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Abstract

Many recent research studies have focused on the development of innovative
seismic-resilient structural systems to reduce repair costs and downtime in the
aftermath of severe earthquake events. In this regard, dealing with steel Moment
Resisting Frames (MRFs), recent experimental and numerical studies have
demonstrated the benefits deriving from the replacement of conventional full-
strength column bases (CBs) with innovative damage-free and self-centring CBs,
for both damage and residual drifts reductions. 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 in-
fluencing the self-centring capability of these systems. Focusing on a damage-
free self-centring steel CB previously investigated by the authors, the present
study performs a parametric analysis to evaluate the influence of some design
parameters on the seismic performance of steel Moment Resisting Frames
(MRFs). Three CB configurations belonging to different case-study MRFs are
investigated. Finite element (FE) models of the CB configurations have been de-
signed and developed in the ABAQUS, considering sixteen different cases for
each configuration. The FE analysis confirms the effectiveness of the theoretical
design methodology and provides additional insights to improve the design re-
quirements.
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1 Introduction

The current seismic design philosophy implemented by modern codes worldwide
[e.g., 1] is based on capacity design strategies, according to which structures are con-
ceived to concentrate the seismic damage into specific dissipative zones characterised
by high ductility and energy dissipation capacity. Within steel Moment Resisting
Frames (MRFs), the traditional approach consists in adopting over-strengthened col-
umns and weak beams, with full-strength connections, by promoting the concentration
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of damage at the beams’ ends [2]. Besides, column bases (CBs) are conventionally de-
signed as full-strength joints. This philosophy typically leads to the development of
plastic hinges in the bottom end of the first storey columns, thus causing significant
structural damage and residual drifts after a severe seismic event. To overcome these
deficiencies, several research studies are focusing on the development of innovative
low-damage and resilient structures [e.g., 3-4], hence reducing the high direct and in-
direct losses as a consequence of severe seismic events.

In this framework, several research studies have demonstrated that CBs have a fun-
damental role in the seismic response of steel MRFs [e.g., 5-6], and they must be pro-
tected from damage to achieve structural resilience. In fact, many experimental and
numerical research works have focused their attention on replacing conventional full-
strength CBs with low-damage joints, where dampers, such as friction devices (FDs),
represent the dissipative elements of the connections [e.g., 7-9]. However, it has been
demonstrated that, although the use of FDs can be an efficient solution to protect the
frame components from damage, it does not allow the control of the residual drifts.
Further improvements focused on the development of self-centring (SC) CB connec-
tions by the inclusion of post-tensioned (PT) bars or strands to control gap-opening
mechanisms. These systems demonstrated their potential in achieving damage-free and
SC behaviour [e.g., 10-12]. Within this context, Latour et al. [14] proposed an innova-
tive rocking column splice joint where the seismic behaviour is controlled by a combi-
nation of FDs, providing the energy dissipation capacity and PT bars with disk springs,
promoting the SC behaviour of the CB.

Although several technologies have been conceived, studied, and experimentally
tested in this direction, only a few research studies investigated the significant proper-
ties of the CB connections influencing the SC capability of these systems [e.g., 15].
Focusing on a damage-free SC steel CB previously investigated by the authors through
numerical simulations [16-17], the present study performs a parametric analysis to eval-
uate the influence of some design parameters on the seismic performance of steel
MRFs. Three SC-CB configurations belonging to different case-study MRFs have been
designed and investigated. Finite element (FE) models of the SC-CB connections have
been developed in the ABAQUS [18], considering sixteen different cases for each con-
figuration. The FE analysis confirms the effectiveness of the theoretical design meth-
odology and provides additional insights to improve the design requirements.

2 Case-study MRFs equipped with the SC-CBs

The plans and the elevation views of the selected case-study MRFs are shown in Fig.
1. The first case-study MRF has one bay and 2 storeys, with an interstorey height of
2.40 m. The other two case-study MRFs have 3 bays and 2 and 4 storeys, respectively,
with an interstorey height of 3.50 m at the first level and of 3.20 at the other levels.
These MRFs are extracted from prototype structures with perimeter seismic-resistant
MRFs and internal gravity frames. The design is performed in accordance with the Eu-
rocode 8 provisions [1]. Further information about the design assumptions is provided



in [16]. The indications of the first storey columns’ cross-sections and the materials
adopted for the design are reported in Table 1.

The damage-free SC-CB connections experimentally tested by Latour et al. [14] are
considered in this study. Their theoretical moment-rotation hysteretic behaviour is cal-
ibrated by analytical equations accounting for the expected forces in each component
during the rocking behaviour. The FDs are composed of steel S355 plates, HV 10.9
class bolts and friction pads of 8 mm of thermally sprayed friction metal steel shims.
The SC system comprises high-strength PT bars 10.9 class and disk springs special
washers DIN 6796, providing the ideal stiffness-resistance combination. The material
properties of the SC-CBs are summarised in Table 2.
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Fig. 1. Plan and elevation view of the case-study buildings

Frame Column’s Profile Material

1 bay — 2 storeys HE 200B Steel S355
3 bays — 2 storeys HE 400B Steel S355
3 bays — 4 storeys HE 600B Steel S355

Table 1. Profiles’ cross-sections of the first storey columns

Column HE 200B (SC-CB1) HE 400B (SC-CB2) HE 600B (SC-CB3)

Web bolts 4 HV M14 (10.9) 4 HV M27 (10.9) 4 HV M30 (10.9)
Flange bolts 4 HV M14 (10.9) 6 HV M27 (10.9) 6 HV M30 (10.9)
PT bars 2 M30 (10.9) 4 M36 (10.9) 6 M36 (10.9)

Table 2. Material properties of the SC-CB connections



3 Finite element analysis

3.1  Modelling assumptions

Three detailed 3D nonlinear FE models are developed in ABAQUS [18] to simulate the
hysteretic behaviour of the SC-CBs. The results of the models are compared and used
to assess the effectiveness of the analytical equations and the design procedure. All the
components of the SC-CB are modelled using the eight-node linear brick element
(C3D8R) available in the ABAQUS library [18]. Elements C3D8R rely on ‘reduced
integration’ and ‘hourglass control’, and meshing is carried out by selecting local seeds
with approximate size 10 in areas with contact interaction and size 15 in the remaining
areas. An overview of the model and details of the mesh are shown in Fig. 2. The actual
material properties used in the model are those reported in Table 1 and Table 2.

The bottom surface of the base is fully fixed using boundary conditions type ‘encas-
tre’, the lateral load is simulated by a controlled horizontal displacement using bound-
ary conditions type ‘displacement’, and the gravity load is simulated by a uniform pres-
sure applied at the top surface of the column’s cross-section.

To model the initial pre-load force in the web and flange bolts, the option ‘bolt load’
is used with the ‘apply force” option keeping the force constant throughout the analysis.
Conversely, the initial post-tensioning force in the PT bars is modelled with the ‘adjust
length’ option to allow capturing the force variation in the PT bars related to the rocking
behaviour.
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Fig. 2. FE models of the three case-study SC-CBs



The ‘surface to surface contact’ is used to model the interaction properties between
the parts. This is implemented using the ‘hard’ contact property to describe the behav-
iour in the normal direction, while the ‘penalty’ option is used for the tangential re-
sponse. Friction coefficients equal to 0.30 and 0.53 are used respectively for interfaces
among steel parts (i.e., plates, column, bolts, and PT bars) and for the shims-steel inter-
faces of the FDs. The options ‘specify tolerance for adjustment zone’ is employed to
overcome convergence problems associated with the nonlinear nature of the contact
regions of bolts and PT bars. The ‘TIE’ constraint is used to simulate welding between
the anchorage plates of the PT bars and the internal part of the column, both in the upper
and lower parts of the column. The nonlinear 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 ‘automatic stabilisation’ with ‘specify dissipated energy fraction’ is
adopted to overcome convergence problems during the analysis.

3.2 Validation against experimental results

The modelling strategy is validated by comparing the response ABAQUS [18] model
against the experimental results of the tests carried out by Latour et al. [14]. The exper-
imental campaign included several quasi-static full-scale cyclic tests on the proposed
damage-free SC-CB connection. The connection was composed of HE 240B sections
of S275 steel class, S275 steel plates fastened by M20 HV 10.9 class bolts to both web
and flanges, and two M20 threaded bars with disk springs composed by three disks in
parallel and seven disks in series. The results of the validation process are shown in
Fig. 3. demonstrating the effectiveness of the FE model in predicting the experimental
behaviour. Besides, the current model does not take in account the variation of the pre-
loading loss of the web and flange bolts during the experimental test.
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Fig. 3. Validation of the ABAQUS [18] model vs experimental results [14]



4 Parametric FE analysis

The parametric analysis is carried out to assess the influence of the variation of the
following three design properties:
e The thickness of the flanges’ plates;
e The design shear load percentage carried by the web FDs;
e The design axial load: the max and min compressive axial force are considered
as two limit values for each configuration.
These parameters have been varied, as indicated in Table 1.

Model Flanges’ Plate Shear Load % Axial Load
Thickness Web FDs
Configuration 1 ty 100 Max (+)-Min (-)
Configuration 2 24 100 Max (+)-Min (-)
Configuration 3 t1 50 Max (+)-Min (-)
Configuration 4 ty 75 Max (+)-Min (-)
Configuration 5 t1 0 Max (+)-Min (-)
Configuration 6 2t 50 Max (+)-Min (-)
Configuration 7 2t 75 Max (+)-Min (-)
Configuration 8 2t 0 Max (+)-Min (-)

Table 3. Matrix parameters for each configuration of the case-study SC-CBs

The preliminary results of the parametric FE analysis have been evaluated in terms
of global and local response. For the sake of brevity, in this work, only the local results
of the CB with section HE 400B (i.e., SC-CB2) are presented in terms of equivalent
plastic strain (PEEQ) distribution. Results show that the global hysteretic behaviour of
the SC-CBs is not significantly influenced by the first two parameters (i.e., thickness
of the flanges’ plates and design shear load percentage), as expected.

Fig. 4 (a) and (b) show the PEEQ at the end of the cyclic analysis (max drift equal
to§ =9, * [, = 64 mm, where 9,= 0.04 rads is the target rotation and {,=1600 mm is
the column’s length above the splice ) for the SC-CB2 in Configurations 1 and 2 and
considering the Max compressive axial force. These two configurations are character-
ised by a thickness of the flanges’ plates of 12 mm and 24 mm, respectively. The PEEQ
limit has been assumed equal to 0.012, which is the plastic strain of the material. As it
can be observed in Fig. 4, increasing the thickness of the flanges’ plates leads to an
increment of the plastic damage. In fact, the extension of the damage is higher in the
Configuration 2 and this is confirmed by observing the amount of dissipated plastic
energy (not shown in this paper due to space constraint). Fig. 5 shows the maximum
strain (€peak) normalized to with respect to the ultimate strain of the material (g,),
considering the maximum and minimum design axial force. The parameter that has
been varied in these two configurations is the design shear load percentage carried by
the web FDs (i.e., 100%, 75%, 50%, 0). It is worth highlighting that this parameter has
been investigated to evaluate how this design choice affects the shear redistribution
among the different components (i.e., the web FDs, the flange FDs and the sliding
mechanisms of the friction at the rocking interface. Preliminary results suggest that



designing the web FD to carry 50% of the design shear load leads to a reduction of the
damage on the column, as observed in Fig. 5.
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Fig. 4. Influence of the thickness of the flanges’ plates. Equivalent plastic strain (PEEQ) distri-
bution at the end of the cyclic analysis of the SC-CB 2: (a) 12 mm; (b) 24 mm.
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Fig. 5. Influence of the design shear load. Results for the SC-CB 2.

5 Conclusions

The FE model correctly predicts the overall response of the connections observed
during the tests. Moreover, the preliminary results of the FE parametric analysis show
that the global hysteretic behaviour is not affected by the considered design parameters,
while the local behaviour is significantly influenced. Some recommendations are pro-
vided to improve the design requirements.
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