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Abstract

Smart rubber bearings in which shape memory alloy (SMA) wires are incorporated possess improved performance
compared to traditional steel- and fiber-reinforced elastomeric isolators. Recent studies discussed the feasibility of using
such smart earthquake protective systems and showed that they have higher self-centering property and energy dissipation
capacity. By proposing a novel smart isolation device, it is critical to properly establish a constitutive model which
represents a relation between the input loading and the output response (hysteresis). Following this procedure is essential
for properly evaluating characteristics of the smart isolation system and designing it. The objective of this study is to
compare the seismic performance of regular and smart SMA-wire based rubber bearings using a new constitutive model
developed by the same authors. This goal will be achieved by implementing the constitutive model in the finite element
software, OpenSees. Results revealed that unlike the existing hysteresis model available for traditional rubber bearings, the
new constitutive model, which has been developed for SMA wire-based isolators, can correctly simulate their hysteresis and
capture their highly nonlinear shear response.
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1. Introduction

Depending on the characteristics of elastomeric bearings (e.g. rubber, reinforcement, and supplementary
elements), their shear hysteretic response is identified. By using different types of elastomer such as low-
damping rubber [1, 2], commercial neoprene [3], and high damping rubber [4], different material models can be
used. In numerical finite element method (FEM), as a reliable alternative for experimental approaches, low-
damping rubber can be usually simulated using hyperelastic models because it follows the behavior of a
hyperelastic material [5, 6]. Low damping elastomers have a low sensitivity to the loading history, temperature,
and strain rate and as a result, are easy to model. However they possess insufficient energy dissipation capacity
(2% - 3%). On the other hand, high-damping rubbers are expensive and show viscoelastic strain-rate-dependent
behavior under shear deformations. So, the hyper-viscoelastic material model is a more appropriate choice for
such elastomers [4, 7]. Lead rubber bearings (LRB) can provide a considerable amount of equivalent viscous
damping ranging from 15% to 35% [8]. Main advantages of LRB are satisfactory amounts of rigidity, flexibility,
and damping property at different load levels (e.g. service and earthquake) [8, 9]. A considerable amount of
energy is dissipated when the lead yields and enters the plastic region. However, a major residual
(unrecoverable) deformation occurs in the material after unloading.

Shape memory alloys (SMAs) with unique characteristics such as good energy dissipation capacity, re-
centering capability (up to 13.5% superelastic strain in iron-based alloy, FeNiCoAlTaB) [10] and fatigue
property [11-13] are excellent candidates to be employed as supplementary elements in elastomeric bearings
(EBs). Smart base isolators in which SMA is used in various forms (e.g. wire, bar, or spring) are introduced as
new generations of base isolation systems with an improved performance. It is highly beneficial to implement
SMAs in EBs in order to extend their service life by improving their self-centering and damping properties.
These improvements are achieved by increasing the shear deformation capacity, controlling the displacement
and limiting the force transmitted to the superstructure. In a feasibility study, Attanasi et al. proposed an
innovative SMA-based isolation device and showed that although there is a big difference in the hysteretic
responses of SMA device (flag-shaped hysteresis model) and LRB (elasto-plastic model), both systems have
similar displacement and force demands [14]. However, the main advantage of SMA-based device over LRB
was zero residual deformation. They concluded that using SMA as a lateral restrainer can improve the re-
centering property and energy dissipation capacity of bearing systems. Choi et al. proposed an SMA wire-based
rubber bearing (SMA-RB) for highway steel bridges and compared its performance with that of a LRB [15].
They showed that SMA wires can satisfactorily restrain the superstructure from over-displacement. In a
numerical work conducted by [16], SMA wires were implemented into a high damping rubber bearing (HDRB)
with a cross configuration. In order to identify the efficiency of the SMA-HDRB, they evaluated the seismic
response of a three-span continuous steel-girder RC-pier supported bridge, which was isolated by the proposed
SMA-HDRB. They modeled the hysteretic behavior of the smart isolator using a bilinear kinematic hardening
(BKH) model. Although they considered different mechanical properties (e.g. initial stiffness and post-yield
hardening ratio), insignificant differences were observed in the performances. The reason was due to the BKH
model which was not able to correctly simulate the actual response of SMA-HDRB.

This research aims to accurately model the shear hysteretic behavior of SMA-wire based rubber bearings
and assess the seismic response of a bridge structure isolated by such smart bearings. In this regard, the
constitutive model of SMA-LRB, which has been developed by [17], is implemented into the finite element
software OpenSees [18] and then, the dynamic response of the smart isolator is simulated. It should be noted that
there is no finite element-based software product equipped with such a constitutive model. The structure is a
three-span continuous steel girder bridge isolated, in two different cases, using regular and smart elastomeric
bearings. Three responses including relative displacement and energy dissipation capacity of bearings; and base
shear of bridge piers are evaluated.
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2. SMA Wire-based LRB

A new generation of smart elastomeric isolators, called SMA-LRB, is designed with a constitutive model
proposed by [17]. As shown in Fig. 1, the isolation system includes two parts: a lead rubber bearing and a double
cross configuration of SMA wires (i.e. DC-SMAW). Since on each side of the LRB, two crosses are formed due
to passing continuous SMA wires 1 and 2 through hooks (located at specified spots), the configuration of SMA
wires is called double cross. Physical properties of LRB and iron-based SMA wires (FeNiCoAlTaB) are listed in
Table 1.

Supporting
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SMAWire2—
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Fig. 1 — Lead Rubber bearing equipped with double cross SMA wires (SMA-LRB)

Table 1 —Properties of LRB and SMA wire

LRB Ferrous SMA wire

Length (mm) 350 | Cross sectional radius, rsy4 (mm) 2.7
Width (mm) 350 | Elastic modulus at austenite, 4 (GPa) | 46.9
Height (mm) 102 | Austenite finish temperature, Ar (°C) | -62.0
Number of rubber layers 13 | Superelastic strain limit 13.5%
Thickness of rubber layers (mm) 6

Thickness of reinforcement (mm) 2

Diameter of lead core (mm) 80

In the model, the behavior of LRB was idealized using the bilinear kinematic hardening model
characterized by three distinct features: initial stiffness Ky, yield force F, and post-yield hardening ratio r. A
hysteresis model characterized by three stiffnesses for DC-SMAW was developed: Ko, K;, and K, are the initial
stiffness, the intermediate stiffness, and the re-centering stiffness, respectively. In this study, the proposed
constitutive model of SMA-LRBs is implemented in OpenSees [18] as two new User Elements for LRB and
DC-SMAW. Here, LRB and DC-SMAW used by [19] are chosen as the reference and the mechanical properties
of LRB, which is idealized as a bilinear model, as well as the DC-SMAW model are given in Table 2.

Table 2 — Mechanical properties of the LRB and DC-SMA wire

LRB bilinear model DC-SMAW model
]Zylig\} t;orce 378 Etill;rlr\lifnii[)e stiffness 323
fost-yielding hardening ratio 0.05 %fii?\rll/tgrlrr:)g stiffness 0.44
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To ensure that the new elements are working properly in any condition, the results, which are attained
from OpenSees, are compared with those obtained from MATLAB [20] code for different functions such as
ramp, step, sinusoidal, and a combination of them with different peak amplitudes and strain rates. Three
excitations (E1, E2 and E3) are chosen as the input displacements and plotted in Fig. 2.

200 200 200
E3
150+ 150} 150
100+ 100+ _1oor
S sof S < sof
g £ £ 0
E 0 g 0 %
T S0t T S0t = -50¢
[}
= -100} = -100} & -100}
150} -150} -150}
-200 : ' ' ' -200 ' v ' ' 20090 20 30 40 50 60
0 10 20 30 40 50 0 10 20 30 40 50 '
Time (s) Time (s) Time (s)

Fig. 2 — Normalized input displacement

Fig. 3 shows responses of the DC-SMAW and LRB obtained from OpenSees and MATLAB. The
comparison shows a good agreement between the two approaches, which reveals that the new elements
developed in OpenSees is capable of accurately predicting the re-centering capability and energy dissipation

capacity of SMA-LRB under different excitations.
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Fig. 3 — Responses of LRB and DC-SMA obtained from OpenSees and MATLAB

3. Seismic Response of a Steel-Girder Bridge

In order to investigate the seismic performance of the SMA-based LRBs, a three-span continuous steel girder
reinforced-concrete (RC) pier supported bridge is modeled and analyzed under seismic ground motions using
OpenSees. In this regard, time history analyses are performed for three earthquake records, as listed in Table 3.
Considering PGA as the intensity measurement, the PGA values of the selected records are larger than 0.2g with
epi-central distances higher than 10 km. The bridge (shown in Fig. 4) with a skew angle of 20° consists of a
continuous RC deck-steel girder which is isolated by 6 rubber bearings installed between the steel girder and
pier caps. The detailed dimensions of each component are available in [19].

The steel girders and pier caps are modeled with elastic beam-column elements so that they remain elastic
under earthquake excitation. Girders are divided into a number of small discrete segments. To represent the
distribution of the material nonlinearity along the length of piers, the fiber-modeling approach is implemented.
Each fiber section consists of the unconfined concrete, the confined concrete and the longitudinal steel
reinforcement. Chang and Mander (1994) uniaxial steel model simulates the behavior of the reinforcements and
the Kent-Park constitutive relationship is used to model the nonlinear behavior of the concrete. The effect of
abutment and the soil-structure interaction are not considered in this study.

In order to assess the performance of LRBs and SMA-LRBs, the seismic response of the bridge equipped
with these rubber bearings is evaluated and compared to that of the non-isolated bridge. LRBs and SMA-LRBs
are modeled by using the new elements developed and implemented in OpenSees by the authors.
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Fig. 4 — Multi-span continuous steel girder bridge (dimensions are in mm)

Table 3 — Description of the ground motions used in the analysis

. Ry Station, PGA | PGV

Earthquake Magnitude (kmp) component @ | (cm/s)
Imperial Valley 1979 6.5 10.5 CX0225 0.27 22.5
Coalinga 1983 6.4 24.0 CAK360 0.28 25.8
Landers 1992 7.3 19.74 | CLW-TR 0.42 423

4. Results and Discussion

In order to compare performances of regular and smart rubber bearings considered in this study (i.e. LRB and
SMA-LRB), relative displacement and energy dissipation capacity of isolation systems as well as shear force at
the pier support are calculated and results are presented.

4.1 Lateral displacement and hysteretic behavior of bearings

Variations of shear strain (i.e. normalized lateral displacement) in LRB and SMA-LRB over the time during
which earthquakes happen are plotted in Fig. 5. To quantitatively compare the results, the peak shear strain, ymax,
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of LRB and SMA-LRB are listed in Table 4 for three ground motions. Under Imperial Valley 1979, Coalinga
1983 and Landers 1992 earthquakes, the maximum shear strain of SMA-LRBs decreases by 47%, 33% and 19%
compared to that of LRBs, respectively. SMA-LRBs can efficiently prevent instability of the bearings and
unseating of the bridge deck. Additionally, LRBs retain residual deformation under Coalinga and Landers
earthquakes. However, the SMA-LRBs recover the original form at the end of earthquakes.
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Fig. 5 — Time history of shear strain in LRB and SMA-LRB excited by three earthquake records

Table 4 — Peak shear strain of rubber bearings under different earthquake records

. Imperial Valley Coalinga Landers
Rubber bearing o (%) A e (%) A yee (%) A
LRB 132 164 150
SMA-LRB 70 -47% 110 -33% 121 -19%

Hysteretic response of LRB and SMA-LRB excited by three considered earthquakes are depicted in Fig. 6.
As can be observed, SMA-LRB transfers a higher amount of shear force to the superstructure due to a higher

6
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stiffness. In fact, double cross SMA wires increases the lateral effective stiffness of the isolation system. The
reason is that when the top supporting plate of the LRB is laterally displaced, SMA wires are elongated and as a
result, a tensile force is generated in each wire. This force (i.e. the resultant force) is transferred to the LRB in
the opposite direction of the movement. Therefore, the flexibility of the whole system (SMA-LRB) decreases
and the horizontal stiffness increases. Due to the decrease of the lateral displacement, the total dissipated energy
of SMA-LRBs, which is the area inside the force-displacement curves, may be smaller or higher than that of
LRBs under a certain earthquake excitation. However, if the maximum lateral displacement is the same for
SMA-LRB and LRB, the dissipated energy of the smart isolator is significantly higher than that of the regular
one (LRB). This fact reveals that SMA-LRB has a superior damping property. According to the results listed in
Table 5, the capability of SMA-LRB in dissipating the energy is 2% and 17% higher than that of LRB under
Coalinga and Landers earthquakes, respectively, whereas, 4% smaller under Imperial Valley earthquake.
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Fig. 6 — Hysteretic behavior of LRB and SMA-LRB under three earthquake records

Table 5 — Total energy dissipated by LRB and SMA-LRB under different earthquake records

. Imperial Valley Coalinga Landers
Rubber bearing Up (kJ) A Up(kl) | A Un (kJ) A
LRB 41.5 63.0 38.0
SMA-LRB 39.8 -4% 64.3 2% 44.3 17%

4.2 Pier Response

Fig. 7 shows the time history of the shear force generated at the base of piers (i.e. structural base shear) due to
seismic excitations for non-isolated bridge, and bridges isolated by LRB and SMA-LRB. The peak base shears
are also listed in Table 6. Compared to non-isolated bridge, when the structure is isolated by LRB, the maximum
base shear reduces by 30%, 13%, and 43% for Imperial Valley, Coalinga and Landers earthquakes, respectively.
Using SMA wires in LRB can improve the seismic response of the isolated bridge in terms of base shear
reduction. Although peak base shears in cases of LRB and SMA-LRB are very close to each other under three
ground motions; using SMA-LRB as the isolator could reduce the maximum base shear by 31% and 15% for
Imperial Valley and Coalinga records, respectively, compared to non-isolated bridge.
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Fig. 7 — Time history of the base shear in the piers under three earthquake records

Table 6 — Peak base shear in the non-isolated and isolated bridges under three earthquake records

. . Imperial Valle Coalinga Landers
Bridge isolated by Fmaf (kN) Ay Fonan (KN) g A Fon (KN) A
Non 729 747 808
LRB 513 -30% 650 -13% 462 -43%
SMA-LRB 505 -31% 636 -15% 470 -42%

5. Conclusion

A newly developed constitutive model of SMA-wire based rubber bearings was implemented in OpenSees and
the seismic response of a bridge structure equipped with such SMA-LRBs was investigated. In the proposed
hysteresis model of SMA-LRB, a kinematic bilinear model for LRB was combined with a new model for DC-
SMA wires, which is characterized by three stiffnesses (i.e. initial, intermediate, and re-centering).
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Comparing the shear hysteretic responses of SMA-LRBs obtained from OpenSees and Matlab codes under
different excitations, showed that this FE-based software (OpenSees) is capable of correctly capturing the
nonlinear behavior of the SMA-LRB.

Using double cross SMA wires made of iron-based alloys (FeNiCoAlTaB) with around 13.5% superelastic
strain limit reduced the shear strain demand in SMA-LRBs by increasing the effective stiffness of elastomeric
isolator. Another finding was that the flag-shaped hysteresis of SMA with zero residual deformation could
enhance the re-centering property and increase the energy dissipation capacity of lead rubber bearing. SMA
wires not only could improve the mechanical response of elastomeric isolators, but also could reduce the shear
force at the base of the piers by decreasing the acceleration of the bridge deck.

A comprehensive parametric study should be conducted to investigate the effect of geometry and
mechanical properties of SMA wires and SMA-RBs (e.g. radius of wires and stiffness of rubber bearing) on the
seismic response of bridge components (e.g. residual deformation of bearing, acceleration of deck, bending
moment of piers).
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