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Abstract

The scrap tire rubber pad (STRP) isolator, made from old tires, has been suggested as a cheap and eco-friendly
alternative that works just as well in developing countries. This isolator mitigates earthquake risk by extending
the natural period of the structure as well as through a large lateral displacement of the isolator. An unbonded
STRP (UB-STRP) isolator exhibits a high vertical-to-horizontal stiffness ratio and high damping under lateral
loads, making it appropriate as a base isolator; however, due to their susceptibility to slip under large shear
deformation, design codes pose limitations on the unbonded application of base isolators. Bonded STRPs (B-
STRPs), while eliminating slip issues, are prone to tensile rupture due to high tension within the rubber. To
address these challenges, partially bonded configurations are considered, which combine the advantages of both
bonded and unbonded systems. Therefore, this study investigates the in-service stress of partially bonded scrap
tire rubber (PB-STRP) isolators subjected to bidirectional lateral loading. Various models of PB-STRP isolators
are analyzed, with bonding areas representing 0% (fully unbonded), 10%, 20%, and 30% to assess their stress-
strain behavior. The allowable lateral deformations are derived based on in-service stress limits aligned with
AASHTO LRFD design criteria. The findings aim to inform optimal bonded area and displacement capacities,
thereby guiding the design of more effective and reliable STRP-based seismic isolators to enhance their
performance in structural applications.
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1 Introduction

In recent years, base isolators have been widely used to enhance the seismic resilience of structures, ensuring
safety during earthquakes. A base isolator consists of alternating layers of rubber and steel shims, positioned
between the superstructure and the foundation to reduce structural damage. Currently, various types of isolators
are utilized for base isolation, including steel-reinforced elastomeric isolators (SREIs) (Kelly, 1997), lead rubber
bearings (LRBs) (Marquez et al., 2021), high damping rubber bearings (HDRBs) (Wang et al., 2025), and
friction pendulum systems (FPS) (Lupéasteanu et al., 2019). Steel-reinforced elastomeric isolators (SREIs) are
commonly utilized for their significant ability to absorb earthquake energy and accommodate large
displacements (Noggle and Van Engelen, 2023). However, SREIs are expensive to manufacture and are not
appropriate for developing countries (Strauss et al., 2014). Each of these systems offers specific advantages;
however, their fabrication is often challenging due to the complicated vulcanization process, which entails
significant costs, posing a problem for developing countries. An innovative and cost-effective seismic base
isolation system is necessary for developing countries, achieved by lowering manufacturing costs and
simplifying the installation process. Scrap tire rubber pad isolators (STRPs) represent a sustainable and
economically viable option for seismic isolation, using recycled scrap tires in their production (Mathew et al.,
2023; Meza-Mufioz et al., 2024). Numerous experimental and numerical investigations have shown the efficacy
of STRP isolators when subjected to lateral loading conditions. Mishra (2012) examined layer-bonded and layer-
unbonded STRP isolators manufactured from Bridgestone tires. Zisan and Igarashi (2021a; 2021b) and Zisan et
al. (2023a; 2023b) examined the performance of unbonded square and strip-shaped STRP and STRP base-
isolated buildings through finite element methods (FEM) and assessed the seismic demand on these isolators.
Zisan and Igarashi (2024) subsequently investigated the impact of loading directionality on the performance of
unbonded STRP isolators. These studies indicate that unbonded STRP effectively reduces lateral stiffness and
increases the natural period of a structure. The bonded isolators experience significant tensile stress, potentially
resulting in their failure. Conversely, unbonded isolators may undergo significant deformation and are
susceptible to failure from slippage. To address this issue by leveraging the benefits of both unbonded and
bonded isolators, a partially bonded STRP isolator (PB-STRP) offers a viable alternative for mitigation. Prior
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research has not investigated the impact of stress concentration on partially bonded isolators subjected to
bidirectional loading. This study investigates the performance of the in-service stress of a partially unbonded
STRP isolator under bidirectional lateral loads through finite element analysis. This study evaluates the in-
service stress distribution of partially bonded STRP (PB-STRP) isolators at bonding levels of 0% (unbonded),
10%, 20%, and 30% under bidirectional loading. It also examines the stress distribution and strain behavior in
accordance with AASHTO LRFD design criteria.

2 Methodology

The finite element modeling of the STRP isolator was conducted using MSC Marc Mentat software. A 3D model
of the STRP isolator, measuring 72 mm x 72 mm x 24 mm, was developed. The rubber element of the
isolator was modeled with Hermann-type elements, whereas the rebar was modeled with hollow isoperimetric
rebar elements. Each layer of STRPs (T1 and T2), as shown in Fig. 1, comprises one carcass layer and four steel
belt layers (Beltl, Belt2, Belt3, and Belt4) inserted within the rubber matrix. The subsequent arrangement of the
steel cord layers, referred to as the carcass and belts 1 through 4, is shown in Figure 1(a). Subsequently, a second
stack, T2, was designed and positioned above T1, finalizing the complete two-stack STRP isolators illustrated in
Figure 1(b). The parameters of the rubber material and the steel cord layer were derived from the research
conducted by Zisan and Igarashi (2021a). The material characteristics of rubber and steel cord are delineated in
Table 1 and Table 2, respectively. Two supplementary surfaces were defined and designated as 'bottom' and 'top.'
The 'bottom' surface is regarded as a fixed support, whereas the 'top' surface is allowed to move in both
directions and is subject to vertical and lateral stresses. The contact interactions between stacks T1 and T2 have
been fixed to denote the layer-bonded isolators. The contact interactions between the STRP isolators and the
other two surfaces were frictional, simulating an unbonded condition. The friction coefficient between STRP and
the other two surfaces was 0.8, indicating bilinear Coulomb friction. Various percentages of bonded area,
including 0%, 10%, 20%, and 30% STRP, were utilized, with the bonded portion adhering to the surfaces, while
the unbonded upper and lower portions of the STRP isolators remained in frictional contact. Figure 2 illustrates
the partially unbounded STRP isolator concept with differing percentages of bonded area. An axial force of 5
MPa and a monotonic bidirectional lateral load up to 250% shear strain were applied to the 'top’ surface. Figure
1(c) depicts the boundary condition.

Figure 1. FE Model: (a) Modeling of embedded steel cord, (b) STRP Model, (c) Boundary condition of STRP
isolator models

Table 1. Properties of reinforcing steel cord in a STRP isolator (Zisan & Igarashi, 2021a)

Filament Equivalent Yield Young’s

Layer I]I;)'e(;f ﬁﬁ?r;e(ilf;s diameter iigfl(er:;rz()i Orientation  thickness  strength Sg:f:)lg modulus PO;Z:;Z)H s
Y (mm) y(mm)  (MPa) (GPa)
Carcass 1 5 0.2 0.44 0°
Belt 4 14 0.4 0.63 F70° 0-40 2800 23 200 0.3

Table 2. Mooney-Rivlin material constants (Zisan & Igarashi, 2021a)

Mooney-Rivlin Constant  Shear Modulus (MPa)  Prony Shear Responses  Mullin-Damage Parameters
C]() C()] C] 1 Geff' Go U 51 /11 52 /12 1 mi N2 myp
0.40 1.22315 0.18759 1.10 131 0.49995 0.30 0.2 0.30 0.55 0.01 5 005 10
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(a) STRP-10 (b) STRP-20 (¢) STRP-30

Figure 2. STRP models with different percentage of bonded areas

3 Model Verification

The FE model is verified against the reference model of Zisan and Igarashi (2021a). To validate the model,
uniaxial cyclic loading is applied on the STRP isolator exactly the same as with the reference model, and the
lateral stiffness and damping ratio are determined. Figure 3 demonstrates a less than 5% error and a near-exact
match between the FE model and the reference model's values. Therefore, it can be assumed that the developed
model accurately predicts the isolator responses under cyclic load, making it suitable for further study.
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Figure 3. Model verification
4 Results

Figure 4 shows the vertical stress component, the S3; contour, and the deformation of the isolator under
bidirectional cyclic loading conditions. At zero lateral displacement and full vertical compression, the maximum
compressive stress developed at the center of the isolator. As the lateral displacement continues, the PB-STRP
isolator undergoes lateral deformation along its two orthogonal directions, as shown in Fig. 4(a). A stress
concentration in the shape of L is observed in the isolator due to rollover deformation. The isolator displays
progressive rollover deformation as shown in Fig 4(b), but this deformation is different than that of the
unidirectional loading condition as given in Zisan and Igarashi (2021b).

Figure 4. (a) Longitudinal Deformation and (b) Progressive contact of STRP isolator with support face at
different level of shear strain
Figure 5 shows the stress profiles S;;, S22, and S;; at the mid-height of the isolators for a lateral displacement of
0.0%, 100%, 200%, and 250% shear strain. The 5 MPa axial load causes all PB-STRP isolators (from 0% to 30%
bonded areas) to be in a state of compressive stress at 0% strain. There is a change in the stress components
along the length of the isolator as shear strain reaches 100%. But as the shear strain increases to 250%, the edges
of the isolator exhibit tensile stress. It is notable that the increased bond percentage leads to higher tensile stress
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at the edge. The stress condition, which is mainly in tension at 250% shear deformation in an unbonded STRP as
given in Zisan and Igarashi (2021a), is found mostly in compression in PB-STRP isolators.
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Figure 5. Component of stress at mid-height of isolators
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Figure 6 shows the stress profiles S;;, Sz, and S3; at the top horizontal face of the PB-STRP isolators for lateral
displacement of 0.0%, 100%, 200%, and 250% shear strain. The stress of the isolator length range of 0—3 mm
and 69—72 mm has been disregarded due to the significant variation of stresses, as the mesh in the FE model's
edge is not fine enough to accurately capture the stress concentration. Similar to the mid-level stress state, the top
horizontal face of the isolators is in a compressive state at 0% shear strain, and at 250%, the edges of the
isolators are subjected to tensile stress. As the lateral strain increases, the peaks of Sii, S, and S33 shift from the
center to the edges of the isolators due to the combined action of axial and lateral loads. At 250% shear strain,
almost all top horizontal surfaces of the isolator are subjected to tension stress.
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Figure 6. Component of stress at top layer of isolators
According to guidelines as described in sections 14.7.6.3.2-7 and 14.7.6.3.2-8 of the AASHTO LRFD code, the
compressive stress on the isolator as defined by the AASHTO-LRFD Method A, based on the service limit state
for steel-reinforced elastomeric bearings, is the lesser of 1.25 GS and 1.25 ksi, where G is the shear modulus of
the elastomer and S is the shape factor of the isolator. For the current study, G and S are assumed to be 1.31 MPa
and 7.5, respectively, as per Zisan and Igarashi (2021b). At 5.0 MPa vertical compression, the stress (S) limit
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determined for the isolators is 12.28 MPa and 8.62 MPa. The code restricts the elastomer's internal tensile stress
to 2G-3G. Consequently, at 5.0 MPa of vertical compression, the tensile stress in the service condition ought to
be less than 3.93 MPa. From Figure 7-10, it is evident that the design displacements of STRP-0, STRP-10,
STRP-20, and STRP-30 are 192%, 190%, 186%, and 176%, respectively, according to the stress limit of 12.28
MPa (compression) and 3.93 MPa (tension). When the tensile limit remains unchanged and the compression
limit is reduced to 8.62 MPa, the design displacements are 150%, 161%, 165%, and 170%, respectively, and all

models exhibit failure in S33 stress components.
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5 Conclusions

The study focuses on the in-service stress distribution and maximum allowable displacements of a partially
bonded STRP under bidirectional lateral loading by using the finite element method. The results depict the
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o The lateral strain increases from 0% to 250% and gradually induces tensile stress within the elastomer at
large displacement and shifts the peak stress from the center to the edge. Tensile stress is more prominent at
higher bonded STRP, such as STRP-30. The fully unbonded STRP shows less tensile stress than a bonded
STRP because the higher bond restricts movements of isolators and causes higher tensile stress
development, leading to early failure or rupture at extreme loading.

o When the bonded area increases, the deformation capacity of the isolator decreases. The maximum lateral
displacement capacity for STRP-0 is 192%, which is 176% for STRP-30. So, it is evident that a minimally
bonded STRP percentage is suitable to overcome the drawbacks of unbonded and bonded STRP isolators.
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