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ABSTRACT

In recent years there have been significant advancements in the definitions of innovative seismic-resilient structural
systems, chasing the urgent needs of reducing the repair costs and downtime in the aftermath of severe earthquake events.
In this regard, self-centring Column Bases (CBs) represent a promising solution to improve the seismic performance of
steel Moment Resisting Frames (MRFs) for both damage and residual drifts reductions. However, although several
technologies have been conceived, studied, and experimentally tested in this direction, only a few research studies
investigated the significant properties of the connections influencing the behaviour of these systems. Focusing on the steel
damage-free Self-Centring Column Base (SC-CB) previously investigated by the authors, the present study performs a
parametric Finite Element (FE) analysis to evaluate the influence of some design parameters over the global and local
response of these joints, considering the objectives of obtaining a self-centring behaviour, as well as minimizing the
yielding of the joint components. With this scope, an advanced FE model is developed in ABAQUS and validated against
experimental results. FE models of three SC-CBs belonging to different case-study MRFs are developed considering
sixteen configurations for each case characterised by different design parameters and structural properties. The parametric
analysis provides a more comprehensive view of the assumptions and limitations of the design methodology and suggests
additional recommendations to improve the design requirements of the SC-CB connections.

Keywords: Steel Moment Resisting Frames, Self-Centring Column Bases, Structural Resilience, Parametric Finite
Element Analysis.

1 INTRODUCTION

Steel Moment Resisting Frames (MRFs) represent widely used seismic resisting systems in building structures, thanks to
their architectural flexibility and good seismic performance [e.g., 1-2]. For these structures, the traditional ‘capacity
design’ philosophy currently implemented in modern seismic codes [e.g., 3-5] ensures the achievement of adequate
ductility and energy dissipation capacity, but it may entail the occurrence of irreparable damage of the structural
components and large residual deformations in the aftermath of strong earthquakes [e.g., 6]. This leads to high direct (i.e.,
repair costs) and indirect (i.e., business interruption) losses, which, in many cases, are not acceptable from both social
and economic perspectives [e.g., 7]. This situation strongly affects communities subjected to extreme seismic events,
especially when damaged structures include strategic facilities that must remain operational in the aftermath of a
damaging earthquake. In this direction, nowadays, earthquake engineering is facing an extraordinarily challenging era
with the task of providing innovative seismic-resilient structures which are durable, efficient and capable of reducing
direct and indirect losses after severe seismic events [e.g., 8-13]. Examples of such structures are represented by Self-
Centring MRFs (SC-MRFs) equipped with Post-Tensioned (PT) bars/strands, which provide elastic restoring forces,
combined with replaceable/repairable energy dissipation devices [e.g., 14-18].

It has been demonstrated that Column Bases (CBs) play a fundamental role over the self-centring capacity of MRFs.
Conventional full-strength steel CBs suffer from residual rotations, large plastic deformations [e.g., 19- 20], and axial
shortening phenomena [e.g., 21-22], which impair the structure returning to the initial condition after severe earthquakes.
In fact, post-earthquake inspections after the 1994 Northridge, 1995 Kobe, and 2011 Tohoku earthquakes revealed
unsatisfactory performances, confirming the susceptibility of CBs to difficult-to-repair damage and residual deformations
due to several effects, such as anchor rods elongation, base plate yielding, weld fracture and concrete crushing [e.g., 23-
25]. Additionally, it is worth mentioning that the design assumptions for the CBs may significantly affect the seismic
response of the structure. CBs can be designed as fully fixed, pinned, and other intermediate stiffness conditions (i.e.,
rigid, flexible, semi-rigid). However, the stiffness and cyclic response of conventional CBs are difficult to predict, as they
are strongly affected by the base plate flexibility and the magnitude of the axial force [e.g., 26]. Several studies in this
direction demonstrated that the assumptions made on the CBs’ stiffness might underestimate or overestimate the height-
wise distribution of steel MRFs’ drift demands and the internal force distribution, thus leading to uneconomical or
unconservative designs [e.g., 27-29].
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To overcome these drawbacks, in the last two decades, several research studies have proposed novel CB
configurations. Several strategies focused on replacing the conventional full-strength CB connections with dissipative
partial-strength joints equipped with Friction Devices (FDs) [e.g., 30-31]. Among others, MacRae et al. 2009 [30]
proposed a low-damage connection where the reduction of the column yielding, due to the introduction of the FDs, is
identified as an effective solution to mitigate the axial shortening. Furthermore, other CBs configurations were developed
combining self-centring systems and energy dissipation devices (e.g., yielding or FDs) designed for easy inspection and
replacement after strong seismic events [e.g., 32-44]. Freddi et al. 2017 [38] presented and experimentally investigated
[39] a rocking damage-free steel CB, which uses PT high-strength steel bars to control the rocking behaviour, FDs to
dissipate the seismic energy, and a circular steel plate with rounded edges as a rocking base. A similar configuration was
proposed by Kamperidis et al. 2018 [40] while using a square rocking base and hourglass shape steel yielding devices.
Moreover, Wang et al. 2019 [41] experimentally and numerically examined two types of self-centring steel CBs
composed of a concrete-filled square steel section, showing stable self-centring and energy dissipation capabilities. In
addition, several studies also focused on achieving the self-centring behaviour using advanced materials (i.e., super-elastic
shape memory alloys) [e.g., 43-44].

Within this context, Latour et al. 2019 [42] recently proposed and experimentally tested an innovative damage-free
Self-Centring Column Base (SC-CB) consisting of a rocking column splice joint where a combination of FDs and PT
bars with disk springs promote the self-centring behaviour of the connection. The damper typology included in this
connection was extensively studied in previous experimental works, which have addressed significant aspects, such as
the response of the FDs under cyclic loading histories and the behaviour of the pre-loadable bolts at installation and over
their service-life [e.g., 45-49]. Results from the experimental tests showed a satisfactory and stable flag-shaped hysteretic
behaviour of the SC-CB. They also highlighted the influence of some design parameters over the joint response, such as
the assumed design value of the axial load, as well as the key role of the initial pre-load of the PT bars on the self-centring
response of the device. In this direction, the authors have recently investigated the global behaviour of the SC-CB using
simplified numerical models, with the objective of evaluating the potentialities and limitations of the use of these joints
in terms of residual drifts reduction within steel MRFs [50-51].

However, the parameters investigated in the experimental campaign were limited, and the previously proposed
simplified numerical models highlighted some limitations in providing a more exhaustive view into the influence of some
design parameters over the local behaviour of the connection. Thus, further research and additional information are still
required towards the definition of pre-qualified design rules [e.g., 52-55] for these joints. In this regard, it is of paramount
importance to investigate the influence of the adopted design procedure over the global and local response of the SC-CBs,
toward the objectives of obtaining the optimal design condition which provides the self-centring behaviour, as well as
minimizing the yielding of the joint components. These considerations motivated the present research activity, whose
main objectives are: i) to provide insights into the local behaviour of SC-CBs under cyclic loading; ii) to identify the
parameters that mainly affect the local behaviour of SC-CBs in view of obtaining specific performance objectives (i.e.,
minimal yielding of the joint components and self-centring capacity under random loading histories); iii) to propose new
design guidelines for this joint typology.

To fulfil these objectives, a detailed Finite Element (FE) model is developed in ABAQUS [56] and validated against
the available experimental results of the previously tested SC-CB specimen. The results of the FE validation show that
the model correctly predicts the global hysteretic response observed during the experimental tests, providing useful
insights into the characterization of the local behaviour of the SC-CB connection. A parametric FE analysis is conducted
in ABAQUS [56], selecting three SC-CBs to investigate the scale effect on different geometrical configurations. The SC-
CBs are extracted from three different case-study MRFs and are designed by following a proposed design procedure.
Hence, a matrix of sixteen different configurations is considered for each SC-CB, obtained by varying three design
properties of the joints. Global and local parameters are monitored and compared for each SC-CBs, considering all the
configurations, to identify the best design solution in terms of improved self-centring capacity of the joint and minimal
yielding of the components. The results of the FE parametric analysis provide more comprehensive insights on the
assumptions and limitations of the design methodology and suggest additional recommendations to improve the design
requirements.

The paper is organized as follows: Section 2 describes the main features and the behaviour of the SC-CB joint
considered, highlighting the assumptions and limitations of the design methodology; Section 3 reviews an experimental
study of a SC-CB prototype, describes the FE modelling strategy and the validation against the experimental results;
Section 4 presents the design of three case study SC-CBs, describes the investigated sixteen configurations for each SC-
CB and critically compares the results obtained by the parametric FE analysis.
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2  SELF-CENTRING COLUMN BASE (SC-CB)
2.1 Main features

The SC-CB connection proposed and experimentally tested by Latour et al. [42] is shown in Figure 1. It consists of a
column composed of two parts connected by a combination of FDs, which dissipate the seismic input energy through the
alternate slippage of the surfaces in contact, and a self-centring system which, together with the gap opening mechanism,
controls the re-centring behaviour of the connection. The FDs consist of properly coated steel friction shims and steel
cover plates clamped with pre-loadable bolts. The self-centring system is composed of PT bars symmetrically placed with
respect to the column’s depth and arranged in series with a system of disk springs. The disk springs are arranged in series
and in parallel, granting an ideal stiffness—resistance combination into the self-centring system. It is worth mentioning
that the overall dimension of the connection is similar to the size of a traditional column splice, and it is characterised by
the absence of interaction with the concrete foundation.

Anchorage plate
for the PT bars

Web Oversized Holes

Threaded High-Strength

High-strength 10.9 Post-Tensioned (PT)

pre-loadable
HV 10.9 bolt

Flange

Web
Friction Pad <

Friction Pad

Web steel plate

Flange steel plates
for the Web FDs

for the Flange FDs

High-strength
pre-loadable
HV 10.9 bolt

Figure 1: Self-Centring Column Base (SC-CB) experimentally tested in Latour et al. (2019) [42]

The design of the SC-CB joint is based on the knowledge of the forces developed during the gap-opening phase, as
illustrated in Figure 2 (a). It is worth mentioning that some assumptions are required for the definition of the design
formulations of the SC-CB joint. Some of these have been verified through experimental tests [42] and some others
through simplified numerical models [50], nevertheless, there are some other assumptions which validity has not been
verified yet.

The behaviour of the FDs assumes i) stable slippage force provided by the FDs, which is related to the stable friction
coefficient and the clamping force of the bolts, which is assumed to be constant; and ii) negligible bending stiffness of
the flanges’ plates of the FDs. Based on these assumptions, the FDs exhibit a rigid-plastic behaviour that depends on the
clamping force and the friction coefficient of the interfaces in contact. The forces in the FDs of the web (F,,) and flanges
(Ff) are defined as follows:

Ey = Faipw = U Ng* Ny " Fyy Fr=Fgipr=U"Ng" Nyp " Fpr €Y)

where u is the design value of the friction coefficient; ng is the number of friction interfaces (i.e., equal to 2 in the
considered configuration); n,, ,, and n,,  are the numbers of bolts respectively in the web and the flanges; F,,, and F,
are the pre-loading forces of each web and flange bolt, respectively.

The PT bars control the rocking behaviour by providing elastic restoring forces in the joint. The force acting in the
self-centring system (Fp;) (i.e., PT bars and disk springs) is defined as follows:

Fpr = Fpro + AFpr Fprp = npr - Fppr AFpr = Keq * Alpr 2
3
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where Fpr, is the initial bars pre-load; AFp is the extra force occurring in the system during the gap opening phase, npy
is the total number of PT bars employed; F,, »r is the initial pre-load force on each PT bar; K., is the stiffness of the self-
centring system; Al is the average elongation of the PT bars, assumed linearly proportional to the target rotation (6,)
of the joint, corresponding to 0.04 rads, which is the benchmark rotation established by AISC 341-16 [3] for Special
MRFs. The equivalent stiffness of the self-centring system (K,,) is a function of the stiffness of the single components
(i.e., PT bars and disk springs), as follow:

Kpr1Kps EprAgrespr Koo = Naspar K 3)
DS = ds,1

K =N _— =
eq PT PT,1
Kpr1 + Kps lpr Ngs,ser

where Kpr 4 is the stiffness of a single PT bar; K isthe stiffness of a set of disk springs arranged both in series and in
parallel; Epy is the elastic modulus of the PT bars; A ,..s pr is the resistance area of one PT bar; I is the length of the
PT bar (including the length of the disk spring system (l4s)); K451 IS the stiffness of one disk spring, while n 4, and
Ngsser are the number of disk springs arranged in parallel and series, respectively.

The SC-CB is characterised by a flag-shape moment-rotation behaviour as shown in Figure 2 (b). In the closed phase,
the forces in the FDs are assumed to be completely developed and thus their contributions are assumed to remain constant
during the gap opening. In addition, the contribution of the initial pre-load force of the PT bars is assumed constant, while
the contribution due to the extra forces in the re-centring system (i.e., occurring in the gap-opening phase) is assumed
linearly proportional with the rotation of the joint. The moments’ contributions are a function of the forces developed by
each component during the gap-opening phase and can be calculated, with respect to the Centre of Rotation (COR), as
follow:

Mp = My + Mpr, My = Ngq - (2/2) Mpro = Fpry - (z/2) 4)
Mpp = Mgpy, + Mppy = E, - (2/2) + F; -z (5)
AMpr = A Fpr - (2/2) = Keqejoint ' (Z/Z)Z 6)

where M, is the decompression moment; My, is the moment provided by the web and flanges FDs; AM, is the moment
developed by the additional forces in the self-centring system; 6;,,,, is the rotation of the joint, and z is the lever arm of
the connection. The first branch (K;) of the moment-rotation curve is characterized by an infinite stiffness of the
connection and, therefore, the stiffness of the whole system is equal to the flexural stiffness of the cantilever column. The
second branch (K) is controlled by the equivalent stiffness of the self-centring system (K,,). It is worth reminding that
the flexural resistance of the flange cover plates and friction shims is assumed negligible, thus their bending contribution
on the moment-rotation behaviour is neglected. Further investigations are reported in Section 4.3.

a) Self-Centring system b)
(PT bars and
Disk spring system)

—

- — Flag shape behaviour
Web Friction Devices — .
[ ] Dissipated energy
s 7z
Flange Friction Devices (] ampr B Mpr
MO | O
Centre of Rotation Mpp e
L o oo (COR) 8
=
T w c
1 M; =Mp +Mpp,+ Mpp
M, =Mp + AMpy
) gjoim M;=M, -2Mpp
My,=M,; -2Myp
Fpr

Figure 2: Self-Centring Column Base (SC-CB): (a) Schematic representation during the gap-opening; (b) Flag-shape
hysteretic behaviour, moment contributions.
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2.2 Design procedure

The design of the SC-CB is based on a step-by-step procedure consisting of the definition of the design input parameters
(i.e., geometry and design forces in the column), the design of the components (i.e., FDs and Self-centring system) and
the design of the structural details of the joint (i.e., plates of the FDs, holes and slots). The design methodology is affected
by the assumptions previously discussed in Section 2.1. Additionally, some design choices are required, such as: i) the
design axial force assumed to be constant considering two limit conditions; ii) the design shear force assumed to be
entrusted to the web FDs; iii) no yielding of the joint components. However, currently, there are no recommendations that
allow identifying the optimal design condition in terms of self-centring behaviour and minimal yielding of the
components, and some advancements in this direction are provided in this paper. Further considerations on the design
assumptions and limitations are reported in the subsequent sections.

Step 1: Design input parameters

The design procedure of the SC-CB requires as input parameters: i) the geometrical properties of the column (i.e., cross-
section properties and the splice position above the foundation (I,)); ii) the design forces in the column (i.e., the
maximum/minimum expected axial forces (N4 max sNeamin) and the design bending moment (M, )) derived through
the procedure suggested by the Eurocode 8 [1], namely considering a proper overstrength of the dissipative zones.

The design shear force in the column base joint is estimated as:
Vea = Mgq/lo (7)

where [, = I — I, with I; and [, being respectively the column shear length and the distance between the spliced section
and the base.

Once selected the input parameters, the design of the SC-CB connection can be addressed by first designing the bolts
of the web FD and, consequently, designing the PT bars and the bolts of the flange FDs. Two primary checks must be
satisfied: i) no yielding of the column; ii) self-centring behaviour. These conditions are summarised in the following
system of inequalities:

M, <M,,
{MD > My ®

where M, is the moment achieved at the maximum rotation, and M,, . is the column’s yielding bending moment.

Regarding the design axial force (Ng,), it is worth highlighting that the adoption of a constant axial force is clearly
not reproducing the real load situation of all the columns of a MRF, due to large axial force fluctuations that happen
during the earthquake. Generally, the axial force in the columns of a MRF varies according to i) the distribution of the
gravity loads; ii) the force fluctuations during the earthquake loading. In fact, especially the external columns usually
experience significant transient axial load demands, due to the dynamic overturning effects of the earthquake. Conversely,
the internal columns typically undergo lower axial load fluctuations during the seismic event.

Therefore, in order to properly account for the variability of the axial force within the design procedure, the maximum
compressive (Nggmay) and the minimum compressive (maximum tensile) (Nggmi,) axial forces are considered.
Therefore, the initial sizing of the SC-CB is performed considering the maximum axial force, which represents the worst
condition for the no yielding requirement (i.e., first check condition of Eq. (8)) and the design is successively verified
considering the minimum axial force, which is the worst condition for the self-centring requirement (i.e., second check
condition of Eq. (8)). Nevertheless, designing with the min compressive axial force may represent an overconservative
design assumption, which may lead to an overestimation/oversizing of the necessary components of the self-centring
system. Further explanations and considerations on the validity of these assumptions are reported in Section 4.5

Step 2: Design of the components

The web FD is assumed to carry alone the design shear load (V). Therefore, the required pre-load force for each web
bolt (F,,,) is easily determined by imposing that the slippage force of the web FD (F,) (see Eq. (1)) must be larger or
equal to the required value of the design shear force (Vg,) (see Eq. (7)), as follow:

Vea
Fy= - ng: npy Fuw 2 Vea > Hw= m 7

5
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Additional information and details regarding this design assumption are further investigated in Section 4.4.

The post-tensioning force of the PT bars (Fpr) is defined by imposing the system of equations for the self-centring
condition of Eq. (8) and the equilibrium between the internal and external bending moment in the SC-CB, as follows:

Fpr = 2Ff+FW—NEd Mg,
- Fpr=>—— — N 10
{FPT -(2/2) + F; (2) = Mgq — (Fy, + Ngg)(z/2) T, B (10)

In addition, the minimum pre-load force for each flange bolt (F, ;) is provided by addressing the contribution of the
force of the PT bars and the force of the web FD. The slippage force of the flange FDs (Fy) (see Eg. (1)) can be obtained
by Eqg. (10) as indicated by the following expressions:

Mgq 1 F;

Fr=————=(E,+N F, Fo,=— 11
r P 2(w+ ea + Fpr) — .f PR (11)

The number of disk springs in parallel (n4s,,4,) is calibrated to control the yielding resistance of the re-centring system
while the number of disk springs in series (ng; s.) controls the stiffness of the self-centring system (see Eq. (3)).

Step 3: Design of the structural details

Anchorage plates for the PT bars are placed symmetrically along with the column’s depth and welded to the column, as
shown in Figure 3 (a). The dimensions of the plates are known (i.e., b, and ), except for the thickness (t,), which is
designed to resist the total force of the PT bars (Fp;) (see Eq. (1)).

The flange cover plates the flange FDs are designed and verified to resist the tensile force provided by the design
actions (i.e., the contribution of Mg, Ngg4, F,, and Fpy). It is worth highlighting that the contribution of the friction shims
to the tensile resistance of the FDs is neglected, as well as the flexural resistance of the flange cover plates and friction
shims, as previously discussed. More details and investigations regarding the validity of the assumptions for the flanges’
plates are further checked through the parametric numerical analysis in Section 4.3.

Web oversized holes (d;,) and flange slots (1,,) are designed to accommodate the design rotation (6,) during the
gap opening phase, as illustrated in Figure 3 (b). The holes’ positions are designed to comply with the edge distances and
spacing of bolts suggested by Eurocode 3 Part 1-8 [57]. Finally, the design resistance of the lower part of the connection
is calculated and checked, considering the failure modes (i.e., shear resistance, bearing resistance, punching shear
resistance, combined shear and tension) as indicated in the Eurocode 3 Part 1-8 [57].

a)Anchorage , b) web /, Web holes
plate for the oversized [|" ) (o) Travel path
PTbars — b ] n holes ||y e e T
] g |5 © ©
/) )
r
O 10O o o
OO o o
4
14
Y |
b Flange d Flange bolts
‘U 1 slots T~ e Travel pe}th
@) & superposition
o
N e
/N @) O
O O o)
O O

1
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Figure 3: Structural details: a) Anchorage plate for the PT bars; b) Plates of the FDs; ¢) Oversized holes and slots.



292

293
294
295
296
297
298

299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

339

340
341
342
343

3 FINITE ELEMENT MODELLING AND VALIDATION

The experimental campaign of the SC-CB performed by Latour et al. [42] is briefly summarized hereafter. Subsequently,
the advanced FE model in ABAQUS of the SC-CB is described and validated against the experimental results. The FE
model allows evaluating the significant parameters affecting the moment-rotation hysteretic behaviour of the SC-CB
while allowing shedding some light on the critical aspects of the design procedure presented in Section 2.

3.1  Review of the experimental campaign

The experimental campaign focused on an isolated full-scale column with the SC-CB connection and consisted of several
quasi-static cyclic tests. The key characteristics of the test and the main results are briefly summarized herein to investigate
the validation process.

Figure 4 (a) shows a detail of the specimen considered within the experimental campaign. This consists of a HE 240B
column of S275 steel class, where the FDs were made of 8 mm coated friction shims and cover plates of 5 mm and 8 mm
for the web and the flanges, respectively. All the plates were S275 steel class, and the bolts were high-strength pre-
loadable HV 10.9 class. The friction interface was characterised by a friction coefficient (x) assumed equal to 0.53
according to previous experimental studies [45-47]. Besides, the self-centring system was composed of two threaded
high-strength M20 PT bars of 10.9 class, and the disk springs system consisted of Belleville Disk Springs DIN 6796
arranged with three disks in parallel and seven disks in series. The anchorage plates were made of 40 mm S275 steel
plates welded to the inner parts of the column. An overview of the tested specimen, containing the dimensions of the
spare components, is illustrated in Figure 5.

The main material properties of the joint components are summarized in Table 1, where E, fy and f, are the nominal
values of the Young’s modulus, the yield strength and ultimate tensile strength of the materials, respectively. The other
proprieties of the adopted structural steel (i.e., the shear modulus, the Poisson’s ratio and the coefficient of linear thermal
expansion) are based on the Eurocode 3 Part 1-1 [58]. The interested reader can find additional information in Latour et
al. 2019 [42]. In this paper, the results of three cyclic tests are selected and used to validate the FE model, as explained
in the subsequent section.

The testing equipment is shown in Figure 4 (b). The loads in the quasi-static tests have been applied through two
hydraulic actuators. One actuator is used to apply the axial force, which is kept constant during the test, while a horizontal
hydraulic actuator is used to impose a horizontal cyclic displacements history with an increasing amplitude at each step,
consistently with the loading protocol suggested by AISC 360-10 (Figure 6). It is important to underline that, although
the adoption of a constant axial force is not fully representative of a real situation in a steel MRF, this assumption allowed
an easier interpretation of the experimental results. Several cyclic tests were performed varying some design parameters
(i.e., the axial load in the column, the pre-loading force in the bolts of the FDs, the pre-loading force in the PT bars) to
evaluate their influence on the overall experimental response of the joint. It is noteworthy that axial load ratios equal to
25% (i.e., 728 kN) and 12.5% (i.e., 350 kN) have been selected in a reasonable range of variation, considering the typical
size of MRFs designed according to Eurocode 8 [3].

The pre-loading forces of the bolts and the bars were applied with a calibrated torque wrench, while four load cells
were installed in the connection to monitor the tensile forces of the PT bars and in two bolts of the flange FDs, as shown
in Figure 4 (c). In addition, LVDT displacement transducers have been adopted to measure the vertical displacements in
both column sides. Regarding the bolt tightening procedure, it is worth mentioning that the initial pre-load of the bolts,
according to EN 1090-2 [59] specifications, was increased by 10% to account for random variability of the bolt tightening
and initial installation loss.

Table 1: Material properties [42].

Elements Class E fy fu Number Diameter
[-] [GPa] [MPa] [MPa] [-] []
Column and plates S275 210 275 430 - -
Web Bolts HV 10.9 210 900 1000 4 M14
Flange Bolts HV 10.9 210 900 1000 4 M20
PT bars 10.9 205 900 1000 2 M20
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Figure 6: Experimental cyclic displacement loading history.

3.2  Modelling assumptions

An overview of the ABAQUS [56] model is shown in Figure 7. It is a detailed 3D non-linear FE model where the bottom
surface of the base is fully fixed using boundary conditions type ‘encastre’, while the lateral load of the horizontal actuator
is simulated by a controlled horizontal displacement using boundary conditions type ‘displacement’ (i.e., U1=0, U2=1,
UR3=0). Additionally, the gravity load is simulated by a uniform pressure applied at the upper surface of the column’s
cross-section to simulate the actuator. Figure 7 (a) shows the boundary conditions of the model.

All the components are modelled using the eight-node linear brick element (C3D8R) available in the ABAQUS library
[56]. Elements C3D8R rely on ‘reduced integration’ and ‘hourglass control’, and meshing is carried out by selecting
local seeds with mesh size 10 in the areas with contact interaction to monitor the complex stress distributions during the
cyclic loading. Conversely, a mesh size 20 is used in the areas where the expected stresses are relatively insignificant
(i.e., the base and the upper part of the column). The curvature control is chosen with a maximum deviation factor of 0.1,
while the minimum size control is specified equal to 0.1. Both geometrical and mechanical nonlinearities are considered.
An overview of the mesh details is illustrated in Figure 7 (b), while the actual material properties are reported in Table 1.
It is worth mentioning that a multilinear stress-strain law is exploited to model the mechanical properties of the steel,
complying with the model proposed by Faella et al. 2000 [2].

The interaction properties among the parts are modelled with the ‘surface-to-surface’ contact interaction. This is
implemented using the ‘hard’ contact property to describe the behaviour in the normal direction. In contrast, the ‘penalty’
option is used for the tangential response with values of the friction coefficient equal to 0.30 for interfaces among steel
parts (i.e., plates, column, bolts, and PT bars) and 0.53 for the shims-steel interfaces of the FDs (i.e., equivalent to the 5%
dynamic percentile of the friction coefficient [45]). The options ‘adjust only to remove overclosure’ and ‘specify tolerance
for adjustment zone” are employed to overcome convergence problems associated with the non-linear nature of the contact
regions of bolts and PT bars. The tolerance factor for the adjustment zone has been calibrated iteratively to provide
adequate accuracy of the results while ensuring convergence. The ‘TIE’ constraint is used to simulate full penetration
welds (i.e., monolithic connection) between the anchorage plates of the PT bars and the internal part of the column. Figure
7 (c) illustrates a detail of the spliced section with the contact interactions.

The option ‘bolt load’ is used to model the initial pre-load force in the web and flange bolts and to model the initial
post-tensioning force in the PT bars. The ‘apply force’ option is used for bolts to keep the force constant throughout the
analysis. Conversely, the ‘adjust length’ option is used to allow correctly capturing the force variation of the PT bars (i.e.,
elongation or shortening during the rocking behaviour). It is important highlighting that the self-centring system is
modelled with only the PT bars, assigning the whole stiffness of the system composed of PT bars and disk springs. The
‘von Mises yield criterion’ coupled with ‘isotropic hardening’ is used to model plasticity. The analyses are performed
considering three loading steps: i) application of the axial load; ii) bolts pre-loading; and iii) displacement history
application. The displacement-controlled load protocol up to 93 mm (i.e., joint rotation of 0.06 rad) is applied, consistently
with the test procedure (Figure 6). The non-linear equilibrium equations are solved using the ‘static general’ analysis
procedure. The standard ‘full Newton’ solution technique is adopted together with an automatic incrementation scheme
for the application of the loading. The initial increment size is 0.001, while the minimum is 10-*°, and the maximum is 1.
The ‘automatic stabilization” with ‘specify dissipated energy fraction’ and with ‘specify damping factor’ are adopted to
overcome convergence problems during the analysis.
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conditions; b) Meshing details of the components; ¢) Interactions among the parts.

3.3 Validation

The FE modelling strategy is validated against the experimental results from Latour et al. [42] for three cyclic tests whose
main design parameters (i.e., the axial load in the column, the pre-loading force in the bolts of the FDs, the pre-loading
forces in the PT bars) are reported in Table 2. Hence, FE models have been built in the ABAQUS [56], varying the
aforementioned input parameters. Tests 1 and 2 are characterized by the higher value of the axial load (i.e., 728 kN) and
are performed respectively with and without the contribution of the PT bars. Test 3 is carried out considering the lower
value of the axial load ratio (i.e., 350 kN), and it is characterized by the absence of the contribution of the PT bars.

Table 2: Experimental input data [42].

Test Axial load Pre-load of each web bolt Pre-load of each flange bolt Pre-load in each PT bar
[kN ] [N ] [kN ] [kN ]
1 728 32 62 100
2 728 32 100 -
3 350 32 100 -

Figure 8 shows the comparison between the FE model and the experimental results in terms of moment-rotation (M-
0;0int) behaviour of the joints. The ABAQUS results are shown in red lines, while the experimental data are reported in
blue lines. Also, the analytical moment-rotation relationships are reported with dotted black lines. The comparison shows
a good agreement, demonstrating the effectiveness of the FE model and of the analytical formulation in predicting the
experimental response. Figure 8 (a) (i.e., high axial force and PT bars) shows a full self-centring behaviour with a very
low residual rotation (i.e., 2.1 mrad), Figure 8 (b) (i.e., high axial force and no PT bars) shows a reduced self-centring
capacity, while Figure 8 (c) (i.e., low axial force and no PT bars) shows a significant residual rotation. These results
highlight the influence of the axial force (Ng;) and pre-load of the PT bars in controlling the moment-rotation behaviour
of the SC-CB and demonstrate the ability of the numerical and analytical models in capturing these effects.
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Figure 8: Comparison between FE models and experimental results [42]. Moment-Rotation hysteretic behaviour for the:
a) Test 1; b) Test 2; ¢) Test 3.

Some limitations of the numerical and analytical models can be observed. Among others, as previously discussed, the
analytical model neglects the flange plates’ bending contribution, and the effect of this assumption is reflected in the
slightly lower strain hardening behaviour of the analytical model with respect to both the experimental results and the
ABAQUS model. Moreover, the experimental results showed a loss of the pre-loading force in the bolts of the FDs during
the cyclic loading history. In particular, it has been noted that flange bolts, which were initially tightened to reach the
proof load, were characterized by a loss of 7-10% of the initial pre-load after the first cycle of the loading history.
Afterwards, they uniformly reached a total loss of about 20%. Also, the deterioration of the coating may represent a
possible explanation for this loss. For these reasons, the web and flange bolts’ pre-loading forces in the ABAQUS model
were reduced by 20% with respect to the pre-loading experimental values. However, it is worth mentioning that the time
history of the bolts’ force loss is not simulated in the ABAQUS model, leading to some small differences between the
numerical and experimental results.

4 PARAMETRICFINITE ELEMENT ANALYSIS

A parametric FE analysis is carried out on three SC-CBs belonging to three different MRFs. The SC-CBs are designed
by following the design procedure proposed in Section 2 and successively developed in ABAQUS following the
modelling strategy discussed in Section 3. The objectives of the FE parametric analysis are i) to investigate the scale
effect on different geometrical configurations of the SC-CB joint; and ii) to focus the attention on three crucial aspects
deriving from the design assumptions, in view of obtaining specific performance objectives (i.e., minimal yielding of the
joint components and self-centring capacity).
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4.1  Design of prototype SC-CBs from case study MRFs

The selected case-study MRFs are extracted from prototype structures equipped with perimeter MRFs located in the -x
and y-directions, while the interior part is composed of gravity frames. The plans and the elevation views of the case-
study MRFs are shown in Figure 9 (a) and (b), respectively. The present study focuses on the MRFs located in the x-
direction, and the design is performed in accordance with the Eurocode 8 provisions [1]. The steel-concrete composite
floor system is formed of steel beams and HI BOND A55/P600 type composite floor connected through shear connectors
to a concrete slab. The gravity loads and the masses have been assessed considering the tributary areas depicted in Figure
9 (a) and evaluated based on the seismic combination of the Eurocode 8 [1]. The ULS (i.e., Ultimate Limit State,
probability of exceedance of 10% in 50 years) is defined considering the Type 1 elastic response spectrum with a peak
ground acceleration equal to 0.35¢g and soil type C. The behaviour factor is evaluated according to the requirements of
the Eurocode 8 [1] for MRFs in DCH and hence assumed as g = 6.5. The structures have non-structural elements fixed in
a way so as not to interfere with structural deformations. Therefore, the interstorey drift limit for DLS (i.e., Damage Limit
State, probability of exceedance of 10% in 10 years) is assumed as 1%, accordingly to Eurocode 8 [1] recommendations.
The indications of the beams and columns cross sections are reported in Figure 9 (b). Two steel grades are used for the
beams and the columns: the steel yield strength is equal to 355 MPa for columns and 275 MPa for beams. The fundamental
periods of vibration are respectively equal to T; = 0.45, 0.56 and 0.74 sec for the MRF1, MRF2 and MRF3.
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Figure 9: Case-study buildings: a) Plan views; b) Elevation views.

The cross-section profiles of the first storey external columns are respectively HE 200B, HE 400B, and HE 600B of
S355 steel class. The geometrical configurations of the SC-CBs are indicated in Table 3, including the position of the
spliced sections and the internal lever arm for each connection. The three considered SC-CBs are hereinafter referred to
as SC-CB1, SC-CB2 and SC-CB3. The design input actions are reported in Table 4, where “— stands for tension and “+”
for compression. It is worth mentioning that these columns actions are defined by considering the proper location of the
spliced sections. The FDs are composed of 8 mm coated friction shims of S355 steel class, clamped with HV 10.9 class
bolts and S355 steel cover plates for both web and flanges. The geometry and the structural details of the web and flanges
FDs are reported in Table 5 and Table 6, respectively. The friction coefficient (i) is assumed equal to 0.53 consistently
with previous studies [45-47]. The self-centring system includes high-strength PT bars 10.9 class and disk springs special
washers DIN 6796, whose properties are indicated in Table 7. It is important to mention that the indications of the pre-
loading forces refer to each bolt or PT bar, and the symbology used for Table 3 - Table 7 is consistent with that reported
in the design formulations (see Section 2).

Table 3: SC-CBs geometrical configurations

Specimen Column Spliced section Internal lever arm (z)
[-] [mm] [mm]
SC-CB1 HE 200B 500 185
SC-CB2 HE 400B 700 374
SC-CB3 HE 600B 850 570
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Table 4. SC-CBs Design input actions

. NEed Med VEg
Specimen [KN] [kNm] [kN]
SC-CB1 +138, -127 127 115
SC-CB2 +372, -183 683 427
SC-CB3 +400, -807 1430 765

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

Table 5: Web FDs geometry and structural properties

Specimen bwp hwp twp el pl e2 p2 dn z2/2  Bolts Np,w Fow
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [-] [-] [kN]
SC-CB1 130 300 8 30 70 30 70 30 93 M14 4 28
SC-CB2 290 600 12 80 140 75 140 60 187  M27 4 100
SC-CB3 390 800 15 120 180 90 200 75 258 M30 4 181
Table 6: Flange FDs geometry and structural properties
Specimen bty htp thp el pl e2 p2 Lsiot z Bolts Np,f Fps
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [] [-] [kN]
SC-CB1 | 200 300 8 50 50 39 122 30 185 M14 4 34
SC-CB2 | 400 600 12 80 70 60 184 60 374 M27 6 44
SC-CB3 | 600 800 15 100 100 65 170 75 570 M27 6 68
Table 7: Self-centring system geometry and structural properties
Specimen tp Bars Npt Fp,PT npar Nser KPT KDS Keq AIPT
[mm] [ [-] [kN] [-] [-] [KN/mm] [KN/mm] [KN/mm]  [mm]
SC-CB1 40 M30 2 366 3 7 162 39 63 4
SC-CB2 85 M36 4 514 4 18 112 21 69 13
SC-CB3 | 100 M36 6 514 4 26 84 14 72 18

4.2 Investigated parameters and methodology

The parametric FE analysis focuses on three crucial aspects deriving from the design assumptions, which can be
summarized as follow: i) the bending contribution of the flanges’ plates; ii) the definition of the distribution of the shear
forces among the components; iii) the effect of the axial design force over the self-centring capacity/damage in the
components. Therefore, three design parameters of the SC-CB joints are selected: i) the thickness of the flanges’ plates;
ii) the percentage of the design shear force to be entrusted to the web FDs in the design phase; iii) the axial load variability.
Subsequently, a matrix of sixteen design configurations is considered for each SC-CB, obtained by varying the
aforementioned design parameters. An overview of the configurations for each SC-CB is indicated in Table 8.

The thickness of the flange plates is selected to be varied by considering two limit configurations for each SC-CB.
The first corresponds to the design thickness (i.e., obtained as the lower limit with respect to the axial force transmitted
by the flange plates), while the second one refers to a value two times larger. It is important to remind that the design
assumptions for the flanges’ plates are indicated in Section 2.

Additionally, the design shear load percentage which is considered to be entrusted to the web FDs in the design phase
is assumed to be varied in a range of cases (i.e., 100%, 75%, 50%, 0% of the total shear force (Vz,)). These configurations
are hereinafter referred to as 100%, 75%, 50% and 0%WFD, where 50%WFD indicates that 50% of the total shear force
is entrusted to the web FDs. This parameter is investigated to provide information on how this design choice affects both
global and local behaviour of the SC-CB connection while evaluating the corresponding mechanism of the shear
redistribution among the different joint components (i.e., the web FDs, the flange FDs, the PT bars and the sliding
mechanisms of the friction at the rocking interface).

Each configuration is analysed when subjected to the maximum and minimum design axial load in order to evaluate
the influence of the axial load variability over the global and local response. Moreover, in order to verify the validity of
the design assumptions concerning the design axial load described in Section 2, an additional design configuration of the
SC-CB is developed and analysed, obtained by assuming the axial load due to the gravity loads as the design axial load.
Further explanations are given in Section 4.5.
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Table 8: Matrix parameters for each SC-CB

Model Flanges’ Plates Thickness Shear Load % Web FDs Axial Load
Configuration 1 to.f 100 Max (+)-Min (-)
Configuration 2 2ty 100 Max (+)-Min (-)
Configuration 3 trp 75 Max (+)-Min (-)
Configuration 4 trp 50 Max (+)-Min (-)
Configuration 5 trp 0 Max (+)-Min (-)
Configuration 6 2t 75 Max (+)-Min (-)
Configuration 7 2ty 50 Max (+)-Min (-)
Configuration 8 2ty 0 Max (+)-Min (-)

FE models of the three SC-CBs are developed in ABAQUS [56] by following the validated methodology defined in
Section 3. An overview of the three FE models is shown in Figure 10. Sixteen static cyclic analyses are performed for
each SC-CB, imposing a horizontal cyclic displacements history with an increasing amplitude at each step, consistently
with the experimental displacement loading history. It is worth underlining that the length of the upper part of the columns
above the spliced sections is different for each case (i.e., 1100 mm, 1500 mm and 1875 mm for the SC-CB1, SC-CB2 and
the SC-CB3, respectively). Therefore, considering a target rotation (6,) equal to 0.04 rads, the target displacements are
equal to 44 mm, 64 mm and 75 mm for the SC-CB1, SC-CB2 and the SC-CB3, respectively.

Global and local responses are monitored to assess how the selected parameters affect the behaviour of each SC-CBs.
Hence, the response of each SC-CB is compared among all the configuraions to identify the best design solution in terms
of improved self-centring capacity of the joint and minimal yielding of the components. The global response of the joints
is evaluated in terms of hysteretic moment-rotation behaviour. Conversely, the local response is analysed by monitoring
the following parameter on the column and its components: i) the equivalent plastic strain distributions (PEEQ); ii) the
maximum local plastic strain (g,,,,,) Nnormalized with respect to the ultimate strain (g,) of the material; iii) the ALLPD
(Plastic Dissipated Energy) (i.e., the amount of plastic energy dissipated by the whole connection during the analysis).
Additionally, the distributions of the shear forces are illustrated to provide insights into the magnitude of the shear
transferred by each component of the SC-CB. It is worth highlighting that, in the PEEQ legend the limit is assumed equal
to the yielding strain (g,) of the material and the values of the yielding strain (g,) and the ultimate strain (e,) of the
material are assumed respectively equal to 1.2% and 1.67%.

For the sake of brevity, only the global and local result of the SC-CB1 and the SC-CB2 are illustrated, considering the
maximum compressive axial load (N,.,). The results for the other SC-CBs configurations and the other axial load
condition (N,;,,) are not shown. However, it is worth mentioning that they exhibit a consistent trend with the results
shown herein, and the following considerations can be extended to all the cases.
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Figure 10: FE models developed in ABAQUS [56]: (a) SC-CB1; (b) SC-CB2; (c) SC-CB3.
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4.3  Influence of the thickness of the flanges’ plates

Figure 11 compares the moment-rotation hysteretic curves of two SC-CBs (i.e., SC-CBL1 in Figure 11(a) and SC-CB2 in
Figure 11(b)) in configuration 1 and 2 (i.e., t (continuous blue lines) and 2ts, (dotted red lines)). These two configurations
are equipped by flanges’ plates having a thickness of 8 - 16 mm for the SC-CB1 and 12 - 24 mm for the SC-CB2. In
addition, the theoretical models (i.e., analytical equations) are also shown with a continuous black line. The global
response is shown only for the maximum compressive axial load (Ny,,). The results in terms of global hysteretic curves
for the other axial load condition (N,,;,,) are not shown, as they exhibit a consistent trend with the results shown herein.

The results show that the global response of the connections is not significantly affected by the thickness of the
flanges’ plates, as expected. In fact, a quite similar hysteretic behaviour is observed between the two configurations for
both the SC-CB1 and the SC-CB2. Nevertheless, it is noteworthy that the hysteretic curves of the configurations equipped
with the thicker plates show a slightly increasing hardening, confirming the larger bending contribution with respect to
the configurations equipped with the thinner plates. However, these results suggest that it is possible to neglect the bending
contribution of the flanges’ plates in the design phase.
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Figure 11: Influence of different thickness of the flanges’ plates. Moment-rotation behaviour: (a) SC-CB1; (b) SC-CB2

The local results are illustrated in terms of PEEQ (i.e., equivalent plastic strain) distributions in Figure 12 (a) and (b)
only for the SC-CBL1 in Configuration 1 and 2 (i.e., ts equal to 8 mm and 16 mm) respectively. The results show the front
and side views (i.e., web and flanges, respectively) of the column at the end of the cyclic analysis (i.e., zero rotation),
considering the maximum compressive axial load (N, ). For the sake of brevity, the PEEQ distributions for the other
SC-CBs (i.e., SC-CB2 and SC-CB3) and the other axial load condition (N,,;,,) are not shown, as they show a consistent
trend with the results shown herein.

Some general considerations can be made regarding the location of the plastic strains for both the configurations. It is
observed that some concentrations of slight plastic deformations are located nearby the spliced section, close to the
oversized web holes and the flange slots. In addition, slight plastic deformations can be observed in the cover plates and
friction shims of the flange FDs, as well as in the bolts’ shanks of the flange FDs, not shown due to space constraint.
Conversely, the PT bars do not exhibit any plastic strain. It is worth mentioning that these results are consistent with what
enforced from the design methodology shown in Section 2.

The comparison of the PEEQ distribution between Figure 12 (a) and (b) provides an understanding of the influence
of the thickness of the flanges’ plates on the local behaviour of the SC-CB. In particular, the results show that the use of
thicker plates leads to an increment of the plastic damage on the column, which is mainly due to their larger stiffness.
Therefore, this result suggests that the use of thinner flange plates is beneficial in reducing the strain concentrations on
the column.
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Figure 12: Influence of the thickness of the flanges’ plates. PEEQ Distribution at the end of the cyclic analysis for the
SC-CB1: (a) Configuration 1; (b) Configuration 2.

The influence of this parameter is confirmed by observing the amount of ALLPD (Dissipated Plastic Energy) shown
in Figure 13 (a) and by the normalized maximum local strain (g,,,,) shown in Figure 13 (b) for the SC-CBL1 in
Configuration 1 and 2 (i.e., ts, equal to 8 mm and 16 mm). Results are shown for the maximum design axial load (Nyq,)
and for the minimum design axial load (N,,;,,) in thicker and thinner lines, respectively.

The comparison between the responses of the SC-CB1 in the two configurations shows that the use of thinner flange
plates allows a reduction of the amount of the dissipated plastic energy, and this is more evident when the SC-CB is
subjected to the maximum design axial load. Moreover, it is worth stressing that, even though a greater energy dissipation
is generally a benefit, this parameter corresponds to the whole energy dissipated by all the components which are expected
to remain in the elastic range. Thus, a minor dissipation of the plastic energy represents an advantage for the SC-CB
connection. Additionally, the comparison of the normalized maximum local strains (g,,4,) between the two
configurations highlights that the increase of the thickness of the flanges’ plates leads to an increase of the normalized
maximum local strain (e.g., from 0.15 to 0. 23 for the SC-CB1 subjected to N,,,) and consequently to an increasing
damage on the column, confirming what previously observed by the PEEQ distribution in Figure 12.
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Figure 13: Influence of the thickness of the flanges’ plates. (a) Plastic Dissipated Energy (ALLPD); (b) Maximum local
strains.
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4.4 Influence of the design shear load

Figure 14 illustrates the moment-rotation hysteretic behaviour two SC-CBs (i.e., SC-CB1 in Figure 14 (a) and SC-
CB2 in Figure 14 (b)) in configurations 1 (i.e., design shear load percentage carried by the web FDs equal to 100%) and
in configurations 3, 4 and 5. These latter are obtained by considering the design shear load percentage carried by the web
FDs equal to 75%, 50% and 0%, as previously reported in Table 8. In addition, the theoretical models (i.e., analytical
equations) are also shown with a continuous black line. The global response is shown only for the maximum compressive
axial load (N,,,)- The results in terms of global hysteretic curves for the other axial load condition (N,,;,) are not shown,
as they exhibit a consistent trend with the results shown herein. Results show that a similar hysteretic behaviour is
observed for all the considered configurations for both the SC-CB1 and the SC-CB2. These considerations demonstrate
that, as for what observed in Figure 11, the considered parameter does not alter the global hysteretic behaviour of the SC-
CBs.
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Figure 14: Influence of the design shear load. Moment-rotation behaviour: (a) SC-CB1; (b) SC-CB2

The local results corresponding to Figure 14 (a) are illustrated in Figure 15 only for SC-CBL1 in terms of PEEQ (i.e.,
equivalent plastic strain) distribution on the column’s web. The results are evaluated at the end of the cyclic FE analysis
(i.e., zero rotation) considering the maximum compressive axial load (Ny.,)- By the comparison of the PEEQ
distributions on the column’s web in the different configurations, it is possible to observe a clear dependence between the
considered design parameter with the strain distributions. In particular, it is evidenced that the extension of the damage is
higher in configuration 1 (i.e., 100% WFD) and it tends to proportionally reduce with the others. These results suggest
that designing the web FD to carry a minor percentage (i.e., 75%, 50% or 0%) of the design shear load represents an
efficient design solution which reduces the strain concentrations on the column.

100%WEFD 75%WEFD 50%WED 0%WFD

PEEQ

(Avg: 75%)
+1.20e-02
+1.10e-02
+1.00e-02
+9.00e-03
+8.00e-03
+7.00e-03
+6.00e-03
+5.00e-03
+4.00e-03
+3.00e-03
+2.00e-03
+1.00e-03
+0.00e+00

Figure 15: Influence of the design shear load. PEEQ Distribution at the end of the cyclic analysis for the SC-CB1
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The sensitivity of the local response to this parameter observed in Figure 15 is confirmed by observing the amount of
ALLPD (Dissipated Plastic Energy) shown in Figure 16 (a) for the SC-CB1 in configurations 1, 3, 4 and 5 (i.e., design
shear load percentage carried by the web FDs equal to 100%, 75%, 50 % and 0%). Results highlight that there is a
significant reduction of the amount of the dissipated plastic energy obtained by designing the web FD to carry a minor
percentage of the design shear load. It is worth underling that this effect is more relevant when the SC-CB is subjected to
the maximum design axial load. Conversely, slight differences can be observed by comparing the results in the same
configurations when subjected to the minimum design axial load.

Additionally, Figure 16 (b) shows the maximum local strain (&,,4,) Nnormalized with respect to the ultimate strain of
the material (¢,,) for the SC-CBL1. It is observed a clear trend of the design shear percentage carried by the web FDs on
the local plastic damage of the connection. In particular, the maximum local strain assumes the lowest value in
configuration 4 (i.e., 50% WFD). Conversely, the highest value of the maximum local strain occurs in Configuration 5
(i.e., 0% WFD). This trend is consistent for both the design axial load conditions. Consequently, the results shown in
Figure 16 suggest that the design choice of entrusting to the web FDs the 50% of the design shear load represents the
optimal design configuration in terms of local damage reduction on the column and minimal dissipated plastic energy.

— 100%WFD NM ——T75%WFD N —50%WFD N —0%WFD N
ax Max Max Max
———100%WFD NM' 75%WFD N_ . 50%WFDN_ . 0%WFD N_ .
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2 L 4
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<
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N 15 EN Q
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Figure 16: Influence of the design shear load. (a) Plastic Dissipated Energy (ALLPD); (b) Maximum local strains.

Further considerations can be made to provide information about the transfer mechanism of the shear force among the
components, while offering insights into the magnitude of the shear transferred by each component, which cannot be
predicted in the design procedure. Figure 17 (a) and (b) show the distributions of the shear forces among the components
for the SC-CBL1 in Configuration 1 (i.e., 100% WFD) and in Configuration 4 (i.e., 50%WFD) respectively. Results are
shown only for one single SC-CB, however the following considerations can be extended to all cases. The SC-CB1 in
Configuration 1 (Figure 17 (a)) is characterized by levels of maximum shear forces transferred by the web FDs of about
the 50% of the total shear, while the flange FDs reach values close to the 80% of the total shear. This result highlight that
there is a significant contribution of the flange FDs, mainly due to the larger stiffness provided by the flanges’ plates,
which transfer larger shear forces, compared to those transferred by the web plates. This effect is also due to the
socket/contact forces. Conversely, the distribution of the shear forces of the SC-CB1 in Configuration 4 (Figure 17 (a))
exhibits a different behaviour. In particular, the web FDs carry less than the 50% of the design shear force, while there is
a higher shear contribution of the flange FDs with respect to configuration 1 and, consequently, it is observed a smoother
transfer of the shear forces on the column. By the comparison of the two distributions, it is evidenced that designing the
web FD to carry 50% of the design shear load represents a benefit in terms of shear distribution, confirming the previous
observations.
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Figure 17: Distribution of shear of the SC-CB1 at 0.04 rad rotation: (a) 100%WFD; (b) 50%WFD.

4.5  Influence of the design axial load

In this work, the design axial force of the SC-CB is assumed to be constant considering two limit conditions (i.e., the max
(Ngd,max)-and min compressive axial force (N4 i, ). However, in the design procedure it has been highlighted how the
moment-rotation behaviour of the SC-CB is strongly affected by the axial force and therefore, two main issues have been
discussed and analysed in Section 2. Firstly, the assumption of the adoption of a constant axial force is clearly not
reproducing the real load situation of all the columns of a MRF, due to large axial force fluctuations that happen during
the seismic event. Successively, it has been evidenced that the adoption of the min compressive axial force (Ngq i) 8S
the design axial load for the SC-CB may represent an overconservative design approach, thus leading to an
overestimation/oversizing of the components belonging to the self-centring system (i.e., the necessary number and the
necessary pre-load force of the PT bars). In other words, this may represent a disadvantage in terms of increasing cost of
material, cost of construction and technological issues, especially for mid or high-rise MRFs, where the external columns
are subjected to large axial force variations. One of the objectives of this work is to clarify this aspect, by considering the
axial load due to the gravity loads (N,) as the design axial load and to evaluate the self-centring capacity when the SC-
CB connection is subjected to a variable axial load input.

Therefore, the validity of the aforementioned design choice is investigated by developing an additional design
configuration of the SC-CB, obtained by assuming the axial load due to the gravity loads (N, ) as the design axial force
and following the desigh methodology shown in Section 2. Hence, an additional FE model of the SC-CB is developed in
ABAQUS [56] by following the validated methodology defined in Section 3. The global response of the SC-CB is
analysed when the connection is subjected to a real axial load history of the column extracted from the reference MRF,
to assess the influence of the axial load variability on the response of the SC-CB connection, as well as on the self-centring
behaviour of each SC-CB. Table 9 shows an overview of the maximum, minimum and gravity design axial forces for
each SC-CB. In addition, the axial loads ratios referred to the external columns (i.e., N .. /Np,) are also reported.

Table 9: Input design axial load input for the additional configurations

- NEd,Max NEd,Min Ng,ext Ng,int Ng,ext/NPI
Specimen [kN] [kN] [KN] [kN] []
SC-CB1 \ +138 -127 +15 +15 0.0054
SC-CB2 \ +372 -183 +95 +198 0.0135
SC-CB3 \ +400 -807 +201 +405 0.0209

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

Numerical FE models of the three case-study MRFs upgraded with the SC-CB connections designed in Section 2 are
implemented in OPENSEES [60] and Non-Linear Time History Analyses (NLTHAS) are successively performed by
considering several ground motions records. The FE modelling strategy and the ground motion selection procedure are
developed consistently with the methodology proposed in Elettore et al. 2021 [50]. The global response of the three MRFs
equipped with the SC-CBs is studied to investigate the variability of the axial load in the first storey columns of the
selected MRFs. Successively, the real axial load time history of the external column is assumed as an input parameter for
the FE analysis in ABAQUS [56]. The input parameters are: i) the axial load time history of the external column; ii) the
displacement time history of the external column evaluated at the spliced section. This latter is evaluated as the sum of
the displacements obtained by the joint rotation and by the elastic contribution of the column.

In this work, the SC-CBL1 and the corresponding MRF1 are considered as the reference case-study, as the axial load
ratio is the lowest amongst all the reference MRFs, as highlighted in Table 9. It is worth reminding that the other results
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obtained by the NLTHAs are not shown as the attention of this work is focused only on the axial load history. Results of
the NLTHASs are shown for a single ground motion record at the ULS intensity, for the sake of brevity. However, it is due
to mention that the other results show a consistent trend with the results illustrated hereafter.

Figure 18 (a) shows the axial load time history of one of the first story external columns of the MRF1. The values
corresponding to the gravity axial force (Ng) as well as the maximum (Ngg max) and minimum (Ngg min) design axial
force of the SC-CBL1 are reported with dotted lines. Additionally, the joint rotation (6;,;.) time history of the SC-CB1 is
illustrated in Figure 18 (b). It is worth noting that the joint rotation experiences values which are lower than the target
rotation of the joint, assumed equal to 0.04rads.

Figure 19 shows the hysteretic curve of the SC-CBL (i.e., continuous red line) designed with the axial load due to
gravity loads (N,) and subjected to the variable axial load input illustrated in Figure 18 (a). In addition, the backbone
curves of the moment-rotation behaviour of the SC-CB1 obtained considering the constant maximum (Ngg max), the
minimum (Ngqmin) COMpressive axial force and the gravity axial force (N,) are depicted in black, grey and blue dotted
lines, respectively. Results show that the hysteretic curve of the SC-CBL1 follows the envelopes corresponding to the
gravity and the minimum design axial loads. In addition, it is observed a full self-centring behaviour with a very low
residual rotation, therefore the self-centring condition is still satisfied. Hence, this result suggests that it is possible to
assume the gravity load as the design axial load of the SC-CB, as the self-centring condition is satisfied.
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Figure 18: Results of one column of the MRF-1: (a) Axial load time history; (b) SC-CB Rotation time history
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Figure 19: Influence of the axial load variability. Moment rotation behaviour of the SC-CB1
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5 CONCLUSION

The present study investigates a previously proposed Self-Centring Column Base (SC-CB) by means of a parametric
Finite Element (FE) analysis with the purpose of providing insight to the global and local behaviour under cyclic loading,
while proposing improvements to the existing design procedure. An experimental campaign of a previously tested SC-
CB is summarised first, and an advanced FE model is developed in ABAQUS and validated against the experimental
results. The results of the FE validation show that the model correctly predicts the global hysteretic response observed
during the experimental tests, providing useful insights into the characterization of the local behaviour of the SC-CB
connection. A parametric FE analysis is successively conducted in ABAQUS selecting three SC-CBs belonging to
different case-study Moment Resisting Frames (MRFs), to investigate the scale effect on different geometrical
configurations. A matrix of sixteen different configurations is considered for each SC-CB, obtained by varying three
design properties of the joints (i.e., the thickness of the flanges’ plates, the design shear load, and the design axial load).
For each configuration, global and local parameters are monitored to investigate the influence of these parameters on the
global and local behaviour of the SC-CB connections. The results are compared for all the configurations, to identify the
best design solution in terms of improved self-centring capacity of the joint and minimal yielding of the components
Results from the FE parametric analysis provide a more comprehensive scenery on the assumptions and limitations of the
design methodology, highlighting the crucial aspects of the design procedure and suggesting additional recommendations
to improve the design requirements.

Based on the obtained outcomes, the following remarks can be drawn: i) The global hysteretic response of the
connections is not affected by the considered design parameters while the local behaviour is significantly influenced; ii)
The use of thinner flange plates represents a benefit in terms of reduction of the local plastic damage on the column while
also allowing a reduction of the amount of the dissipated plastic energy; iii) There is a clear tendency of the design shear
percentage entrusted by the web FDs on the amount of the dissipated plastic energy of the whole connection; iv) Designing
the web FD to carry a minor percentage (i.e., 75%, 50% or 0%) of the design shear load represents an efficient design
solution which reduces the strain concentrations on the column; v) The optimal design configuration in terms of damage
reduction is represented by the connection equipped with the thinner flanges’ plates and designing the web FD to carry
the 50% percentage of the design shear load; vi) The self-centring condition is still satisfied considering the gravity axial
force as design axial load for the SC-CB.
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