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Abstract

In the earthquake-resistant design of the structures, supplemental energy dissipative devices
have increasingly been utilized for structural response control. The lead extrusion damper
(LED) is one of the prominent versions of metallic dampers, as it dissipates high amounts of
seismic energy by the extrusion of lead through the displacement of a bulged shaft. Its
geometric properties, i.e., length and diameter of the tube, shaft, bulge, and lead, should be
designed based on the target performance level of the host structural system. Thus,
determining the LED’s force-displacement relationship and seismic energy dissipation
characteristics becomes essential for a proper design. In this study, the developed three-
dimensional finite element modeling (FEM) strategy for the LED is examined through some
literature experiments. The comprehensive three-dimensional model was utilized with the
exact material characteristics determined through the coupon tests to increase the accuracy
of predicting the LED’s behavior. The numerical models were verified using the experimental
results of the LEDs with different geometries adapted from the literature. The low relative
differences between the numerically and experimentally obtained damper forces, i.e., 4.3%
mean error, exhibited that the developed modeling strategy can accurately simulate the
LED'’s hysteretic behavior. The consistency of the modeling strategy with different devices’
behavior proved the versatility of the developed FEM. In addition, the effects of the different
geometric properties on the LED’s cyclic behavior were discussed numerically.
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1 INTRODUCTION

The seismic energy imparted into the structures converts into kinetic energy (£x), damping
energy (Eq), and strain energy (Es). The E; term comprises recoverable elastic and
irrecoverable inelastic (hysteretic) energy terms. This energy must be dissipated to prevent
life and financial losses during seismic excitations. Based on the conventional earthquake-
resistant design practice, it is dissipated through structural members’ internal damping and
hysteretic behavior. On the other hand, the modern earthquake-resistant design practice
promotes using supplementary energy dissipative devices as fuse elements. The purpose is to
protect new structures and retrofit the existing ones against nonstructural and structural
damage due to strong ground motions [1-4].

A lead extrusion damper (LED) is a metallic damper utilizing a passive control system, and
it employs the hysteretic energy dissipation characteristics of lead by an extrusion process.
For this process, either a constricted tube or a bulged shaft is utilized [5-6]. The damper has
three main components: lead, steel shaft, and steel cylinder.

LED has been a preferable energy dissipative device in recent years for several advantages.
Since lead is a very soft metal with a high plastic deformation capacity, it can be employed in
energy dissipation even under small displacements. It returns to its original state through
recrystallization [7-8]. This phenomenon provides the recentering ability to the device, which
results in being free of additional maintenance costs after an earthquake. Also, LED is
unaffected by aging effects and environmental factors, and its load-deformation curves remain
stable [9]. In addition, the low-cycle fatigue effect is insignificant for the device since lead is
the only part going under plastic deformations [10].

Other than the geometric properties of the device, the amount of dissipated energy mainly
depends on if the lead inside the tube is prestressed. The prestressing procedure results in less
void formation inside the lead, consequently improving the damping properties. Thus, LEDs
can be produced as high force-to-volume (HF2V) devices by achieving high damper forces
even with smaller device dimensions when the lead is prestressed [11].

Several research groups have produced LEDs with different design approaches and
geometric properties [12-17]. Later, the efficiency of LEDs was experimentally and
analytically proven for the seismic response control of structures such as beam-to-column
connections [18], frames [19], damage-free steel connections [20], interconnected structures
[21], precast buildings [22].

This study numerically investigated the effects of the different geometric properties on the
energy dissipation characteristics of LEDs. For this purpose, some literature examples, which
have experimentally been tested, were adapted for finite element modeling.

2 LEAD EXTRUSION DAMPERS

The geometric properties of the LEDs modeled in this study were adapted from the
literature study of Vishnupriya et al. [23]. The section view for the devices is illustrated in
Figure 1. The LEDs have a bulged shaft, which extrudes the lead from the gap between the
bulge and the tube.

The geometric properties, i.e., the diameter of the cylinder (Dcy1), the diameter of the bulge
(Dvlg), the diameter of the shaft (Dshatt), the length of the cylinder (Ley1), the length of the bulge
(Lbig), and the length of the bulge’s flat section (Luig fiat), are shown in Table 1 for the modeled
LEDs. The dampers have a constant shaft diameter of 30 mm, whereas all other geometric
properties are varying parameters.
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Figure 1: Section view of the modeled LEDs.

Table 1: Geometric properties of the modeled LEDs [23].

LED # Deyi Dvig Dshaft Leyi Lbig Lbig flat
(mm) (mm) (mm) (mm) (mm) (mm)

1 89 50 30 110 30 5

2 89 58 30 110 30 5

3 66 40 30 130 30 6

4 66 50 30 130 30 5

5 54 35 30 160 20 3

6 54 38 30 160 20 3

3 FINITE ELEMENT MODELING

The three-dimensional modeling strategy adapted by Calim et al. [24] was utilized in
developing the finite element models in Abaqus FEA software [25]. Each component of the
LEDs was modeled as three-dimensional deformable parts, and solid, homogenous sections
were assigned to each part.

To properly simulate the nonlinear material property of lead, true stress-strain data
computed through standard tension tests of Calim et al. [24] was used. It also accounts for the
degrading part of the material’s stress-strain curve, unlike the material model used by
Vishnupriya et al. [23], Figure 2. Young’s modulus and Poisson’s ratio were defined as 9
MPa and 0.44, respectively, for the elastic behavior of the lead. On the other hand, a
combined isotropic/kinematic hardening model with the “Half Cycle” option was employed to
consider ratcheting and cyclic hardening effects in modeling the inelastic behavior.

30
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Figure 2: Plastic material data for lead.

The movement of the cylinder was restricted by assigning an “encastre” (fixed) type
boundary condition to both ends. Standard surface-to-surface contact interaction was defined
between the steel and lead surfaces with a friction coefficient of 0.25. The effects of
nonlinearity caused by both material and geometry were considered in the finite element
models. In addition, C3D8R-type elements (8-node linear brick, reduced integration with an
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hourglass control element) were adapted for the three-dimensional meshing of the finite

element models.
Two diverse models were generated for each LED. In the first model, a ramp-type

amplitude was applied to the shaft through a displacement/rotation-type boundary condition.
This model was used to validate the finite element models since the LEDs were tested under
monotonic loading in the experimental study. In the second model, a sinusoidal displacement
procedure with an amplitude of 5 mm was applied to the shaft. This model was used for the

numerical investigation of the LEDs’ cyclic behavior.
4 RESULTS AND DISCUSSION

4.1 Experimental validation

First, the finite element models were validated through the experimental data. The LEDs
studied in this paper have experimentally been tested under a monotonically increasing
displacement pattern [23]. Thus, the force-displacement curves of devices under a ramp-type
loading were compared with the experimental ones, as illustrated in Figure 3.
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Figure 3: Experimental validation of the finite element models.

Experimentally and numerically computed damper forces are presented in Table 2. The
relative differences between them are also displayed in the table, where “+” represents an
overestimation and “-” represents an underestimation in the damper force predictions. The
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low relative differences in the damper force predictions proved the accuracy of the adapted
finite element modeling strategy. While the maximum relative difference in the damper force
prediction for six LEDs was 5.9% (LED #1 and #5), the absolute average value was 4.3%.

Table 2: Damper force comparisons.

Experimental Numerical Relative
LED# Damper Force Damper Force Difference

(kN) (kN) (%)
1 287 270 -5.9
2 358 378 +5.6
3 199 188 -5.5
4 346 340 -1.7
5 170 160 -5.9
6 268 271 +1.1

4.2 Analysis of the numerical results

After validating the finite element models using the experimental data, a sinusoidal
displacement pattern with an amplitude of 5 mm was applied to the LEDs to compare their
cyclic behavior. The achieved hysteresis curves are presented in Figure 4 for each damper.
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Figure 4: Hysteresis curves of the LEDs.
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A loop discretization method was applied to the hysteresis curves to calculate the amounts
of dissipated energy in each cycle. As a result, they were computed as 3307.8, 4317.5, 2446.3,
4042.8, 2723.7, and 4226.2 kN-mm, respectively, for each damper.

The relationships between the geometric properties and behavior of the dampers were also
investigated. For this purpose, the damper force (Fq) and the amount of dissipated energy (Ep)
were correlated with the bulge diameter (Dyig), the cross-sectional area of lead (Aiead), and the
ratio of the cross-sectional area of the bulge (Avig) to Ajead, as illustrated in Figure 5. Here,
each blue point represents the behavior of a single damper. In addition, the linear trendlines
that best fit the data points and their equation are displayed in the figures.

The best fit was achieved for the Fq — Dypig (Figure 5a) and Fq — Ablg/Alead (Figure 5c¢)
relationships. The R-squared value, which measures the trendline reliability, was around 0.8
for both cases. It can be concluded that the damper force is mainly dependent on the bulge
geometry, and it can reliably be estimated through Dyig or the ratio of Apig to Alead.
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Figure 5: The relationships between the geometric properties and behavior of the dampers.

5 CONCLUSIONS

The nonlinear finite element models of six lead extrusion dampers (LEDs) with varying
geometric properties were generated by adapting a three-dimensional modeling strategy. After
the models were validated through the experimental data in the literature, cyclic analyses were
conducted. As a result, the following conclusions were obtained:

e The adapted finite element modeling strategy yielded accurate results in the damper
force predictions. The relative differences between the experimental and numerical
damper forces ranged between 1.1% and 5.9%, with an average of 4.3%.

e The hysteresis curves were numerically obtained under a sinusoidal displacement
pattern with an amplitude of 5 mm. Very stable and almost rectangular curves were
achieved for each damper. For the studied geometries, the energy dissipation in each
cycle was computed in the range of 2446.3 to 4317.5 kN-mm.

e The effect of different geometric properties on the damper force and energy dissipation
capacities was investigated. The damper force was observed to primarily rely on the
bulge’s shape. It can be most effectively approximated by using the bulge diameter or
the bulge-to-lead area ratio.
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