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Abstract 

The study presents the design and the experimental characterization of a new energy dissipation device aimed at providing improved 
resistance to repeated seismic loads.  Differently from conventional steel hysteretic dampers, which dissipate energy by yielding 
of a mild steel core and are noted to suffer low-cycle fatigue, the new damper provides energy dissipation by the friction that is 
activated between a moving shaft and a lead core prestressed within a tube. The prestress level is controlled during the assembling 
process, allowing to adjust the axial strength of the damper. Thanks to the ability of lead to restore its properties by static 
recrystallization taking place immediately after deformation, repeated cycles of loading do not produce damages that may accrue 
and eventually lead to failure of the device. Moreover, prestressing of the lead core allows to achieve high specific strength (i.e., 
high force to volume ratio), thereby providing low dimensions which help to reduce the architectural invasiveness. Prototypes of 
the damper were subjected to the test procedure established in the European standard EN 15129 for Displacement Dependent 
Devices, fulfilling the relevant requirements. The damper provides a robust and stable response over repeated cycles, characterized 
by essentially rectangular hysteresis loops with an equivalent viscous damping ratio ξeff of about 55%. Moreover, it shows low 
sensitivity of mechanical properties on the loading rate and the ability to withstand multiple cycles of motion at the design 
earthquake displacement without deterioration of performance, demonstrating maintenance-free operation in presence of repeated 
ground shakes. Its ability to survive several strong motions without being damaged, and its high damping capability coupled to a 
compact design and low manufacturing cost, are the distinctive features that make it suitable for social housing. 
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1. Introduction 

Among supplementary energy dissipation systems, the lead extrusion dampers developed by Rodgers et al. 
(2007a), named HF2V dampers, have been reported to provide large resistive forces while maintaining compact outer 
dimensions (Rodgers et al., 2019; Quaglini and Bruschi, 2022), which make these systems suitable for the retrofit of 
existing structures, since they do not infringe on the architectural aesthetics or function of the building, Rodgers 
(2009). This device consists of a central shaft with a bulge encased in lead: when the shaft moves, the bulge displaces 
the lead from one side of the bulge to the other; this mechanism ensures a constant force upon yielding, similar to the 
behavior of the mild steel energy dissipation devices (Rodgers et al., 2008), without encountering any fatigue problem 
experienced by the alternative solutions. Moreover, because of low-cycle fatigue and residual stresses, mild steel 
energy dissipation systems need replacement after an earthquake, while the lead damper does not need any 
maintenance and thanks to its ability of creeping out over time, ensures self-centering of any structure, Bruschi (2021). 
The HF2V damper has been developed starting from the earlier research of Robinson and Greenbank (1976), whose 
devices were volumetrically very large and consequently, relatively expensive to produce; for this reason, their use 
was mainly limited as part of base isolation systems, Bruschi (2021). The large dimensions of these systems were 
necessary to provide sufficient reaction forces. Indeed, in this damper, as the shaft moves, the material is compressed 
into a smaller volume leading to the formation of a trailing void; the bulge passes through this void and consequently, 
the damper experiences less resistance and dissipates less energy, Rodgers et al. (2007a). Rodgers et al. (2007a, 2008, 
2009, 2019) increased the specific force and the dissipation capability of the damper 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, which was able to fit into tight volumetrically constrained applications, such as 
directly into beam–column joints (Rodgers et al., 2007b; Rodgers et al., 2008; Mander et al., 2009). Further research 
on this technology was carried out by Soydan et al. (2015, 2018), Patel (2017), Yang et al. (2015), Bruschi et al. 
(2020), Pettorruso et al. (2021) and Quaglini et al. (2021). 

Recently, a novel lead damper, called PS-LED, has been introduced. This damper provides huge energy dissipation 
through the friction force activated between a lead core and a straight shaft, and achieves a high specific output force 
by preloading the working material during the assembly, Quaglini et al. (2022). In this paper, the tests performed at 
the Materials Testing Laboratory of Politecnico di Milano on a prototype of the PS-LED in accordance with the 
provisions of the European standard EN 15129 on anti-seismic device are presented and discussed. 

 
Nomenclature 

dbd design displacement of the PS-LED prototype 
Ds  shaft diameter 
Dcyl cylinder diameter 
EDC energy dissipated per cycle 
Keff effective stiffness 
Ls  length of shaft in contact with the working material in the PS-LED prototype 
N maximum force in the cycle 
γb amplification factor 
γx reliability factor 
ξeff equivalent viscous damping ratio 
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2. Description of the PS-LED device  

The PS-LED device, depicted in Figure 1(a), consists of four main components, namely the shaft, the tube, the 
cap and the lead core, Bruschi (2021) and Quaglini et al. (2022). 

a)         b)  

Figure 1: (a) longitudinal section of the PS-LED device; (b) hysteresis loop of the tested prototype observed in a preliminary cycle (Bruschi, 
2021) 

The energy dissipation is provided by the friction activated between the shaft and the lead core. Since the friction 
at the shaft – lead interface is substantially unaffected by the speed, the damper behaviour is characterized by a force-
displacement curve with a rectangular shape, as shown in Figure 1(b), which maximizes the amount of energy 
dissipation. The value of the axial force is controlled by prestressing the lead core during the assembling process; in 
this way, voids in the working material are removed, resulting in a perfect fit to the tube and the shaft and avoiding 
clearances at motion reversals, Quaglini et al. (2022). Thanks to its compact geometry, the PS-LED can be installed 
in various configurations; in particular, Figure 2 shows the device placed either in diagonal braces or at beam-column 
joints. 

a)     b)  

Figure 2: Installation of the PS-LED device: (a) diagonal steel braces; (b) beam-column joints 

3. Experimental investigation 

The PS-LED prototype, assessed in this study, is characterized by a shaft diameter Ds = 32.5 mm, an inner diameter 
of the tube Dcyl = 60 mm, and a length of shaft in contact with the working material Ls = 80 mm, Figure 3. The 
prototype was designed for a nominal force of 220 kN and a design deflection of dbd = 10 mm in either direction (i.e., 
20 mm total stroke). 

The experiments were performed at the Materials Testing Laboratory of Politecnico di Milano, using a 500 kN 
servohydraulic testing machine (MTS Systems, Eden Prairie, MN) and following the testing protocol prescribed by 
the European Standard EN 15129 for assessment of Displacement Dependent Devices (DDD) and listed in Errore. 
L'origine riferimento non è stata trovata.. In particular, harmonic cycles of increasing amplitude at 25%, 50% and 
100% of the design deflection dbd = 10 mm have been imposed at a loading frequency of 0.5 Hz: five cycles for each 
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intermediate amplitude and ten cycles for  

 

Figure 3: Cross-section and lateral view of the PS-LED prototype 

the maximum amplitude were applied. Eventually, a ramp test at 0.1 mm/s rate was performed to the amplified design 
displacement γx γb dbd =13.2 mm (where γb = 1.1 and γx = 1.2 are the amplification factor and the reliability factor given 
in the standard EN 15129), to assess the failure condition under quasi-static condition. 

Table 1: Testing protocol according to the European Standard EN 15129 

Test Amplitude [mm] Frequency [Hz]  n° of cycles [-] 

cyclic 

0.25𝑑𝑑𝑏𝑏𝑏𝑏 0.5  5 

0.50𝑑𝑑𝑏𝑏𝑏𝑏 0.5  5 

1.00𝑑𝑑𝑏𝑏𝑏𝑏 0.5  10 

ramp 1.32𝑑𝑑𝑏𝑏𝑏𝑏 0.1 mm/s  1 

Figure 1(b) shows the force–displacement behaviour of the PS-LED prototype observed in a fully reversed cycle. 
It is apparent an elastic deflection until the breakaway friction resistance of the working material is overcome and 
sliding of the shaft relative to the lead core is engaged. This initial elastic part is followed by a plastic branch 
characterized by a constant force independent of the accommodated deflection, and the same behaviour occurs after 
each motion reversal. It is worth noting that owing to the high elastic stiffness of the steel members, the hysteresis 
loop has an essentially rectangular shape, Quaglini et al. (2022). The device shows an almost symmetric behaviour in 
tension and compression, Bruschi (2021), according to the theoretical Coulomb-type friction model. 

The response of the PS-LED is evaluated on the basis of two quantities, namely the effective stiffness Keff and the 
equivalent viscous damping ratio ξeff, which are determined through the equations: 

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑁𝑁
𝑏𝑏𝑏𝑏𝑏𝑏

            (1) 

𝜉𝜉𝑒𝑒𝑒𝑒𝑒𝑒 = 2
𝜋𝜋

EDC
dbdN

           (2) 

where N is the maximum force in the cycle, dbd is the maximum deflection and EDC is the energy dissipated per cycle. 
The European standard EN 15129 requires that both Keff and ξeff remain almost constant during a sequence of cycles 

of same amplitude, and in particular the relationships of Errore. L'origine riferimento non è stata trovata. need to 
be satisfied. In Errore. L'origine riferimento non è stata trovata., i is the cycle number (i ≥ 2), and Keff,3 and ξeff,3 
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are the effective stiffness and the viscous equivalent damping ratio evaluated at the third cycle, respectively. 

Table 2: Requirements of the European standard EN 15129 

Requirements 

|𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 − 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒,3|
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒,3

≤ 0.10 

|ξ𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 − ξ𝑒𝑒𝑒𝑒𝑒𝑒,3|
ξ𝑒𝑒𝑒𝑒𝑒𝑒,3

≤ 0.10 

Figure 4 shows the variation of Keff and ξeff of the cyclic tests of Errore. L'origine riferimento non è stata 
trovata. for different amplitudes. Disregarding the first cycle, both Keff,3 and ξeff,3 respect the stability requirements, 
with the maximum variations of 9.9% in Keff  and of 2.4% in ξeff in the most challenging test sequence at the design 
deflection dbd, which highlight the stable and predictable behavior of this system The average value of ξeff,3 over 10 
cycles performed at the design seismic displacement dbd is 0.55, which is close to the maximum theoretical value of 
0.63, confirming the excellent dissipation capacity of the PS-LED. Indeed, for standard buckling-restrained steel 
hysteretic dampers made of mild steel, the equivalent viscous damping ratio generally lies in the range of 20% to 40%, 
depending on the geometry and the design deflection (Sina et al., 2021; Tonon et al., 2013; Sitler et al. 2020). In the 
ramp test, the prototype was able to sustain the amplified design deflection γx γb dbd without any cracking, 
demonstrating the ability of the device to accommodate the prescribed displacement without any mechanical damage 
or deterioration of its stiffness. 

                 

Figure 4: Plots of effective stiffness Keff and equivalent visocus damping ξeff of the PS-LED vs. number of cycles at different deflection 
amplitudes dbd 

Eventually, at the end of the testing protocol according to EN 15129, the prototype was subjected to three 
sequences of 10 cycles each at the design displacement dbd = 10 mm, with a 1 hour dwell between two consecutive 
sequences. The lead core was prestressed before the first sequence only, and the device was not re-centered after each 
sequence, thereby simulating the situation of a damper installed in a structure subjected to repeated ground shakes 
occurring in a short time. The mechanical response of the damper, shown in Figure 5, is stable and predictable, 
showing no substantial change in stiffness or output force throughout the sequences of loading. 
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Figure 5: Sequence of tests at the design displacement dbd 

4. Conclusions 

In this work a new energy dissipation device, the PS-LED, has been experimentally investigated according to the 
provisions of the European standard EN 15129 for Displacement Dependent Devices. The main outcomes are reported 
hereinafter: 

1) the device is characterized by an essentially rigid–plastic behaviour, with an equivalent viscous damping 
ratio ξeff = 55%, independent of the maximum cyclic displacement; 

2) the prototype has shown a stable and predictable mechanical response over a series of cycles with an 
amplitude equal to the design seismic displacement, respecting the limits of variation prescribed in the 
European standard; 

3) the tested PS-LED has been able to sustain multiple sequences of motion at the basic design earthquake 
displacement, demonstrating the ability to provide maintenance-free operation even in presence of repeated 
ground shakes. 

In conclusion, the novel PS-LED represents an emerging technology which is potentially suitable to overcome the 
main limits that affect current supplementary energy dissipation devices. In particular, its ability to accommodate 
several strong motions at the design level without being damaged, and its high damping capability coupled to a 
compact design and low manufacturing cost, are the distinctive features that make it suitable for social housing. A 
prototype with 220 kN capacity has been tested so far; in the next future the experimental campaign will be extended 
to other prototypes with different dimensions. 

A last important development concerns the design of the installation of the LED device within the building; in 
fact, since the PS-LED damper is characterized by a compact size, a further improvement will investigate the 
installation of the device in low invasiveness locations, such as at the beam-column connections, in order to adapt 
the retrofit system to the building layout and reduce the construction work. 
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