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Abstract 

This work presents an innovative hysteretic damper, named PreStressed LEad Damper (PS-

LED) that dissipates seismic energy through the friction mechanism generated between a 

straight steel shaft and a lead core. A notable feature of the PS-LED is its capability to adjust 

the axial force by varying the prestress on the lead core, enabling the damper to accommo-

date specific design needs without modifying its physical dimensions, providing a significant 

advantage for serial production. This study outlines the conceptual framework of the PS-LED, 

highlighting its robust performance and durability during repeated loading cycles. An exper-

imental campaign involving two prototypes is reported, validating the PS-LED's constitutive 

behavior and confirming the effectiveness of the design equations. Additionally, a numerical 

analysis is conducted on a 6-story reinforced concrete structure, retrofitted with diagonal 

steel braces equipped with either the PS-LED or a conventional Buckling Restrained Brace 

(BRB), to highlight the advantages of the PS-LED over the state-of-the-art device. Bidirec-

tional non-linear dynamic analyses are conducted using natural ground motions selected 

from the European Ground Motion Database; the results demonstrate that the PS-LED signif-

icantly enhances energy dissipation capabilities, resulting in notable reductions in floor ac-

celerations and shear forces impacting the columns of the structure when compared to the 

BRB. These outcomes underscore the PS-LED's potential to improve seismic resilience, pre-

senting a viable alternative to traditional damping technologies.  

Keywords: Friction damper, Lead damper, Experimental study, Conceptual design, Non-
linear analyses, OpenSees 
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1 INTRODUCTION 

PS-LED, which stands for PreStressed LEad Damper is a novel energy dissipation device, 
which dissipates energy through the friction force activated from the movement of a steel 
shaft sliding inside a lead core [1]-[3], as illustrated in Figure 1(a). Figure 1(b) presents the 
theoretical force-displacement curve of the device, characterized by an elastic–perfectly plas-
tic behavior typical of friction dampers. This leads to an almost perfectly rectangular hysteret-
ic cycle, corresponding to a damping capacity significantly higher than that of Displacement 
Dependent Devices (DDDs) currently available on the market, and potentially reaching values 
≥ 57%. Among DDDs, Buckling Restrained Braces (BRBs) represent the state of the art in 
steel hysteretic dampers and are widely adopted, as evidenced by extensive scientific litera-
ture (e.g., [4]-[15]) and numerous applications worldwide (e.g., [16]-[20]). BRBs typically 
achieve a damping capacity ranging from 30% to 40%, as reported by [21] and [22]. There-
fore, the PS-LED surpasses BRBs in terms of energy dissipation capacity. 

Figure 1: (a) Sketch and nomenclature of the main elements of the PS-LED; (b) theoretical force-displacement 
curve of the PS-LED 

Furthermore, since the seismic energy in BRBs is dissipated primarily through the yielding 
of the steel core, they are prone to permanent deformations following an earthquake. This 
makes BRBs highly sensitive to low-cycle fatigue, necessitating their replacement after strong 
seismic events. Such replacements not only incur significant maintenance costs but also pose 
safety risks, as the structure remains vulnerable to aftershocks until the damaged dampers are 
replaced. In contrast, the PS-LED operates solely based on friction, ensuring that no mechani-
cal components undergo plastic deformation or sustain damage. This design guarantees insen-
sitivity to fatigue, enabling the device to withstand multiple design-level earthquakes without 
requiring maintenance [1]-[3]. 

In [2] a first prototype of the PS-LED was experimentally assessed following the testing 
protocol prescribed by the European norm on anti-seismic devices EN 15129 [23], referring to 
the category of DDDs, to which both PS-LED and BRB belong. This study provides insights 
into the conceptual development of the device and presents the outputs of the experimental 
campaign conducted on a second prototype. Additionally, the final section discusses numeri-
cal analyses performed on a case-study structure retrofitted with the PS-LED and subjected to 
a set of bidirectional natural ground motions. The effectiveness of the PS-LED retrofit strate-
gy is assessed by comparing the structural performance of the retrofitted building with that of 
the same structure equipped with BRB, considered as the state of the art of the DDDs. 
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2 PS-LED: DESCRIPTION AND BASIC OPERATION PRINCIPLE 

In its basic configuration, the PS-LED is made of a lead core confined into a rigid cylinder, 
with a steel shaft sliding inside the core under the applied force (Figure 1). One end of the cyl-
inder is sealed with a solid plate, while the opposite end is enclosed by a container cap se-
cured with screws. The core is composed of 99.99% pure lead, whereas the cylinder, shaft, 
and cap are made of structural steel. Additionally, the shaft is coated with hard chromium.  

Starting from the unloaded condition, the first branch of the force-displacement curve, re-
ferring to displacements d ≤ dy, corresponds to the elastic deformation of the shaft under the 
applied force. At the yield displacement dy, the force achieves the value 𝐹d, which is equal to 
the friction force between the shaft and the core, as expressed in Eq.(1)  

(1) 

where D is the diameter of the shaft, Lc is the axial length of the core (corresponding to the 
length of the core/shaft interface), and τ is the average shear stress, given by the product of the 
friction coefficient μ and the contact pressure at the shaft/core interface pi. From this point on, 
an increase in displacement is accommodated by the shaft sliding inside the core, activating 
friction at the sliding interface, which dissipates energy. Since Eq.(1) is independent of the 
displacement of the shaft, the friction force remains constant, resulting in an almost rectangu-
lar hysteresis curve [2]. The theoretical energy dissipated in a fully reversed cycle of ampli-
tude dbd is determined according to Eq.(2) 

(2) 

The equivalent viscous damping ratio ξeff of the PS-LED is calculated according to Eq.(3) 

(3) 

where  is the damper ductility. 

3 EXPERIMENTAL CAMPAIGN 

This paragraph presents the results of the experimental campaign conducted on two proto-
types of PS-LED with the properties reported in Table 1. The design axial force was calculat-
ed in accordance with Eq.(1) in this paper assuming a shear stress at the interface τd = 
0.112 · pd, where pd is the design value of the axial prestress. In accordance with the require-
ments of the European standard [23] and assuming the worst scenario for displacement de-
mand, the prototypes were constructed to accommodate an amplified displacement, in either 
direction, of γx · γb · dbd, with γb = 1.1 and γx = 1.2. The equivalent viscous damping ratio ξeff is 
dependent on the ductility factor µD according to Eq.(3). 

Prototype 
D 

[mm] 
Lc 

[kN] 
Dc 

[mm] 
dbd 

[mm] 
µD 

[%] 
pd 

[MPa] 
Fd 

[kN] 
ξeff 

[%] 
PS-LED 225/10 28.1 90 69.8 10 8 240 225 55.7 
PS-LED 50/15 20 70 69.8 15 30 100 52 61.4 

Table 1: Dimensions of lead core, axial prestress and design properties of tested prototypes 
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The tests were conducted at the Material Testing Laboratory of Politecnico di Milano, us-
ing a servohydraulic Universal Testing Machine (MTS Systems, Eden Prairie, MN, USA) 
with a capacity of 500 kN. The axial prestress applied to the lead core was controlled by ad-
justing the tightening torque of the screws used to fix the container cap to the cylinder.  

Figure 2 reports the results of the two prototypes tested for 10 cycles at dbd and frequency 
0.5 Hz. The graphs show that, excluding the first cycle, which is affected from the static fric-
tion at the breakaway, the friction force remains stable at the design value associated with dy-
namic friction throughout all cycles, resulting in an almost rectangular hysteresis loop. In 
particular, the equivalent viscous damping ratio at dbd is 55.3% for the PS-LED 225/10 and 
59.6% for the PS-LED 50/10, in good agreement with the design values (Table 1). 

a)  b)
Figure 2: Experimental cyclic force – displacement curves of PS-LED prototypes: (a) PS-LED 225/10; (b) PS-

LED 50/15 

Figure 3 reports the results in terms of equivalent viscous damping ratio of the prototypes 
conducted at different velocities, confirming the stability of the response and the robustness of 
the device. 

(a)  (b)
Figure 3: Equivalent viscous damping ratio of PS-LED 225/10 (a) and PS-LED 50/15 (b) 

Figure 4 shows the response in terms of output force of the two devices during the final 
tests (stability tests) conducted to check the capacity of the device to resist multiple earth-
quakes without getting damaged. The stability tests, which are not contemplated in the Euro-
pean norm [23], consisted in three sequences of 10 cycles with amplitude equal to dbd, with a 
dwell period of less than 2 hours between two consecutive sequences. Disregarding the re-
sponse at the first cycle of each sequence, the maximum deviations of the output force from 
the experimental values assessed at the third cycle of the first sequence are less than 10%. 
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These results further confirm the robustness of the device and its ability to withstand multiple 
design level excitations without damaging. 

(a) 

(b) 
Figure 4: Axial force of PS-LED 225/10 (a) and PS-LED 50/15 (b) in the stability tests (dotted lines represent 

the +/-10% deviation from the values at the third cycle of the first sequence) 

4 NUMERICAL INVESTIGATION IN OPENSEES  

4.1 Retrofit design of the case-study structure  

The structure considered as a case-study is a reinforced concrete (RC) building of residen-
tial use, already studied in the literature [24]-[27], whose geometry is reported in Figure 5. 
For sake of brevity, the details regarding materials and reinforcement are omitted; further in-
formation on all properties can be found in the relevant publications [24]-[27]. 

 
Figure 5: Elevation and plan view of the case-study building (dimensions in meters) 

The building was designed according to the Italian Building Code [28] considering a mod-
erate seismicity area characterized by PGA = 1.91 m/s2 and soil type B, for a low ductility 
class (Class B), and is now retrofitted to withstand seismic action effects corresponding to a 
high seismic area with PGA = 2.26 m/s2 and soil type C.  
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The retrofit design is performed by applying the Direct Displacement-Based Design 
(DDBD) retrofit procedure developed by some Authors of this work [25],[29] with the goal of 
guaranteeing that the structure is immediately accessible after a main earthquake. Diagonal 
steel braces equipped with hysteretic dampers, either PS-LED or BRB, are installed on the 
facades of the buildings according to the layout shown in Figure 6. For the PS-LED a ductility 
µD = 20 (ξeff = 60.5%) is assumed, while the ductility of the BRB is equal to µD = 10 (with ξeff 
almost equal to 30-40%) in agreement with other studies [21],[22]. With the goal of concen-
trating the largest part of the deformation of the story in the damper, enhancing the amount of 
energy dissipation, the stiffness associated to the steel brace KB is set to be ≥ 2 that of the 
damper KD. 

Figure 6: Layout of the diagonal steel braces equipped with hysteretic dampers installed in the case-study struc-
ture

4.2 Numerical model in OpenSees 

The time history analyses are conducted using the OpenSees framework [30],[31], where a 
complete 3D numerical model of the structure is developed. Beams and columns are modeled 
with the forceBeamColumn element object [31], utilizing the beamWithHinges element [32]. 
This element is characterized by a linear elastic material behavior in the internal sub-element 
and a nonlinear behavior in the two outer sub-elements. The length of the plastic hinge, de-
noted as Lpl, is determined based on Eq. (A.9) of Eurocode 8 [33], using a well-defined con-
crete confinement model [34] (see Eq. (A.6) to (A.8) of Eurocode 8 [33]). A fiber section 
model is implemented, where the uniaxial Concrete04 material, based on Popovics' model 
[35], is used for the nonlinear behavior of concrete, which is assumed to have no tensile 
strength. The Steel02 material model, based on the Giuffre-Menegotto-Pinto law with iso-
tropic strain hardening, is assigned to each steel bar represented by a fiber [36],[37]. An effec-
tive area moment of inertia 𝐼eq, equal to 50% of the gross moment of inertia Ig, is assigned to 
the interior elastic sub-element, in accordance with both Italian and European standards 
[28],[33]. 

Masses corresponding to all structural elements (beams, columns, and slabs) are concen-
trated at the center of mass of each floor, while dead and live loads are uniformly distributed 
across the beams based on the tributary area method. P-Delta effects are accounted for, but 
bond slip and low-cycle fatigue effects are neglected, as the structure is designed to fail in 
flexure. Fixed base supports simulate rigid foundations at the columns on the ground floor. 
The Rayleigh method is used to define the damping of the frame, based solely on the tangent 
stiffness matrix, with a 5% viscous damping ratio. This method also considers the energy dis-
sipation from infill panels and other non-structural elements [34]. 
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The floor slabs are modeled as rigid diaphragms, with all nodes at each floor constrained to 
move together. 'Axial buffers' [38] are placed between the ends of beams and the adjacent 
nodes connected to the rigid diaphragm, using zeroLength element objects [31] with minimal 
axial stiffness. These buffers prevent fictitious axial forces arising from the interaction be-
tween beam elements modeled with fiber sections and the rigid diaphragm [38]. 

Each diagonal brace consists of a steel brace and a hysteretic damper in series. The steel 
brace is designed to behave elastically under design loads and is modeled as an elastic-

BeamColumn element [31]. This modeling approach provides a more accurate representation 
of the damped brace response, as the hysteretic behavior is localized only in the device ele-
ment [15]. The PS-LED is modeled using a truss element object [31], with its constitutive be-
havior described by the EPPV (Elastic Perfectly Plastic and Viscous damper material) model 
introduced in [1] and summarized in Figure 7. The BRB behavior is captured using the uniax-
ial material model proposed by Zona and Dall'Asta [39], known as SteelBRB, which accounts 
for both kinematic and isotropic hardening as well as tension–compression asymmetry. The 
model parameters are based on the recommendations of [13]. This model is particularly effec-
tive in capturing the asymmetric tension-compression response typical of BRB devices.  

Figure 7: The EPPV model of the PS-LED [1]

4.3 Seismic input 

Nonlinear dynamic analyses are performed using a set of 7 independent bidirectional natu-
ral ground motion records, sourced from the European Ground Motion Database [40] and se-
lected via the Rexel software [41].  

Figure 8: Scaled ground motion spectra and target spectra for the municipality of Arezzo and return period 
TR=475 years. SF: scale factor 
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The seismic input is defined based on the Italian Building Code [28] provisions for the 
municipality of Arezzo, considering soil type C and seismic category T1. The analyses focus 
on the life safety limit state, corresponding to a 10% probability of exceedance over the refer-
ence period VR, which translates to a design earthquake with a return period TR of 475 years. 
Further details on the ground motion selection are illustrated in Figure 8 and Table 2. To in-
corporate potential directionality effects, each bidirectional earthquake record is applied in 
two separate analyses, swapping the excitation components along the primary structural axes. 

Earthquake 

Name 

Mw Fault 

Mechanism 

Epicentral 

Distance 

[km] 

PGA_X 

[m/s2] 

PGA_Z 

[m/s2] 

EC8 Site 

class 

Umbria Marche 
(aftershock) 

5.3 normal 20 0.5673 0.405 C 

Umbria Marche 6 normal 22 1.6852 1.0406 C 
Ionian 5.8 thrust 15 5.1459 2.4983 C 
Alkion 6.6 normal 20 2.2566 3.0363 C 
Umbria Marche 
(aftershock) 

5.5 normal 20 1.0729 0.779 C 

Gulf of Corinth 5.3 normal 19 0.123 0.1318 C 
Alkion 6.3 normal 25 1.1437 1.176 C 

Table 2: Information about the selected natural ground motions

4.4 Results and discussion 

The performance comparison between the structure retrofitted with PS-LED and that with 
BRB is based on key engineering demand parameters, including peak displacement (d), peak 
absolute acceleration (a), and maximum internal forces (axial force N and shear force V) in 
the columns connected to the damped braces.  

Figure 9 illustrates the maximum displacements and the maximum absolute accelerations 
at each floor in X-direction. For brevity, results for the Z-direction are not included; however, 
the observations discussed in this paragraph remain generally applicable.  

Figure 9(a) confirms that the PS-LED effectively controls structural displacements to a de-
gree comparable to the BRB. In fact, in both directions, the displacement at the top floor 
aligns with the target design displacement dp.  

a)    b)
Figure 9: Maximum displacement and maximum absolute acceleration at each floor in X-direction 
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Notable differences between the two retrofitting strategies emerge in terms of absolute ac-
celeration, as depicted in Figure 9(b). The structure equipped with PS-LED experiences ac-
celeration levels generally similar to those of the as-built configuration and, in certain cases, 
such as the 3rd and 6th floors, even lower (by approximately 16% at the 3rd floor in the X-
direction and 11% at the 6th floor in both directions). In contrast, the BRB-retrofitted structure 
exhibits higher acceleration values, particularly at the 4th, 5th, and 6th floors. This discrepancy 
stems from the greater energy dissipation capacity of the PS-LED, which achieves an equiva-
lent viscous damping ratio about 60% higher than that of the BRB. 

Figure 10 presents the axial force (N) and shear force (V) in X-direction at each floor, av-
eraged over all columns connected to the damped braces, as per the configuration shown in 
Figure 6. The overall trend is similar for both retrofitting solutions, with an increase in axial 
force (N) in the lower floors (1st and 2nd) and a reduction in shear forces (V) compared to the 
as-built structure. However, the increase in axial force is less pronounced in the PS-LED sys-
tem (+26% at the ground floor, compared to +37% in the BRB case). Likewise, regarding 
shear forces (V), the PS-LED achieves a reduction of over 20% in the X-direction, whereas 
the BRB achieves approximately 10%. 

a)    b)  
Figure 10: Maximum average axial force (a) and shear force in X-direction (b) in the pillars of ground floor  

5 CONCLUSIONS 

The study investigates the PreStressed LEad Damper (PS-LED), a hysteretic friction 
damper with valuable technical characteristics, such as the insensitivity to fatigue, the ability 
to accommodate multiple design strong motions without being damaged, a high stiffness and 
a high damping capability. The PS-LED was first introduced in [2], where a first device was 
initially tested. The present contribution extends the experimental campaign to a second pro-
totype with different properties, useful to validate the conceptual design presented herein. 

Additionally, a numerical analysis is conducted on a case-study structure, retrofitted with 
diagonal steel braces equipped with either the PS-LED or a conventional Buckling Restrained 
Brace (BRB), to highlight the advantages of the PS-LED over the state-of-the-art device. 
Even if the numerical modeling of the damper was already introduced in [1], the model in this 
manuscript has been enhanced to account for the in-series contribution of the damper and the 
steel brace used to insert the damper into the structure. Moreover, a direct comparison with 
the BRB, modeled according to established literature, has never been studied. 

Bidirectional non-linear dynamic analyses are conducted, and the results of the new study 
demonstrate that the PS-LED significantly enhances energy dissipation capabilities, resulting 
in notable reductions in floor accelerations and shear forces impacting the columns of the 
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structure when compared to the BRB. These outcomes underscore the PS-LED's potential to 
improve seismic resilience, presenting a viable alternative to traditional damping technologies. 
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