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Abstract

Conventional code-based seismic design methods widely applied worldwide rely on the dissi-
pation of seismic energy through construction damage. While this approach ensures life safety,
it often results in significant post-earthquake damage, leading to substantial direct and indirect
losses that affect communities’ resilience. To overcome these limitations, modern Earthquake
Engineering is focusing on developing high-performance, cost-effective structures capable of
withstanding design-level earthquakes with minimal socio-economic impact. In this context, the
ERIES - SC-RESTEEL (Self-Centring seismic-RESilient STEEL structures) project explores the
structural response, repairability, resilience, and performance recovery of a steel self-centring
Moment-Resisting Frame (MRF) incorporating friction devices and post-tensioned bars at col-
umn bases and beam-to-column joints. The project includes full-scale shaking table tests on a
three-storey steel MRF at LNEC (Laboratdrio Nacional de Engenharia Civil) in Lisbon, Por-
tugal. Moreover, the project investigates the response of the beam-to-column joint and the effect
of the frame expansion due to the rocking of the beams through quasi-static cyclic tests on MRF
subassemblies in Salerno, Italy. This paper illustrates the preparatory numerical work, includ-
ing advanced Finite Element (FE) models in ABAQUS considering two configurations of the
subassemblies, and investigates a solution to mitigate the frame expansion effects. The com-
bined FE and experimental results provide crucial insights into the design of shaking table tests
and the expected experimental outcomes.

Keywords: Self-centring Moment-Resisting Frames, Beam-to-Column Joints, Finite Element
Modelling, Frame Expansion.

1 INTRODUCTION

Earthquakes rank among the most devastating and costly natural disasters worldwide. Con-
ventional seismic design methodologies, as recommended by most current building codes (e.qg.,
Eurocode 8 [1]), primarily rely on structural damage to dissipate seismic energy and meet the
life safety requirements. However, such an approach often leaves buildings heavily damaged
after earthquakes, leading to significant direct (e.g., casualties, repair expenses) and indirect
losses (e.9., operational downtime). These consequences are particularly significant after ‘rare’
seismic events, which adversely affect the resilience of communities, especially when the dam-
aged structures are critical facilities that must remain functional after a disaster. To address
these limitations, modern Earthquake Engineering is advancing in the development of seismic-
resilient structures able to minimise both seismic damage and repair time, thereby reducing
socio-economic impacts following severe earthquakes [2]. To this end, one effective strategy is
based on the use of seismic devices, which have been extensively studied and are now widely
used in construction. Well-established solutions are based on supplemental damping [3]-[5] and
seismic isolation systems [6] [7]. Additional innovative strategies, such as rocking and spine
low-damage systems [8]-[10], have recently gained recognition for their distinct advantages.

In the case of steel Moment Resisting Frames (MRFs), a promising solution involves incor-
porating Friction Devices (FDs) into Beam-to-Column Joints (BCJs) and/or Column Bases
(CBs). This approach enables high local ductility and energy dissipation while ensuring mini-
mal damage, as the affected components are designed to be easily repairable or replaceable
[11]-[13]. However, reducing structural damage alone does not necessarily guarantee repaira-
bility. Post-earthquake residual drifts can exceed acceptable limits, often recommended to be
within the range of 0.5% or 1% for repairable buildings and 0.2% for buildings requiring
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structural realignment [14]. This challenge has been addressed by integrating elastic restoring
forces to enhance the Self-Centring (SC) capability of structures. SC systems, which effectively
reduce residual deformations, have been extensively investigated across various structural ty-
pologies and materials, such as bridge piers [15], reinforced concrete structures [16], steel
braced frames [17][18] and steel MRFs [19]-[22].

For steel MRFs, one strategy involves incorporating self-centring devices into BCJs [8][23]
[24] and/or CBs [21][22][25]. Self-centring BCJs typically include Post-Tensioned (PT) steel
bars, which are aligned parallel to the beams and anchored externally to control the gap-opening
mechanisms (i.e., rocking) at the connection interface. Seismic energy is typically dissipated
through replaceable yielding devices or FDs [26] integrated into the connection.

Within this context, the ERIES — SC-RESTEEL (Self-Centring Seismic-RESilient STEEL
Structures) project aims to advance knowledge and drive innovation through experimental in-
vestigations into the seismic performance, repairability, and effective integration of self-cen-
tring devices in steel MRFs. This approach incorporates dissipative and self-centring
components at CBs and BCJs to dissipate seismic energy and eliminate residual drifts.

As previously mentioned, incorporating self-centring devices into BCJs promotes repaira-
bility. However, the rocking mechanism of the beams may induce frame expansion effects,
hindering the joint’s self-centring capability, increasing the demands on the floor slab and col-
umns [27], and causing irreparable damage. To address this issue, several research works have
focused on developing solutions to mitigate the effects of the frame expansion. Among others,
Deng et al. [28] investigated a configuration where the central rocking part of the beam is fully
restrained for the bending actions but is provided with a horizontal gap to accommodate beam
elongation. Similarly, Garlock et al. [29] suggested using collector beams designed to deform
and transfer loads to the frames, thereby reducing the impact of the frame expansion. However,
it was observed that the presence of collector beams, which are prone to yielding, could lead to
secondary damage, including a significant contribution to the axial force in the beams, and
compromise structural integrity.

This paper addresses the aforementioned issues by proposing and investigating a solution to
prevent beam elongation in steel MRFs equipped with SC-BClJs. This solution consists of SC-
BClJs equipped with short PT bars and disc springs, along with a splice mechanism at the beam’s
midspan, to mitigate the frame expansion effect. The study examines the performance of a sin-
gle-bay frame subassembly extracted from the second storey of a three-storey structure and
utilises advanced Finite Element (FE) analyses in ABAQUS to investigate the response of the
conventional and the proposed solution. FE models have been developed considering two frame
configurations, with and without the central splice. The preliminary numerical simulations pre-
sented in this paper enable the evaluation of the proposed solution’s performance. On the other
hand, they provide the necessary information for designing the experimental campaign that will
be conducted at the STRENGTH laboratory (Structural Engineering Test Hall) at the University
of Salerno as part of the ERIES — SC-RESTEEL project.

This paper outlines the design and concept of the SC-BCJ and the splice mechanism at the
beam’s midspan under study, illustrates the case study frame, the FE modelling approach, and
the preliminary results obtained. The numerical results are presented for both monotonic and
cyclic loading scenarios of the two frame configurations, highlighting the benefits of the pro-
posed solution.
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2 SELF-CENTRING BEAM-TO-COLUMN JOINTS (SC-BCJS)

2.1 Concept

Figure 1(a) shows the SC-BCJ investigated in this study. It includes angle cleat connections
with L-plates bolted to the column flanges and the beam, together with friction shims placed
between the L-plates and the beam flange and pre-stressed by high-strength bolts. As shown in
Figure 1(b), the L-plates and FDs are made with round holes, while the beam flanges include
slotted holes to allow the relative slippage of the plates forming the friction surface. Moreover,
the joint includes a system of two PT bars with disc springs clamped from one side to the col-
umn flange and from the other side to an anchorage plate welded at a specific distance between
the beam’s flanges. The system of disc springs can be arranged in series and in parallel to opti-
mally calibrate the strength and stiffness of the self-centring system. The FDs and PT bars pro-
vide, respectively, the energy dissipation and self-centring capacity of the connection.

a)
Column High-strength bolt
Friction device q [-platc
Beam Slotted holes
PT bar Friction shim
Disk springs ]

Anchorage plate ’

Figure 1: Self-Centring Beam-to-Column Joint: a) 3D view; b) 3D exploded view.

2.2 Force distribution in the connection

During high-intensity earthquakes, the SC-BCJ is subjected to bending moments inducing
the rocking mechanism and generating a distribution of forces in the FDs, and PT bars. The
force developed in the FDs (Frp) can be calculated as follows:

where i is the friction coefficient; ng is the number of friction surfaces (i.e., two surfaces at
each flange in the proposed configuration); n;, is the number of bolts connected at each surface;
E, is the preload force applied to each bolt. The parameters u and F,, and hence also the slip-
page force, are expected to remain approximately constant during the rocking motion.

The force in the PT bar (Fpr) is defined by an initial post-tensioning force (Fpr ), which
increases during the rocking motion as a consequence of the PT bars elongation (AFpr). The
forces in the PT bars can be calculated as follows:

Fpro = nPTFp,PT ; AFpr = Kquel,PT ; Fpr = Fpro + AFpr (2)

where npy is the total number of PT bars, F, pr is the initial preload force in each bar; K, is
the stiffness for the whole system composed of PT bars and disc springs; and A, pr is the PT
bars elongation. The stiffness of the PT bar system is calculated as follows:
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n KPTKDS i _ EPTAres Kne = Npar
PT PT — DS —
Kpr + Kps Lpr Nser

Keq = Kps single 3)
where Kpy is the stiffness of a single PT bar; Kj¢ is the stiffness of the whole set of disc springs
in parallel and in series; npr is the total number of PT bars in the system; Epr is the elastic
modulus of the PT bar; A, is the resistance area of the PT bar; Lpr is the length of the PT bars;
Npqr 18 the number of disc springs in parallel; and ng,, is the number of disc springs in series.
The maximum force in the PT bars can be easily calculated based on the target rotation for
the joint (6¢4rge¢)- This can be assumed based on code recommendations (e.g., 40 mrad accord-

ing to the Eurocode 8 [1], and allows calculating A, pr as follows:

iy @

Ael,PT = gtarget 2

where h,rr = hy, — ty where h;, and t; are the beam’s height and flange thickness, respectively.

2.3 Moment-rotation relationship

Figure 2(a) shows a deformed configuration and the rocking mechanism of an SC-BCJ. The
forces in each component are calculated by imposing a static equilibrium at the centre of rota-
tion (COR). F, represents the compression force, Fy represents the sliding forces in the friction
pads at the beam flanges, while Fpr is the sum of the forces provided by the system of PT bars
and disc springs. Figure 2(b) shows the analytical moment-rotation behaviour of the joint. This
is a function of the response of each of the joint’s components during rocking.

3) " b) M,
0 Flange friction M,
! _~device T T
> f——i‘? - AM Flag-shaped behaviour
‘.I:D FPT o M M ZMH)
T «— It sl1p7 1 o N
' Energy dissipated
% | ~_PT bar + My . "] Energy dissipate
= Fppe—==— discsprings Mpp oMy / 3
\ - .
COR Flange friction M,
device 6
: | 4
0,

target

Figure 2 a) Force distribution in the joint during rocking; b) Analytical moment-rotation behaviour of the SC-
BClJ.

The moment M, results from the initial post-tensioning force of the PT bar as follows:

h
Mpro =M, = Fpro esz ®)
The moment Mg, is provided by the FDs and is calculated as follows:
Mpp = Frp hess (6)

The slippage moment Mg;;;, = M; corresponds to the activation of the friction pads and is
calculated as follows:

Mgiip =M = Mo+ Mpp (7)

M; is the maximum moment provided at the target rotation (8¢4rge¢), and results from the
slippage moment and the additional moment resulting from the PT bars hardening AMp:
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h
AMpr = AFpr esz (3)
MZZ M0+MFD+AMPT (9)

The unloading moments M; and M, are calculated at the target and zero rotation respec-
tively as follows:

M3: MZ_ZMFD (10)

M4=M1— ZMFD (11)

3 CASE STUDY AND FINITE ELEMENT MODELLING

3.1 Case study structure

Shake table tests will be conducted on a large-scale, three-storey steel moment-resisting
frame. The prototype structure features three bays along both the X- and y-directions and is
scaled using material and acceleration identity with a scaling factor A = 0.6. The specimen for
the subassembly is extracted from this scaled prototype, as shown in Figure 3.

Extracted from
2° storey

Test Direction

Figure 3: 3D view of: a) Prototype structure; b) Scaled structure; ¢) Specimen for the shaking table tests; d) Sub-
assembly for the quasi-static tests [Dimensions in m].

3.2 Single-bay frame subassembly

The subassembly consists of a single-bay frame representing the second storey of the test
specimen, as shown in Figure 4. Experimental tests will be conducted on two frame configura-
tions. The first configuration (Figure 4(a)) includes SC-BCJs and a continuous beam. The sec-
ond configuration (Figure 4(b)) includes the same SC-BCJs and a splice mechanism at the
beam’s midspan. The splice consists of bolted plates connected to the beams’ webs and flanges.
Slotted holes are included in the beam, and a teflon material, characterised by a low friction
coefficient, is included between the plates to create a ‘frictionless’ interface. This mechanism
enables the reduction of axial forces in the beams, thereby mitigating the frame expansion effect,
allowing for a more controlled response of the SC-BClJs, and reducing damage to the joint
components. Columns are pinned at the base and the upper side, simulating the zero moment at
the columns’ mid-height, as expected in the three-storey frame. At the upper side, columns are
connected by a tube, acting as a pendulum, so that lateral loading is applied to one column using
a hydraulic actuator and transferred to the other through the pendulum system. Additionally, a
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separate test setup (not shown in the figure) is used to restrain the columns’ out-of-plane dis-
placement.

a) b)
o= el o= . s
— — \ Transfer tube
Splice mechanism
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Figure 4: Tested Subassemblies with: a) Continuous beam; b) Splice at midspan.

3.3 Experimental program

Quasi-static tests will be conducted on both configurations. The specimens will undergo
progressively increasing cyclic loading until reaching a target joint rotation of 0.04 rad in ac-
cordance with AISC 341-16 [33] section K2.4b provisions. This approach ensures a thorough
evaluation of the joint’s rotational capacity, replicating the repeated cyclic effects experienced
in a real-life seismic event.

3.4 Finite Element (FE) modelling

Advanced 3D FE models of the subassemblies have been developed in ABAQUS. All the
components are modelled using the eight-node linear brick element (i.e., C3D8R) available in
ABAQUS. Elements C3D8R rely on ‘reduced integration’ and ‘hourglass control’. The steel
material model follows a multilinear stress-strain law for all components, except for the bolts
and PT bars, where a bilinear stress-strain law was used. Interaction properties were modelled
using ‘surface-to-surface’ contact, employing ‘hard contact’ and ‘penalty’ contacts to simulate
normal and tangential response, respectively. The ‘bolt load’ option was used to model the pre-
load force for both bolts and PT bars. The preload was assigned through the ‘apply force’ option
at the initial stage, and then it was allowed to vary during the analyses by using the fixed at
current length’ option. Columns were pinned at the base by restraining them in all three in-
plane directions (i.e., U1=0, U2=0, U3=0, UR2=0, UR3=0). The analyses were performed in
two steps i) bolts and PT bars preload, and ii) application of the displacement history.

Figure 5 shows the three models developed in ABAQUS. Figure 5(a) shows the model of
the single BCJ. Figure 5(b) and (c) show the two configurations of the single-bay frame with
and without the splice mechanism at the beam’s midspan. All models were initially analysed
under monotonic displacements and successively, under a cyclic analysis with a single cycle up
to the joint target rotation. The comparison of the moment-rotation response of the three models
provides some insights into the effectiveness of the splice mechanism in mitigating the frame
expansion effects.
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Roller

Figure 5: ABAQUS models: a) Single BCJ; b) Single-bay with continuous beam; ¢) Single-bay with splice.

4 RESULTS

Figure 6 shows a comparison of the monotonic analysis for the three models. Figure 6(a)
shows that the three models exhibit similar slippage moments, corresponding to the activation
of the FDs. The configuration featuring the splice shows a moment-rotation response almost
identical to the single BCJ, demonstrating a limited to no influence of the frame expansion
effects. Conversely, the frame with the continuous beam exhibits a significantly larger moment
compared to the single BCJ. Additionally, the results highlight that the BCJ with the continuous
beam experiences higher stresses due to the high axial force developed in the beam during the
corresponding higher moment. For the target joint rotation of 0.04 rad, such stresses exceed the
yielding stress of steel. Figure 6(b) illustrates the axial force variability with increasing rotations,
highlighting the beneficial effects provided by the splice. The frame with the splice exhibits a
constant, negligible axial force. Conversely, the frame with the continuous beam exhibits a
sharp increase in the axial force, reaching high values. This axial force leads to plastic damage,
hinders structural integrity and compromises the BCJ’s self-centring capability.

a) b)

90 s . . ‘ . 160 F
(Avg: 75%)
80 F +9.217a402

3.5500 402

+3.2542402 / i 140
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Figure 6: Comparisons of BCJ behaviour in terms of: a) Moment-rotation curves and von Mises stresses from the
ABAQUS models [units of colour bar in MPa]; b) Axial force evolution between the two frame configurations.

Figure 7 shows the moment-rotation cyclic response of the two frame configurations. The
results show a slightly better self-centring capability for the frame with the splice. The benefits
are limited in this configuration but are expected to be more pronounced in other configurations
with different forces in the PT bars and FDs, as well as in multiple bays where the displacements
related to the frame expansion accumulate at each frame. Figure 7(b) and (c) shows the stresses
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distribution for the BCJs for the frames without and with splice, respectively, at maximum dis-
placement. It is noted that for the frame without the splice, the BCJ reaches higher stresses
exceeding the yielding stress of the steel material, especially at the column web and beam flange.
These findings highlight the critical role of the splice mechanism in preventing excessive yield-
ing in critical structural components, thereby reducing plastic deformation, ensuring self-cen-
tring capability, a more controlled structural response, and mitigating frame expansion.

a)

S, Mises
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Figure 7: a) Cyclic moment-rotation curve comparison between the two frame configurations; and von Mises
stresses contours for b) frame without splice; ¢) frame with splice. [units of colour bar in MPa].

5 CONCLUSIONS

As part of the ERIES SC-RESTEEL project, shake table tests will be conducted on a large-scale,
three-storey steel moment-resisting frame featuring self-centring beam-to-column joints and column
bases. This paper presents the design and finite element modelling of beam-to-column subassemblies
that will be tested at the STRENGTH (Structural Engineering Test Hall) laboratory of the University of
Salerno and that will be used in the specimen of the shaking table tests. The primary focus is on inves-
tigating a solution to address the frame expansion effect resulting from the rocking of the beams. Such
effects lead to high axial forces and ‘unexpected’ moments that can compromise structural integrity.
The proposed solution includes a splice mechanism at midspan allowing slippage and, hence, the short-
ening of the beam. Finite element models have been developed in ABAQUS to compare two frame
configurations. The findings offer valuable insights into the performance of the proposed self-centring
beam-to-column joints and highlight the effectiveness of the proposed solution in mitigating the frame
expansion effects, thus, reducing damage to the joint and enhancing the self-centring behaviour. The
numerical results provided significant support for designing the experimental tests.
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