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Abstract
Recent destructive seismic events have underlined the need for increasing
research efforts devoted to the development of innovative seismic-resilient struc-
tures able to reduce seismic-induced direct and indirect losses. Regarding steel
Moment Resisting Frames (MRFs), the inclusion of Friction Devices (FDs) in
Beam-to-Column Joints (BCJs) has emerged as an effective solution to dissipate
the seismic input energy while ensuring a damage-free behavior. Additionally,
recent studies have demonstrated the benefits of implementing similar damage-
free solutions for Column Bases (CBs). In this context, the authors have recently
experimentally investigated a Self-Centering CB (SC-CB) aimed at residual drift
reduction. Previous experimental tests only focused on the response of isolated
SC-CBs under cyclic loads. Conversely, the present paper advances the research
through an experimental campaign on a large-scale steel structure equipped
with the proposed SC-CBs, providing valuable insights into the global structural
response and improved repairability. A set of eight Pseudo-Dynamic (PsD) tests
were conducted considering different records and configurations of the struc-
ture. The experimental results highlighted the effectiveness of the SC-CBs in
minimizing the residual interstory drifts and protecting the first-story columns
from damage, thus enhancing the structure’s resilience. Moreover, the consec-
utive PsD tests allowed investigating the effectiveness of the reparation process
in restoring the seismic performance of the ‘undamaged’ structure. An advanced
numerical model was developed in OpenSees and validated against the global
and component-level experimental results. Incremental Dynamic Analyses were
finally performed to investigate the influence of the SC-CBs on the structure’s
seismic response while accounting for the record-to-record variability.
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1 INTRODUCTION

Steel Moment Resisting Frames (MRFs) are widely used seismic-resistant systems for building structures.1,2 For these
structures, the traditional seismic design philosophy, suggested by seismic codes and guidelines,3–5 relies on the inelas-
tic deformations of structural components (i.e., damage) to dissipate the seismic input energy. This often leads to
post-earthquake scenarios where the building structure is significantly damaged, difficult to repair, or in need of demo-
lition/reconstruction, involving considerable direct (i.e., repair costs) and indirect (i.e., downtime) losses, which are not
acceptable from both the social and economic perspectives.6,7 To avoid such inconveniences, nowadays’ earthquake engi-
neering is directing a growing research effort to develop seismic-resilient structures to reflect performance goals in terms
of post-earthquake reoccupancy and functional recovery time.8–13
Regarding steel MRFs, the use of Friction Devices (FDs) in Beam-to-Column Joints (BCJs)14–16 has been recently widely

investigated as a promising strategy to provide both high local ductility and energy dissipation capacity with only minor
yielding and wearing within replaceable elements.17–22 However, although the use of FDs represents an efficient strat-
egy to protect the BCJs’ components from local damage, global damage can still be observed in the form of significant
postearthquake residual drifts23,24 which can exceed the commonly accepted reparability limits suggested by FEMA P58-
125 (i.e., residual drifts < 0.5% for cases where repairability is economically convenient or <0.2% for cases where no struc-
tural realignment is necessary). This issue has been tackled by several research works introducing elastic restoring forces
able to regulate the structure’s Self-Centering (SC) capability by including high-strength Post-Tensioned (PT) steel bars or
strands combined with replaceable dissipative devices to control gap-opening (i.e., rocking) mechanisms at the BCJs.26–29
Besides, it has also been demonstrated that protecting the Column Bases (CBs) is paramount to achieve structural

resilience.30,31 Several CB configurations exist and are usually classified according to their interaction with the reinforced
concrete foundation, such as embedded,32 shallowly embedded,33 concrete-encased,34 or exposed.35,36 However, con-
ventional full- or partial-strength CBs are characterized by significant drawbacks. Conventional full-strength steel CBs
may suffer from local buckling,37 axial shortening phenomena,38 and large plastic deformations,39 which may impair
structure repairability after severe earthquakes. Conversely, the design of partial-strength steel CBs needs the knowledge
of their complex hysteretic behavior under cyclic loadings, which is difficult to predict,35,36 and hence this strategy is
rarely followed.
To address these issues, several novel CB configurations have been proposed in the last few decades, having the advan-

tage of providing enhanced performance under cyclic loadings.40–50 Some strategies focused on replacing the conventional
full-strength CB connections with dissipative partial-strength joints equipped with energy dissipation devices (e.g., yield-
ing or FDs)40,41 or with a combination of such devices and SC systems.42–46 For example, Freddi et al.42 proposed and
experimentally investigated43 a damage-free steel CB using high-strength PT bars and FDs and a circular plate with
rounded edges as a rocking base. Wang et al.45 experimentally and numerically examined two types of SC-CBs com-
posed of a concrete-filled square steel section, showing stable SC and energy dissipation capabilities. Additionally, other
innovative CB solutions were based on promoting dissipative mechanisms47,48 (e.g., anchor rod yielding47). For example,
Inamasu et al.48 recently tested a large-scale novel dissipative embedded CBs, demonstrating the advantages of preventing
local buckling-induced axial shortening while dissipating the energy within a predefined zone.
In this context, Latour et al.50 proposed and experimentally studied a novel SC-CB consisting of a rocking column splice

joint where a combination of FDs and PT bars with Disk Springs (DSs) are, respectively, used to dissipate the seismic
energy and promote the SC behavior of the connection. Component tests of an isolated SC-CB specimen subjected to
cyclic loads demonstrated a good and stable flag-shaped hysteretic behavior, with negligible residual deformations in the
column. Concerning this connection typology, the authors have recently carried out extensive numerical simulations to
evaluate the effectiveness of these joints in reducing the residual drifts within several case-study steelMRFs.51,52 Moreover,
additional research studies investigated the relevant design parameters affecting the local behavior of the SC-CBs, such as
the design axial load, the shear distribution among the components, as well as the key role of the post-tensioning force of
the PT bars in controlling the SC response.54
Although the aforementioned research studies demonstrated the feasibility of the SC-CBs and significantly contributed

to defining design strategies for the proposed technology, further research is needed to experimentally assess the global
response of large-scale case-study structures equipped with this connection typology. In addition, while many tests of iso-
lated innovative CBs are currently available,41,43,45,47 the influence of the local behavior of such connections on the overall
response of MRFs under seismic loading conditions has rarely been experimentally analyzed.55 In addition, experimen-
tal tests are also essential to evaluate and test the repairability of the structure. In this direction, a few research studies
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2758 ELETTORE et al.

focused on innovative structural solutions that can be easily and quickly repaired in the aftermath of an earthquake.56,57
For example, Zhang et al.57 investigated simple repairing techniques (i.e., retightening the bolts of the FDs) for a novel steel
rocking CB joint with FDs to restore the initial performance without losing strength and stiffness. However, experimental
evidence on suitable structural restoring techniques for structural performance recovery is still limited. Consequently,
the overall lack of confidence in the future behavior of repaired structures can represent a relevant factor contributing to
the high demolition rates. These considerations motivated the current research activity, whose main objectives are: (i) to
experimentally assess the influence of SC-CBs on the overall structural performance of a large-scale steel structure; (ii) to
collect data for modeling validation; and (iii) to provide further investigations regarding the structure’s repairability and
seismic resilience.
To fulfill these objectives, this paper presents an experimental program comprising several Pseudo-Dynamic (PsD)

tests58 conducted on a large-scale two-story steel structure equipped with Damage-Free BCJs (DF-BCJs) endowed with
FDs and SC-CB connections. The experimental campaign has been performed at the STRENGTH Laboratory of the Uni-
versity of Salerno, Italy. The test specimen is first described, including a presentation of the characterization tests for
materials and components. Then, the experimental program is shown, including the test matrix, the experimental setup,
and the instrumentations. Preliminary white-noise tests with low-intensity earthquakes were conducted to evaluate the
dynamic response of the structures in the elastic range. A sequence of eight high-intensity ground motion records was
successfully applied to assess the seismic response. Global and local Engineering Demand Parameters (EDPs) have been
monitored to investigate the influence of the proposed SC-CBs on the seismic performance of the tested structure. Results
demonstrated the effectiveness of the SC-CBs in limiting the residual drifts below the acceptable limits.24 Additionally,
at the end of each test, the specimen has been repaired by loosening and retightening the high-strength bolts belonging
to the FDs of both DF-BCJs and SC-CBs. Similar operations were performed on the PT bars. The repairing process high-
lighted the key role of the SC-CBs in the residual drift recovery, representing a considerable benefit in terms of resilience,59
repairability,60 and functional recovery.61 Similarly, the consecutive PsD tests allowed investigating the effectiveness of
the reparation process in restoring the seismic performance of the ‘undamaged’ structure. A detailed Finite Element (FE)
model was developed in OpenSees,62 and comparisons between experimental and numerical results are presented for two
ground motion records, discussing the accuracy and limitations of the modeling strategy. Finally, Incremental Dynamic
Analyses (IDAs)63 were performed to numerically investigate the PT bars’ influence on the structure’s seismic response
while also considering the influence of record-to-record variability.
This paper is organized as follows: Section 2 describes the experimental program, including the description and

design of the specimen, the design methodology and performance objectives, the material properties, the test setup,
and the instrumentations; Section 3 presents the results of the experimental campaign; Section 4 validates the FE model
against the experimental results; while Section 5 discusses the performance of the structure in terms of repairability and
resilience.

2 EXPERIMENTAL PROGRAM

2.1 Description and design of the test specimen

The test specimen is a large scale (i.e., 75%) representation of a prototype structure characterized by two stories and three
bays in both directions. The reference structure is part of a wider experimental campaign and is described in detail by Di
Benedetto et al.,23 who experimentally investigated the same specimen equipped only with DF-BCJs. Table 1 reports the
indications of the design values of the dead (Gk) and live (Qk) loads and masses of the prototype structure for each MRF,
whose tributary area corresponds to 25% of the total floor area (i.e., the building includes four seismic-resisting MRFs in
both directions). Figure 1 shows the plan and elevation views of the test specimen. The interstory heights are equal to
2.40 m at both stories, while the longitudinal and transversal bays have span lengths equal to 4 and 2 m. The specimen
is characterized by two longitudinal MRFs and two transversal bracings to prevent undesired accidental torsional effects.

TABLE 1 Loads and masses for each Moment Resisting Frame (MRF).

Level [−] Gk [kN/m2] Qk [kN/m2] Mass [tons]
First level 3.90 3.60 19.00
Second level 3.00 0.50 14.20
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ELETTORE et al. 2759

F IGURE 1 Plan and elevation view of the test specimen.

The floor system is formed by aHIBONDA55/P600 steel-concrete composite floorwith a total height equal to 100mm, and
five equally spaced IPE 140 andHE 140B secondary beams connected to the concrete slab with shear studs, while UPN 120
are used as in-plane bracings. The design is carried out following the Eurocode (EC) 8 provisions.3 The design earthquake
at the Ultimate Limit State (i.e., ULS: probability of exceedance of 10% in 50 years) is defined considering the Type 1 elastic
response spectrum with a PGA equal to 0.35 g, soil type B, and an importance factor equal to 1. The Collapse Limit State
(i.e., CLS, probability of exceedance of 2% in 50 years) is assumed to have an intensity equal to 150% of the ULS.5 TheMRF
is characterized by plan and elevation regularity. The mass of each story is evaluated based on the seismic combination of
the EC 8.3 The behavior factor is defined according to EC 83 requirements for MRFs in DCH and hence assumed as q= 6.
The interstory drift limit for the Damage Limit State (i.e., DLS: probability of exceedance of 10% in 10 years) is assumed
to be 1%3 for nonstructural elements fixed in a way such as not to interfere with structural deformations. The beams and
columns are designed and checked to comply with EC 8 requirements,3 and their cross-sections are, respectively, IPE
270 and HE 200B, with steel grade S355. It is highlighted that the stiffness requirement related to the DLS controls the
sizing of beams and columns. The P-delta effects are considered negligible as the interstory drift sensitivity coefficient θ
is lower than 0.1 at both stories.3 The slab is disconnected from the nodal region by leaving an appropriate gap between
the concrete slab and the columns, consistently with the EC 83 provisions. The twoMRFs are equipped with DF-BCJs and
SC-CB connections, whose design is detailed in Sections 2.1.1 and 2.1.2.
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2760 ELETTORE et al.

The design criteria described in this and the following sections aim at meeting the following performance objectives: (i)
interstory drifts not exceeding 1% for the DLS seismic intensity; (ii) joint rotations for DF-BCJs and SC-CBs not exceeding
the limit set by EC 83 provisions; (iii) negligible structural damage up to the CLS seismic intensity with energy dissipation
only provided by the sliding mechanism in the FDs of the DF-BCJs and SC-CBs; (iv) limited residual drifts resulting from
the complete SC response of the SC-CBs; and (v) easy and quick repairability of the structure and performance of the
repaired structure comparable with the original one.

2.1.1 Damage-Free Beam-to-Column Joints (DF-BCJs)

Figure 2(A) shows the DF-BCJ17–22 adopted in this experimental campaign and also tested by Di Benedetto et al.23 In this
configuration, the FD is constituted by a steel haunch bolted to the bottom beam flange and two steel L-stubs bolted to
the column’s flange and the haunch. The friction pads are symmetrically placed between the L-stubs and the haunch.
These elements are clamped together with high-strength bolts, which are used to tune the friction force in the FDs. The
top beam flange is bolted to the column’s flange with a steel T-stub, fixing the Centre of Rotation (COR).
Figure 2(B) shows the DF-BCJ’s deformed configuration and design actions. The designmethodology is based on a step-

by-step procedure consisting of: (i) definition of the design input parameters; (ii) design of the dissipative components;
and (iii) design of the nondissipative components. Additional information regarding the design procedure is provided in
Francavilla et al.21 The proposed design procedure starts from the identification of the bending moments acting in the
joints and corresponding to the different limit states (i.e., MEd,DLS is the bending moment at the DLS, corresponding to
the ‘no-slippage’ design condition; MEd,ULS is the bending moment at the ULS, corresponding to the ‘slippage’ design
condition). Starting from the design slippage force (i.e., Fslip,d, defined as MEd,ULS divided by the lever arm z), the num-
ber of bolts and their preload forces are defined. It is highlighted that Fslip,d depends only on the moment demand, and
the moment-shear interaction is negligible, as demonstrated by previous research studies.19,20 Subsequently, once the FD
is geometrically defined, all the remaining non-dissipative components (e.g., T-stub and L-stub) are designed to be suf-
ficiently over-resistant by applying a proper overstrength factor. The resulting forces are identified in Figure 2(B) and
correspond to shear and tension forces (i.e., Vnd,d and Fnd,d) for the T-stub and a tension force (i.e., Fnd,d) for the L-stubs.
The overstrength factor, assumed equal to 1.8319 in the present study, amplifies the design actions to account for the ran-
dom variability of the bolt installation preload and friction coefficient. Finally, to assure a sufficient rotational supply, the
length of the horizontal slots of the FD is designed to accommodate a rotation of 0.035 rads, as conventionally assumed
according to EC 8,3 plus a tolerance of 0.01 rads. It is highlighted that the strength design of the DF-BCJ also considers
the minimum partial strength ratio required by the current revision of the EC 8.65 Table 2 summarizes the design input
and FDs’ main geometrical and structural properties. The FDs comprise 8 mm friction pads made of S355 steel plates
coated with a thermally sprayed material. The friction coefficient (μ) has been experimentally evaluated, as reported in

F IGURE 2 Damage-Free Beam-to-Column Joint (DF-BCJ): (A) Geometrical configuration; (B) Deformed configuration, design actions,
and theoretical hysteretic behavior.
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ELETTORE et al. 2761

TABLE 2 Damage-Free Beam-to-Column Joint (DF-BCJ): Design input, geometry, and structural properties.

z MEd,ULS Fslip,d nb ns Class d Preload Torque slot
[m] [kNm] [kN] [−] [−] [−] [mm] [kN] [Nm] [mm]
0.400 103 234 4 2 HV 10.9 M16 55 145 170

Section 2.2. It is noteworthy that the design tightening torque is amplified by a partial safety factor of 1.10 to compensate
for short-term preload losses.22

2.1.2 Self-Centering Column Bases (SC-CBs)

Figure 3(A) shows the SC-CBs of this experimental campaign. They consist of a column composed of two parts connected
by a combination of FDs on both web and flanges to dissipate the seismic input energy, and a SC system. Similarly to the
DF-BCJs, the FDs consist of friction pads and cover plates clamped with high-strength bolts on both web and flanges. The
SC system is composed of high-strength PT bars symmetrically placed and assembled in series with a system of DSs.
Figure 3(B) shows the forces developed during the gap-opening phase. The FDs are assumed to exhibit a rigid-plastic

behavior. The design slippage force of web (Fw,slip,d) and flanges (Ff,slip,d) FDs depends on the design value of the friction
coefficient (μ), number of bolts and friction interfaces, and preloading forces of each web and flange bolt, respectively.
The SC-CB is characterized by a flag-shapedmoment-rotation behavior. Themoments’ contributions are a function of the
forces developed by each component during the gap-opening phase and can be calculated with respect to the COR located
at the center of the column’s flange. The four fundamental moments defining the entire cyclic moment-rotation behavior
(i.e., M1, M2, M3, and M4) are reported in Figure 3(C), where M1 is the moment at the onset of rocking, while M2 is the
maximummoment achieved at the target rotation 𝜃𝑡.
The objective of the design procedure is to satisfy at the same time three main conditions: (i) no yielding of the col-

umn; (ii) SC behavior (i.e., decompression moment higher than the moment contribution of the friction devices); and
(iii) bending moment corresponding to the gap opening (M1) higher than the one defined by EC 83 for the seismic design
combination according to the ULS (MEd,ULS). The design of the SC-CB is based on a step-by-step procedure consisting
of: (i) definition of the design input parameters; (ii) design of the dissipative and SC components; and (iii) design of the
non-dissipative components. Additional information about the design procedure and the key assumptions can be found in

F IGURE 3 Self-Centering Column Base (SC-CB): (A) Geometrical configuration; (B) Deformed configuration and theoretical hysteretic
behavior.
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2762 ELETTORE et al.

TABLE 3 Self-Centering Column Base (SC-CB) design input.

Profile Splice (lb) z MEd,ULS NEd,ULS VEd,ULS
[−] [mm] [mm] [kNm] [kN] [kN]
HE 200B 500 185 127 +138, −127 115

Note: Negative values are for tension; positive values are for compression.

TABLE 4 Self-Centering Column Base (SC-CB) geometrical and structural properties.

Element nb Class d Preload Torque
[−] [−] [−] [mm] [kN] [Nm]
Web bolts 4 HV 10.9 M14 28 65
Flange bolts 4 HV 10.9 M14 26 60
PT bars 2 10.9 M30 400 1000
DSs 3 npar, 8 nser C60S D30 – –

previous works.51–54 The design input parameters are: (i) the geometrical properties of the column (i.e., cross-section prop-
erties and splice position above the foundation—lb); and (ii) the design forces in the column (i.e., maximum/minimum
expected axial forces—NEd,ULS,min, NEd,ULS,max—and bending moment—MEd,ULS) derived through the procedure sug-
gested by EC 8.3 The design procedure assumes that the web FDs carry the design shear load (VEd,ULS) alone. Additional
considerations about the transfer mechanism of shear forces in the components of the SC-CBs are detailed in Elettore
et al.54
Once the input parameters are selected, the SC-CB is designed by first sizing the bolts of the web FD and, successively,

the PT bars and the bolts of the flanges FDs. PT bars are designed to remain elastic to ensure the structure’s SC response
up to the design rotation. The yielding of the PT bars is avoided by installing a proper number of DSs arranged in series
(nser) and parallel (npar), granting an adaptable stiffness–resistance combination to the SC system. It is noteworthy that the
DSs system is characterized by a resistance FDS,S = 588 kN, and a stiffness KDS,S = 33.92 kN/mm. Anchorage plates for the
PT bars are welded to the column. Oversized web holes and flange slots are designed to accommodate the target rotation
required by the EC 83 (i.e., 0.035 rads), plus a tolerance of 0.01 rads. Given the adopted design criteria, the gap-opening
of the SC-CB is allowed only when the seismic intensity is higher than the ULS. The design method aims at avoiding the
possible failure modes (e.g., yielding of the PT bars and/or bolts reaching the end of their travel paths) up to the target
rotation. Table 3 lists the geometrical configuration and the design input actions of the SC-CBs, defined by considering
the proper location of the splice. Table 4 summarizes the main geometrical and structural properties of the SC-CB. The
FDs’ properties are consistent with the FDs of the DF-BCJs.

2.2 Characterization tests

Coupon tests have been carried out to determine the stress-strain curve of the adopted structural steel and charac-
terize the modulus of elasticity (E), yield stress (σy), ultimate stress (σu), and the corresponding deformations. S355
steel class was used for beams and columns of the structure, and three coupon specimens (i.e., one web and two
flanges) for each element were subjected to tensile tests according to EN ISO 6892-1.66 The results are listed in
Table 5.
Characterization tests have been performed for the FDs to define the interface material’s friction coefficient (μ). The

tests have been performed on three subassemblages of S355 steel plates and friction pads with thermally sprayed material
using the universal machine SCHENCK HYDROPULS S56. The layout was defined similarly to EN1090-2,67 while the
loading protocol was consistent with EN 15129.68 All tests provided consistent results showing regular hysteretic behavior
with a slight kinematic hardening. The dynamic friction coefficient’s average value (i.e., μ = 0.53) is consistent with
previous tests,17,18 with a loss of the initial bolts’ preload of 15% due to the wearing of the friction interface. It is highlighted
that the FD used within this connection has been extensively investigated by previous experimental works through
uniaxial tests as well as within the DF-BCJ19–22 and SC-CB50 and hence, also including a combination of moments,
shear, and axial forces. Moreover, to gain confidence in the FD response, characterization tests have been carried out to
evaluate the relationship between the torque (Tb) and bolt preload force (Nb) (i.e., the nut factor k), considering three
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ELETTORE et al. 2763

TABLE 5 Steel properties: Average values from three coupon specimens.

Profile [−] σy [MPa] ɛy [%] E [MPa] σu [MPa] ɛu [%]
Beam (IPE 270) 412 0.194 211708 532 38.0
Column (HE 200B) 356 0.168 212102 465 32.4

F IGURE 4 Characterization tests: (A) Relationship between Tb and Nb for M14 bolts; (B) DSs pre-setting process.

bolts of each type with different torque values (i.e., Tb from 60 to 100 Nm for M14 and from 120 to 160 Nm for M16).
It is noteworthy that these values have been selected within a reasonable range of variation, considering the design
torque of the bolts used in the experimental campaign. Regressions of 15 samples for each bolt type provided a k value
equal to 0.129, consistent with the manufacturer’s recommendations. The results are shown in Figure 4(A) for the
M14 10.9 bolts.
The DSs are special washers DIN 6796 installed after a presetting procedure according to DIN 267-26,70 performed

to ensure their elastic response during the tests.71 The DSs were compressed according to their flattening load (i.e.,
196 kN), namely, the force needed to flatten the washer completely. Figure 4(B) shows the force-displacement curves
of three DSs specimens (i.e., DS1, DS2, and DS3), highlighting the effect of the presetting procedure (i.e., non-
linear response) and the elastic response during the reloading and unloading phases. It is observed that the DSs
show a nonlinear elastic response for higher forces close to their complete flattening. This is further discussed in
Section 4.2.

2.3 Test setup and instrumentation

The experimental setup consisted of two actuators (MTS 243.60-02 and MTS 243.45-01) connected to the structure’s first
and second floors to apply horizontal loads. The actuators’ load capacity in compression and tension, as well as the pis-
ton stroke, are illustrated in Figure 1. The two actuators were connected to the deck of the test specimen on one side
and fastened to a reaction steel braced frame on the other side. The specimen is connected to the strong floor with
rigid and oversized steel footings. Figure 5 shows the instrumentation and measurement devices used for the tests. Wire
transducers (WSs) and linear variable differential transducers (LVDTs) were used at each level to measure horizontal dis-
placements and check possible deck rotations. Additionally, the local response of the structure and its components was
assessed using axial strain gauges and LVDTs. Four uniaxial strain gauges were installed at the flanges of all columns
at top and bottom sections (e.g., 1A-B and 1A-T—see Figure 5) to monitor axial forces and bending moments. In this
way, the bending moments at the connection level can be defined using nodal equilibrium. The rotations of the DF-BCJs
and SC-CBs were assessed by LVDTs. Finally, load cells and strain gauges were used to monitor tensile forces in the
PT bars.
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2764 ELETTORE et al.

F IGURE 5 Global and local instrumentation.

2.4 Test matrix

Table 6 reports the matrix for the PsD tests58 and provides detailed information about the adopted groundmotion records.
The Pseudo 2 software72 was used to perform and control the tests, adopting a time step of the motion equations’ inte-
gration algorithm equal to 0.01 sec. Preliminary tests were carried out to obtain the modal properties of the structure.

TABLE 6 Test matrix.

Test [−] Input [−] Station [−] Date [−]
Direction
[−]

Natural
PGA [g]

Amplified
PGA [g]

Sa,PsD (T1)
[g]

Sa,PsD(T1)/
Sa,ULS(T1) [−]

1 Imperial Valley Agrarias, USA 15/10/1979 N/S 0.37 1.10 2.01 1.91
2 Spitak Gukasian, Armenia 07/12/1988 N/S 0.20 0.80 1.38 1.31
3 Artificial SIMQKE – – 0.35 0.50 1.56 1.48
4 Santa Barbara Courthouse, USA 13/08/1978 N-S 0.10 0.80 1.16 1.10
5 Coalinga Slack Canyon, USA 02/05/1983 N/E-S/W 0.17 0.80 1.62 1.54
6 Kobe Kakogawa, Japan 16/01/1995 N/S 0.26 0.80 1.40 1.33
71 Imperial Valley Agrarias, USA 15/10/1979 N/S 0.37 1.10 2.01 1.91
82 Imperial Valley Agrarias, USA 15/10/1979 N/S 0.37 1.10 2.01 1.91

Note: (1) Additional distributed loads; (2) Additional distributed loads and without the PT bars.
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ELETTORE et al. 2765

F IGURE 6 Spectra of the amplified records and elastic design spectrum at ULS and CLS.

F IGURE 7 Test specimens for: (A) Tests 1–6; (B) Tests 7 and 8.

Subsequently, PsD tests were performed considering five natural ground motion records compatible with the EC 83
design spectrum. The mean spectrum of the set of records was kept between 90% and 130% of the corresponding EC
83 design spectrum. Additionally, an artificial record was generated by SIMQKE,73 matching the adopted design spec-
trum, to investigate the effects of an earthquake characterized by a high energy and frequency content. The ground
motion records were amplified to reach intensities compatible with the CLS to investigate the structure’s response under
large inelastic deformations (Table 6). Figure 6 shows the spectra of the selected accelerograms with amplified PGAs
and the elastic design spectrum at ULS and CLS. It is also highlighted that several zero acceleration points were added
at the end of each record to allow the free vibrations to stop and capture the residual deformations correctly. Table 6
also lists the spectral accelerations at the fundamental period of the structure (Sa,PsD(T1)) for the ground motion records
used in the PsD tests (i.e., with amplified PGAs). In addition, also the ratios between Sa,PsD(T1) and Sa,ULS(T1) (i.e., the
spectral acceleration of the structure for the ULS, equal to 1.05 g) are reported. Figure 7(A) shows the test specimen for
Tests 1–6.
Test 7 was successively carried out to investigate the influence of gravity loads on the SC behavior of the structure.

Additional distributed gravity loads at both levels (i.e., 3.50 kN/m2) were applied with flexible water tanks, as illustrated
in Figure 7(B). The following Test 8 was also performed with the additional loads. However, in this case, the PT bars were
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2766 ELETTORE et al.

removed, and the tightening force of FDs’ bolts within the SC-CBs was adequately adjusted to reach the same bending
moment corresponding to the gap opening (i.e., M1).
The structure was repaired at the end of each test. The repair process consisted of two steps: (i) the bolts of the FDs

of DF-BCJs and SC-CBs were loosened for residual drift recovery; and (ii) all FDs’ bolts and PT bars were retightened to
the design preloading force. It is worth mentioning that, in all tests, the initial PT force was always equal to 400 kN for
each bar, except for Tests 5 and 6, where it was approximately 350 kN, due to difficulties in the tightening process during
testing. However, as discussed in Section 4.2, this aspect did not significantly affect the experimental outcomes. This part
of the experimental campaign focused on the evaluation of system-level reparability. On one side, it allowed assessing
the complexity of the repair operations; on the other side, it allowed evaluating the effectiveness of the repair strategy
in restoring the initial (i.e., undamaged) seismic performance of the structure. It is worth mentioning that, during the
whole experimental campaign, none of the elements of the DF-BCJs and SC-CBs were replaced, including the friction
pads, bolts, PT bars, and DSs.

3 RESULTS AND DISCUSSION

3.1 Modal properties

The stiffness and themodal properties of the specimenwere experimentally assessed throughwhite-noise tests. The initial
stiffness matrix was experimentally evaluated through preliminary elastic tests. The mass matrix used in the PsD testing
procedure was defined considering story masses equal to 38 and 28.4 tons for the first and second stories, respectively. The
measured first and second natural periods of the MRFs in the test direction were equal to 0.41 and 0.19 s, respectively. The
participating mass of the first mode was equal to 88%. The viscous damping matrix was defined according to the Rayleigh
approach, assuming a damping ratio for the two natural modes equal to 3% through the following damping constants:
αM = 0.3607 sec−1 and βK = 0.000932 sec.

3.2 Global response

After the preliminary tests, the PsD tests were performed according to the Test Matrix (Table 6). Figure 8 illustrates the
global EDPs in terms of Interstory Drifts (IDRs) and base shear (Vb) time histories for all ground motion records (i.e.,
Tests 1–6). The maximum values of these quantities (IDRPeak and Vb,Max) are highlighted for both stories. The residual
IDRs (IDRRes) are compared with the repairability limits set by FEMA P58-1,25 corresponding to 0.5% and 0.2%. The results
show that the IDRPeak and Vb,Max occur at the same instants due to the regularity of the structure and predominance of
the first vibration mode.
Figure 8(A) shows the global results for Test 1 (i.e., Imperial Valley—PGA= 1.10 g). This accelerogramwas characterized

by several peaks of significant amplitude with the highest PGA among all Tests. The first and second maximum story
displacements were equal to 79.38 and 153.70 mm, corresponding to IDRPeak of 3.31% and 3.10%, respectively. The residual
displacements were equal to 7.28 and 19.59 mm at the first and second stories, corresponding to IDRRes of 0.30% and 0.51%,
respectively. It is highlighted that the first-story IDRRes,1 was lower than the permissible residual drift of 0.5%,24 while the
second-story IDRRes,2 was practically equal to the limit.
Figure 8(B) shows the global results for Test 2 (i.e., Spitak—PGA= 0.80 g). It is worth highlighting that the time history

of this accelerogram was characterized by a single peak leading to a single excursion of the structure beyond the elastic
range. The residual displacements were equal to 1.52 and 5.73 mm at the first and second levels, corresponding to IDRRes
of 0.06% and 0.18%, respectively. In this case, the structure experienced IDRRes lower than the 0.2% limit25 at both stories.
For Test 3 (i.e., Artificial—PGA= 0.50 g) and 4 (i.e., Santa Barbara—PGA= 0.80 g), the structure remained almost elastic
without significant residual displacements (Figure 8C, D). Conversely, for Test 5 (i.e., Coalinga—PGA= 0.80 g) and 6 (i.e.,
Kobe—PGA = 0.80 g) in Figure 8(E, F), the structure experienced large inelastic deformations. In particular, for Test 5,
the structure experienced the highest IDRPeak among all tests. For Test 6, the IDRRes were equal to 0.34% and 0.55% for the
first and second stories, respectively. The main results are summarized in Table 7. Additional considerations about Tests
7 and 8 and the structure’s repairability and resilience are further discussed in Section 5.
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ELETTORE et al. 2767

F IGURE 8 Global results in terms of interstory drifts (IDRs) and base shear time histories for all tests.
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2768 ELETTORE et al.

TABLE 7 Global results for all tests.

Test
[−] Input [−]

dMax,1
[mm]

dMax,2
[mm]

dRes,1
[mm]

dRes,1
[mm]

IDRPeak,1
[%]

IDRPeak,2
[%]

IDRRes,1
[%]

IDRRes,2
[%]

FMax,1
[kN]

FMax,2
[kN]

Vb,Max
[kN]

1 Imperial Valley 79.38 153.70 7.28 19.59 3.31 3.10 0.30 0.51 287 286 478
2 Spitak 72.47 138.59 1.52 5.73 3.02 2.75 0.06 0.18 285 288 482
3 Artificial 37.06 67.36 0.65 4.09 1.54 1.26 0.03 0.14 205 209 358
4 Santa Barbara 38.27 66.84 0.88 6.35 1.59 1.19 0.04 0.23 261 237 410
5 Coalinga 74.94 156.22 7.33 20.51 3.12 3.39 0.31 0.54 314 267 437
6 Kobe 51.17 93.86 8.11 21.10 2.13 1.78 0.34 0.55 258 276 405
71 Imperial Valley 78.19 156.60 10.61 26.33 3.25 3.27 0.44 0.65 296 291 472
82 Imperial Valley 86.75 172.74 35.30 74.21 3.58 3.61 1.473 1.623 291 281 449

Note: (1) Additional distributed loads; (2) Additional distributed loads and without the PT bars; (3) Expected to reach large residual drifts.

3.3 Local responses

Figure 9 shows the local EDPs in terms of moment-rotation of the DF-BCJs (MBCJ-θBCJ) and SC-CBs (M-θSC-CB)
for all ground motion records. The hysteretic curves of the DF-BCJs are reported only for two connections
(i.e., DF-BCJ 1A for the first story and DF-BCJ 2A for the second story belonging to the MRF-1 – see Figure 1). However,
consistent results were observed for the otherDF-BCJs and are not reported herein for brevity. The theoretical values of the
maximum and minimum bending moments corresponding to the activation of the FDs of the DF-BCJs (Mslip = 118 kNm)
are reported in black dotted lines. In addition, the values of the moment corresponding to the maximum rotation (M2) in
the SC-CBs are reported in the figure. Generally, it is possible to observe that the DF-BCJs experienced wide and stable
hysteretic moment-rotation curves, as expected. The SC-CBs are characterized by hysteretic flag-shapedmoment-rotation
responses consistent with the theoretical model. In addition, the columns remained elastic, as highlighted by the strain
gauge readings in Section 3.4. It is worth mentioning that additional local results are provided in the following section,
together with the validation of the numerical model in Section 4.
Figure 9(A) shows the local results for Test 1 (i.e., Imperial Valley—PGA = 1.10 g). The moments of the DF-BCJs at

the first story reached values of the maximum and minimum bending moments of 135 and 122 kNm (in absolute values)
consistent with the design values (Mslip). The small differences can be attributed to the uncertainties related to the friction
coefficient and bolt preloading forces. The DF-BCJs at the first story experienced peak rotations of about 0.02 rads (see
Figure 9A), while those at the second story were slightly lower. The SC-CBs show the expected flag-shaped hysteretic
behavior with negligible residual rotations (i.e., 0.001 rads). In addition, it is observed that the SC-CB experienced only
positive values of rotations up to 0.02 rads due to the properties of the seismic record, which is characterized by peaks of
high amplitude only in the positive direction. Themoment corresponding to the gap opening (M1) was consistent with the
design value. The maximum moment in the experimental test was lower than the maximum moment (M2) as the peak
rotation reached by the joint (i.e., 0.02 rads) was lower than the target rotation.
Figure 9(B) shows the local results for Test 2 (i.e., Spitak—PGA = 0.80 g). Similarly to Test 1, the hysteretic curves of

the DF-BCJs at the first and second stories experienced similar responses, consistent with the theoretical values. The SC-
CB exhibited a flag-shaped hysteretic response with a higher dissipative behavior than the previous case, with rocking
in both directions. It is worth mentioning that, considering that the Spitak accelerogram was characterized by one main
large amplitude cycle, it was expected and experimentally confirmed that the FDs of DF-BCJs and SC-CBs exhibited only
one nonlinear excursion for both directions.
Differently from Tests 1 and 2, the DF-BCJs experienced no activation of the FDs and negligible rotations during Tests

3 (i.e., Artificial—PGA = 0.50 g) and 4 (i.e., Santa Barbara, PGA = 0.80 g). A similar response was also observed in the
SC-CBs, which experienced moderate sliding characterized by a maximum rotation of 0.005 rad in both tests (Figure 9(C)
and (d)). Conversely, for Test 5 (i.e., Coalinga—PGA = 0.80 g) in Figure 9(E), the DF-BCJs provided the highest energy
dissipation with several hysteretic loops with rotations up to 0.02 rads in both directions. A similar behavior was also
observed in the SC-CBs. Similar results, but with lower rotations, were observed during Test 6 (i.e., Kobe—PGA= 0.80 g),
as shown in Figure 9(F). Themain results are summarized in Table 8. It is highlighted that, as expected, the peak rotations
did not exceed the permissible design value (i.e., 0.035 rad) for bothDF-BCJs and SC-CBs. Additional considerations about
Tests 7 and 8 and the joints’ repairability are reported in Section 5.
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ELETTORE et al. 2769

F IGURE 9 Local results in terms of moment-rotation curves for all tests.
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2770 ELETTORE et al.

TABLE 8 Local results for all tests.

Test [−] Input [−]
MBCJ, Max,1
[kNm]

MBCJ, Max,2
[kNm]

θBCJ, Max,1
[mrad]

θBCJ, Max,2
[mrad]

M1
[kNm]

M2
[kNm]

θSC-CB, Max
[mrad]

1 Imperial Valley 135, −122 128, −110 20.4 19.6 98.1 128 19.2, −1.9
2 Spitak 127, −126 124, −126 17.9 11.7 95.5 131 10.6, −14.5
3 Artificial 84, −131 96, −107 ≅0 ≅0 96.1 124 5.2, −3.3
4 Santa Barbara 75, −128 95, −124 ≅0 ≅0 90.1 111 5.3, −3.3
5 Coalinga 129, −133 118, −137 20.5 15.2 99.5 157 14.5, −10.8
6 Kobe 123, −125 108, −122 3.0 6.5 88.4 120 8.1, −9.3
71 Imperial Valley 116, −117 111, −107 22.7 23.9 95.9 133 16.0, −5.0
82 Imperial Valley 121, −104 129, −98 17.4 26.1 67 130 20.0, −2.1

Note: (1) Additional distributed loads; (2) Additional distributed loads and without the PT bars.

3.4 Test observations

Figure 10(A) shows the SC-CB displaced configurations at the onset of rocking on the right edge for rotations of 0.02 rads.
Figure 10(B) shows the strains (εc) time histories of the bottom (1A-B and 1B-B) and top sections (1A-T and 1B-T) of the first
story columns, obtained from the strain gauges applied to the columns’ flanges. For the sake of brevity, results are shown
only for the first-story columns of the MRF-1 and for Test 1. However, consistent results are observed for the first-story
columns of the MRF-2 and for all the tests. As observed, the first-story columns experienced no yielding, as the strains
were lower than the yielding strain (εc,y) obtained from the coupon tests of Section 2.2. In addition, it is worth mentioning
that slight residual deformations are observed at the end of Test 1, due to the residual deformations experienced by the
structure. Conversely, the energy dissipation was only provided by the sliding mechanism in the FDs of the DF-BCJs
and SC-CBs. In fact, the friction pads of the FDs of both DF-BCJs and SC-CBs experienced wearing, which was clearly
observed after the end of the experimental campaign. On the contrary, it is worth mentioning that previous experimental
tests on the same structure equipped only with DF-BCJs and subjected to the same test sequence exhibited damage at the
first-story columns, which was physically recognized by the yield lines appearing on the surface of the columns.23

F IGURE 10 Test observations. Self-Centering Column Base (SC-CB): (A) rocking on the right edge with 0.02 rads; and (B)
moment-curvature hysteretic behavior of the bottom and top sections of the first story columns.

 10969845, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.4131 by C

ochraneItalia, W
iley O

nline L
ibrary on [12/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ELETTORE et al. 2771

4 COMPARISON OF TEST AND NUMERICAL RESULTS

4.1 Finite element modeling

A 2D nonlinear FE model of one of the MRFs was developed in OpenSees62 (Figure 11A) to achieve the following objec-
tives: (i) to validate the modeling strategy considering both the local and global EDPs, hence increasing the confidence in
the numerical results; (ii) to extend the experimental observations through numerical simulations considering different
seismic intensities and different records; and (iii) to generalize the research outcomes through numerical simulations of
additional case studies structures in future research works.
Themodeling strategy is based on amixed lumped and distributed plasticity approach. Beams and columns aremodeled

with inelastic displacement-based “nonlinearBeamColumn” elements computed in four integration points. Each fiber
section is discretized into eight fibers along with the web and four along each flange. Both beams and columns are defined
by the uniaxial “Steel01” material with 356 and 412 MPa yield strength, respectively, and a 0.2% postyield stiffness ratio,
according to the results of the coupon tests. The stiffness of the section is defined considering both the contributions of
axial and shear stiffnesses through the “section Aggregator” function. Geometric nonlinearities are considered through
the “PDelta Transformation.” The rigid-floor diaphragm is modeled by assigning a high value to the axial stiffness of
the beams. Gravity loads are applied uniformly distributed on the beams. The lumped masses are concentrated at the
center of the spans at the level of the actuators’ axis, hence simulating the actual location of the forces’ application point.
Damping sources other than the hysteretic energy dissipation aremodeled through the Rayleigh dampingmatrix, which is
compatiblewith themodel used for the PsD testing procedure. Themass-related and stiffness-related damping coefficients
are considered for a damping factor equal to 3% for the first two vibration modes.

F IGURE 11 2D model in OpenSees.62
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2772 ELETTORE et al.

Figure 11(B) shows the DF-BCJmodeling strategy previously validated against component tests’ results by Di Benedetto
et al.23 The rigid offsets of the joints are modeled with “elasticBeamColumn” elements, assigning them a high flexural
stiffness. The COR is located at the T-stub level and modeled as a hinge. The FD is placed at the damper’s centreline
and modeled by a translational spring represented by a “zeroLength” element. This is defined by the uniaxial “Hysteretic”
material with a symmetric rigid-plastic constitutive law.
Figure 11(C) shows the SC-CB modeling strategy previously validated against component tests’ results by Elettore

et al.51 It consists of a 2D nonlinear FE model where the rocking interface is modeled with eight rigid “elasticBeam-
Column” elements with high flexural stiffness (i.e., rigid elements). The web and flanges FDs are modeled with four
translational springs represented by “zeroLength” elements. They are defined by the uniaxial “Steel01” material, with a
rigid plastic constitutive law. The rocking behavior is modeled with four translational “zeroLength” elements defined by
the compression-no-tension uniaxial “ENT” material with a high value of the compression stiffness to capture the con-
tact behavior. The SC system is modeled with a single translational spring represented by a single “zeroLength” element,
which is representative of the SC system composed of PT bars andDSs. It is defined by the uniaxial “Steel01”material, with
bilinear elastic-plastic behavior, with an elastic stiffness equal to the equivalent stiffness of the SC system and the yield
strength of the SC system obtained from the design procedure. The initial PT (i.e., 400 kN) force is modeled by imposing
an initial strain using the uniaxial “InitStrainMaterial.” The stiffness of the DSs system is evaluated based on the tangent
stiffness of the isolated DS subjected to the initial PT force (see Figure 4B). An additional rotational spring with uniaxial
“Elastic” material is included at the base plate level of each first-story column to account for the deformability of the test
setup.

4.2 Validation

The modeling strategy was validated by comparing the FE model in OpenSees62 against the experimental results for
all tests. The validation process was performed for global and local EDPs, including the local behavior of DF-BCJs and
SC-CBs. The results for the global EDPs are shown considering the base shear of the whole structure. For validation pur-
poses, quasi-static analyses have been performed by applying the horizontal displacement time histories obtained from
the experimental results. The input displacements have been applied to two control points at the first and second sto-
ries corresponding to the actuators’ application points. The modeling validation results are shown only for Tests 1 and 2.
However, consistent results are obtained for all other cases.
Figure 12 shows the displacements and the actuator forces (required to impose the displacements time history) at the

first and second stories of the structure for Test 1 (Imperial Valley—PGA = 1.10 g). There is a perfect match of the dis-
placements as these were imposed in the numerical model based on the experimental results. The comparison in terms
of forces shows a satisfactory agreement between the numerical and experimental results. The OpenSees results overesti-
mate the first story forces by ∼15% and underestimate the second story forces by ∼10%. This effect can be attributed to the
contribution of the tests’ setup flexibility at the column’s base connections, which is simulated in the numerical model in a
simplified way. The comparison of the base shear shows a more accurate match between the numerical and experimental
results (i.e., 5% error).
Figure 13 compares the numerical and the experimental results for one DF-BCJ and SC-CB for Test 1 (i.e., hys-

teretic behavior, PT force variation). The comparisons are shown for the DF-BCJ 1A and SC-CB 1A; however, consistent
results are observed for the other connections. Figure 13(A) shows the numerical and experimental moment-rotation
curves of the DF-BCJ. The comparison highlights that the numerical model accurately captures the moments corre-
sponding to the activation of the FDs, with a slight overestimation of the maximum rotation. Figure 13(B) compares
the moment-rotation curves of the SC-CB. The comparison evidences that the numerical model captures the local
response reasonably well. Nevertheless, some limitations can be highlighted. In particular, the numerical model shows
a slightly higher strain-hardening behavior with respect to the experimental results. This effect is mainly due to the
loss of preloading forces in FDs’ bolts and PT bars experienced during the experimental tests and not simulated
in the numerical model (see Figure 13C).69 The initial PT force was equal to 400 kN for each bar, with mini-
mal variations from bar to bar. Successively, the evolution of the PT force was consistent between the PT bars and
reached a reduction of approximately 25%, after which it stabilized. This PT force loss occurred due to small nonlin-
ear mechanisms experienced by the SC system, including minor plastic deformations of the PT bars (i.e., maximum
measured PT force equal to 610 kN—nominal yielding strength of the PT bars corresponding to 522 kN) and limited
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ELETTORE et al. 2773

F IGURE 1 2 FEM validation. Displacements and actuator forces for Test 1 (Imperial valley—PGA = 1.10 g).

nonlinear response of the DSs. The comparison of the results highlights that the numerical model successfully cap-
tures the increase in the PT force up to approximately 10 sec (Figure 13C), while some differences can be observed
for the following part of the test. Figure 13(D) shows the tension force variation in the PT bars versus the joint
rotation.
It is noteworthy that the modeling strategy could be improved by accounting for the PT force loss as previously done

in the literature.69 However, the comparisons carried out by considering the upper and lower bounds of the PT force
showed only a minor improvement in the SC-CB response prediction (i.e., numerical simulation with the lower bound
reduced the error from 15% to 6% in the peak moment and from 8% to 5% in the peak rotations with respect to the
simulations with the upper bound). Although the lower bound shows a slightly better match, the PT force degrada-
tion cannot be easily predicted, and hence it is not practical to be used in the numerical models. Hence, the current
modeling strategy represents a compromise between accuracy of the results and complexity/computational cost of the
model/simulations.
Similarly, Figure 14 compares the numerical and experimental local results for Test 2. Figure 14(A) compares the hys-

teretic curves of the DF-BCJ, highlighting a satisfactory match of the results, with the numerical model only slightly
overestimating the maximum rotations. Figure 14(b) compares the moment-rotation behavior of the SC-CB. It is high-
lighted that there is no SC behavior for one of the cycles, which may be related to the interaction of bending moments
with tensile axial forces in the column. However, this did not affect the SC capability of the connection during the follow-
ing cycles. Compared to Test 1, this test was characterized by a lower PT force loss during the loading history, illustrated
in Figure 14(B). Figure 14(C) shows the tension force variation in the PT bars versus the joint rotation, exhibiting the same
stiffness for negative and positive rotations. Results for the other tests are not shown for brevity. However, no significant
PT force loss was observed in Tests 3, 4, and 6, and all components remained elastic. Conversely, in Test 5, the PT bars
experienced small plastic deformations. However, the consequent slight reduction of PT force did not significantly affect
the SC-CBs’ response.
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2774 ELETTORE et al.

F IGURE 13 FEM validation. Local responses for Test 1 (Imperial Valley—PGA = 1.10 g).

F IGURE 14 FEM validation. Local responses for Test 2 (Spitak—PGA = 0.8 g).

5 REPAIRABILITY AND RESILIENCE

5.1 Influence of the PT bars

The Tests Matrix also included Tests 7 and 8, whose results have not been discussed so far. These tests were similar to
Test 1 (i.e., Imperial Valley—PGA = 1.10 g) but included additional gravity loads at both levels. Test 8 was performed
without the contribution of the PT bars. Figure 15(A, B) compare these three tests in terms of IDRs time histories for the
first and second stories, respectively. The comparison among the three curves highlights three essential aspects: (i) the
negligible influence of the additional gravity loads; (ii) the ability of the repair process to restore the seismic performance
of the undamaged structure; and (iii) the crucial role of the PT bars in contributing to the residual drifts’ reduction. The
comparison between Tests 1 and 7 shows no significant differences in terms of IDRs. This was expected due to the limited
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ELETTORE et al. 2775

F IGURE 15 Comparison of interstory drifts with and without the PT bars for the: (A) first story; (B) second story.

contribution of the considered additional gravity loads with respect to the applied preload imposed by the PT bars (i.e., 4%
of the initial preload for each column). Therefore, in this case, the additional loads did not contribute to the SC behavior,
as expected.
Moreover, the match of the responses for Tests 1 and 7 confirms that the relatively ‘simple’ repair process used in these

tests allows for restoring the initial performance of the undamaged structure. On the other hand, the comparison of Tests
1 and 7 with Test 8 shows the crucial role of the PT bars. It can be observed that, in Tests 1 and 7, the introduction of the
PT bars allows a significant reduction of the IDRRes for both stories (i.e., from 1.47% to 0.30% for the first story and from
1.62% to 0.51% for the second story), with a slightly decreasing efficiency along the height (i.e., the percentage reduction
ranges from 80% to 69% from the first to the second story). These beneficial effects and the limitations of the solution were
already highlighted in previous numerical studies by the authors.51–53

5.2 Repairability

As previously mentioned, the structure was repaired at the end of each test. The repair process involved loosening all
the high-strength bolts of the FDs of DF-BCJs and SC-CBs (Figure 16) and retightening them to obtain the predefined
preloading force. The loosening process consisted of two steps: (i) loosening the bolts belonging to the FDs of the DF-BCJs
starting from the second story; (ii) loosening the bolts belonging to the FDs of the SC-CBs. The aim was to investigate
the system-level performance recovery in restoring the initial ‘undeformed’ configuration. The process consisted of
loosening 16 bolts of DF-BCJs (i.e., 4 for each joint) and 48 bolts belonging to the SC-CBs (i.e., 12 for each joint). All
bolts were loosened with a torque wrench, and the entire operation took approximately 15 min with two people working

F IGURE 16 FDs bolts’ loosening process at the end of each test: (A) DF-BCJs; (B) SC-CBs.
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2776 ELETTORE et al.

F IGURE 17 Interstory drifts during the bolts’ loosening process: (a) Imperial Valley (Test 1); (b) Coalinga (Test 5); (c) Kobe (Test 6);
Imperial Valley (Test 8).

simultaneously. The wire sensors were monitored for the first (i.e., WS1, WS2) and the second stories (i.e., WS3, WS4)
during the loosening process. It is highlighted that, except for some slight differences, no significant variations were
observed from the measurements of the WSs belonging to the same story.
Figure 17(A–C) show the results of the loosening process performed after three tests, that is, Imperial Valley—Test 1,

Coalinga—Test 5, and Kobe—Test 6, in terms of IDRs vs. Timestep (i.e., time employed to complete the whole repairing
process). These tests were selected as they resulted in the highest IDRRes approximately equal to 0.3% at the first story and
close to the repairability limit of 0.5%24 at the second story. The repair process showed that the IDRs reduced almost to zero
by loosening the FD’s bolts of the DF-BCJs and SC-CBs, hence demonstrating the repair method’s effectiveness in terms
of residual drift recovery. In other words, the structure can be recentered by loosening the high-strength bolts belonging
to the FDs.
The successive step of the repair process of retightening bolts and PT bars took approximately 20 min. Additionally,

as discussed in the previous section, it was demonstrated that after each test, the structure always recovered the initial
performance, behaving as a ‘new’ structure even after several tests (i.e., comparison between Test 1 and 7). This considera-
tion, together with the observation of easy and fast repair process (i.e., minimized repair time), highlights the advantages
in terms of repairability, functional recovery, and seismic resilience. In addition, the results highlighted that the IDRRes
of 0.5%, typically considered as the repairability limit24 for conventional structures, may not be adequate for innovative
structures like the one investigated. In fact, the experimental campaign highlighted the ability of the structural solution to
drastically reduce the IDRRes by simply applying easy and quick repair strategies. For comparison purposes, Figure 17(D)
shows the effects of the loosening process performed after Test 8 for the specimen without PT bars. The results show that
the loosening process was ineffective in reducing the residual drifts due to the absence of the PT bars.
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5.3 Generalization of the results

In this section, IDAs63 are performed in OpenSees62 to investigate the PT bars’ influence on the frame’s seismic response
while also considering the influence of record-to-record variability. Three configurations are analyzed and compared: the
MRF with the SC-CB modeled as presented in Section 4.1, the equivalent MRF with the SC-CB without the PT bars and
the MRF with conventional full-strength CBs.51 Nonlinear time history analyses are performed by considering a suite of
30 ground motion records selected from the SIMBADDatabase74 with moment magnitude ranging from 6 to 7, epicentral
distance R ≤ 30 km, and spectrum-compatibility in the range of periods between 0.2 T1 and 2 T1. The mean elastic spec-
trum of the set is kept between 75% and 130% of the corresponding EC 8 based elastic response spectrum.3 The spectral
acceleration corresponding to the first vibration mode (i.e., Sa(T1)) is used as Intensity Measure (IM), where T1 = 0.41 s
for all structures. Sa (T1) is equal to 0.52, 1.05, and 1.58 g, respectively, for the DLS, ULS, and CLS, representing the seismic
intensities of interest. IDRPeak and IDRRes are recorded as global EDPs to analyze and compare the seismic performance
of the three structural systems.
Figure 18 illustrates the comparison of IDRPeak and IDRRes versus IM for the structure with, without PT bars and

with conventional full-strength CBs. Bold lines represent the mean responses among all ground motions, while thin
lines show the single IDA curves. For the sake of brevity, results are shown only for the first story; however, the sec-
ond story shows consistent trends. The limits threshold of 0.2% for structural realignment,24 0.5% for reparability,25
and 1%3 for the DLS requirements are also included. Figure 18 (A) shows that the introduction of PT bars does not
significantly affect the peak values of the seismic demands in terms of global EDPs. It is also highlighted that the
three structures achieve mean values of the IDRPeak lower than the 1% threshold3 under the DLS, as expected from
the design.3 On the other end, Figure 18 (B) shows the contribution of the PT bars in significantly reducing the IDRRes
across the entire range of IM values investigated. In particular, the MRF with PT bars experiences IDRRes lower than
the 0.2% threshold24 in terms of mean response, even for the CLS, at both stories. This effect represents a consider-
able benefit in terms of structure’s repairability. Conversely, this limit is never satisfied for the equivalent structure
without PT bars and for the MRF with conventional CBs at both the ULS and CLS. Moreover, the 0.5% threshold25
is not satisfied in terms of mean response at the CLS, for both the structure without PT bars and for the MRF with
conventional CBs.
It is worth mentioning that the IDAs are also performed with and without the leaning column, which accounts for the

presence of the gravity frames of the entire building structure described in Section 2.1, following a consistent approach
with Elettore et al.51 However, no significant differences are observed for the considered EDPs while considering the
contribution of the leaning column.

F IGURE 18 IDAs results. Comparison of the seismic performance with, without the PT bars and with conventional CBs for the first
story in terms of (A) Peak interstory drifts (IDRPeak) and (B) Residual interstory drifts (IDRRes).
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6 CONCLUSIONS

This paper presents an experimental program on a large-scale two-story steel structure equipped with Damage-Free BCJs
(DF-BCJs) endowed with FDs and Self-Centering Column Base (SC-CB) connections. The experimental campaign was
performed at the STRENGTH Laboratory of the University of Salerno, Italy, through a Pseudo-Dynamic (PsD) testing
procedure. The test specimen is first described, including a presentation of the preliminary characterization test for the
material properties and components. Then, the experimental program is shown, including the Test matrix, the experi-
mental setup, and the instrumentations. Preliminary white-noise tests with low-intensity earthquakes are conducted to
evaluate the dynamic response of the structures in the elastic range. A sequence of eight high-intensity ground motion
records is applied to assess the seismic response. Global and local Engineering Demand Parameters (EDPs) are monitored
to investigate the influence of the proposed SC-CBs on the seismic performance of the tested structure. Additionally, at
the end of each test, the specimen has been repaired by loosening and retightening all the high-strength bolts belonging to
the FDs of both DF-BCJs and SC-CBs. Similar operations were performed on the PT bars. A detailed Finite Element (FE)
numerical model is developed in OpenSees, and comparisons between experimental and numerical results are presented
for two individual ground motions. Finally, Incremental Dynamic Analyses (IDAs) are performed to numerically inves-
tigate the PT bars’ influence on the structure’s seismic response while also considering the influence of record-to-record
variability.
The following conclusions can be drawn: (i) the experimental results demonstrate the effectiveness of the SC-CBs in

limiting the residual drifts on the whole structure below the acceptable drift limit for reparability of 0.5%; (ii) the peak
rotations do not exceed the permissible design value (i.e., 0.035 rad) for both DF-BCJs and SC-CBs; (iii) the first story
columns are fully protected from yielding; (iv) the energy dissipation is only provided by the sliding mechanism in the
FDs of the DF-BCJs and SC-CBs; (v) the tests performed with and without the PT bars demonstrate the paramount role of
the PT bars in allowing a significant reduction of the residual interstory drifts at both stories (i.e., from 1.47% to 0.30% for
the first story and from 1.62% to 0.51% for the second story), with a slightly decreasing efficiency along the height (i.e., the
percentage reduction ranges from 80% to 69% from the first to the second story). In addition, the PT bars do not produce
any detrimental effect on the peak values of the seismic demands; (vi) the repair process (i.e., loosening all the high-
strength preloadable bolts of the FDs of both DF-BCJs and SC-CBs) and the retightening of the PT bars applied after each
test is effective in reducing the residual drifts almost to zero and in restoring the seismic performance of the undamaged
structure. Conversely, for the equivalent structurewithout the PTbars, the repairingmethodology is ineffective in reducing
the residual drifts; (vii) the numerical modeling approach allows the prediction of the global structural response with
accuracy. The limitations of the modeling strategy in predicting the local response are also highlighted and discussed; and
(viii) the IDA results provide a more exhaustive view into the structure’s reparability and resilience for seismic intensities
different from those of the tests.
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