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Abstract

Prefabricated industrial sheds featured a high seismic vulnerability during the 2012 Emilia earthquake (Italy). The
buildings typically exhibited a rigid collapse mechanism that was a consequence of the loss of support between
columns, beams and roof elements.

The study presents a numerical characterization of a novel dissipative connection system (DCS) designed to
improve the seismic performance of industrial sheds. The device, which is placed on the top of the columns, exploits
the movement of a rigid body on a sloped surface to provide horizontal stiffness and control the lateral displacement
of the beam.

A 3D finite element model of the prototype is formulated in Abaqus and used to switch the backbone curve from
the scaled model to the full-scale device. A parametric study is conducted to evaluate the influence of the slope of the
contact surface and the coefficient of friction on the output force of the system.

In the second part of the study, non-linear dynamic analyses are performed on a finite element model of a portal
frame implementing, at beam-column joints, either the DCS or a pure friction connection. The results highlight the
effectiveness of the DCS in controlling beam-to-column displacements, reducing shear forces on the top of columns,
and limiting residual displacements that can accrue during ground motion sequences.
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1. Introduction

Recent earthquakes have dramatically reaffirmed the seismic vulnerability of prefabricated industrial sheds typical
of past Italian practice. The Emilia earthquake of May 2012 hit an area with a high density of productive activities,
striking mainly industrial buildings in precast reinforced concrete (RC) [Belleri et al. (2015a), Bosio et al. (2020)]
rather than in steel [Formisano et al. (2018)]. The structural deficiencies of this kind of structures are primarily related
to the mechanisms of transmission of horizontal loads between structural elements [Belleri et al. (2015b)]; in fact,
their static scheme consists of structural elements (beams, columns, and roof elements) connected with joints usually
realized in simple support or through pin-end connections with insufficient resistance to seismic loads. This kind of
connections relies solely on friction and is inadequate to properly transfer the horizontal loads [Belleri et al. (2014),
Liberatore et al. (2013), Magliulo et al. (2008)] and accommodate compatible rotations and displacements [Brunesi et
al. (2015), Casotto et al. (2015), Colombo et al. (2016)]. Indeed, the most common failures, causing the collapse of
entire portions of buildings, included drop of roof elements and precast beams due to the loss of support, and collapse
of the forks at the top of columns caused by off-axis loads.

Within the framework of global retrofit interventions, the study aims at introducing a novel dissipative connection
system (DCS), designed to improve the behavior of beam-to-column connections and reduce the seismic vulnerability
of precast RC industrial buildings [Mari et al. (2021)]. The DCS, which is placed on the top of columns, is basically
composed of two mating truncated-pyramidal steel plates, one concave and the other one convex in shape and is
intended to transmit vertical and horizontal loads at the node. The system exploits the movement of a rigid block
sliding on a sloped surface to provide horizontal stiffness and a certain re-centering effect and dissipates part of seismic
energy by friction.

In the present study, a 3D model of the DCS is firstly formulated based on experimental data [Quaglini et al. (2022),
Mari et al. (2021)], and then the DCS is assessed under seismic loading by means of nonlinear analyses conducted on
a portal frame of an industrial shed.

2. 3D characterization
2.1. Prototype and response

The study is conducted by referring to a DCS unit rated for a vertical load Nq = 360 kN and a horizontal deflection
dsa = 60 mm. In order to match the capacity of the available testing equipment, the experimental characterization was
performed on a DCS prototype scaled by a geometric factor St = 0.4 and fabricated in steel, which resulted in a design
vertical load of the prototype Ngs= 57.6 kN and a related design deflection dpqs = 24 mm [Mari et al. (2021), Quaglini
et al. (2022)]. The main dimensions of the DCS prototype are shown in Fig. 1.

The experiments were performed at the Materials Testing Laboratory of Politecnico di Milano, using a proprietary
biaxial testing system [Quaglini et al. 2012].
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Fig. 1 — Geometry [in mm] of the small-scale prototype of the DCS: (a) convex plate; (b) concave plate [Quaglini et al. (2022)]
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The prototypes exhibited an almost rigid-plastic behavior in X and Y direction, where it is possible to recognize
four different phases, as shown in Fig. 2: (1) at the beginning of the motion, before sliding between the mating surfaces
of the two plates is triggered, the force follows an almost proportional relationship with the displacement; (2) when
sliding between the convex and the concave plate is engaged, a constant force is developed independently of the
deflection; (3) when the convex plate reaches the boundary of the concave plate, and the actual contact area between
the mating surfaces of the two plates decreases, the force too undergoes a decrease; (4) when the convex plate moves
back to the origin, the reaction force is virtually negligible.
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Fig. 2 — Constitutive behavior of the DCS and different phases of motion [Quaglini et al. (2022)]

2.2. Numerical description

Numerical model of the DCS described above was developed using the Abaqus CAE finite element calculation
program and its references. The geometry of the numerical model replicated the dimensions of the prototype subjected
to experimental characterization tests at the Politecnico di Milano.

The numerical model included only the two plates, disregarding the connections (Fig. 3).

Numerical analyses were performed by subjecting the FEM model, to a biaxial load. The boundary conditions that

characterize the convex element are the distributed pressure of 11 MPa, whose resultant is 57,6 kN, applied on the
external face, and the harmonic displacement with amplitude 24 mm. The concave element is fixed.
The numerical model was divided into a mesh of finite elements type C3D8 (three-dimensional hexahedral element
with 8 nodes) with maximum dimension equal to 8 mm. A total of #1016 elements were used for the convex element
and #2034 elements for the concave element (Fig. 3). The contact between the surfaces was modeled through the
surface-to-surface contact command, defining the convex element as the master element, and formulating a hard
contact constitutive behavior in the direction perpendicular to the contact surface, and a penalty constitutive behavior
tangentially the contact surface [Quaglini et al. (2019)] with coefficient of friction p = 0.11, as determined from the
experiments on DCS. The additional information on element properties is reported in Mari et al. (2021). An implicit
dynamic analysis with full Newton solution technique was carried out.

Fig. 3 — FEM model of the DCS:(a) convex element; (b) concave element

The results of the numerical analyses are shown below for two trajectories of motion of the convex component
with respect to the concave component defined by angle 6 (Fig. 4).

The DCS is analyzed according to the angles 8 = 0° and 6 = +90°; the results are expressed in the form of force-
displacement curves and reaction moment-displacement curves (Fig. 5).



C. Pettorruso et al. / Procedia Structural Integrity 44 (2023) 1458-1465 1461

Lo} | O—

Fig. 4 — Definition of the reference system for the displacements
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Fig. 5 — (a) Force-displacement and (b) Moment-displacement at top of column

The component of the reaction force developed in the direction of motion is almost constant and the component along
the perpendicular direction is zero (Fig. 5a), and this is justified by the symmetry of the contact surfaces with respect
to the direction of motion.

The reaction bending moment evaluated at the top of the column (Fig. 5b), in agreement with the reaction, acts
only in the plane parallel to the direction of displacement, while in the perpendicular plane is zero. The moment can
be split in two contributions, the first due to the horizontal reaction force F and the second due to the eccentricity of
the vertical force N due to the displacement of the convex element.

Eventually, Fig. 6 compares the force-displacement curves obtained from the numerical analyses and the
experimental curves from the tests conducted at Politecnico di Milano.
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Fig. 6 — Comparison between experimental and numerical force-displacement curves

The correspondence between the experimental curves and the results of the numerical analyses is very fair. The biggest
deviations occurring close to the origin of the displacement axis and are attributed to the effect of the inertial forces
at the onset of the motion, not reproduced in the numerical analyses.
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3. Numerical Investigation - Case study

To assess the performance of the DCS and evaluate its effectiveness in comparison to the pure friction beam-to-
column joints typical of past building practices, non-linear dynamic analyses of a prefabricated shed structure were
performed.

The model consists of a two-dimensional portal frame comprising two 50x60 cm columns and a 50x80 ¢cm beam,
with geometry and overall dimensions as shown in Figure 7. It was implicitly assumed that no secondary beams were
placed orthogonally to the frame in order to ensure a 3D response of the structure. The columns are made of C40/50
concrete, reinforced longitudinally with 16 @20 steel bars (B450C class [Italian Building Code]) and transversally
with @8 two-arm stirrups at 10 cm spacing. The distributed load acting on the beam, including its weight and the load
from the contributory area of the roof, is 26.9 kN/m, resulting in a total seismic mass of 146.84 ton evaluated according
to the Italian Building Code, and in a vertical force at either support of 360 kN, matching the design load of the DCS
units.
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Fig. 7 — Portal frame model

The structural model was implemented in Sap2000 v21.1.0 software. The two columns were rigidly fixed to the
ground and modelled as linear elastic elements, with a plastic (rotational) hinge at the basis formulated according to
Table 10-8 (concrete columns) of ASCE 41-13 in order to account for anelastic concrete deformation. The beam was
assumed to behave as a linear elastic body, and a “body” constraint [SAP2000 Analysis Reference] was introduced to
enforce that the displacements at either end of the beam are identical.

For the beam-to-column pure friction connection, a constant friction coefficient pi.c = 0.30 was assigned, coupled
to an isotropic hysteresis type (it must be noted that, to be conservative, one half of the concrete-to-concrete friction
coefficient recommended in Eurocode 8 for smooth surfaces was adopted).

The fundamental period of the frame is T = 0.838 s. The internal structural damping is modeled as Raileigh
damping, with parameters assigned to achieve 5% damping ratio at T; =0.838 s and T> = 0.611 s.

Non-linear dynamic analyses were performed assuming a functional class II with nominal life 50 years, located in
Potenza, South Italy, topographic category T1, soil type B. The target elastic spectrum was determined according to
the Italian Building Code provisions for Life Safety Limit State (SLV). A set of seven unidirectional ground motions
consistent with the target spectrum was selected with REXEL v3.4 beta [Iervolino, I. et al. (2010)] software from the
European Strong-motion Database [Ambraseys, N. et al]. The magnitude (My) of the seven ground motions was
chosen within the interval (6.4 — 7), with epicentral distance (Rep) in the range 0-30 km. The waveforms were scaled
to the design Peak Ground Acceleration of 2.375 m/s? calculated according to the Italian Building Code. Relevant
information on the ground motion data set is reported in Table 1. To be conservative, a vertical acceleration of 0.4 g
was assumed, in order to reduce the resisting force of the connections and engage sliding at the beam-to-column
interface either with the DCS or the pure friction joint.

Table 1. Accelerograms dataset.

Record Waveform EQ Mw(-) Rep(-) PGA(m/s2) PGV(m/s) SF
South Iceland 6263ya 1635 6.5 7 5.018 0.4975 0.47338
South Iceland (aftershock) 6328ya 2142 64 12 3.8393 0.2005 0.61871
South Iceland 4673xa 1635 6.5 15 2.0382 0.122 1.1654
Montenegro 196ya 93 6.9 25 2.9996 0.253 0.79191
Campano Lucano 291ya 146 6.9 16 1.7247 0.2745 1.3773
Montenegro 199 93 6.9 16 3.5573 0.5202 0.66776

Campano Lucano 291xa 146 6.9 16 1.5256 0.271 1.557
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6.71 15.3 2.9575 0.3055 0.95022
Mw: magnitude; Rep: epicentral distance; PGA: Peak Ground Acceleration; PGV: peak Ground Velocity; SF: Scale Factor.
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Fig. 8 — Scaled ground motion acceleration spectra and target spectrum according to the Italian Building Code (€ = 5%).

The effectiveness of the DCS over the pure friction (P-F) joint has been examined in terms of (i) maximum resisting
force of the beam-to-column joint Fpay, (1) maximum horizontal displacement of the beam with respect to the column
dmax, and (iii) residual displacement of the beam at the end of the ground motion dres. Fig. 9 shows the comparison of
the seismic response of the DCS and P-F joints in terms of maximum force, maximum displacement and residual
displacement of the seven accelerograms, while Fig. 10 shows the mean of the maxima of the response parameters
over the set of seven accelerograms.
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Fig. 9 — Comparison of the seismic response of DCS and pure friction (P-F) joints in terms of maximum force (a) a maximum displacement (b)
and residual displacement for the set of 7 accelerograms

The P-F joint develops a maximum resisting force Fmax about 40% greater than the DCS; however, it better limits
the displacement of the beam during the earthquake, with a maximum slippage of 38 mm vs. 58 mm of the DCS (Fig.
10). Nevertheless, it must be noted that the maximum displacement of the beam supported by the DCS, i.e., dmax =
57.8 mm, matches the design value dpg = 60 mm of the system, and can therefore be accommodated by the mechanical
joint. The most interesting result is the comparison in terms of the residual displacement: with the DCS the offset of
the beam at the end of the ground motion is as small as d.s = 4 mm, whereas with the P-F joint the residual
displacement is about 20 mm.
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Fig. 10 — Comparison of the seismic response of DCS and (P-F) joint in terms of: (a) maximum force; (b) maximum displacement; (c) residual
displacement [Quaglini et al. (2022)]
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Analyzing the hysteretic loops of the two joints for accelerogram 291xa, Fig. 11, it is possible to notice both the
elastoplastic behavior of the DCS, with the expected recentering behavior as the driving force changes its direction,
and the unbalanced behavior, in terms of displacements, in the P-F case. In particular it is evident in the response of
the PF-system the occurrence of a permanent deformation which is not recovered but increases each time the driving
force is enough to trigger sliding of the surfaces. This is reflected in the relevant displacement histories (Fig. 11c),
and it is interesting to note the accrual of permanent deformation affecting the response of the P-F joint, whereas the
residual displacement of the DCS at the end of the ground motion is negligible.

di ‘
z d g 4
) ‘ Qlres ]
R
a) 4 (mm) b) d (mm)
g H.MQ [ dres
= di
’ﬁ‘
C) . time (s) -

Fig. 11 - Response of the connection systems to accelerogram 291xa: (a) hysteretic loop of P - F joint; (b) hysteretic loop of DCS joint; (c)
displacement histories

This is due to the fact that the sliding motion of the P-F joint is engaged when the seismic action exceeds the friction
resistance at the beam-to-column interface, and therefore occurs only during the strong motion stage of the earthquake.
During the coda stage the ground acceleration is not sufficient to trigger sliding, and the beam remains in the offset
position achieved at the end of the previous stage, leading to a huge residual displacement. In contrast, the DCS
develops larger displacements during the strong motion stage (Fig. 11b) but owing to the restoring force provided by
the sloped surfaces, it tends naturally to recover the original configuration as the ground acceleration gets down.

4. Conclusions

In the present work a dissipative connection system (DCS), intended for the seismic protection of precast RC
industrial sheds, has been investigated in an experimental campaign and by formulating a 3D numerical model and
performing non-linear dynamic analyses to prove the effectiveness of this system over the traditional pure friction
joints.

The force-displacement curves obtained from the 3D numerical analyses carried out on the prototype and the
corresponding experimental curves show an acceptable correspondence.

Non-linear dynamic analyses proved the effectiveness of the DCS to control the relative displacements at the beam-
to-column joint, and the maximum shear force transmitted to the column head, and most importantly, the restoring
capacity of the system, which is able to control the residual displacement at the end of the ground motion within small
values. This feature is really important to guarantee the capability of the structure to withstand aftershocks, which can
occur within a short time from the main shock, as occurred for example in the Centro Italia Earthquake 2016.
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