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Abstract

The study presents the design, experimental characterization and modeling of a novel friction
damper with enhanced resistance to repeated seismic loads. This device provides energy dissi-
pation by the friction force triggered between a moving shaft and a lead core prestressed within
a rigid steel chamber. As there are not mechanical parts that are subjected to cyclic stresses,
there is no risk of fatigue and the damper is expected to resist to a virtually unlimited number
of load cycles.

Two prototypes of the friction damper were tested according to the procedure established in
the European standard EN 15129 for Displacement Dependent Devices, fulfilling the relevant
requirements. The damper provides a stable response over repeated cycles, characterized by
an essentially rectangular hysteresis loop with an equivalent viscous damping ratio Ceff of more
than 55%. Moreover, the damper is characterized by a low sensitivity to the loading rate and
by the ability to withstand multiple cycles of motion at the design earthquake displacement
without deterioration of performance, providing maintenance-free operation in presence of re-
peated ground shakes.

A 3D finite element model of the friction damper is formulated in Abaqus and validated upon
the results of the experimental tests. The model is then used in a parametric study to investigate
the influence of the diameters of the shaft on the output force. The numerical data points are
fitted by a simple model which can be used for designing the damper according to a specific
quasi-static force.
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1 INTRODUCTION

The PS-LED damper is a novel energy dissipation system recently presented in the literature
by the Authors of this paper [1]-[8], to overcome most of the drawbacks associated to current
energy dissipation devices. Indeed, hysteretic dampers are today the most popular devices used
for the retrofitting of ordinary buildings, as demonstrated in numerous studies [9]-[18]. These
dampers are normally installed within a brace; this configuration has a beneficial effect on the
retrofitted structure since the braces provide an increase of structural stiffness that reduces the
structural displacement, while the dampers dissipate a large part of the seismic energy, increas-
ing the overall energy dissipation capacity of the structure and reducing the structural acceler-
ation [19]-[21]. Nonetheless, the installation of the damped braces in existing structures requires
an important amount of construction work, resulting in significant disturbance to the occupants
and critical alterations to the building layout because of their excessive dimensions that ruin the
aesthetic and architecture of the buildings [22].

In addition to that, conventional steel hysteretic dampers dissipate the seismic energy by
yielding of a mild steel core and are typically affected from low-cycle fatigue; therefore, after
a strong shock, they need to be replaced leaving the structure exposed to possible aftershocks
[1], [4].

Other important drawbacks of these systems are associated to the increase of internal forces
in beams and columns adjacent to the damped braces, due to the stiffening effect of the braces,
which decreases the vibration period, hence generating an increase of vertical forces at founda-
tion level and base shear [22]. This phenomenon requires further interventions to strengthen the
columns and foundations of the main frame.

The novel damper dissipates the seismic energy through the friction mechanism generated
between a lead core and a moving shaft; no mechanical parts get damaged, therefore the PS-
LED is able to dissipate the seismic energy of multiple design earthquakes [2], [3]. The lead
core inside the chamber is prestressed and it behaves like an incompressible fluid, subjected to
a hydrostatic pressure regime. The axial strength of the damper can be easily adjusted by con-
trolling the prestress of the core, allowing to achieve high specific strength (i.e., high force to
volume ratio), thereby providing low dimensions which reduce the architectural invasiveness
of the device [1]-[8].

The present contribution will follow this scheme: in Chapter 2, the PS-LED damper is pre-
sented, and the results of a parametric study conducted in Abaqus [23] are reported. Chapter 3
describes the two prototypes of the PS-LED that were tested and reports the adopted testing
protocol. The results of the experimental campaign are presented and discussed in Chapter 4.

2 DESIGN AND MODELING THE PS-LED DAMPER

The PS-LED damper is characterized by a simple geometry made of four main parts, which
are a rigid tube, a cap, a straight shaft and a working material made of lead, Figure 1. Tube,
shaft and cap are made of structural steel, and the shaft is plated with hard chromium in order
to minimize friction and wear during sliding through the bushing provided in the cap. The device is
provided with spherical joints at the end of the shaft and of the main body in order to avoid trans-
mission of bending moments (Figure 1).
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Figure 1: One of the prototypes on the testing machine and its section view with nomenclature of the PS-LED
main parts.

The seismic energy is dissipated through the friction that is generated between the straight
shaft and the lead. Since there are no mechanical parts that undergo inelastic deformations, this
working mechanism guarantees that the device can resist to multiple shocks without any dam-
age [2]-[4], [7], [8].

The lead core is prestressed by tightening the screws of the cap, in order to remove voids
and clearances, resulting in a perfect fit to the tube and the shaft. The prestress allows to control
the friction force of the device, guaranteeing a stable behavior without deterioration of stiffness
and damping [1]-[8]. A numerical simulation was conducted in the general-purpose software
Abaqus/CAE 6.14-2 [23] using 4-node bilinear axisymmetric elements type C4X4 and by mod-
eling only half of the prototype thanks to its symmetry (Figure 2(a)). The parameters of the FE
model are reported in Table 1. A fine mesh (3.3 mm maximum element size) was used to rep-
resent the volume of the lead, which was modeled as an elastic—almost perfectly plastic material,
though a small hardening was introduced to avoid convergence issues. S450 steel material was
assumed for the shaft, tube and cap. Hard contact was introduced at the interfaces between shaft
and tube and between the shaft and cap, while hard contact in the normal direction and penalty
friction formulation in the shear direction were assigned at the interfaces between the lead and
shaft and between the lead and tube, where the relevant friction coefficients are
ui = 0.15 and p2 = 0.30, respectively [1]. The application of the prestress on the lead core was
simulated by applying a force uniformly distributed on the cap. This force was increased until
a fixed axial strain ¢ = AL/L of the lead bulk was achieved, where L is the initial height of the
bulk and AL represents the change in this height. At this point, the force was held constant and
dynamic implicit analysis was performed by imposing a cyclic displacement history to the shaft
with a displacement amplitude of 20 mm. The analyses were performed considering different
values of axial strain ¢ and different diameters of the shaft, specifically
Ds =20, 28 and 32.5 mm. The outer diameter of the lead core (Figure 1) was kept constant and
equal to 70 mm. Figure 2(b) shows the results of the analyses, where it is evident that the axial
force Fo increases almost proportionally with ¢ until a certain threshold is reached, beyond
which no further increase occurs. This limit coincides with the yielding of the lead and deter-
mines the maximum stress that can be induced in the material bulk, which is in turn proportional
to the friction force. For this reason, the calculation of the force Fo can be approximated as the
product pi1-p-4, where p1 is the coefficient of friction at the interface between the shaft and the
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lead core, p is the contact stress at the interface and A is the area of the lateral surface of the
shaft in contact with the lead core.
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Figure 2: a) finite element model of the damper; b) axial force Fy of the damper vs axial strain € of lead core for
different diameters of the shaft D;.

Property Unit Steel Lead
Young’s modulus (F) GPa 210 16.4
Poisson’s ratio (v) — 0.33 0.44
Density (p) kg/mm’ 7.85x10°° 8 x10°°
Plastic behavior Plastic strain Stress [MPa] Plastic strain Stress [MPa]

0 450 0 20.5

0.2 500 0.001 21.5

0.002 22.0

0.1 22.5

0.3 23.0

Table 1: Material properties of the FE model in Abaqus.

3 DESCRIPTION OF THE PROTOTYPES AND TESTING PROTOCOL

Two prototypes of the PS-LED were tested, whose geometry and design parameters (namely,
design seismic displacements drs and design force Ng) are reported in Table 2.

Dy Dcyl Ls La Na dba
[mm] [mm] [mm] [mm] [kN] [mm]
#1 325 60 80 410 220 10
#2 20 70 70 385 50 15

Dy: diameter of the shaft; D¢yi: inner diameter of the tube wall; Ls: length of the lead core — shaft interface; Lq: axial length of
the device; Na: design axial force; dpa: design seismic displacement in either direction

Prototype

Table 2: Properties of the tested PS-LED prototypes.

The experimental campaign was conducted at the Materials Testing Laboratory of Politec-
nico di Milano, using a 500 kN servohydraulic testing machine (MTS Systems, Eden Prairie,
MN), shown in Figure 1. The tests were performed by applying the protocol reported in Table
3. In particular, four different types of tests were performed, namely cyclic tests, ramp test,
dynamic tests and survivability tests. Cyclic tests and ramp test are prescribed by the European
Standard EN 15129 [24] for Displacement Dependent Devices (DDD). The cyclic tests consist
in harmonic cycles of increasing amplitude at 25%, 50% and 100% of the design deflection dpa,
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performing five cycles for each intermediate amplitude and ten cycles for the maximum ampli-
tude (Table 3). The loading frequency was fo = 0.5 Hz for prototype 1, and 0.25 Hz for prototype
2. The ramp test requires to apply a monotonic ramp at 0.1 mm/s with increasing deformation
up to the amplified displacement y» yx dba Where y» is the amplification factor equal to 1.1 and
yx 1s the reliability factor equal to 1.2; in this study, the ramp test was applied considering two
times the amplified displacement recommended in the standard [24] (Table 3).

In order to investigate the dependence of the behavior of the PS-LED on velocity, dynamic
tests were performed by applying five harmonic cycles, each at dpa, for different frequencies
with 4 cycles at each frequency (Table 3).

Finally, three additional tests (named survivability tests in Table 3) were applied by impos-
ing three sequences of ten cycles each of sinusoidal displacement at the design seismic dis-
placement dpa, with a dwell period of about 1 h between two consecutive sequences. These tests
aimed at investigating the ability of the device to withstand multiple sequence of shocks.

d f n°ofcycles
T [mm] [Hg] O[]
0.25dva  fo 5
cyclic 0.5dva  fo 5
1.0dea  fo 10
ramp 2-yxybdpa 0.001 1

1.0dra 0.5 f0 4
dynamic 1.0dva 1.0 f0 4
1.0dra 1.5f0 5

1.0dra  fo 10
survivability 1.0dea  fo 10
1.0dra  fo 10

Table 3: Testing protocol.

4 EXPERIMENTAL RESULTS

According to EN 15129 [24], the behavior of the PS-LED is evaluated on the basis of (i) the
effective stiffness Key and (i) the equivalent viscous damping ratio e, which are determined
according to the Equations (1) and (2)

N
Keff =4 (1)
2 EDC
Seff = —n )
in which N is the force at the maximum deflection d in a cycle and EDC is the energy dissi-

pated per cycle.

At each cycle, Keyr and &y are evaluated to check that their values remain almost constant
during a sequence of same amplitude, with a variation of maximum +10% with respect to the
third cycle.

Figure 3 shows two experimental force-displacement hysteresis loops of the PS-LED proto-
types. In both cases, it is evident the initial linear behavior that corresponds to the elastic de-
flection of the shaft, followed by a plastic branch characterized by a constant force independent
of the accommodated displacement, which is symmetric in extension (N>0, shaft moving out-
wards) and in compression (N<0, shaft moving inwards). It is worth mentioning that the small
curvature of the loop apparent at each motion reversal are due to a shallow dependence of the
behavior on the velocity, though this dependency does not affect too much the overall response.
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The idle displacement observed after the motion reversal and highlighted in Figure 3 by red
arrows is due to the clearance of the spherical hinges.
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Figure 3: Examples of hysteresis loops of prototype 1 (a) and prototype 2 (b).

Both Keand &y fulfill the stability requirement of EN 15129 [24] showing maximum vari-
ations (with respect to the respective values evaluated at the third cycle, Kep;3 and Eer:3) 0f 9.9%
and 2.4% for prototype 1, and of 7.6% and 0.9% for prototype 2, respectively. The average
value of & over 10 cycles performed at the design deflection is 0.55 for prototype 1 and 0.60
for prototype 2, really close to the maximum theoretical value of 0.63, confirming the excellent
dissipation capacity of the PS-LED. After each sequence of tests, the prototype was left at am-
bient temperature for some time (45 min + 90 min); this procedure is necessary to let the lead
to recrystallize and recover its original properties.

Figure 4 shows the response of the prototype 1 to the survivability tests: the force-displace-
ment plots relevant to the three sequences practically overlap to each other, demonstrating that
the PS-LED is unaffected from low-cycle fatigue and suggesting that, in practical applications,

the damper can sustain multiple design level earthquakes without needing to be replaced after
a single event.
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Figure 4: Response of the PS-LED (prototype 1) to the survivability tests [2].

Eventually, in the monotonic ramp test (Figure 5) the prototypes were able to sustain the
amplified design deflection 2-y» yx dpa and the force—deflection curves present a stable behavior,
demonstrating the ability of the device to accommodate the prescribed displacement without
any mechanical damage or deterioration of its stiffness.
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Figure 5: Ramp test to the amplified design deflection 2y, y. dp for prototype 1 (a) and prototype 2 (b).

CONCLUSIONS

In this contribution, two prototypes of the PS-LED were experimentally investigated follow-
ing the provisions for Displacement Dependent Devices of the European standard EN 15129
[24]. Both these dampers fulfilled the requirements of the norm [24], showing a stable and
predictable mechanical response over a series of cycles. These devices are characterized by an
essentially rigid—plastic behavior, with a constant axial force and an equivalent viscous damp-
ing ratio Cef close to 60%.

The numerical analysis conducted in Abaqus [23] demonstrated that the output force of the
PS-LED increases almost proportionally with the deformation of the core produced by pre-
stressing the lead, until the yielding stress of the lead is reached, after which the force remains
practically constant.
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