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Abstract: This study introduces a new energy dissipation device with a high damping capacity for the
seismic protection of buildings. The device exploits the friction losses between a movable shaft and a
lead core to dissipate the seismic energy and takes advantage of the prestressing of the lead material to
control the friction force. Numerical analyses are introduced to evaluate the influence of prestressing
on the axial force of the device. Cyclic tests performed on a prototype demonstrate the high damping
capability, with an equivalent damping ratio ξeff of approximately 55%, a robust and stable response
over repeated cycles and a low sensitivity of the mechanical properties to the frequency, suggesting
that the proposed device may be a potentially effective solution for providing supplementary energy
dissipation to structures in seismic areas. Moreover, the device is able to endure multiple cycles of
motion at the basic design earthquake displacement, ensuring maintenance-free operation even in
presence of repeated ground shakes.
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1. Introduction

Supplementary energy dissipation has extensively proven, through research studies
and practical applications, to be a viable strategy for protecting new and existing structures
against nonstructural and structural damage caused by earthquakes [1–4]. In buildings,
this strategy is often implemented by providing the structure with dissipative bracing
systems, consisting of steel braces equipped with dissipation devices, or dampers, which
aim at achieving two effects, namely increasing the structural stiffness, with a consequent
reduction in displacement, and dissipating much of the seismic energy, leading to a decrease
in acceleration [5]. Steel hysteretic dampers, which exploit the plastic deformation of a
mild steel core to dissipate the seismic energy, are today the most frequently used devices
in ordinary structures, such as school, residential and industrial buildings, owing to their
good damping capacity, predictable behavior and low cost.

Nowadays, enhancing the community resilience, i.e., the community’s ability to
prepare for, respond to and recover after a disaster within the shortest possible time [6],
is becoming a priority for modern societies, influencing the work in fields such as civil
engineering dealing with seismic hazards. However, most current energy dissipation
devices appear not to be suitable to meet this target. In fact, the design of dissipative
bracing systems is performed respecting the “structural safety requirement” at the ultimate
limit state only [2–4,7], and the dissipative devices are designed to be engaged under
extreme events only and not under weak seismic excitations [8]. Consequently, under
low-intensity earthquakes, a structure equipped with dissipative braces may be subjected
to greater accelerations and thereby suffer higher damage than the bare configuration due
to an increase in stiffness introduced by the bracing system [9]. Another issue hampering
the achievement of resilience concerns the steel hysteretic dampers, which generally need
to be replaced after a major earthquake because of low resistance to low-cycle fatigue
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and accrual of permanent deformation. This carries a potential threat to the safety of the
structure that, until the replacement of the dissipative system, is left exposed to aftershocks
which may occur in a short time after the main event [10].

The design of energy dissipation devices meeting the needs of a resilient community
should indeed fulfill multiple objectives [11,12]: (i) they should not require maintenance
after a major earthquake, in order to guarantee a high safety level in case of aftershocks;
(ii) they should not be at risk of low-cycle fatigue fracture, which is a typical issue for
current steel hysteretic devices; (iii) they should ensure the recentering of the structure at
the end of a seismic event; (iv) they should be a compact and architecturally lowly invasive
in order to reduce the impact on the building layout; and (v) the cost of manufacturing and
installation should be economically appealing compared with alternative design solutions
such as structural strengthening.

This study introduces a novel damper designed for increased resilience. The damper
dissipates the input energy through the friction activated between a lead core and a steel
shaft and achieves high specific dissipation capability through prestressing the working
material. Differently from lead dampers proposed in the past [13–18], the operation of the
novel device, which is called the prestressed lead damper with straight shaft (or PS-LED), is
based on friction solely and does not exploit the extrusion of lead through an orifice, which
mitigates the cyclic degradation of the response, eases the design and the construction and
reduces production costs. The performance of the damper is assessed experimentally to
evaluate the damping capability and the robustness during repeated cycles and to verify
the compliance with the requirements of the European standard EN 15129 for displacement-
dependent devices [19].

2. Design and Construction of the PS-LED
2.1. Lead Extrusion Dampers

The idea of dissipating energy by exploiting the plastic deformation of a lead core was
conceived by Robinson and Greenbank [20,21], who proposed dampers where the lead is
confined into a steel tube crossed by a moving shaft (Figure 1). In the configuration shown
in Figure 1a, the shaft is provided with two heads, which force the lead to flow through an
orifice created by an annular constriction of the tube wall. In the configuration shown in
Figure 1b, the orifice is created by the clearance between a bulge on the shaft and the internal
wall of the tube; as the shaft moves, the orifice travels through the lead core and pushes the
material to flow through. Two mechanisms contribute to the dissipation of energy, namely
the plastic deformation of the lead material forced to flow through the annular orifice and
the friction force activated between the lead core and the shaft [21,22]. Both mechanisms
were demonstrated to be only weakly rate-dependent, so the energy dissipation capacity
has a weak dependence on velocity too [11,23]. In the lead extrusion damper, part of the
energy required to produce the plastic deformation of lead is dissipated as heat, while the
other part is stored and used to promote the recrystallization of the deformed lead, by
which the material regains its original properties; this mechanism results in consistent force
across multiple cycles of response without any loss of strength or stiffness, or any other
low-cycle fatigue effect [21].

The main issue affecting the Robinson damper was related to the voids that formed
within the working material during the extrusion of lead: due to its compressibility, when
forced to flow through the orifice, the lead is compressed plastically into a smaller volume
leading to the formation of a “trailing void” which reduces the extrusion resistance and
the amount of dissipation as the number of cycles of deflection increases. Lead extrusion
dampers used in the first structural applications were therefore large, in order to provide
sufficient dissipation capability, but their size was considered an impediment, preventing
their implementation in most of the possible applications [13].
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trailing voids and boosted the force-to-volume ratio, allowing a more compact design [25–
27]. HF2V dampers were assessed both experimentally and numerically, providing an 
amount of energy dissipation larger than that of mild steel devices designed for the same 
yield force, without encountering any fatigue problem [12,21,23,28–36]. The HF2V tech-
nology was practically employed in the Kilmore Street Medical Center in New Zealand, 
where the HF2V devices were used to develop a hybrid system, called the “Advanced-
Flag Shape” system, to allow controlled rocking of the structure [27]. Further research on 
this technology was carried out by Soydan [14–17], Patel [36,37], Yang [37,38] and 
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placed after an earthquake, while the lead damper does not need any maintenance, and 
thanks to its ability to creep out over time, it does not prevent the self-centering of the 
structure [39,40]. However, analyses and experiments showed that the huge amount of 
energy dissipated in form of heat causes a substantial rise in the temperature of the lead 
core, producing the melting of the working material and the ensuing decrease in its yield 
strength. The consequence is a continuous decrease in the extrusion force and therefore 
unpredictable behavior of the damper during repeated cycles of motion, e.g., during 
strong earthquakes. 
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Figure 1. Longitudinal section of lead extrusion dampers: constricted tube type (a); bulged shaft type
(b). Adapted from [24].

A substantial improvement that rekindled the interest in this technology was intro-
duced by Rodgers [13,25] with the high force-to-volume (HF2V) damper. In this version,
whose design resembled the bulged shaft version shown in Figure 1a, a notable increase in
the specific force and the dissipation capability of the damper was achieved by preloading
the lead core during the assembly. Compressing the lead reduced the formation of trailing
voids and boosted the force-to-volume ratio, allowing a more compact design [25–27].
HF2V dampers were assessed both experimentally and numerically, providing an amount
of energy dissipation larger than that of mild steel devices designed for the same yield
force, without encountering any fatigue problem [12,21,23,28–36]. The HF2V technology
was practically employed in the Kilmore Street Medical Center in New Zealand, where the
HF2V devices were used to develop a hybrid system, called the “Advanced-Flag Shape”
system, to allow controlled rocking of the structure [27]. Further research on this technology
was carried out by Soydan [14–17], Patel [36,37], Yang [37,38] and Quaglini [10,11]. The
application of HF2V devices in structural connections of both precast structures and steel
structures was studied in [29,33,35]. The results showed that this system can provide a level
of energy dissipation comparable to, or in excess of, that of mild steel hysteretic dampers
designed for the same yield force, without encountering any fatigue problem experienced
by the alternative solutions [39]. Moreover, because of low-cycle fatigue and residual
stresses, mild steel energy dissipation systems need to be replaced after an earthquake,
while the lead damper does not need any maintenance, and thanks to its ability to creep out
over time, it does not prevent the self-centering of the structure [39,40]. However, analyses
and experiments showed that the huge amount of energy dissipated in form of heat causes
a substantial rise in the temperature of the lead core, producing the melting of the working
material and the ensuing decrease in its yield strength. The consequence is a continuous
decrease in the extrusion force and therefore unpredictable behavior of the damper during
repeated cycles of motion, e.g., during strong earthquakes.

2.2. Structure of the PS-LED

The PS-LED is composed of four main parts: the straight shaft, the tube, the cap and
the lead core (Figure 2). The tube, shaft and cap are made of high strength steel, and the
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shaft is plated with hard chromium. A bushing provided in the cap drives the linear motion
of the shaft and prevents leakage of lead outside the device.
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Figure 2. The PS-LED: (a) longitudinal section and (b) finite element model.

The assembly of the PS-LED consists of four main steps: (i) the lead core is cast in a
hollow cylindrical mold with the outer and inner diameters resembling the diameters of
the tube wall and the shaft, respectively; (ii) the lead core is fitted within the tube and the
shaft is gently forced to pass through the lead core; (iii) the cap is locked to the tube wall
by means of screws; by tightening the screws the lead core is prestressed and voids and
clearances are removed, resulting in a perfect fit to the tube and the shaft; (iv) hinges are
fitted to one end of the shaft and the opposite end of the tube to connect the damper to the
structure. Possible configurations for installation of the PS-LED in a structural frame are
based on placing the device within diagonal braces (Figure 3a), where the damper develops
resistive forces against the brace elongation [41], or at both sides of the web (Figure 3b),
where the device develops resistive forces against the beam rotation [35].
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Figure 3. Possible configurations of installation of the PS-LED on frame structures: (a) brace configu-
ration; (b) beam–column joint configuration.

The damper is placed in conventional damped braced systems and connected at one
end of the shaft and at the opposite end of the tube. When the structure oscillates under the
effects of the ground motion, the shaft moves relative to the tube, activating a friction force
at the interface with the lead core, through which energy is dissipated. Since the coefficient
of friction between lead and chromium-plated steel is noted to remain almost steady once
sliding is triggered [11], the damper provides a constant force over its entire stroke and an
ensuing essentially rectangular hysteretic curve, which maximizes the amount of energy
dissipation. The theoretical amount of energy dissipated in a full cycle of amplitude db
indeed amounts to EDC = 4 F0 db, where F0 is the resisting force developed by friction
during deflection of the shaft. During the assembling, the lead core is prestressed by
tightening the locking screws of the cap (Figure 4); increasing the bulk stress within the lead
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core boosts the friction force between the core and the shaft, allowing high levels of energy
dissipation, compact dimensions and low manufacturing cost to be achieved. Moreover,
relying on friction force only is expected to reduce the influence of heating (which indeed
has a major effect on the extrusion resistance of lead) on the output force and increase
the stability of the damping characteristic during repeated cycles. In addition to the high
damping-to-volume ratio achieved by prestressing, another favorable feature of the PS-LED
is that the straight shaft does not require complex and expensive machining operation as its
bulged counterpart does, permitting the use of commercial chromed shafts and reducing
manufacturing costs.
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Figure 4. Prestressing of the lead core during the assembly of the PS-LED [41].

In order to investigate the effect of prestressing the lead, a simplified numerical model
of the PS-LED was formulated in the general-purpose software Abaqus/CAE 6.14-2 [38,42],
using 4-node bilinear axisymmetric elements type C4X4. By taking advantage of the
symmetry of the system about its longitudinal axis, only half of the prototype was modeled.
The model includes the four parts of the damper: the shaft, the tube, the plug and the
working material (Figure 2b). A fine mesh (3.3 mm maximum element size) was used to
represent the volume of working material, in order to allow a realistic simulation of the
lead around the shaft without severe distortion of the elements that may cause abortion of
analysis. Lead is modeled as an elastic–almost perfectly plastic material (a small hardening
is introduced in order to avoid convergence issues), and S450 steel is assumed for the shaft,
tube and cap. The modeling parameters of the FE model are tabulated in Table 1 [11,36].
Hard contact is 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 are assigned at the interfaces between the lead and shaft and between
the lead and tube, where the relevant friction coefficients are µ1 = 0.15 and µ2 = 0.30,
respectively [12]. The analyses were performed in two steps. In the first step, prestressing of
the working material was simulated by applying an increasing force, uniformly distributed
on the upper surface of the cap, until a deflection ∆L of the cap, corresponding to an
assigned axial strain ε = ∆L/L of the lead bulk, was achieved, where L is the initial height
of the bulk. In the second step, the prestressing load imposed in the previous step 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.

Figure 5 reports the axial force F0 of the PS-LED calculated for different values of
axial strain ε imposed on the lead core and for different diameters of the shaft (the outer
diameter of the core is 70 mm). The force increases almost proportionally with ε until
a certain threshold is achieved, beyond which no further increase occurs. The strain
threshold corresponds to the yielding of lead and determines the maximum stress that can
be induced in the material bulk, which is in turn proportional to the friction force. As a first
approximation, the axial force of the damper can indeed be calculated as the product of
the friction coefficient µ1 between the shaft and lead times the bulk stress in the lead times
the area of the shaft–lead interface. Though very simple, this analytical model justifies the
linear dependence of F0 on the diameter of the shaft and the achievement of a steady force
level beyond a certain strain observed in the finite element analyses. Eventually, it is worth
noting that the steady value F0 = 200 kN of the PS-LED with 32.5 mm diameter predicted
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numerically is close to the experimental value of 220 kN measured on a prototype of a
lead damper with a bulged shaft reported in [11], thereby proving the effectiveness of the
preload in controlling the friction force and the viability of the proposed design to achieve
force and damping capabilities equivalent to the ones of the bulged shaft counterpart.

Table 1. Material properties used in the FE model [12].

Property Unit Steel Lead

Young’s modulus (E) GPa 210 16.4

Poisson’s ratio (υ) - 0.33 0.44

Density (ρ) kg/mm3 7.85 × 10−6 8 × 10−6

Plastic behavior

Plastic Strain
(mm/mm)

Stress
(MPa)

Plastic Strain
(mm/mm)

Stress
(MPa)

0
0.2

450
500

0
0.001
0.002

0.1
0.3

20.5
21.5
22.0
22.5
23.0
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3. Experimental Assessment
3.1. Description of the Prototype

A prototype of the PS-LED has been experimentally assessed in this study. The
exploded drawing of the prototype is shown in Figure 6, while the materials are according
to the description given in Section 2.2. All components are made of 42CrMo4 quenching
and tempering steel, except for the core which is made of 99.99% pure lead. The cap is
fixed to the tube wall by means of eight M16 screws. The operational dimensions of the
device are as follows: the shaft diameter Ds = 32 mm, the external diameter of the lead core
Dl = 60 mm, and the length of lead core L = 80 mm. The design deflection of the prototype
calculated for the basic design earthquake (corresponding to the life-safety limit state
according to the Italian Building Code (IBC) [43]) is dbd = 20 mm in either direction. In order
to avoid off-axis load, self-lubricating spherical hinges with a minimum rotation capacity of
±2◦ are provided at the two connection points, namely the bottom of the tube and the far
end of the shaft. The total length of the prototype is 568 mm (433 mm between the center
axes of the joints), and the external dimensions of the tube (with square cross-section) are
110 mm × 125 mm. During assembling, the lead core was prestressed by tightening the
fixing screws of the cap to a torque of 212 Nm.
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Figure 6. PS-LED experimentally assessed in the study: (a) shop drawing; (b) prototype on the testing
machine [41].

3.2. Experimental Protocol

The experimental campaign was performed at the Materials Testing Laboratory of
Politecnico di Milano, using a servohydraulic testing machine (MTS Systems, Eden Prairie,
MN) with a load capacity of 500 kN (Figure 6b).

The prototype was subjected to the type testing protocol prescribed in the European
standard on antiseismic devices, EN 15129 [18] for assessment of displacement-dependent
devices (labeled as tests #1 and #2 in Table 2). The hysteretic force–deflection response was
evaluated by imposing harmonic cycles of increasing amplitude at 25%, 50% and 100%
of the design deflection dbd at a frequency f = 0.5 Hz. Five cycles for each intermediate
amplitude and ten cycles for the maximum amplitude were applied. Then, the deflection
capacity of the prototype was assessed in a ramp test consisting in the application of
an increasing deformation up to the limit γb γx dbd, where γb = 1.1 and γx = 1.2 are the
amplification factor and the reliability factor given in the product standard [18]. It is worth
noting that the quantity γx dbd is denoted as d2 and represents the deflection of the damper
evaluated at the collapse ultimate limit state according to IBC [43].

Table 2. Testing protocol.

Test Amplitude
(mm) Frequency (Hz) Number of

Cycles (-) EN 15129 Ref.

#1 cyclic
5

10
20

0.5
0.5
0.5

5
5

10
6.4(a)

#2 ramp 26.4 0.001 1 6.4(b)

#3 rate
20
20
20

0.25
0.50
0.75

5
5
5

=

#4 amplified deflection 24 0.5 5 =

In order to investigate the dependence on the velocity, three additional tests were
performed, consisting in the application of harmonic cycles to the design deflection dbd at
three distinct frequencies (test #3 in Table 2).

Eventually, the dedicated test prescribed by IBC [43] for displacement-dependent
devices and consisting in the application of five harmonic cycles with amplitude d2 = γx dbd
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was performed (test #4 in Table 2). Before each test, the tightening of the cap fixing screws
was checked and restored to 212 Nm if necessary.

At the end of the testing protocol, for direct assessment of the effect of prestressing,
the cap fixing screws were loosened and then tightened to either 165 Nm (first run) or
100 Nm (second run), and then the cyclic test with amplitude equal to dbd = 20 mm (test #2)
was repeated.

3.3. Results

The force–displacement behavior of the PS-LED prototype observed in a fully reversed
cycle with the maximum deflection dbd is illustrated in Figure 7. Figure 7a shows the
hysteretic response of the prototype with fixing screws tightened to 212 Nm. An elastic
deflection of the whole damper is initially observed until the breakaway friction resistance
of the working material is overcome and sliding of the shaft relative to the lead core is
eventually engaged. From this point on, the force–displacement curve shows a plastic
branch characterized by an almost steady force independently of the accommodated
deflection, and the same behavior occurs after each motion reversal. It is worth noting
that owing to the high elastic stiffness of the steel members, which provide a high initial
stiffness, the hysteresis loop has an essentially rectangular shape. The behavior of the
device is symmetric in tension and compression, with similar values of the axial force F0
both in tension (N > 0, shaft mowing outwards) and in compression (N < 0, shaft moving
inwards). The small changes in the output force at motion reversals suggest that the friction
between the shaft and the lead has a shallow dependence on the velocity, though this
dependency does not affect the overall response too much. The idle displacement observed
after the motion reversal and highlighted in Figure 7a by the red arrows is ascribed to the
clearance of the spherical hinges.

Figure 7b compares the cyclic responses assessed at three different levels of prestress-
ing of the lead core. Preloading the core below the yield stress of the material seems to be
ineffective to prevent the occurrence of “trailing voids”, due to the loosening of prestressing.
Though the resulting force–displacement curve is asymmetric, the dissipated energy per
cycle (i.e., the area enclosed in the hysteresis cycle) looks close to the one observed when
the prototype is tightened to the preset torque of 212 Nm.
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Figure 7. Hysteresis loops of the PS-LED prototype: (a) regular loop of the prototype with fixing
screws tightened to 212 Nm [41]; (b) deformed loop with trailing void for low tightening torque.

Two quantities were calculated at each test cycle and used to characterize the response
of the PS-LED:

• Effective stiffness:

Keff =
F0
dbd

, (1)
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• Equivalent damping ratio:

ξ eff ,3 =
2
π

EDC
dbd F0

, (2)

where EDC is the energy dissipated per cycle (i.e., the area enclosed in the hysteresis loop),
F0 is the maximum force in the cycle and dbd is the maximum deflection.

In order to prove a repeatable and stable cyclic response, the European standard [18]
prescribes that both quantities Keff and ξeff shall remain essentially constant during a
sequence of cycles of same amplitude:∣∣∣Keff ,i − Keff ,3

∣∣∣
Keff ,3

≤ 0.10 , (3)

∣∣∣ξeff ,i − ξeff 3,i

∣∣∣
ξeff ,3

≤ 0.10 , (4)

where i is the cycle number (i ≥ 2), and Keff,3 and ξeff,3 are the effective stiffness and the
equivalent damping ratio evaluated at the third cycle.

Figure 8 shows the effective stiffness and equivalent damping assessed in test #1
for different amplitudes. The diagrams highlight the stable and predictable behavior
of the prototype. Disregarding the first cycle, both Keff,3 and ξeff,3 fulfill the stability
requirements, with the maximum changes of 9.9% in the effective stiffness and of 2.4% in
the equivalent damping in the most challenging test sequence at the design deflection dbd.
The average value of ξeff,3 over 10 cycles performed at the design seismic displacement
dbd is 0.55, i.e., 86% of the equivalent damping of an ideally rectangular loop, confirming
the excellent dissipation capacity of the PS-LED. It is worth observing that, differently
from the stiffness, the equivalent damping ratio is almost independent of the maximum
displacement achieved during the cycle (Figure 8b). Since the PS-LED provides a constant
force F0 independent of the displacement, the hysteretic force–displacement curve has a
nearly rectangular shape (Figure 7a), and the energy dissipated in a cycle of amplitude db
is EDC = 4 F0 db; hence, by recalling Equation (2), an equivalent damping ratio ξeff = 2/π
follows regardless of the maximum deflection. For standard buckling-restrained steel
hysteretic dampers made of mild steel, the equivalent damping ratio generally lies in
the range of 20% to 40%, depending on the geometry and the design deflection [44–46].
In the ramp test, the prototype was able to sustain the amplified design deflection γx
γb dbd without any cracking, and after the peak value due to the breakaway friction the
force–deflection curve presented a nondecreasing behavior (Figure 9), demonstrating the
ability of the device to accommodate the capacity demand without any deterioration of
its stiffness.

Figure 10 illustrates the variations in the effective stiffness and the equivalent damping
ratio due to the strain rate assessed in test #3 with reference to a frequency variation of
±50%. After each series of cycles at a given frequency, the prototype was left to recover at
ambient temperature for a short time (between 45 and 90 min) and then subjected to a new
series of cycles at a higher frequency. The effective stiffness of the device exhibits a shallow
dependence on the frequency, while the equivalent damping ratio is virtually unaffected.
The provision of the European standard [18] requiring a ±10% maximum variation due to
strain rate with reference to the properties evaluated at the third cycle is therefore fulfilled.
Eventually, in test #4, the prototype demonstrated its ability to resist a series of cycles to the
maximum deflection evaluated at the collapse ultimate limit state according to IBC 43]. The
results, shown in Figure 10, confirmed the suitability of the prototype to resist up to five
cycles performed to its displacement capacity with no substantial degradation of stiffness
and damping characteristics.
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4. Conclusions

The prestressed lead damper with straight shaft, a novel energy dissipation device
with behavior mainly dependent on the displacement, has been introduced by this study.
The device dissipates energy through the friction losses that occur at the interface between
the lead core and the metal shaft and achieves high specific force and damping capability
through preloading of the working material. Differently from other versions of lead
dampers with bulged shafts, the present device employs a straight shaft, which eases the
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production and reduces the manufacturing costs, while it disregards the plastic deformation
of lead as a means to dissipate energy. This design is aimed at enhancing the stability of
the mechanical response of the damper during repeated cycles since heating of the lead
core caused by the dissipation of energy can affect the yield strength of lead and reduce the
extrusion force.

The main outcomes of the study are recalled as follows:

1. A prototype of the PS-LED was experimentally assessed according to the provisions
of the European standard EN 15129 [18] for displacement-dependent devices. The
damper exhibits an essentially rigid–plastic behavior, with an equivalent damping
ratio ξeff = 55%, independent of the maximum cyclic displacement.

2. Prestressing the lead core according to the procedure developed in this study is
a viable means to control the axial force and the energy dissipation of the device,
allowing the achievement of damping capability similar to that obtained with lead
dampers with bulged shafts of the same size.

3. The mechanical response of the damper over a series of cycles with an amplitude
equal to the design seismic displacement is stable and predictable and fulfills the limits
of variation prescribed in the European standard [18]. The changes in the equivalent
damping ratio over 10 cycles at the design deflection are less than 3%, ensuring a
consistent energy dissipation capability even in case of severe seismic demand. The
response is not substantially affected by the frequency of loading.

4. The damper prototype afforded several sequences of cycles with amplitudes equal
to the basic design earthquake displacement and then a final set of five cycles to the
maximum displacement evaluated for the collapse ultimate limit state without being
damaged or exhibiting substantial changes in its mechanical properties.

The damper proves to be able to fulfill two basic requirements, i.e., robust and stable
mechanical behavior and maintenance-free operation even in presence of repeated excita-
tions occurring within a short time, as may happen, e.g., in the case of aftershock sequences,
thereby representing a viable system for the development of resilient structural solutions.
The main limit of the device is the lack of restoring capability to recenter the structure in
the aftermath of an earthquake. A possible solution, consisting in coupling the PS-LED
with steel springs, will be investigated in a future study.
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