of the BRBs (alternatively
in tension and compression) were adopted to design the shear, bending, and torsional resistance of the bolted
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end-plate connection. The eccentricity of the BRBs and its tilted position generate moments in both major and
minor axes of the end-plate as well as shear force and torsion. The resistance of the end-plate was estimated
in accordance with the component method as recommended by Eurocode 3 — Part 1.8 (EC3-1-8). However,
the tension-shear interaction was considered for all bolts and their shear forces were evaluated assuming
infinitive in-plane rigidity of the end-plate.

Figure 5: The design of the BRB-to-column connection.

3. Pseudo-Dynamic (PsD) Test

This chapter presents some details of the experimental campaign. The test specimen was a one-bay plane
frame of the scaled structure. Two specimens were considered namely the bare and retrofitted test frame.

3.1. Test setup

Four actuators were used to conduct the PsD tests, with two connected to the slab at each storey. The
connection between actuators and slabs was designed to ensure a smooth stress transfer from the actuators
to the test frame. Two parallel tubular beams were placed on top of the column base plates and anchored to
the strong floor of the lab to increase the rigidity of the base restraints of the test setup. The concrete slab was
built following the erection of the steel frame. Figure 6 shows an overview of the specimen and several details
of the bracing system, including the base plate connection, the connection of the BRB and the elastic brace,
and the eccentric pin connections at the base and at the top. The specimen was extensively instrumented to
monitor the response at the global and local levels. For the sake of brevity, only the storey displacements, the
storey forces, and the response of the BRBs are provided hereinafter.

il
”

T

BRB end connection BEB end connection
(bottom) (top)

Figure 6. Test setup and details of the BRBs.
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3.2. Ground motion selection

The PsD tests were performed considering the ground motion from the 24t of August 2016 at 1:36 am
earthquake recorded at the Station of Norcia, Italy (NRC) in the East-West component (EMSC-
20160824_0000006). The acceleration time histories were available from the Engineering Strong-Motion
(EMS) database (Luzi et al., 2015). This ground motion is considered representative of moderate-to-high
seismicity of some areas in Southern Europe and was characterised by large spectral accelerations in the
range of natural periods corresponding to the bare and retrofitted frames. The ground motion record was
characterised by a moment magnitude (Mw) equal to 6.0, an epicentral distance (Repi) equal to 15.3 km, and a
peak ground acceleration (PGA) equal to 0.35g. It is noteworthy that the time of the GM record was scaled by
a factor of 0.87 due to the model scaling.

3.3. Testing procedures

The PsD tests were conducted on the test frame via hybrid simulation (Kwon and Kammula, 2013). Hybrid
testing allows the simulation of structures by representing critical components with physically tested specimens
and the rest of the structure with numerical models. In this study, the investigated structure consisted of three
bays along the x-direction. The hybrid tests numerically simulated the two external frames (not retrofitted with
BRBSs), while the central bay (with BRBs) was physically tested in the lab. In the numerical simulation, the two
external frames were connected through a hinge to the central frame, neglecting the bending moments’
contribution at beam-column connections.

The test matrix consisted of dynamic identification tests (i.e., snap-back test) of the bare frame and a set of
PsD tests with different ground motion intensities on the bare and retrofitted frames. Tests were conducted
with incremental intensities of the selected ground motion record, with scaling factors (SF) ranging from 0.35
to 1.50. The present paper briefly discusses only the test of the retrofitted frame with SF = 1.0.

4. Tests’ results and Finite Element (FE) simulations

Figure 7 shows the refined FE model of the test frame developed in ABAQUS. All steel components (i.e.,
beams, columns, plates, and stiffeners) were modelled using the C3D8R solid element. The Young’s modulus
and Poisson’s coefficient of steel were assumed to be 210 GPa and 0.3, respectively, while its plastic
behaviour was defined by yield stress of 424 MPa and 2% hardening compatible with the simplified model in
OpenSees. Beams were connected to the columns’ web through tie constraints to simulate the full penetration
welds. Moreover, the concrete slabs in the FE model were also modelled using the C3D8R solid element,
which were simplified as homogeneous concrete blocks with an equivalent Young’'s modulus to simulate the
rigidity of the RC slabs. The plastic behaviour of the concrete slabs was not defined in the present study since
no obvious cracking was noticed during the 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. The BRBs and the elastic braces were modelled separately. The elastic braces were explicitly
modelled as steel tubes, while the BRBs were simulated by two parallel axial connectors. The non-linear
response of the simplified model for the BRBs was calibrated against experimental results.

Figure 8 shows the response of the test frame in terms of displacements and forces at the first and second
floors. The numerical simulations were performed by applying to the FE models the same displacement
histories recorded during the experimental tests (Figure 8a), which allows a direct comparison of the storey
shear forces. It can be seen that the comparisons show a good agreement between the experimental tests
and the FE simulations. Figure 9 presents the comparisons between the measured and estimated axial forces
in BRBs, where the differences in the compressive forces were mainly attributed to the sliding of the pin
connection of BRBs during the tests, which was not accounted for in the FE models.

The test results and numerical simulations highlighted the limitation of the current retrofit strategy and the need
for careful consideration of the eccentric BRBs connection. Figure 10 shows the significant torsional and
distortional deformation induced in the columns where BRB connections were located. To investigate the
influence of the column deformability on the frame performance, four additional FE models were considered:
i) bare frame model (BARE); ii) frame model with external BRBs (BRB_EXT); iii) frame model with in-plane
BRBs (BRB_INP); iv) frame model with external BRBs and additional torsional and distortional constraints
implemented on the column in the connection area (BRB_EXT_TCDC). Pushover analyses were conducted
on these FE models and compared. Figure 11 shows the influence of the eccentric connection and the induced
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torsional and distorsional effects on the lateral stiffness of the frame. The numerical results show that the
external BRBs (BRB_EXT) contribute to increasing the stiffness and strength compared to the bare frame
(BARE). However, the comparison with the frames with in-plane BRBs (BRB_INP) and with the additional
constraints (BRB_EXT_TCDC) shows the significant stiffness reduction caused by the torsional and
distortional effects of the columns. These preliminary results emphasise the importance of taking into account
the deformability of the columns or to consider additional measures to increase the column’s torsional stiffness
and prevent the distortional deformation of the column flanges within the connection zones.

Figure 7. Finite Element (FE) modelling of the steel frame specimen retrofitted in ABAQUS.
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Figure 8. Displacement and forces of each storey of the retrofitted test frame.
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5. Conclusions

This paper presents the design and results of a large-scale Pseudo-Dynamic (PsD) test performed on an
existing steel MRF retrofitted with external BRBs. The tests were performed as part of the HITFRAMES (i.e.,
Hybrld Testing of an Existing Steel Frame with Infills under Multiple EarthquakeS) SERA project at the
STRULAB of the University of Patras, Greece. The test specimen was a two-storey existing steel moment
frame designed primarily for gravity loads and retrofitted with external BRBs. Numerical simulations were
performed by an advanced Finite Element (FE) model in ABAQUS to investigate the influence of the
connection detail. The experimental tests highlighted the significant deformations in the parts of columns where
the BRB connections were located, which was anticipated to be attributed to the BRB eccentricity. It was found
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that the eccentricity caused by the externally installed BRBs could lead to excessive torsional deformation of
columns and distortional deformation of the flange where the BRB connections were located. Besides, the
implementation of external BRBs without additional retrofit of the connections did not lead to the same
performances resulting from the conventional retrofit solutions using in-plane BRBs, mainly due to the fact that
external BRBs were not adequately activated at lower displacements as in the case of in-plane BRBs.
Nonetheless, it was found that the performance of external BRBs could be approximately equivalent to the in-
plane BRBs, providing that sufficient constraints were applied to restrain the torsional and distortional
deformation of columns.
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