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ABSTRACT: In this paper, numerical analysis of the hybrid lead rubber bearing system with
shape memory alloy was investigated by the finite element method using ABAQUS software and the
effectiveness of various parameters on its performance was examined. The studied parameters were the
bearing dimensions, type of shape memory alloy and its cross-sectional area, the lead core diameter, the
thickness of rubber layers and the compressive stress applied on the bearing. In this hybrid bearing, shape
memory alloy wires were used as a recovery unit and lead core was used as a unit for energy dissipation.

For this purpose, a finite element model of the bearing was modeled using the Abaqus software and
the effect of the various parameters mentioned on the bearing performance has been investigated. The
results showed that this hybrid bearing has better seismic performance than lead rubber bearing. Finally,
depending on what kind of performance is required from the bearing, its specifications can be obtained
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1. INTRODUCTION

Design methods and technologies for the implementation
of earthquake resistant buildings have progressed dramatically
in recent years. In the meantime, energy control and energy
control systems, such as seismic isolation in buildings and
bridges, have shown good performance against seismic
hazards. Seismic isolation is one of the best ways to reduce
the impact of earthquakes on structures by separating the
horizontal motion of the structure from the ground motion.
This separation is accomplished by adding horizontal
flexibility and damping at the base of the structure [1].

Robinson et al. introduced a lead rubber bearing (LRB) in
1981. This bearing consists of rubber and steel layers as well
as the lead core [2-4]. The lead core produces damping for
LRB while rubber layers help LRB to restore its deformation.
To decrease residual deformation of bearing, Dezfuli and
Alam [5] examined two types of rubber bearings consisting
of two different layouts of shape memory alloy (SMA) wires.
They used SMA wires as additional elements that improve the
performance of the bearing by increasing energy dissipation
capacity and reducing residual displacements in large strains.
They studied the effects of shear strain amplitude parameters,
SMA type, bearing size ratio, wire diameter, and pre-strain
level of wires. The results indicate that when rubber bearing
with is subjected to a large shear strain range, the SMA
wire with a super elastic strain of 13.5% is the best choice.
The results show that the cross-sectional area of the wires is
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most effective parameter in reducing residual deformation.
Dezfuli and Alam [6] also presented a theoretical model of
LRB equipped with SMA wires. The results show that SMA
restoration property decreases the residual deformation in the
bearing.

Shape memory alloys are capable of returning to their
original shape even in large deformations. These alloys have
two austenite and martensite phases of performance. The
austenite phase has a cubic structure and it is tight because
of its high symmetry. The martensite phase can be twisted
more easily. Its shape is monoclinic and less symmetrical
than austenite. The martensitic phase is a thermostatic phase
that has two characteristics of slippery and low energy, which
changes with a small change in temperature and stress. Unless
the alloy is cooled, in the absence of loading, the phase shift
from austenite to martensite occurs, which is not the result of
this phase change, which is macroscopic. As the material is
heated in the martensite phase, the phase reversal occurs [7].

In this study, the lead rubber bearing with SMA wires has
been studied. These wires are arranged in crosswise shape in
two opposite directions, as shown in Figure 1.

2. METHODOLOGY
2.1 Verification

In order to carry out numerical analyses on the seismic
performance of LRB equipped with SMA wires, it is necessary
to first verify the accuracy of the numerical model. For this
purpose, numerical models are verified using laboratory
results. Since this type of bearing has not been investigated,
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Figure 2. a) The size of the rubber and steel plates used in the
tested bearing sample [8], b) LRB modeled in Abaqus

Table 1. Specifications of LRB

Bearing type LRB
Sectional dimensions (mm) 200x200
Shear modulus (MPa) 0.78
Number of rubber layers 7
Thickness of rubber layers (mm) 5
Number of layers of steel 6
Thickness of a steel layer (mm) 2.3
Lead core diameter (mm) 40
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Figure 3. Comparison of hysteresis diagram for the bearing in
this study with the Abe laboratory model

the verification for LRB and shape memory alloy is done
individually.
2.1.1. LRB

Abe et al. [8] have conducted studies on a laboratory
sample of LRB. Figure 2 and Table 1 show the bearing and the
dimensions of its different parts, respectively.

Figure 2b illustrates the bearing modeled in Abaqus
software. The rubber used in this bearing has low damping
in the range of 2-3 percent. The Neo hook model [9] has
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Figure 4. Stress-strain diagram of the shape memory alloy

Table 2. Specifications of the models

Bearing How to change
Specifications
Dimensions 200%200 | 250%250 | 30x300 | -
(mm X mm) 0
Core diameter 40 70 100 -
(mm)
Wire diameter 2.5 5 8 -
(mm)
Number of 7 8 9 11
rubber layers
Number of steel 6 7 8 10
layers
Rubber 5 4.087 3.337 -
Thickness (mm)
Thickness of 2.3 2.3 2.3 -
steel (mm)
SMA type 1 2 3
Vertical pressure 7.84 3.456 4.97 11
(MPa)

been used for modeling. The Young modulus and yield
stress of the lead core are 16 MPa and 10 MPa. This core
is modeled as a bilinear model with kinematic plastic
behavior. Steel plates are assumed to be isotropic material
with a Young modulus of 210 MPa and a Poisson ratio of 0.3.
A comparison of the hysteresis behavior of the numerical
model with the laboratory sample in Figure 3 indicates the
accuracy of numerical results.

2.1.2. Shape memory alloy

In this validation study, three types of shape memory
alloy have been used. This sample is verified according to the
research presented by Tanaka [7]. Figure 4 shows the results
of the ideal stress-strain curve, Tanaka laboratory test results,
and results of the Abaqus model [10]. The results show the
proper fitting of numerical models with Tanaka experiment
results.

3. MODEL SPECIFICATIONS
SMA wires are added to the LRB introduced in the
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Figure 5. Hysteresis diagrams of the LRB and LRB-SMA

Table 3. Results of the LRB and LRB-SMA models

With SMA Without SMA
v (%) 50 100 150 50 100 | 150
Horizontal
stiffness 3.1 | 1.92 1.55 1.2 | 0.97 | 0.83
(kN/mm)
Residual
deformatio | 8.79 | 11.5 12.3 |17.38| 26.3 | 26.3
n (mm)
Dissipated
1503 | 3308 | 5080 | 993 | 2037 | 3054
energy (J)
Viscous
damping 25.1 | 224 189 | 414 | 27.1 | 21.2
(%)
o N I
! —a
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Figure 6. Hysteresis diagrams by changing the diameter of the
wires

previous section and the effects of different parameters on the
performance of this hybrid bearing have been investigated. In
this study, 25 samples of LRB-SMA hybrid isolation systems
have been analyzed using the static analysis method.

In this finite element model, the shear modulus of rubber
is 0.7 MPa and its density is1200 kg/m’. The boundary
conditions are such that the lower steel plate is restrained
in all directions. Because of bearing symmetry, half of the
isolator is modeled and in the symmetry region, the model is
restrained in the vertical direction.

Specifications of the parameters of the 25 models are
presented in Table 2. Dimensional changes applied in this
research are in accordance with the changes that Alam and
Ahmadipour have done in their research [11]. Assuming that
the wires are attached to the upper and lower steel plates of
the bearing at the end, the ends of the wires and plates are
tied together.
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4. DISCUSSION AND RESULTS
4.1 Effect of adding SMA on LRB bearing behavior

In this section, the effect of adding SMA wires on the
stiffness, dissipated energy capacity, residual deformation,
and equivalent viscous damping of the bearing is discussed.
Figure 5 shows the hysteresis diagram of the LRB model and
the hybrid bearing of this study. As can be seen from this
Figure, with the addition of SMA wires to LRB, the stiffness
has increased. In Table 3, the values of the parameters
presented before for the two LRB and LRB-SMA isolators are
compared. The effects of increasing SMA wires diameter can
be seen in Figure 6.

CONCLUSIONS

Results showed that hybrid bearing has better seismic
performance than LRB. Depending on what kind of
performance was required from the bearing, its specification
can be obtained optimally. A summary of the results is as
follows:

- With the addition of SMA wires to LRB, stiffness, yield
force and dissipated energy capacity increase, and residual
deformation decreases. By increasing the dimensions of the
bearing, stiffness and yielding force increase, and residual
deformation and equivalent viscous damping decrease.
By increasing the cross-section of SMA wires, stiffness,
yielding force and dissipated energy capacity increase and
residual deformation decreases. By increasing the diameter
of the lead core, stiffness, dissipated energy capacity, residual
deformation, and equivalent viscous damping increase. In
other words, by increasing the diameter of the lead core,
hybrid bearing hysteresis behavior approaches LRB bearing
behavior.

- In order to achieve a combination of behavior, both the
appropriate absorption capacity of lead core and the SMA
restoration property, it is necessary to establish an appropriate
balance between the stiffness of the lead core and SMA wires.

- By increasing the height of the hybrid bearing, the
bearing behavior varies for low to high shear strain. In other
words, in high shear strains due to the large length variation
of SMA wires, austenite phase changes to martensitic, which
increases the stiffness, but in the lower shear strains, this is
vice-versa.

- The change in the thickness of the rubber layers by
keeping the height of the entire isolator constant and the
change in the compressive stress applied to the isolator do not
significantly change the behavior of the isolator.
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Fig. 3. a) Dimensions of rubber and steel plates in the experimental study in millimeters [15] b) Abaqus lead rubber bearing
model
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Fig. 4. Comparison of the force-displacement curve of the
numerical model and experimental results of Abe et al.
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Table 1. Specifications of the lead rubber bearing
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Table 2. Specifications of shape-memory alloy
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shape memory alloy compared with numerical results
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Table 5. Specifications of numerical models of hybrid base

isolation
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Fig. 6. Applying force and displacement to the hybrid base
isolation
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Table 3. Specifications of the elements
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Table 4. Specifications of three shape-memory alloys used

in this study
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Fig. 8. Hysteresis curves of LRB and LRB-SMA
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Table 6. Comparison of LRB models with and without SMA wires

5 -
v (%) Horlzontal Residual . Viscous damping
stiffness deformation (mm) Dissipated energy (J) (%)
kN/mm) ’
50| 100 | 150 50 100 | 150 50 100 150 50 | 100 | 150
Case
WithSMA |3.1|1.92|1.55| 879 |11.5|12.3{1503.2|3308.1|5080.2| 25.1 |22.4|18.9
Without SMA|1.2|0.97 | 0.83 | 17.38 | 26.3 | 26.3 | 993.5 |2037.1|3054.9| 41.4 | 27.1 | 21.2
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Fig. 9. Hysteresis curves for different base isolation dimensions
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Table 7. Effect of base isolation dimensions on its performance

Horizontal stiffness Residual Viscous dampin
v (%) deformation | Dissipated energy (J) ping
(kN/mm) (%)
(mm)
Case 50 100 | 150 | 50 |100|150| 50 100 150 50 | 100 | 150
11.]12.
D-200 |3.10| 1.92 |1.55|8.79 5 | 3 1503.2(3308.1{5080.2| 25.2 | 22.4 | 18.9
D-250 |[3.42| 2.24 |1.87|6.41|7.4(7.7|1513.9|3312.6|5057.4|23.1|19.2| 155
D-300 [3.81| 2.63 |2.27|4.30|5.2|5.5|1529.5|3300.3|5033.9|20.9|16.3|12.8
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Fig. 10. Hysteresis curves for different SMA wire diameters
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Table 8. Effect of SMA wire diameters on the performance of base isolation

v (%) | Horizontal stiffness

Residual deformation

Dissipated energy (J) Viscous damping (%)

(kN/mm) (mm)
Case 50 100 150 50 100 150 50 100 150 50 100 150
dSMA-2.5 1.68 | 1.20 | 0.98 14.93 22.6 22.49 | 11049 | 2314.8 | 3513.7 | 34.1 | 249 | 205

dSMA-5 3.10 | 192 | 1.55 8.79 115 12.32 | 1503.2 | 3308.1 | 5080.2 | 25.2 | 22.4 | 18.9
dSMA-8 6.58 | 3.67 | 2.96 0.74 0.5 0.54 2315.2 | 5426.5 | 8376 183 | 19.2 | 16.3
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Fig. 11. Hysteresis curves for different lead core diameters
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Table 9. Effect of lead core diameters on the performance of base isolation

5 ;
- Horizontal dex::::silon Dissipated energy (J) Viscous damping
stiffness (kN/mm) P &Y (%)

(mm)

Case\| 50 100 | 150 | 50 | 100 | 150 50 100 150 50 100 | 150
r-20 [ 3.10| 1.92 |1.55| 8.8 |11.5|12.32|1503.22| 3308.14 |5080.22| 25.16 {22.36(18.91
r-35 (4.39| 2.74 12.09|16.7|33.4|47.13| 3323.1 | 7525.23 |{11419.8| 39.31 {35.64(31.41
r-50 [ 6.35| 4.04 |{2.95(17.4|34.9|52.37| 6084.7 |14015.04|21140.5| 49.75 [45.09(41.40
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Fig. 12. Hysteresis curves for LRB and LRB-SMA with lead core diameter of 100 mm and SMA wire diameter of 5 mm
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Table 10. Comparison of the performance of LRB and LRB-SMA with lead core diameter of 100 mm and SMA wire diameter

of 5 mm
v (%) | Horizontal stiffness Residual .. . N
(kN/mm) deformation (mm) Dissipated energy (J) Viscous damping (%)
50 100 150 50 100 150 50 100 150 50 100 150

Case
LRB (r lead 50) 6.36 | 404 | 295 | 17.4 | 349 | 52.4 | 6084.7 | 14015.1 | 21140.5 | 49.7 | 45.1 | 41.4
LRB-SMA( r lead

50)(r SMA 2.5)

6.36 | 404 | 295 | 17.4 | 349 | 52.4 | 6084.7 | 14015.1 | 21140.5 | 49.7 | 45.1 | 414

300 . . . :
LRB-SMA (r lead 50)(r SMA 2.5)

| [# e eee LRB-SMA (r lead 50)(r SMA 4)
1

200

00 f-------

. Force(kN)
o

o
o

-200 -.ed;-e_'_'_"_' _________________________________

-300

-200 -150 -100 -50 0 50 100 150 200
Strain(%)

srorkeo A 98 SMA jlad g yiorkeo Voo (g2 s diansd Jlad b (oS 5 gL 5Lusliazr sy Jloged IV SO
Fig. 13. Hysteresis curves for LRB and LRB-SMA with lead core diameter of 100 mm and SMA wire diameters of 5 and 8 mm
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Table 11. Comparison of the performance of LRB and LRB-SMA with lead core diameter of 100 mm and SMA wire diameters
of 5and 8 mm

v (%) Horizontal stiffness Residual L . PN
(kN/mm) deformation (mm) Dissipated energy (J) Viscous damping (%)
Case 50 | 100 | 150 | 50 | 100 | 150 | 50 100 150 50 | 100 | 150
LRB-SMA(rlead 50) | o0 | 404 | 205 | 17.4 | 349 | 524 | 6084.7 | 14015.1 | 211405 | 497 | 45.1 | 41.4
(r SMA 2.5)
(LfSBJAMg( rleads0) | 1615 | 592 | 436 | 1623 | 33.3 | 473 | 6938.4 | 162609 | 244555 | 356 | 35.7 | 32.4
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Fig. 14. Hysteresis curves for different SMA types
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Table 12. Effect of SMA types on the performance of base isolation

v (%)| Horizontal stiffness |Residual deformation Dissipated energy () Viscous damping
(kN/mm) (mm) i &Y (%)
Case 50 100 | 150 | 50 | 100 150 50 100 150 | 50 | 100 | 150
SMA-1 3.10 | 192 |155|8.79| 11.5 | 12.32 | 1503.2 {3308.1|5080.2| 25.2 | 22.4 | 18.9
SMA-2 2.36 | 2.30 |2.51|13.03| 16 16.37 | 1306.4 | 2492 (3525.1|28.6| 14 | 8.1
SMA-3 | 2.45 | 3.05 |3.44| 12 | 13.4 | 13.94 | 1335.5 |2486.5/3520.6| 28.3 | 10.6 | 5.9
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Fig. 15. Hysteresis curves of hybrid base isolation with 7, 8, 9 and 11 rubber layers
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Table 13. Effect of number of rubber layers on the performance of hybrid base isolation

HS?[;:::::I Residual Dissipated energy | Viscous damping
v (%) deformation (mm) () (%)
(kN/mm)
Case 50 | 100 |150| 50 | 100 50 100 150 | 50 | 100 | 150

Nr-7 3.10 |1.92|1.55|8.79 | 11.5

12.32 |1503.2|3308.1|5080.2 | 25.2 | 22.4|18.9

Nr-8 2.82 |1.71]|1.66| 6.57 | 8.9

1737.3|3787.3|5577.4]| 24.5 | 21.2 | 14.8

Nr-9 2.48 |1.53|1.75|7.96 | 10.4

11.65 |1960.7|4300.4|6077.6| 24.8 | 22 |12.1

Nr-11 190 |1.21|1.82|17.9|20.6

2375.8|5427.4|7412.3| 26.2 | 23.5| 9.5
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Fig. 16. Hysteresis curves of hybrid base isolation for different rubber layer thicknesses with a constant base isolation height
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Table 14. Effect of rubber layer thickness on the performance of hybrid base isolation

o Horizontal Residual . .
v (%) stiffness deformation Dissipated energy (J) V|scou?;;\mp|ng
Case (kN/mm) (mm) °
50 | 100 | 150 | 50 | 100 | 150 50 100 150 50 | 100 | 150
hr-5 3.101.92|1.55|8.79|11.5|12.32 | 1503.2 | 3308.1 | 5080.2 | 25.2 | 22.4 | 18.9
hr-4.08 3.29|2.07|1.59|7.77110.5|11.17 | 1362.3 | 3097.8 | 4797.2 | 24.6 | 22.2 | 19.9
hr-3.3 3.58(221|1.70|7.17| 10 |10.52| 1235 |2839.7|4415.4|23.7|22.1|19.8
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Fig. 17. Hysteresis curves of base isolation for different axial stress
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