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Abstract i
Assessment of Seismic Protection Effectiveness of Unbonded Scrap Tire Rubber Pad Base Isolation Using Finite Element Analysis

Abstract

This research concentrated on the seismic protection effectiveness of unbonded scrap tire rubber pad
(STRP) isolators indispensable for practical implementation. An STRP isolator differs from a conventional
one due to the unidirectional flexible steel cord and installation method. Furthermore, its peculiar rollover
deformation giving a distinct force-displacement response. These features should be included in analyzing
and designing unbonded STRP isolators. In addition, the unbonded application is innovative and has no
practical implementations or large-scale experimental validation. Therefore, investigation for seismic
protection effectiveness of unbonded STRP isolation in real situations, including its general features, is
essential. In addition, analytical solutions for force-displacement response, stiffness, and hysteresis
behavior also necessary for practical design.

The vertical and lateral load performance and seismic capacity of strip-shaped STRP isolators with different
length-to-width ratios and square isolators with different heights are investigated. The STRP isolators are
anisotropic and display unsymmetric bulging in compression and a progressive rollover deformation. The
restoring forces, stiffness, and damping ratios in a strip-shaped isolator are different in two orthogonal
directions and are substantial in amount for a sizeable length-to-width ratio. A length-to-width ratio
exceeding 4.0 is less significant for vertical stiffness. For a fixed aspect ratio, vertical stiffness increases
with stack numbers while hysteretic properties and seismic capacity are insignificant. The displacement
capacity and isolation period are different in the length and width directions of a strip-shaped isolator. The
biaxial interaction increases the stiffness and effective damping of the unbonded STRP isolator, whereas
its effect on the rollover deformation and hardening is less significant than the uniaxial loading. In addition,

characteristics of input displacement path are essential for hysteresis behavior of unbonded STRP isolator.

The analytical models for horizontal force-displacement and lateral stiffness are helpful for the design of
unboned STRP isolators is propsoed. The hysteresis force model, including the anisotropy and rollover

displacement, is developed and validated by static and dynamic time history analysis.

The stress and strain in unbonded STRP isolators are analyzed for compressions, rotations, and lateral

displacement. The pressure solution underestimates the elastomer stress. A large length-to-width ratio



Abstract i

Assessment of Seismic Protection Effectiveness of Unbonded Scrap Tire Rubber Pad Base Isolation Using Finite Element Analysis

quickens the lift-off initiation, and the growth of compression delays the same. Rotation increases the
elastomer stress significantly at low compression and high length-to-width ratio. In contrast, lateral
displacement reduces in-plane stresses but induces tension more substantial for a high length-to-width ratio.
An effective length excluding the tension zone can avoid any fracture or damage at large displacement.

Strain in the unbonded STRP isolator is lower than the design limits, and provided steel cord is sufficient.
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Chapter 1

Introduction

This chapter aims to introduce the background and objectives of the dissertation. It also includes a brief
description of the concept and historical development of seismic isolation and the different classes of
isolation devices currently are being used, including the STRP isolator. In addition, it provides the outlines
of the dissertation.

1.1 Background of the Research

The fast-growing urbanization is promoting infrastructure construction through a non-engineering practice
due to a lack of code enforcement. Besides, a significant part of structures constructed before introducing
seismic codes is vulnerable to severe devastation and high death tolls. The losses due to the earthquakes
have increased significantly within the past decades especially pronounced in developing countries. Typical
examples are the Wenchuan earthquake in 2008, and Sichuan Lushan Earthquake in 2013 in China (Yang
et al., 2014), the Haiti earthquake in 2010 (Haiti PDNA, 2010), and the 2015 earthquake in Nepal (Nepal
Earthquake, 2015). These earthquakes caused thousands of buildings to collapse entirely, including
residential, educational facilities, hospitals, public and administrative buildings, and historical buildings, as
shown in Fig. 1.1. A survey (Shah, 1983) between 1947 and 1980 indicates a total death of 358,980 in Asia
compared to 94,569 in the rest of the world. The main reason is the inferior construction methods, lack of

seismic design strategies, and unavailability of technology.

Various aseismic technologies are being practiced, including (i) increasing the capacity by providing large
sections and superior materials, ii) implementation of bracing, iii) addition of damper, and iv) use of base
isolation. Among these, base isolation is widely practiced due to its high effectiveness in reducing seismic
demand as well as the damage level of a structure (Chimamphant and Kasai, 2016; Huang et al., 2013;
Cardone and Flora, 2013). In seismic isolation, the natural period of a structure is shifted to the long period
range by placing a horizontally flexible device at the base level. The steel-reinforced elastomeric isolators
(SREISs) including the laminated rubber bearing (LRB), high damping rubber bearing (HDRB), natural
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(a) School in Yingxiu, Sichuan province after 2008 (b) Buildings damaged by 2001 Gujarat earthquake
Wenchuan earthquake (Kenneth Pletcher, 2008) (Backhaus et al., 2010)
Figure 1.1 Typical damage in low-to-medium rise building in different earthquake

rubber bearing (NRB), and the friction pendulum bearing are mainly practiced today. However, a
disadvantage of these systems is the high cost and weight (Kelly, 2002; Cutfield and Ma, 2014), making
them uneconomical for less important structures (Pan et al., 2005; May, 2002). Therefore, to extend the
earthquake-resistant design strategies for ordinary buildings and affordable to the middle-income group,

the cost reduction and simplification of the design principle are of great concern.

In order to overcome the cost barrier, the scrap automobile tire is foreseen as an innovative material. At
present, about 1.5 billion scrap tires weighing 17 million tons (RMA, 2009; JATMA, 2010; ETRMA, 2011,
WBCSD, 2010) are produced worldwide. This abandoned tire causes accidental firing, or tire-derived fuel
(TDF) emits toxic pollutants to the environment (Reisman, 1997; Richard et al., 2008). Figure 1.2 shows
the stockpile of tires and their impact on the environment. The recovery rate of scrap tires increased to 80-
90% in Europe, Japan, USA (ETRMA, 2011) when a prohibition is imposed on disposal in landfills. As a

result, it has become a potential recycling material (ETRMA, 2011). However, only 7.4% of scrap tires in
the European Union (ETRMA, 2011) and only 7.8% of those in the USA (RMA, 2011) were used in
engineering applications.

a) Stockpile

“(b) Firing in stockpile " (c) Creating pollution

Figure 1.2 Scrap tire and its environmental impacts
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The automobile tires are made by vulcanization of natural or synthetic rubber with interleaved steel cords
and are expected to have similar functions to the conventional elastomeric isolator. The primary difference
is the reinforcement type and virginity of the elastomers. In the elastomeric isolator, rubber is vulcanized
with rigid steel shims where a layer of unidirectional steel cords in a scrap tire. Therefore, scrap tires can
be a potential material for earthquake protection of buildings and bridges that reduces environmental
pollutions. Since the cost of recycling tires is nearly zero and making an isolator using scrap tires needs
only sizing and adhesive costs, therefore, this innovative idea can cut the cost barrier to practical seismic
isolation strategies in developing countries. Some researchers (Turer and Ozden, 2007; Tsang et al., 2012
and Mishra et al., 2013a, Hadad et al., 2017, Morales et al., 2018) pointed out the feasibility of the scrap
tire as low-cost earthquake protection in the developing countries.

1.2 Existing Tools for Seismic Isolation

Elastomeric bearings that are composed of alternating rubber layers vulcanized with steel shims, as shown
in Fig. 1.3, are widely used. The low-damping natural or synthetic rubber and high-damping rubber are two
classes of elastomeric bearings. The stress-strain relationship of the low-damping natural rubber is nearly
linear up to 150% shear and has an equivalent damping ratio of 2%~3% at 100% shear strain. In contrast,
the high-damping rubber bearing is nonlinear at shear strain less than 20% (Naem and Kelly, 1999) and has
a damping ratio of 10%~20% at 100% shear strain. Over the 20-100% shear strain, the shear modulus is
approximately constant and increases at a large shear strain due to crystallization. It is beneficial to limit

the displacement under the anticipated input of earthquake load.
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Figure 1.3 Elastomeric rubber bearing (Warn and Ryan, 2012)
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Lead-rubber bearings were first introduced and used in New Zealand in the late 1970s (Robinson and
Tucker, 1977). It differs from elastomeric rubber bearings by adding a lead-plug that is press-fit into a
central hole in the bearing, as shown in Fig. 1.4. Under shear deformation, the lead plug’s plastic
deformation enhances the energy dissipation compared to the low-damping natural rubber bearing. The

energy dissipation provided by the lead core, through its yielding, allows achieving an equivalent viscous

damping coefficient up to about 30%, which is two times that of high damping elastomeric isolators (FIP
Industriale, 2002).

j % Top plate

B
Cover rubber

Steel shim

Internal rubber layer
Lead Plug

Bottom steel plate

Figure 1.4 Lead-plug rubber bearing.

Calantrients proposed sliding isolation in 1909 using talc layer, as shown in Fig. 1.5. The Italian government
first considered this isolation after the great Messina-Reggio earthquake of 1908. The Italian government
commission recommended isolation using either a sand layer in its foundation or rollers under the column
to allow a building to move horizontally (Naem and Kelly, 1999). The roller approach was accepted, and
sliding isolation was not used. During the Indian earthquakes of Dhubai (1930) and Bihar (1934), the
masonry building that slides on their foundation survived where similar adjacent fixed-base buildings were
destroyed. The most commonly used materials for sliding bearings are unfilled or filled
polytetrafluoroethylene (PTFE or Teflon) on stainless steel.

The friction pendulum isolation system combines a sliding isolation system and a restoring force system
provided by the geometry. A single friction pendulum bearing consists of a baseplate, an articulated slider,
and a spherical concave disc, as shown in Fig. 1.6. The slider is placed between the spherical sliding plate
of stainless steel and that of the base plate. The side of the articulated slider is coated with low-friction
polytetrafluoroethylene (PTFE) fabric impregnated with a lubricant. The lubricant is a silicone oil that

shows almost no aging degradation. The slider's movement over the spherical surface causes the mass to
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generate the system's restoring force. The friction between the articulated slider and the spherical surface
generates the damping in the isolator. The effective stiffness and period of the isolation are controlled by
the curvature of the concave surface. The multi-spherical Friction Pendulum bearings (Fenz and

Constantinou, 2006) are among the most widely used seismic isolation bearings in the United States.

|ﬂ . _i_._._jH_______J_' T I
E?Eﬁ'm - .n_:_n s

Figure 1.5 Calantrients's base isolation system (Naeim and Kelly, 1999)

Articulated slider

\

Spherical plate \
Sliding material Base-plate with pedestal
Moving disc Sliding interface

Spherical concave disc

Lateral displacement

Spherical plate - J/QN

[ ]

Figure 1.6 Friction pendulum sliding isolation.
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1.3 Principle of Seismic Isolation

The basic structural design is based on the theory that the capacity of the structure should be higher than

the demand.
Capacity > Demand (1.2)

The seismic capacity is increased by providing a large section, high-strength material in the conventional
design method or adding bracing. It limits the seismic demand depending on the ductility of the material.
In a capacity design approach, a longer period is obtained by yielding materials. This yielding is designed
to occur, especially in the beams adjacent to beam-column joints. In the conventional approach, acceptable
earthquake forces and energy transfer to the structure from the ground is allowed. The structural design
provides sufficient capacity for the structure to withstand these substantial forces. Earthquake registrant

design based on the abovementioned philosophies increases the overall cost of the structure.

The use of base isolation reduces the seismic demand of a structure. It decouples the superstructure from
substructure parts by shifting the fundamental period of structures beyond the dominant period of ground
acceleration. As a result, earthquake forces and energy transfer to the structure significantly reduces. It is
achieved by installing a horizontally flexible but vertically stiff element called a seismic isolator between

the superstructure and substructure.

Figure 1.7 shows the change of seismic demand of fixed base and base-isolated structures in terms of
fundamental period T and damping characteristics. The top red curve shows the 5% damped acceleration
response spectrum used to design a non-isolated building. A more extended period reduces the spectral
acceleration as well as the inertia force during an earthquake. But it results in a large displacement of the
base-isolator, and this displacement is inverse to the damping properties of the structure and the isolator.
During an earthquake, the isolator undergoes large lateral displacement while the entire superstructure
remains elastic. As a result, the floor acceleration and inter-story drifts are significantly reduced. The
performance of base-isolated buildings during the 1994 Northridge earthquake (Kelly, 1997) and the 1995
Kobe earthquake (Pan et al., 2005) are the best practical examples to describe the seismic performance of

base-isolated buildings.
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Figure 1.7 Response spectrum for different aseismic approaches and its effect on seismic demand
(Mishra, 2012)

1.4 STRP Base Isolation

Turer and Ozden (2008) first made an isolation device using scrap tire pads by stacking one above another
without any adhesive. It was described as an innovative low-cost isolation method. However, unbonded
layers of STP are impractical. Therefore, Mishra (2012) fabricated layer bonded and layer unbonded STRP
isolators using scrap tire pads to study the feasibility of scrap tires in making seismic isolators. The
preparation procedure of an STRP isolator from an automobile tire is briefly discussed by Mishra (2012).
Figure 1.8a shows the preparation of a long rectangular specimen by removing the uneven tread part and
sidewall. Then, the rectangular sample is cut into the required size. Figure 1.8b shows a single STRP
specimen derived from Bridgestone 385/65R22.5 tire, 12 mm thick and typically has five steel-cord layers

oriented by £70° carcass steel. Large size isolator production is possible by stacking multiple strip-shaped
specimens in alternating directions.
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Tread part

Belt layer

FJ*V

Carcass layer STRP

(a) Schematic presentation of STRP specimen preparation from tread part of an automobile tire

Steel reinforcing cords
4 L Steel reinforcing cords

(b) Cross section of a single layer of STRP sketch and photograph

Figure 1.8 A schematic diagram of preparation procedure of a single layer STRP specimen from an
automobile tire (Mishra, 2012)

Figure 1.9 shows the basic steps, and Fig. 1.10 describes a flowchart of preparation of the STRP isolator.
First, the surface is made smooth using a belt sanding machine. Then, before applying adhesive, surface
treatment was done using Chemlok 7701 primer to improve the bond receptibility. Finally, fusor 320/322
(Lord Corp.) epoxy adhesive material was used for bonding. Figure 1.9d shows the complete STRP
isolators prepared and tested by Mishra (2012).

The experimental study shows bonding between layers of STRP improves its performance under vertical
and horizontal load. Therefore, it was described that the STRP isolator is feasible for seismic isolation.
However, several issues on STRP isolators remain unsloved and need to be investigated for practical

implementation.
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(a) Sanding of layer is in progress (b) Surface treatment by primer

i

(c) Adhesive on surface (d) STRP isolator of 4-stacked STRPs
Figure 1.9 Procedure of manufacturing STRP isolator by stacking several STRP specimens (Mishra,
2012)

Surface o Apply . .| Hold Until .| Layer-bonded
Preparation Adhesive Assemble Set STRP

Figure 1.10 Basic steps involved in adhesive bonding of STRP layers.

1.5 General Features of STRP Isolators

An STRP isolator has some unique features that are different from a conventional elastomeric bearing. For
example, an STRP isolator is fabricated from degraded automobile tires. In addition, reinforcement of STRP
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isolator consists of steel cords placed in a layer and orientated in a specific direction, as shown in Fig. 1.11
and Table 1.1. In Bridgestone 385/65R22.5 tire, these cords are oriented by £72° with the radial direction
of the tires. These cords can resist the deformation of elastomer in the cord direction only, whereas bulging
resistance of uniform in all directions in an elastomeric bearing. That is why an STRP isolator experiences

unsymmetrical lateral expansion of elastomer.

Bias tire Radial tire Belted tire

Unidirectional cords in STRP

Figure 1.11 Orientation and arrangement of steel cord in different automobiles tire

Table 1.1 Orientation of steel cord in different automobiles tire

Tire Type Ply angle Belt angle
Radial Ply 70°~90° 10°~60°
Bias Ply 30°~40° 30°~40°
Belted Bias Ply 30°~40° 20°~30°

Besides, an STRP isolator is assumed to be installed without any mechanical fastening with the structure.
This installation is preferable because it avoids significant tension generated within the elastomer in a
bonded isolator. Because of unbonded application, the force-displacement behavior and deformation of the
STRP isolator are different than that of the conventional isolator as shown in Fig. 1.12. It shows that an
unbonded isolator rolls-off its surface from the support faces. As a result, the force-displacement relation
is highly nonlinear, and the magnitude of lateral force at intermediate displacement decreases and then
increases in large displacement. In contrast, the conventional bonded isolator does not display any rollover

deformation.
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\
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Figure 1.12 Typical deformation of unbonded STRP isolator and force-displacement curve

Considering the abovementioned unique features of the unbonded STRP isolator, the following issues
should be carefully studied.

i. The STRP isolator is advantageous without any mechanical fastening with structure; however, a definite
guideline or analytical solution to predicting the force-displacement response of the unbonded STRP
isolator is still unknown.

ii. The reinforcement mechanism of the STRP isolators differs from that of the conventional isolator.
Therefore, it might provide a different behavior and capacity of the STRP isolator, which raises the
guestion of whether the STRP isolation performs equally with traditional isolation or not?

iii. The unbonded application has no established documentation on practical application. If an unbonded
STRP isolator is utilized in a building, what would be the performance of the building and isolation
system in natural earthquake conditions? Does unbonded application practical?

iv. Strip-shaped form of STRP isolator is economical for building with a non-rigid foundation. However,
the lateral performance of strip-shaped isolators is still unknown. Therefore, it is appealing to investigate
the beneficial aspect of strip-shaped isolators over a square-shaped isolator.

v. The strain-strain behavior of the STRP isolator is unknown and essential in the prediction of in-service
loads on the STRP isolator.

Therefore, for a practical justification of an unbonded STRP isolator, a proper investigation of the
abovementioned features is essential. In this dissertation, these issues are critically analyzed to reach a

concrete conclusion.
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1.6 Objectives of the Research

The STRP isolation system was proposed to overcome the cost barrier of the conventional systems and to
facilitate the seismic design strategies and their implementation, especially in developing countries. For
practical implementation of the STRP isolator, understanding of the design philosophy, nonlinear behavior
under static and dynamic loading environments are necessary. Some recommendations left by the previous

research for further improvement of the STRP isolation system are included in the current study.

An STRP isolator and its application method to actual structures without mechanical fastening are entirely
different from conventional isolators. However, no documented method and design specifications for
unbonded application of the STRP isolator are available. In addition, the STRP isolators and unbonded
applications in an actual situation are unknown since no practical implementation, nor full-scale
experimental studies are available. Therefore, it is essential to investigate the performance of the STRP
isolator under lateral and vertical loads and seismic performance of STRP base-isolated buildings, including
the unique features of the unbonded isolator to conclude whether an unbonded application is possible or
not. Hence, the current study concentrated on the analytical prediction of the horizontal force-displacement
relation, the lateral and vertical stiffness of unbonded isolation, and a hysteresis force model for practical
design. Furthermore, the finite element method is used to analyze the STRP isolator since it can efficiently

capture the unbonded boundary and geometric features of the STRP isolator.

The objectives of this study include the assessment of the lateral load performance of strip-shaped unbonded
STRP isolators for different length-to-width ratios and square-shaped isolators for different heights.
Furthermore, the displacement capacity and isolation period of unbonded STRP isolators are investigated
at varying levels of seismicity using the equivalent lateral force method of the ASCE/SEI-7-10 code. In
addition, the effects of biaxial cyclic displacement on the lateral performance of unbonded STRP isolator
are also taken into consideration. In addition, the stress-strain condition in an unbonded STRP isolator is
taken into consideration to determine the practical design load: compression, displacement, and rotation at

the isolator-to-structure interface based on available code specifications.

1.7 Scope and Outline of the Dissertation

The following describes the scope and outline of the dissertation.
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Chapter 1 includes the background, objectives, and scope of the study. It also briefs the principle, types,

and historical development of the base-isolation system.

Chapter 2 is the literature review that briefs different low-cost isolation systems. It describes the past

research on STRP isolators and their recommendation. It also summaries innovative ideas using scrap tires.

Chapter 3 is the theoretical background of the finite element analysis using MSC Marc-Mentat and the
description of the FE analysis procedure. It outlines the elements used for FE modeling, material modeling,

contact modeling, and analysis procedures for the dynamic and static environment.

Chapter 4 describes the lateral and vertical load performance of strip-shaped and square-shaped STRP
isolators. It also contains an analytical formulation for horizontal and vertical stiffness and the load-
displacement relationships. The seismic displacement demand and isolation period investigated based on

ASCE SEI 7-10 code specifications are also summarized.

Chapter 5 is the stress-strain assessment of the unbonded STRP isolators for determining allowable design
load: lateral displacement, compression, and rotation at the isolator-to-structure interface, based on the

existing design guidelines. It also investigates the adequacy of steel cords in the STRP isolator.

Chapter 6 This chapter summarises the cyclic loading performance of square and rectangular shaped
unbonded STRP isolators for biaxial displacement trajectories: circular, square, hourglass, and 8-shaped.
In addition, performance for each unidirectional component of biaxial trajectories is also included. Finally,
the performance of the isolator is documented in terms of the force-displacement relationship, stiffness, and

effective damping ratio.

Chapter 7 includes the hysteresis force model for the unbonded application of STRP isolators. In addition,

the calibration of model parameters and validation of the model is summarized.

Chapter 8 includes the conclusions of the present study and recommendations for future works.
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2.1 Introduction

The previous chapter urged the need for low-cost seismic isolation for general structures that should be
affordable within the purchasing capacity of low-income groups. This chapter includes the experimental,
analytical and finite element analysis works on different low-cost base-isolation methods, including
materials, fabrications, and operating principles. In addition, other innovative concepts using automobile
scrap tires and the previous research and their recommendations for further study on the isolator made with

scrap tires rubber pad (STRP) are briefly discussed.

2.2 Review of Research on Low-cost Seismic Isolation

2.2.1 Fiber-Reinforced Elastomeric Isolator

2.2.1.1 Experimental works

Kelly (1997) suggested replacing the steel shims of elastomeric isolators using the fiber reinforcement, and
the isolator is termed fiber-reinforced elastomeric isolator (FREI). Kelly and Takhirov (2002) and Kelly
and Konstantinidis (2011) investigated the mechanical characteristics of FREIs by experimental and
theoretical works. They concluded that the performance of unbonded FREIs is comparable to that of the
SRElIs. Figure 2.1 shows a photograph of the unbonded FREIs they tested. Konstantinidis et al. (2008) and
Konstantinidis and Kelly (2014) addressed the limitation of SREI for low-cost structures. They replaced
the steel shim using flexible, thin steel plates and excluded the thick endplates for fastening. The tested
unbonded bearings survived large shear strains comparable to the strains of the conventional isolators under

seismic loading.
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(b)
Figure 2.1 Deformed state of unbonded FREI (a) Specimen JO7 at 150% shear (Kelly and Takhirov
(2001) (b) Specimen DRB6 at 100% shear (45°) (Kelly, 2001)

(a) (b)

Figure 2.2 Deformation of unbonded fiber-reinforced elastomeric isolator during shake table testing at the

time instant of peak lateral displacement (Toopchi-Nezhad et al., 2009).

Toopchi-Nezhad et al. (2008a; 2008b; 2009a; 2009b) manufactured and tested FREIs made with carbon
fiber. These studies investigated the lateral response characteristics and the role of the aspect ratio on the
same, the sensitivity of stable-FREIs to lateral load and vertical pressure, and the seismic demand of
unbonded FREIs. The findings indicate that FREIs may be effectively used in seismic mitigation of low-
rise buildings with a fixed-base period of around 0.2 s and a 5% damped spectral acceleration at 1 s period
up to 0.5 g. The effect of the vertical pressure on the lateral response can be neglected when the bearings
are used in low-rise buildings. Authors addressed that FREIs are superior to SREIs in consideration of the
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damping, cost-effectiveness, lightweight property, and the fabrication procedure. A shaking table test
(Toopchi-Nezhad et al., 2009b; Huang et al., 2010; Losanno et al., 2019b) of base-isolated frames proved
the stability and re-centering capability of unbonded FREIs. Figure 2.2 shows the photograph of isolators
during the shaking table test (Toopchi-Nezhad et al., 2009b). Moon et al. (2002a, 2002b) compared the
mechanical characteristics of the FRElI made with different kinds of fiber with a similar SREI. They
concluded that unbonded FREI is superior to that of the SREI in terms of vertical stiffness and effective
damping. Strauss et al. (2014) identified the influence of the vertical stress, horizontal deflection, bearing
height, the number of elastomer and reinforcement layers, reinforcement material, and types of bearing
support on the effective shear modulus and damping ratio. It shows that the stiffness and damping ratio
reduced in the shear deformation range between 10% to 100%. Al-Anany et al. (2017) described that the
shape factor strongly influences the vertical response while the aspect ratio controls the stability of
unbonded FREIs. The aspect ratio for a stable unbonded isolator should be larger than 2.50 (Van Engelen
et al., 2015; Toopachi-Nehzad et al., 2008b; Osgooei et al., 2014).

An unbonded isolator cannot resist tension, making it unsuitable where overturning or vertical accelerations
are anticipated. Besides, an unbonded isolator transfers the lateral load via friction and could potentially
slip, resulting in permanent displacements. Van Engelen et al. (2014a) and Toopchi-Nezhad et al. (2019)
proposed that a portion of FREI can be bonded without substantially altering the roll-over characteristics
and the horizontal force-displacement relationship than that of a conventional unbonded stable-FREI. De
Raaf et al. (2011) and Pauletta et al. (2015) investigated the conditions leading to instability of stable-FREIs
using dynamic and monotonic lateral load tests. An unbonded FREIs exhibits superior buckling
performance and no roll-out instability until 300% shear strain. The effect of the loading direction on
unbonded FREIs was studied by Das et al. (2014; 2016) and Ngo et al. (2017). It indicated that the stiffness
increases while the damping decreases for an orientation of the input displacement. Das et al. (2016)
conducted a shaking table test for different loading directions on a 2-story building for a fixed base
condition and then isolated with FREI, as shown in Fig. 2.3. The dynamic response of the base-isolated
structure was compared with the same building's response without a base-isolation system. This study
demonstrated that the seismic performance of the unreinforced masonry building is improved when

unbonded FREIs are installed below the structure.
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(a) Base isolated (BI) building (b) Fixed based (FB) building
Figure 2.3 shaking table test conducted by Das et al. (2016)

Tan et al. (2014) fabricated PFRI bearing with unsaturated polyester fiber made of polyester and glass fiber
cloth, as shown in Fig.2.4. Its fabrication cost is 10% lower than that of the SREI. The damping ratio of
PFRI is about 8~23%, and it can sustain 250% shear deformation without any damage. The compression
modulus of PFRI is higher than that of the AASHTO LRFD guidelines for bonded isolators. The stress

demand on rubber and reinforcement is low because of low horizontal stiffness and roll-over deformation.

Figure 2.4 PFRI isolator made and tested by Tan et al. (2014)

Xiao et al. (2004) proposed sliding-type isolation using sand, lighting ridge pebble, polypropylene and PVS
sheet, and polythene membrane. Nanda et al. (2015) studied four friction isolation interfaces: marble—
marble, marble-high-density polyethylene, marble—rubber sheet, and marble—geosynthetic. They also
experimented a half-scale masonry building rested on marble-high-density polyethylene. Tsiavos et al.
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(2020) conducted an experimental investigation of a low-cost PVC 'sandwich (PVC-s) seismic isolation.
Figure 2.5 shows the schematic view of PVC sandwich seismic isolation, and Fig. 2.5a and 2.5b show the
deposition of sandwiched sand and the bottom of PVC surface after sand deposition. Jampole et al. (2016)
proposed a high-density polyethylene slider on a galvanized steel surface. The goal of these studies was the
experimental assessment of low-cost seismic isolation using domestic material. The primary challenge is
restoring capability. Besides, sliding of isolation affects the utilities even though flexible utilities are
recommended. The isolations proposed by Xia, Nanda, and Tsiavos increase the construction cost because
it requires two rigid slabs to install the isolation material. Besides, damage of sliding material and their
replacement are additional problems.

:}‘; &rave]
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(a) Masonry school prototype structure located in Nepal (dimensions in cm).

(b) Deposition of sandwiched sand and (c) bottom PVC surface after sand deposition

Figure 2.5 Schematic view for low-cost PVC sandwich seismic isolation (Tsiavos et al., 2020)
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2.2.1.2 Analytical works

Tsai and Kelly (2001, 2002a, 2000b) derived the compression stiffness and tilting stiffness of fiber-
reinforced bearings of infinite-strip, circular and rectangular shapes by assuming that the elastomeric layer
is incompressible, and the reinforcement is flexible. Recently, bulk compressibility is included in the
stiffness analysis of fiber-reinforced isolators of infinite-strip shape (Kelly, 2002; Kelly and Takhirov,
2002). Moon et al. (2003; 2004) experimentally and theoretically studied the compression and bending
stiffness of strip-type FREIs with flexible fiber reinforcement. Toopchi-Nezhad et al. (2011) determined
the horizontal stiffness of bonded FREI using a closed-form elastic solution (Tsai and Kelly, 2005). An
unbonded FREI display peculiar roll-over deformation and force-displacement relationship, which are
different from SERI, as shown in Fig. 2.6. Closed-form solutions for the lateral response of unbonded
isolators were proposed based on the assumption that the roll-over surface is stress-free. Peng et al. (2007)
derived a relationship assuming that the rubber is linear elastic. Konstantinidis et al. (2008) suggested a
lower bound relation based on the assumption that the isolator's roll-over part is stress-free and has no
resistance to the lateral load. Van Engelen et al. (2015) considered the combined action of bending and
shear within the roll-over, whereas pure shear acts within the central elastomer. Toopchi-Nezhad (2014)
proposed upper and lower bound values of the effective area of an unbonded isolator that has resistance to
horizontal load. These approaches ignored the strain dependence of the shear modulus of elastomer
(Gerharer, 2010; Gerharer et al., 2011) and the effect of vertical compression. Losanno et al. (2019a)
derived an expression for the horizontal stiffness of unbonded FREIs considering the vertical compression.
Osgooei et al. (2017) developed a Pivot-Elastic model that combines a bilinear pivot hysteretic model with
a nonlinear elastic spring. Manzoori and Toopchi-Nezhad (2016) extended the Bouc-Wen model for the
nonlinear hysteretic response of stable-unbonded FREIs. Toopchi-Nezhad et al. (2017) developed an
algorithm for the design of structures supported by unbonded-FREIs. Chaghakaboodi and Toopchi-Nezhad
(2020) studied the wind induced behavior of a stable-FREI system.
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Figure 2.6 Free Body Diagram of Fiber-Reinforced Elastomeric Bearing
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2.2.1.3 Finite element studies

Finite element analysis is a powerful method widely used for nonlinear elastomeric isolators simulations
under a large displacement domain. It is furnished with different elements and material models for rubber-
like material. The Mooney-Rivlin, Neo-Hokean, Odgen models are more rational and effective in predicting
the large-strain behavior of elastomeric bearings. Mordini and Strauss (2008) and Osgooei et al. (2016)
investigated the stiffness behavior of FREI using FE analysis. Osgooei et al. (2014a, 2014b, 2015), Ping et
al. (2014) studied the stresses-strains relation in the FREIs for orientation of lateral load, the flexibility of
reinforcement, and modified shape of rectangular FREIs, using FE analysis. These studies investigated the
general circumstances of stress-strain demand in elastomer and reinforcement. Some research focused on
the stress-strain relationship of unbonded FREIs. Toopchi-Nezhad et al. (2011; 2012) used the hyperelastic
model to study the influence of shape factors on the response of unbonded FREI and stress-strain demand
of elastomer fiber reinforcement. It was demonstrated that unbonded FREIs significantly lower the stress
demand in elastomer, reinforcement, and bonding between fiber-reinforcement and elastomer. Toopchi-
Nezhad (2014). Al-Anany and Tait (2017) mentioned that the isolator's low aspect ratio delays lift-off
occurrence and reduces the stress-strain rate under rotational deformation. Van Engelen et al. (2014a;
2014b) used the FE method to study the stress-strain behavior of modified, bonded, and partially bonded
FREIs. Ngo et al. (2017) studied the loading direction effect on the lateral response of the square-shaped
FREL. It used the 3-terms Oden model to model the hyper - elastic behavior of the elastomer and Prony
Viscoelastic Shear Response parameters model for the viscoelastic behavior. Dezfuli and Alam (2014)
employed a hyper-viscoelastic model to simulate the nonlinear behavior of natural rubber under combined
vertical pressure and cyclic lateral displacements. This parametric study investigated the effect of the
thickness and the number of elastomer and fiber-reinforcement layers on the horizontal and vertical
response of FREI. Habieb et al. (2017; 2018) adopted the Yeoh hyperelasticity model to study the FREI

undergoing moderate and large deformations and masonry houses supported by FREI.

2.2.2 Seismic Isolation Using Automobile Tire

Geotechnical seismic isolation using rubber-soil mixtures (RSM) was introduced by Tsang (2008) and
Tsang et al. (2012). It can significantly benefit ordinary buildings for which resources and technology are
inadequate for earthquake mitigation with SREI or FREI system. Figure 2.7 shows a model of a 10-story
building of width 40 m isolated with RSM. The effectiveness of RSM was studied by Madhusudhan et al.
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(2019), Xiong and Li (2013) and Pistolas et al. (2020), and FE studies by Tsang et al. (2012) and Nanda et
al. (2018) found that RSM isolation reduces the superstructure response by 40-60%. The potential problem
is that the structure must be detached from the ground, particularly unfavorable even for small residential

buildings. Besides, the cost of excavation and replacing soil for deep foundations may not be justifiable.
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Figure 2.7 Schematic view of rubber-soil mixture isolation (Tsang et al., 2012)

Turer and Ozden (2008) proposed a low-cost isolation system using scrap tire pads (STP) as described
earlier. They performed compression and cyclic loading test on STP isolators made by stacking STP one
above another without adhesive, as shown in Figure 2.8. The average compression that ruptured the steel-
cords was 8.5 MPa, and the horizontal stiffness and damping ratio were reported 500~100 kN/m and
18~22%, respectively. Thus, it can be an innovative low-cost method of seismic isolation, but unbonded

layers of STP are unsuitable for practical application.

(a) Stacked STP specimen (b) Inclined compression test setup

Figure 2.8 Stacked STP and inclined loading test on stacked STP isolator (Turer and Ozden, 2008)



Chapter 2 25

Literature Review

Hadad et al. (2017) used discarded Kart tires filled with recycled elastomeric materials and aggregates that
proved sufficient vertical and horizontal stiffness and damping ratio of about 23~30%. A shaking table test
of one-story and one-bay steel frames showed an excellent enhancement of the base-isolated structural
response and no residual deformation within the isolator. The challenges arise from fire resistance, effects
of ambient conditions, tire dimensions, the amount of filling material, and the size of the filling grains. The
impact of these factors on the dynamic response of the isolators needs to be considered. Figure 2.9 shows

the model and experiment done by Hadad et al. (2017).

(a) Kart tires and the filler materials (b) Specimen filled with EPDM grains under shear testing

Figure 2.9 Discarded tire isolator filled with recycled elastomeric materials (Hadad et al., 2017)

Morales et al. (2018) proposed a recycled tire bearing (RTB) system consisting of tires cut through their
diameter and then inserted between the structural slab of a designated room and a service floor surface, as
shown in Fig.2.10. Figure 2.10b shows an RTB unit, and several units can be used for lateral and vertical
stability of the supporting parts. The floor surface is locked with RTB, and the bottom part of each tire is
inserted in a groove in the bottom plate. The base plate slides horizontally towards the opposite edge of the
tire, whose sliding is prevented by a stopper under an in-plane horizontal load. The bottom parts of the tire
are allowed to uplift from the base grooved plates that induces rocking motion of the tire under extreme
out-of-plane seismic loads. The vertical vibration, rocking motion, and pre-compression force that affect

the supporting structure's performance are the challenges in this system.
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Figure 2.10 recycled Tire Bearing (RTB) system (Morales et al., 2018)

Spizzuoco et al. (2014) proposed Recycle Rubber-Fiber Reinforced Bearing (RR-FRB) made with recycled-
tire chips and carbon and polyester fibers. It is more advantageous than the SREI or FREI in dissipation
capacity, manufacturing cost, and weight. The drawbacks are the low shear strain and tensile strength.
Shaking table test results (Calabrese et al., 2015; Maddaloni et al., 2017) show that the roof acceleration
and the story drift are substantially reduced than that of the fixed base structure. Figure 2.11 shows the RR-
FRBs and shaking table test of an RR-FRB base-isolated frame.
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(a) RR-FRB (b) Shaking table test of RR-FRB isolated frame
Figure 2.11 RR-FRBs and shaking table test of RR-FRB isolated frame Calabrese et al. (2015)

Losanno et al. (2019a) derived an analytical expression of horizontal stiffness of an unbounded isolator,
including the reinforcement characteristics, the effective area, and the shear modulus. A bidirectional
shaking test (Losanno et al., 2019b) found the robust behavior and good re-centering capabilities of RR-
FRBs and mentioned that RR-FRBs are viable seismic mitigation for structures. Finally, Losanno et al.
(2020) reviewed recycled versus natural-rubber FREIs and claimed that the performance of natural-rubber
FREIs is better than that of recycled rubber FREIs. However, recycled rubber devices are promising in
protecting non-engineered constructions from moderate to high seismic inputs at a fraction of conventional

technologies' cost.

2.3 Review of STRP Isolation System

Mishra et al. (2013b) conducted uniaxial tensile tests using a 2.0 mm thick dumbbell specimen derived
from Bridgestone 385/65R22.5 tire. The objective of that test was to determine the hyperelastic parameters
of scrap tire rubber. Figure 2.12 shows the experimental test data and three-term Mooney-Rivlin curve

fitting for the same. The hyperelastic constants were then verified by performing FE analyses.
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Figure 2.12 Experimental test data and Mooney-Rivlin curve fitting (a)-(c) monotonic uniaxial tension

test and (d): cyclic uniaxial tension test.

Layer bonded and layer unbonded STRP isolators were tested (Mishra et al., 2013a; Mishra et al., 2013b)
under compression and combined compression and lateral load to determine the compression modulus and
stiffness properties. Table 2.1 describes the experimental conditions and results of these tests. The
deformation and stiffness properties of the layer bonded STRP isolator are found to be superior to that of
the layer unbonded STRP isolator. These experiments were conducted under small lateral deformation

(150%), and it is necessary to investigate the performance of these bearings for large lateral deformation
(250%).
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Table 2.1 Compressional and Cyclic shear test result (Mishra et al., 2013a; Mishra et al., 2013b)

Isolator Compression test Cyclic shear test
Vertical Ky Ec fy Vertical Max. lateral Kb %
pressure (MPa) (MN/m) (MPa) (Hz)  pressure (MPa) deformation (kN/m)
Unbonded 9.19 21.6 155.5 114 5.0 80% 1428 12%
STRP-6 11.66 20.7 149.0 11.2 5.0 103% 102.2
Bonded 20.0 50.98 24477  17.43 10.0 150% 85.3 18%
STRP-4 20F4 56.41 270.8 18.34 5.0 150% 1240 15%

A pseudo-dynamic test of a 1/3 scale STRP isolator model is carried out STRPs (Mishra et al., 2014) using
the 100% and 150% acceleration of the N-S component of the El-Centro record of the Imperial Valley 1940
earthquake. Figure 2.13 shows the test conditions, and Fig. 2.14 shows the photograph of the deformed
shape of the unbonded STRP isolator. Under 150% acceleration input, deformation in the STRP isolator is
found less than 100%. Both floor acceleration and story drift are reduced significantly. This test does not
represent an unbonded STRP isolator's practical features during the service period. Since an unbonded
isolator transfers lateral load via friction, overturning in an actual building is essential. Mishra (2012)
performed a bidirectional analysis using SAP2000. The FE model of the unbonded isolator in that study

was impractical since isolators are represented by bonded spring.

Figure 2.13 Overview of the pseudo-dynamic test (Mishra et al., 2014)
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(a) 70% shear strain ('b) 100% shear stain
Figure 2.14 Photographs showing lateral deformation of 1/3" scale STRP model (Mishra et al., 2014)

The STRP isolator model used in the previous study had an aspect ratio of 1.39 (layer unbonded), and 2.08
(layer bonded) are impractical concerning buckling and lateral stability. Besides, the maximum horizontal
displacement of STRP between 100% and 150% of shear strain is insufficient for evaluating isolators at
large displacement when conventional elastomeric bearings are designed for 300% to 500% shear
deformation. Therefore, only square-shaped isolators were investigated even though strip-shaped isolator

is more economical for masonry or ordinary buildings without any rigid foundation.

The steel cords in a radial tire are orientated between 10° and 60° to the carcass steel (Ishikawa 2011). This
steel cord resistance against elastomer bulging is negligible along its orthogonal direction. Twisted steel
cords are more extensible and flexible than fiber material or steel shims and affect rubber-cord composite
stiffness. The steel-cord orientation also affects the stiffness of cord-rubber composite (Shield and Costello,
1994). These features make STRP isolators different than that of the SREIs or FREIS.

2.4 Recommendations of the Previous Study

The previous study on the STRP isolator recommended further research on:
i) Bidirectional cyclic shear test and identification of the STRP isolator properties.
ii) Shaking table test of the STRP base-isolated structure to study the dynamic response of the

isolation system and the base-isolated structure.



Chapter 2 31

Literature Review

iii) An analytical model based on geometric and material properties of the STRP isolators to predict
the vertical stiffness, horizontal stiffens, and force-displacement relationship.
iv) Long-term durability test of STRP bearings under vertical load and environmental loads such

as temperature and moisture.

2.5 Conclusions

The works mentioned above are aiming to study the feasibility of low-cost seismic isolation applicable for
ordinary buildings, especially in developing countries. Several promising methods, including replacing
steel shims of SREIs using thinner flexible steel plates, carbon, glass, or polyester fiber, have been verified.
Others encouraged domestic production of seismic isolators using automobile tires, rubber-soil mixture,
sliding isolation using sand, lighting ridge pebble, polypropylene, PVS sheet, and polythene membrane.
The scrap tire is a promising material with two-fold beneficial aspects: reducing environmental pollution

and seismic mitigation for ordinary structures.

Research on the FREI system advances significantly through experimental tests, analytical approaches, and
FE simulation. These include the design and manufacturing of FREIs, investigation of lateral stability and
horizontal load performance of unbonded isolators, stiffness and damping properties for different shapes of
isolators, aspect ratio, loading directions, and magnitude of the lateral and horizontal load. Some studies
verified the effectiveness of unbonded applications using small-scale shaking table tests. Analytical
approaches, including the horizontal load-displacement relationship and stiffness with flexible
reinforcement, were proposed based on the simplified assumptions. The FE simulation is regarded as a
robust and effective method for analyzing and predicting elastomeric isolators' performance in large

displacement domains under different boundaries and parametric conditions.

Seismic isolation using automobile tires is an innovative method and is yet to be explored. The STP, STRP,
RTB, and RR-FRB isolators made with scrap tires or RSM and tires filled with recycled elastomeric
material can be an effective solution for earthquake mitigating low-rise buildings. The effectiveness of these
systems is primarily investigated using reduced-scale testing facilities. Some studies focused on the
isolator's square and circular shapes, but strip-shape is economical and cost-effective for ordinary and
masonry structures with no rigid foundation. Although unidirectional loading was considered, extension to

bidirectional loading is also required. The permissible value of compressive force, lateral displacement, and
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rotation at the structure-to-isolator interface should be defined so that the stress-strain within the unbonded
STRP isolator does not exceed the design guidelines. Large-scale testing of the unbonded isolator is
necessary to understand the actual scenario of the unbonded application. The FE simulation can avoid the
limitation of large-scale testing facilities. Besides, analytical formulation for vertical and lateral responses
of STRP isolators is essential for design purposes. Therefore, this study focused on the analytical model
for horizontal and vertical stiffness of STRP isolators and the effectiveness of STRP isolators in seismic

protection of low-rise buildings.
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Finite Element Modeling and Model Verification

3.1. Introduction

The finite element (FE) simulation is a robust and powerful method used to analyze rubber and rubberlike
incompressible materials. This chapter describes the finite element (FE) modeling and model verification
procedures for STRP isolators and STRP base-isolated structures using Marc-Mentat Software. It also
includes the analytical approach for the material model, contact model, and modeling procedure.

3.2. Element Used to Discretize STRP Isolator

The rubber of the STRP isolator is modeled using element 84. It is an eight-node, first-order iso-parametric
element with an extra node for a pressure degree of freedom. The pressure throughout the element is
assumed constant by the ninth node. The first eight-node numbered from 1 to 8, as shown in Fig. 3.1a, each
node has three displacement degrees of freedom. The mean pressure variable:

For an isotropic case,
H=o0,/E=-p (3.1)

For an orthotropic case,

V12v31 Y12V23 v31v23 0
— E\Es E\Ey E3Ey -
H = VI2V31 ,V12V23 , V3123 ot VI2V31 ,V12V23 , V3123 oyt 12731, V1223 731733 O3 E\+Ey+E; P (3-2)
EV\Ez  EjEy E3Ep EV\Ez  E1Ey E3Ep EV\E3  E1Ey E3Ep

where p is the negative hydrostatic pressure. Element outputs are six strains and six stresses, and the mean
pressure. Element 84 supports the updated Lagrange procedure and finite strain plasticity with Mooney or

Ogden material model.
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[F5]

(a) Element 84 (b) Rebar 146 (c) Typical 20-noded rebar element

Figure 3.1 Element used for rubber and steel-cord modeling (Marc-Mentat, 2020E).

Numerical representation of reinforcing cords with spatial orientation is based upon the so-called "rebar
layer concept" that is efficient in the context of geometrically and physically nonlinear analyses of cord-
rubber composite (Helnwein et al., 1993; Meschke and Helnwein, 1994). Several steel-cord layers can be
considered within a single overlay element without increasing the number of degrees of freedom. Meschke
et al. (1997) and Helnwein et al. (1993) describe the rebar concept used for comprehensive FE models of
automobile tires embedded with steel cords. Rebar 146, a hollow, iso-parametric, and 8-noded empty brick
element containing single-strain steel cords, as shown in Fig. 3.1, is used. It is used in conjunction with
element 84 used for elastomers. The rebar 146 element is integrated based on Gauss quadrature, and each
rebar layer contains four integration points, as shown in Fig. 3.1b. It is necessary to define the steel-cord
position, size, number of layers, and orientation at each integration point. It has three degrees of freedom

in each node. The output is the second Piola-Kirchhoff stress and the Green strain.

3.3. Material Modeling

3.3.1. Hyperelasticity Model

Rubber is an incompressible and hyperelastic material that can return to the initial stage from a 500% strain
level (Mars, 2002). Its stress-strain relationship is highly nonlinear. The hyperelasticity of rubber material
is derived from strain energy function W, the energy stored within per unit volume as a function of strain

(Ali et al., 2010), using the following equation.
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W:ﬂ[1,12,13) (33)

where Iy, I, and 13 are invariants of the Green deformation tensor given by principle stretch ratios A, A2, and

/3 in the respective directions and can be found from uniaxial or biaxial tension test.

11 21124‘},22"'},32 (34)
L= 22 002052 40572 (3.5)
L=A% %057 (3.6)

The stretch ratios are expressed in terms of the uniaxial stretch ratio (Vahapoglu et al., 2011).
A=A (3.7)

A (3.8)

a1

_’13_ﬁ

For incompressibility condition,
11/127\.3:1 (39)

A mathematical definition of stretch ratio is given as below:

N=EAN 1 pe and g=2K (3.10)
L; L;
where g;is called engineering strain. The most common hyperelastic models used in FE analysis are Neo-
Hookean, Mooney, Mooney-Rivlin, Yeoh model, and Ogden material models. Several researchers used
the Mooney-Rivlin material model for cord-rubber composite materials (Helnwein et al., 1993, Thein et
al., 2016, Kongo-Kondé et al., 2013). Strain energy potential is expressed as:
. . 1 .

W=Sl0 Cy(11-3) (12-3Y + By 7 (oD (3.11)
where, Cj; and Dj are the material parameters determined from the test data and Coo = 0 (Markmann and
Verron, 2006). Je is the elastic volume ratio, N is the order of the polynomial. The first and second
summation terms indicate the contribution from deviatoric and volumetric effects, respectively. The first

order Mooney-Rivlin model is presented as follows:
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W =Cy(1;-3)+Cy, (1>-3) (3.12)

The two-term model fits well with the test result for strain below 100% and is inadequate in predicting
compression deformation mode and hardening at large strain (Marc Mentat, 2020A). Tschoegl (1971)
suggests a three-term model for predicting the stress-strain upswing. The three-terms Mooney-Rivlin strain
energy density function is:

W=Co;-3)+Cy (1,-3)+Cy,(;-3) (I2-3) (3.13)

where Ci, Co1, and Ci1 are known as Mooney-Rivlin material constant. Mishra and Igarashi (2012)

employed the three-term model to determine the hyperelastic parameters of scrap tire rubber.

3.3.2. Viscoelasticity Model

The Prony series viscoelastic shear response parameters are used in the constitutive model to express the
hysteretic force-displacement relationship observed in the test. The viscoelastic parameters are derived
using a large strain viscoelasticity model (Simo, 1987; Marc-Mentat, 2020A). The following time-

dependent elastic energy function characterizes a large strain viscoelastic material.
W(t) =W+ YN Wexp(-t/") (3.14)

where W* is the energy function for very slow processes, W" is an extra amount of energy necessary for
time-dependent processes. A characteristics time is associate with each amount of W". At time equal to zero

(or for time processes: t< A"), the elastic energy reduces to:
wO)y=w’=w>+3N_ w" (3.15)
If energy function for each time-dependent part is assumed different only by a scalar constant, then:
wn=¢"w° (3.16)
The reduced equation is
WOo=w* +WOoyN_ 6" or w* =1 —-3N_,6"HW° (3.17)

The time-dependent energy is then given by Eq 3.19:
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W @O)=W-WOYN_ 5"+ 3N 5" exp(-t/1") (3.18)

W(@O=m"[1 -3V, 8" (1-exp(-t/2")] (3.19)
For simplicity of the discussion to the case N=1.0

w*=(1-5)W° (3.20)

W@ =W"[1 — d(1-exp(-t/A")] (3.21)

In the Prony series form, ¢" is a time-dependent scalar multiplier, and A" is relaxation time.

3.3.3. Mullins Damage Parameters

Elastomers undergo damage by a mechanism in chain breakage, multi-chain damage, micro-void formation,
and microstructural degradation due to detachment of filler particles from the network entanglement. Based
on undamaged strain energy function, W°, damage in the elastomer is obtained by multiplying the Kachanov
factor as follows:

W=K (o, p)W° (3.22)

where K(&, p) is a factor accounting for damage. A unit value indicates full virgin condition and zero mean
complete damage condition. Two methods are accounting for damage: the Miehe method and Ogden and
Roxburgh method. The Miehe method can simulate two types of damage called discontinuous so-called
Mullins' effect and continuous damage. These damages can be modeled within the additive or multiplicative
decomposition using the Marc-Mentat program.

Additive decomposition;

K=d"+ IV, & exp ( ) <3 diep (-£) (N=1,2) (3.23)

“
’7I1
Multiplicative decomposition:

K=d® + YV dexp ( %) (N=1,2) (3.24)
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where &, d°, 5, A,, d, and &, are the phenomenological parameters. If d” is not defined, the program

n'

calculates it such that at zero value of a and g, the Kachanov factor K is equal to unity.

3.4. Contact Modeling Between STRP and Structures

3.4.1. Contact Definition

Marc is designed with an efficient algorithm for contact searching among the contacting bodies. A contact
table is used to define target contact and contact parameters between STRP and structure. These include
friction, penetration tolerance, material hard-to-soft ratio, bias factor, initial gap, etc. Figure 3.2 shows a
contact table indicating the contact interaction in the FE model. The rubber-to-rubber contact (Layerl and
Layer2) is glued (G), the rubber-to-rigid body contact (Layerl and Top) is touch (T). The contact between
the superstructure (here indicating MASS elements) and the top rigid body is glued (GT). There is no contact
between MASS and rubber or MASS and bottom rigid body. Turning on the contact table is activating the
specified contacts only. Without turning on, all bodies can contact, including the self-contact, and increase
the computation cost. Touch contact triggers nonpenetration constrain through a tying boundary on the
displacement components normal to the contact surfaces. The isolator separates from the rigid surface when
contact stress turns on tension. A glue contact is used to tie all displacement degrees of freedom. The

rotation can be constrained for a moment-carrying glue capability.
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Contact Table Properties x
Mame | Contact_Table View Mode  Entrylist = [ show Body Types
Entries
[] show visible Bodies Qnly
| First Body Second Body | Contact Interaction Contact Type | Detection | |
Layeri Layer? G Gled Avtomatic Edit
Layeri Tao T Toughing 7 Edit
Layer] Bottom T Toudhing A Edit
Layer? Layer3 G Gled Avtomatic Edit
LayerZ Top T Toughing 7 Edit
Layer? Bottom T Touching N Edit
Mass Top GT Glued A Edit
Layer? e G Gled Automatic Edit
Layer3 Top T Touching A Edit
Layer? Botfom T Toudhing N Edit
M | ayers Too T Touching A Edit
M| Layers Bottom T Touching A Edit
Shown Entries Activate Deactivate Remove Detection Remove Inactive
Populate / Manipulate Full Default Contact  Touching Glued
OK

Figure 3.2 Contact definition using contact table

3.4.2. Contact Occurring Criteria

The prediction of friction force and the contact position in an unbonded isolator is a complex process due
to frequent changes of contact location and contact force with the lateral displacement. Therefore, the
accuracy of finite element results depends on the precise prediction of contact position and contact force.
Figure 3.3 shows a FE model and different contact components of the STRP isolator model. The top and
bottom planes are called rigid bodies, whereas the rubber composite and MASS are called deformed bodies.

[]Layerl
[ Layer2
[|Layer3

Layerd

Top
[ | Bottom

L "

Figure 3.3 Contact modeling between bearing and structure
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Figure 3.4 describes four cases relating to how and when contact takes place between deformed and rigid
bodies.

Case 1: Contact not detected when Auaen < | D-d |

Case 2, 3: Contact detected when | Auasn -d | <D

Case 4: Penetration detected when Auaen > | D+d |

r'y
Interface ——

Rigid body
Deformable body rd
f Au, |4® >N
A
D|D
Case1{2[3] 4
—d

Figure 3.4 Contact interaction procedure between two bodies

Here, Aua is the incremental displacement vector of node A, d is the distance between two bodies
approaching for contact, n is the normal unit vector with proper orientation. D is the contact detection
distance, and the default value is h/20 or t/4, where h and t are the smallest dimension of element and shell
thickness, respectively. In case 1, no constraint is applied since node A does not touch the rigid body. In
case 2, node A is within the tolerance, and the contact constraint pulls the node to the contact surface if
F<F,, where F; is the separation force equal to zero and F is the contact force. In case 3, node A penetrates
contact tolerance, and contact constraint pushes the node to the contact surface. In case 4, node A penetrates
out of contact tolerance, and increment gets split until penetration is within the tolerance limit. A contact
tolerance is equally applied to both sides of the segment and can be changed by bias factor B (0<B<1.0).

Once contact is detected, a constraint is imposed such that:

Vityormai=V * 1 (3.25)
If the glue option is activated, an additional displacement constraint is formed as:

Vitsangentiar=V * (3.26)

Here n and t are normal and tangential vectors, and V is the prescribed velocity vector of the rigid surface.



Chapter 3 47

Finite Element Modeling and Model Verification

3.4.3. Theory of Normal and Friction Contact

The standard set of equations to be solved within a nonlinear structural finite element analysis are based on
the virtual works that can be written as:

G(u, ou)=0 (3.27)

where u is the displacement field, and Ju is the kinematically permissible variation of the displacement

field. Contact conditions are included by adjusting the virtual work equation by two surface integrals:
G(u, du)t f. A, 0g,dl /. 3] 6g,dI=0 (3.28)

where I is the boundary of the bodies being in contact and subscript n and t indicates the normal and
tangential contact. Function g, is the gap function, g,>0 indicates no contact, and g,=0 means the point is
on contact, whereas gn<O indicates the penetration. ., g and J: are the normal contact stress, the tangential
gap vector, and the tangential stress vector.

The tangential friction is governed by Coulomb's friction law as follows:

¢=112l1-u4,, <0 (3.29)

where u is the friction coefficient, ¢<0 corresponds to sticking, and =0 corresponds to slipping.

The contact part of Eg. 3.28 depends on the geometry of the bodies and displacement field u as follow:

G, 81)= [, Ay Zxudrl+ fy. A dudr (3.30)

Ou
Equation 3.28 is valid for all kinematically admissible variations of du. Therefore, the contact contribution

to the equilibrium equation is:

FI(u, )= [, 7y S2dr+ fy. AT % judr (3.31)

The solution procedure based on the augmented Lagrangian approach solved by Newton-Raphson iteration
is described in Fig. 3.5 and Eq. 3.32.

=P LB, A =i 4 E gl (3.32)

n

where P, and t, are fixed estimations of 1, and A.. E, and E; are normal and tangential penalty factors whose
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values are estimated from the properties of contact bodies, g, and g: follow from the global iterative
displacement solution. At contact, gap function, gquO and ,lﬁ,””l:P’f',‘l. The first displacement solution is
obtained using P, =P° which is employed to calculate the gap function g}1. Then the contact normal stress
is updated by P} :P2+E,,gj, . This new contact normal stress is used in the subsequent iteration. Figure 3.5a

shows the iteration procedure. The method is reduced to the penalty method with constant penalty factor E,
when augmentation is not performed. In the tangential direction, the augmentation procedure better
approximates the sticking contact by adjusting the tangential stress, as shown in Fig. 3.5b. The Newton-
Raphson solution procedure provides the contact contributions to the global force vector as given in Eqg.

3.31 and the contributions to the global stiffness matrix as follows.
(3.33)

Evaluation of Eq. 3.32 and 3.33 depends on whether there is sticking or slipping. At the beginning of an
analysis, typically sticking is assumed, but it is possible to check whether it is sticking or slipping after

having the trial solution.

¢trial: ”ltzrial” —/M.ntria[; ¢tria/<025ticking, ¢trial>()lslipping (334)
t, t
PII A !
5 r”!
n i,
PI'.'[ E E
t,’ >
n
g & g
PHO > , > -,LLA.” ......................................
gf'l g” gﬂ
(a) (b)

Figure 3.5 Contact (a) normal and (b) friction stress updating by Augmented Lagrange Procedure
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3.5. Bilinear Coulomb Friction Model

The bilinear Coulomb friction model based on nodal stress is:

For stick:

llo:ll<uo, (3.35)
For slip:

0,=-U0,.t (3.36)

where ot is the tangential frictional stress, on is the normal stress, u is the friction coefficient, and t is the

tangential vector given as below:

v,
= AT (3.37)

where V; is the relative sliding velocity. When nodal force is used, the symbol ¢ is replaced by f. The friction
stress or force is a step function for a load input depending on the relative sliding velocity V; or incremental

tangential displacement Auy, as shown in Fig 3.6a.

A Ocorf AL
B Y !
4— Stick uf, —» \ [&—— §&: Slip threshold
p Vi OrAu h 4 ! > Ay,

I

Slip
@) ®)
Figure 3.6 Coulomb friction model: (a) Step function (b) Bilinear model.

As shown in Fig. 3.6Db, the bilinear assumption of Coulomb friction is considered to avoid the convergence
difficulties that arise from the step function’s discontinuity. It is based on the elastoplastic condition of the

relative tangential displacement. The Coulomb law of friction in terms of slip surface is:

o=l @39)
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For the stick or elastic domain, ¢<0, while ¢>0 is physically impossible. The rate of relative tangential

displacement can be split into elastic and plastic parts as follows:
i, =il +il! (3.39)

The rate of change of friction force vector is related to the elastic tangential displacement by:

J=Dit (3.40)
%o

plo ? (3.4)
0
0

where ¢ is the slip threshold or relative sliding displacement below which sticking is stimulated. The default
value is 0.0025 times of average edge length of the element, and the friction force convergence ratio is 0.05.
Attention is given to the case that, given a tangential displacement vector, the evolution of f;would result
in a physically impossible situation, so ¢>0. It implies that plastic or slip contribution must be determined.

f, = D(iti)) (3.42)
The direction of slip displacement rate is given by the normal to the slip flow potential, v
y=|I7 (3.43)

p_s Oy
=i 2 (3.44)

where the slip displacement rate magnitude is 1. With the slip surface, ¢, different from the slip flow
potential, w is an analogy to non-associative plasticity. Since a 'force point' can never be outside the slip

surface, it is required that:
T
1 (90) »_
¢_(af;) =0 (3.45)

In this way, the magnitude of the slip rate can be determined. To this end, the equations above can be

combined to:
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T
() o (g0 3.46)
3.6. Solution Procedure

Newton-Rapson iterative procedure is used. The convergence is based on relative residual or relative
displacement criteria. As a convergence criterion, the relative force and displacement tolerance is assumed
to be 0.1. The constant load step method is considered. The contact among the bodies is specified using
nonlinear node-to-segment contact. The bilinear Coulomb friction based on nodal force is utilized. The
fraction force tolerance is assumed 0.05, whereases the slip threshold is given automatically choose by the
program. A bias factor of 0.95 is used for contact detection in the case of touch contact. The rubber nodes
separate from the rigid contact surface in an unbonded isolator. This separation is based on nodal stress,
where the rubber node allows separation when contact stress is zero. In the case of dynamic analysis, the
dynamic transient analysis is performed using the Single-Step-Houbolt implicit method. Marc-Mentat used
it as a default method and recommended it for transient dynamic analysis. The Single-Step-Houbolt
parameters, y'= 1.5 and y= -0.5, are used. The large-strain analysis is performed, and the kinematic
deformation is based on the Update Lagrange formulation. Figure 3.7 shows a flowchart of the overall FE

analysis procedure.

| Conceptualization |<— Determine what to

include in the analysis
Modeling

<+—| Pre-processing

Interpretation

Post-processing

Meet
Criterial

Yes

Figure 3.7 The flowchart of overall FE procedure
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3.7. Finite Element Model Verification

3.7.1. STRP Isolator Description

An STRP of 12 mm thickness made from Bridgestone 385/65R22.5 tire has five reinforcement layers

oriented by +70° to carcass steel, as shown in Fig. 3.8.

12.205 St ot e s e e s L gese e e Radial direction
' LK O T T TN I T T D ? LR I I 3. bc% N
2.0 EEE NN NN T oo o o o o o |Strand ;//_: BE‘;'[ |€l}’_8l'(;70
2.0 ¥ orientation)

® & 2 0 8 8 0 0 & @ 1._ - @ L
3.25 Belf layer — EEd
1.5 ‘arcass laver - .

= Carcass laver — > Carcass layer(0° orientation)

a="72~720 mm X
(@) 12-mm single layer STRP (b) Orientation and number of reinforcing layers

Figure 3.8 Reinforcing steel cords in single layer STRP (Bridgestone tire 385/65R22.5)

The experimented STRP isolator is made by stacking four individual STRP layers one above another which
is called STRP-4. The size of the STRP-4 is 100x100x48 mm. The thickness of each rubber thickness and
that of each steel-cord layer are 2.4 mm and 0.4 mm. The equivalent thickness for steel-cord thickness is
assumed for analytical calculation. The primary and secondary shape factor of STRP is 10.4 and 2.08,
respectively. Table 2 shows the properties of reinforcing steel cords of the scrap tire. The hyperelastic
properties of tire rubber are obtained from Bridgestone 385/65R22.5 (Mishra and lgarashi, 2012) using the
Mooney-Rivlin material model. The Prony series viscoelastic shear response parameters are employed in
the constitutive model of the elastomer to express the hysteretic stress-strain relationship observed in the
test. The viscoelastic parameters are derived using a large strain viscoelasticity model described in the
previous section. Elastomer softening is introduced from the discontinuous phenomenological damage
model, which represents the Mullins effect described in the last paragraph. A pair of multiplier and
relaxation time parameters are assumed in each iteration. Then, FE analysis is carried out until the hysteresis
loop from the experiment is matched with the FE analysis. The best-suited material parameters for

Bridgestone 385/65R22.5 parameters are shown in Table 3.
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Table 3.1 Properties of reinforcing cord (Bridgestone 385/65R22.5)

Layer No.of Filament Single Equivalent Yield Spacing E
Layer No Filanlwents dia (mm) cord area Orientation thickness Strength (mm)  (GPa) v
' (mm?) tr(mm)  (MPa)
Carcass 1 5 0.2 0.44 0°
_ 0.40 2800 2.5 200 0.3
Belt 4 14 0.4 0.63 +70°

Table 3.2 Hyperelastic properties of elastomer (Bridgestone 385/65R22.5)

Mooney-Rivlin Constant Shear Modulus (MPa)
Cwo Co1 Cu Gzs Go v
0.40 1.22315 0.18759 1.10 1.31 0.49995

Table 3.3 Viscoelastic and Mullin damage parameters (Bridgestone 385/65R22.5)

Prony Shear Responses Mullin-Damage Parameters
o At & 22 1scalar 1% relaxation 2" scalar 2" relaxation
030 0.2 0.30 0.55 0.01 5.0 0.05 10.0

3.7.2. Finite Element Model

Axial Load
Lateral Load

Layer 1|
Layer 2

Layer 3
Layer 4

Top Plate
Bottom Plate

[ | Bottom

(a) FE model for gquasi-static test (b) FE model for pseudo-dynamic test
Figure 3.9 Finite element models of STRP-4 isolator

Figure 3.9 shows the FE model of the STRP-4 isolator. The bottom and top contact surfaces are modeled
as a rigid body. All degrees of freedom of the bottom surface and rotational degrees of freedom of the top
surface are constrained. Axial force and lateral displacement are applied at the top surface. The contact
between the adjacent layers of STRP is assumed as a glue contact so that any detachment or slip between

the layers of STRP is not allowed. The friction coefficient used for tire-dry asphalt is 0.7, tire-concrete is
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1.0, and rubber-rubber is 1.15 (Glenn, 2006; Walter Forensic Engineering, 2006). The contact surface
between the rubber and rigid surfaces is specified as touch contact with the bilinear Coulomb friction model
with a friction coefficient of 0.80. In touch contact, each rubber node is constrained along the direction
normal to the contact surface, and detaching of the rubber node from the contact surface is allowed. For
accurate simulation of the frictional behavior, the segment-to-segment contact algorithm is used. The so-
called mixed-method based on Herrmann's formulation is used in large strain analysis for elastomer rubber,

and the geometric nonlinearities are incorporated using the updated Lagrangian formulation

3.8. Model Verification

Table 3.4 describes the loading condition used in the experiment and FE analysis. The cyclic displacements
consist of three full-reverse cycles for each magnitude of lateral displacements. Before application of lateral
load, the isolator is compressed by 5.0 MPa pressure. The ground motion used for the dynamic loading test

is the north-south component of the Imperial Valley 1940 earthquake.

Table 3.4 Loading conditions in Quasi-static and dynamic loading tests.

Test name Loading conditions

) Step I: Loading to 13.7 MPa then unloading to zero
Compression

Step Il: Loading 20.0 MPa % (4.0 MPa of three fully reverse cycles) then unloading

] Vertical compression 5.0 MPa

Cyclic Shear i i i
Shear displacement in terms of rubber thickness  37.5%, 75%, 112.5% and 150%
Rigid mass 1107.4 kg

Pseudo- i i

) Input ground motion N-S component of Imperial valley 1940

dynamic

PGA ax=0.313g

3.8.1. Verification for Vertical Stiffness

The experimental procedure to determined the vertical stiffness of STRP-4 was described by Mishra (2012).
The same conditions are used in the FE simulation. The specimen was loaded up to an equal pressure of
13.7 MPa and unloaded at the initial stage. Then the compressive load was increased to 20 MPa axial
pressure on the STRP-4. Starting from 20 MPa, three fully reverse cycles with 4.0 MPa amplitude were

used, and then unloading is performed. The vertical stiffness is defined by the slope of the force-
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displacement curve within the cyclic loading part, which is obtained by the least-square curve fitting. Figure
3.10 shows the vertical force-displacement relation for FE simulation and tested specimen, where figure
3.10b is taken from Mishra (2012). The displacement in the tested specimen is substantially high due to the
curvature of the STRP pad. Hence, the vertical stiffness found from the experiment, 56.41 kN/mm, is about
29% lower than the FE analysis result, 79.725 kKN/mm. Vertical stiffness of STRP specimen can be
improved by surface smoothing and using precompression using the bonding process.
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Figure 3.10 Experimental and FE simulation of the vertical load-displacement relationship

3.8.2. Verification for Cyclic Loading

Table 4 shows the comparison of stiffness values of STRP-4 isolator at four displacement levels, obtained
by the past cyclic loading test (Mishra et al., 13a) and FE analysis. A good agreement can be seen among
these stiffness values. The hysteresis curve obtained from FE analysis compared with the test result is shown
in Fig. 3.11. It is shown that the accuracy of the FE model is acceptable. In particular, the average value of
the effective stiffness for STRP-4, defined by the slope of the hysteresis curve and estimated by least-square

fitting, is about 124.5 kN/m in both cases. The effective damping obtained by FE analysis is 16.9% higher
than the experimental value.

Table 3.5 Horizontal stiffness and damping: Experimental and FEA

Shear strain Horizontal Stiffness, Ky (kN/m) Effective damping (%)
(%) Experiment FEA Experiment/FEA Experiment  FEA  Experiment/FEA
375 262 258 1.02 13.2 15.3 0.86
75 206 190 1.08 12.2 16.5 0.74
1125 163 163 1.00 14.2 15.8 0.90

150 133 137 0.97 15.0 16.4 0.91
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Figure 3.11 Comparison of hysteresis loop found from FE analysis and experiment.

3.8.3. Verification for Dynamic Loadings

Figure 3.12 shows the test condition used for the STRP-4 isolator (Mishra et al., 2014). A rigid mass is
applied to the tested specimen through the upper loading block. The experimental loading system consists
of one, three, and five actuators in x, y, and z directions. Three actuators have pin connections between the
reaction frame and rigid loading block and provide reaction forces Fy, Fy, and F, or displacements uy, uy,
and u,. Four actuators are used to restraint the rotation about the x and y-axis and the remaining two
constraint rotations about the z-axis. The isolator is placed between two steel plates, as shown in Fig. 3.12b,
without bonding between the plate and the specimen. The actuator F, controls the vertical compression on
STRP, and actuator Fx controls the horizontal displacement or lateral load. F, restrained the out-of-plane
movement. Figure 3.9b shows the FE model presenting the dynamic test conditions. The rigid bottom plane
is allowed to move in the direction of ground acceleration only. The rigid top plane carries structural mass
and allows it to move freely.

(a) Schematic view of loading system (b) Pseudo-dynamic test of STRP isolator

Figure 3.12 Pseudo-dynamic test conditions (Mishra et al., 2014)
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Figure 3.13 compares restoring force-time history and hysteresis loop of STRP-obtained from pseudo-
dynamic test and FE analysis result obtained by transient dynamic analysis. The FE analysis result matched
well with the experimental test result. Besides, the restoring force peaks and the lateral displacement found
from the FE analysis are very close to the experimental result. Figure 3.14 shows that the FE model is
efficient in triggering the rollover deformation found from the experiment. Therefore, based on these

comparative studies, it is concluded that the FE model of the STRP-4 isolator is acceptable and correctly
represents the practical model.

—Pseudo-dynamic test
----- FE analysis

a
o
T
(o))
o

—Pseudo-dynamic testf:
----- FE analysis

Restoring force (kN)
o

Restoring force (kN)
o

-50 1 1 1 1 1 1 1 -50 ‘/:‘
0 5 10 15 20 25 30 35 40 -100  -50 0 50 100
Time (s) Bearing dispalcement (mm)
(a) Restoring force time history (b) Hysteresis curve

Figure 3.13 Restoring force-time history and hysteresis loop between FE analysis and experiment

(a) Pseudo-dynamic test (b) FE analysis
Figure 3.14 Deformation of STRP-4 isolator at 100% shear strain

3.9. Conclusion

The finite element modeling and model verification for unbonded STRP isolators using the Marc-Mentat
Software are presented. The FE model considered the viscoelastic and hyperelastic properties of elastomer,
including the Mullins effect. The FE model is verified with the static and dynamic loading test results. It is
found that the simulation results are matched well with the test results. Therefore, it implies that the
developed model is acceptable for further simulation of the STRP isolator.
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Chapter 4

Lateral and Vertical Performance of STRP and An
Analytical Model for Horizontal Force-Displacement

This chapter focused on the finite element analysis and analytical modeling for vertical and horizontal
stiffness of the STRP isolator. Analytical models are evaluated with FE analysis results and experimental
results. Based on the FE analysis result, the lateral response and the displacement capacity of square-shaped
isolator for different height and strip-shaped isolator with different length-to-width ratios are investigated
using Equivalent Lateral Force (ELF) method specified in ASCE SEI 7-10 code.

4.1 Introduction

Automobile tires are made by vulcanization of natural or synthetic rubber material with embedded
reinforcing steel cords. The steel cords are placed in the form of layers and orientated in some specific
directions. Some researchers have focused on this particular feature of tire material and explored the
possibility of the application of the scrap automobile tire material for seismic isolation of structures, and it
has been suggested that the scrap tire is regarded as economical and environmentally friendly for the
isolation of low to medium-rise buildings (Turer and Ozden, 2007; Spizzuoco et al., 2014; Calabrese et al.,
2015). The scrap tire rubber pad (STRP) has an equivalent damping ratio of approximately 10~22% and a
vertical to horizontal stiffness ratio exceeding 150 (Mishra, 2012; Mishra et al., 2013a; Mishra and lgarashi,
2013b). Those properties of STRP satisfy the requirement as a suitable isolation material (Kelly, 1997;
Eurocode 8, 2004). For structures made of masonry or concrete walls, the strip shape isolator is expected
to be a cost-effective component of seismic isolation application since a strong base foundation layer is not
required (Kelly, 1997; 2002; Tsai and Kelly, 2002) as opposed to the application of SREI. They derived an
expression for the compression modulus of strip-shaped FREIs reinforced with flexible carbon fiber and
experimented for the same. Their theoretical analyses and the test results confirm that it is possible to
produce a fiber-reinforced strip isolator that matches the behavior of a steel-reinforced isolator. Although
a strip shape isolator is more suitable to those types of structures, the previous studies on STRP isolators

are limited to the types of slender shapes with an aspect ratio of 2.08, and such devices are considered to
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be unstable even at low levels of lateral strain (Van Engelen et al., 2015). The force-displacement relation
of STRP bearings (Mishra and Igarashi, 2013b; Igarashi et al., 2013) and the seismic response of a
hypothetical building isolated with STRP bearings have been investigated through a pseudo-dynamic test
(Mishra et al., 2014). Since the twisted reinforcing cords in STRP provide low flexural rigidity, STRP
exhibits a unique rollover deformation such that the bearing surfaces initially remain in contact with
supports and are separated from the support faces under lateral load (Mishra and lgarashi, 2013b). Such
deformation causes a reduction followed by accretion in the lateral stiffness (Toopchi-Nezhad et al., 2008a;
Osgooei et al., 2014).

In the present study, square and strip-shaped STRP isolators satisfying the geometric criteria for stability
defined by ASSHTO-LRFD design guidelines are investigated by 3D finite element analysis to assess the
vertical and lateral performance and the seismic capacity in the orthogonal directions and for different
heights of STRP isolator. A modified analytical approach is proposed for the load-displacement relationship
under lateral force. The vertical and lateral responses are evaluated using an analytical approach and FE
analysis. A unidirectional cyclic lateral load is considered, and strip-shaped isolators are analyzed for
loading in longitudinal and transverse directions. The lateral load performance of STRP isolators is
evaluated by load-displacement characteristics, lateral stiffness, and effective damping ratio. The maximum
bearing displacement of the STRP isolators induced by the design earthquakes is assessed using the method
prescribed in AASHTO-LRFD design guidelines to verify the feasibility of the STRP isolator application.

4.2 Scrap Tire Rubber Pad Isolators

The geometric properties of square and strip-shaped STRP isolators considered for the present study are
shown in Table 4.1. In the case of the strip-isolator, each bearing consists of two layers of STRP with a
height of 24 mm and a width of 72 mm. The length of the strip-isolators is varied so that the shape factor is
changed in the range between 7.5 and 13.6 and the length-to-width ratio between 1 and 10. The dimensions
of strip bearings are maintained so that the aspect ratio in the longitudinal direction is that in the short
direction multiplied with the length-to-width ratio. The aspect ratio in the longitudinal direction is changed
from 3.0 to 30. As for square bearings, the aspect ratio is 3.0. The thickness and the shape factor of these
isolators are varied from 12 mm to 72 mm and from 3.75 to 22.5, respectively. The equivalent thickness of
the elastomer layers and that of the reinforcement layers are assumed to be 2.4 mm and 0.4 mm,
respectively. An aspect ratio exceeding 2.50 (Toopchi-Nezhad et al., 2008b; 2009a; Van Engelen et al.,

2015) is assumed for each specimen to meet the stability criteria. Notation of isolator shown in Table 4.1
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in the form of ‘STRP-X/Y" is used to designate the type of STRP isolator model, indicating the number of
layers by X and the length-to-width ratio by Y. Loading test of the isolator denoted by STRP-4/1 was carried

out. The test results are used for material modeling and model verification.

Table 4.1 Geometric properties of STRP isolator models

. . Rubber Equivalent  Shape Aspect
Dimensions

Group Designation Ilw  thickness thickness factor ratio
Ixwxh (mm) -
tr (mm) te (mm) S Rx Ry
Experiment STRP-4/1 100x 00x48 1 40 2.4 104 21 21
STRP-2/1 72x72%24 1 20 7.5 3 3
Group-I: STRP-2/2 144x72%24 2 20 10 6 3
Strip shape STRP-2/4 288x72x 24 4 20 24 12 12 3
STRP-2/10 720%72%24 10 20 13.6 30 3
STRP-1/1 36%36%12 1 10 3.75
STRP-2/1 72x72%24 1 20 7.5
Group-Il: STRP-3/1 108x108x%36 1 30 ”4 11.3 3 3
Square STRP-4/1 144x144x48 1 40 15
shape STRP-5/1 180x180x60 1 50 18.8
STRP-6/1 216x%216x72 1 60 22.5

4.3 Analytical Approach for Vertical Stiffness

The vertical stiffness of a bonded elastomeric bearing under pure compression is determined using the

following equation.

E.A
i

k,= (4.1)

where E. is the compression modulus and ky indicates the vertical stiffness at pure compression. A is the
plan area of the isolator, and t; is the total rubber thickness. Kelly and Calabrese (2012) derived an
expression for compression modulus based on the pressure solution (PS) approach. For a strip-shaped fiber-
reinforced elastomeric bearing, it can be expressed as

E~KX (1-%) (4.2)
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where parameter 3, y, and p can be defined as follow.

_ 12G1,8
V= (4.3)
_12GS? (4.4)
pP=—% :
B =rtp (4.5)

In these equations, G and t. is the shear modulus and thickness of each layer of elastomer, S is the first
shape factor, K is the bulk modulus of the elastomer, and Ey, t; and or are the young modulus, equivalent
thickness and passion ratio of the steel cord, respectively. Using the assumption that all elastomer layers
have the same compression modulus (neglecting the effect of boundary conditions) and equivalent thickness
of steel-cords, the vertical stiffness of an isolator with n layers of elastomer can be calculated by

p et (4.6)

Voot

Tsai (2004) derived the effective compression modulus of the i elastomer layer Ec(i) in an FREI bonded to
rigid endplates using the Pressure Approach (PA) method. The compression modulus calculated by the

pressure approach is:

. 2 g2 , 2_ay? hBs.b
E(l) 2t {1_ L [(531 o ) tanhp,;b n By g ) tanhp;; ]} 4.7
4 ILt i+2’u 3i2'ﬁ2l‘2 ﬂzl'b 2i2'ﬁ3l‘2 ﬁ:;ib ( )

where x and A are Lamé’s constants and

ﬂziz = % [0‘02 o) +0‘31'2-\/ (ag>+ay? +a3i2)2-40‘02(12i2] (4.8)
ﬁ3i2 = % [0‘02 +0‘2i2 +0‘3i2 +J (ag?+o? +a3,-2)2—4a02a2,-2] (4.9)
= tl \/?Z, (4.10)
o= | f(;f / (4.11)
oy 2= i i) (4.12)
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o5 = % (4.13)
4109 (419
A=3K — (4.15)
K 19
@

In these equations, v is the Poisson’s ratio for elastomer, and n is the number of elastomer layers. The total
vertical stiffness of the isolator can be calculated using the following equation.

A

k, (4.18)

:zz;;@
4.3.1 Vertical Stiffness of STRP Isolators

Mishra (2012) described the experimental procedure to determine the vertical stiffness employed in the FE
analysis. First, the isolator is loaded by vertical displacement equal to 10% of the original height of the
isolator. Then three fully reverse cycles with +20% of the previous displacement were imposed. The vertical
stiffness is calculated from the slope of the force-displacement curve within the cyclic loading part. Both
square-shaped and strip-shaped isolators were taken into consideration. The shear modulus at 25% strain is
estimated to be 1.1 MPa from the experimental test under 5.0 MPa compression. The bulk modulus K is
950 MPa, calculated using Eq. 4.17, and Poisson’s ratio is 0.4998. The elastic modulus of steel-cord and

Poisson’s ratio is 200 GPa and 0.20, respectively.

Figure 4.1 shows the vertical force-displacement relationship at pure compression in different strip-shape.
Figure 4.2 shows the same for square-shaped STRP isolators have an aspect ratio of 3.0 and for a different
number of stacks. The equation of the slope of the force-displacement curve under the cyclic loading part
is shown in each figure and is determined using the least square method. Table 4.2 and Table 4.3 show the
comparison of vertical stiffness found from two closed-form solutions with the FE analysis result in the
strip-shaped and square-shaped isolator. It shows that the pressure solution highly underestimating the
vertical stiffness, which is high for a high value of the length-to-width ratio. The prediction of the pressure

approach is somewhat overestimating and acceptable. The normalized value of vertical stiffness (K./A) is
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large for a high length-to-width ratio of the isolator, although the vertical pressure is the same. This is due

to the more significant influence of free ends in an isolator with a high length-to-width ratio.

Figure 4.3 shows the effect of the length-to-width ratio and number of stacks on the compression modulus
(Ec=kyt/A). For a length-to-width ratio below 4.0, the compression modulus is changed abruptly, beyond
which the influence of the length-to-width ratio decreases with an increase of length-to-width ratio.

Similarly, for a fixed aspect ratio, the compression modulus increases with a rise in the number of stacks.
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Figure 4.1 Vertical force-displacement curves for STRP isolators
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Figure 4.2 Vertical force-displacement curves for different stack number and aspect ratio of 3.0 of STRP
isolator: (a) 3-stacks, (b) 4-stacks, (c) 5-stacks and (6) 6-stacks

Table 4.2 Vertical Stiffness for strip-shaped isolator (kv) kN/mm

Isolator FEA PS Difference(%) PA Difference (%)
STRP-4/1 68.6 60.9 -11.2 73.7 +6.7
STRP-2/1 47.7 41.0 -15.1 51 +7.4
STRP-2/2 196.8 121 -38.4 212 +7.6
STRP-2/4 523.7 301.5 -42.4 597 +12.4
STRP-2/10 1572.1 861.7 -45.2 1767 +12.4
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Table 4.3 Vertical Stiffness for square-shaped isolator (k) kKN/mm

Isolator FEA PS Difference(%) PA Difference (%)
STRP-3/1 136.7 103.9 -24.0 124.1 -9.2
STRP-4/1 242.0 185.7 -23.3 212.4 -12.2
STRP-5/1 354.4 276.2 -22.1 306.3 -13.6
STRP-6/1 466.1 370.7 -20.5 402.5 -13.6

700 700

| "]
500 s 500 il
=

< / < /
= =

300 // 300 //

100 100
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Figure 4.3 Vertical stiffness for different length-to-width ratios and heights for a fixed aspect ratio.

4.4 Horizontal Stiffness

The horizontal stiffness of a bonded type bearing is given by the following equation (Kelly, 1997):

K=< (4.19)

iy

in which G is the shear modulus, and A is the plan area of the isolator. The shear modulus is found to
decrease as the lateral strain increases (Ashkezari et al., 2008; Strauss et al., 2014; Das et al., 2014), and in
the case of unbonded type bearing, a significant reduction of the shear modulus occurs within the
intermediate strain levels (Strauss et al., 2014) followed by a rise after the full rollover. In order to express
such strain dependence of the shear modulus, the effective modulus, GZ;}was proposed by Gerharer (Gerharer

etal., 2011; Ngo et al., 2017) as given by
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( 2
G|(1- L] 1-4 for O<u<t,
pcrit,(){ (g)z} ( a)
o ’ (4.20)
S\ O for ,<u<1.5¢,
pcrit,(){l'(%)z}] ( a) or u

Garharer assumed shear modulus is constant between 100% and 150% shear deformation. For deformation
exceeding 150%, no prediction for shear modulus is available. However, some studies show that the
horizontal stiffness of the unbonded isolator increases due to rollover deformation. Besides, deformation
beyond the full rollover causes the rubber molecules more interactive and come close together. Therefore,
it is assumed that the shear modulus is going to be restored beyond the rollover deformation. Hence, it is
proposed that for displacement exceeding 150% shear, elastomer modulus increases according to the
following equation.

- 2
G\1- L)z}] (1-5) for O<u<i,

- 2
GZ;;‘:< Gl1- m] (1_;—’) for t.<u<1.5¢, (4.21)

G(1-

2
= )2}] (I-Z'Str + g) for 1.5¢,<u<2.5¢,

2.5t-u a
. pcrit,(){l_( ar

where p is vertical pressure on the isolator, u is lateral displacement, a is the isolator dimension parallel to
the lateral load, and t; is the total rubber thickness. Pgito is called the critical load capacity of the bearing at

zero lateral strain and is given by the following expressions:

_Peri _ V27GASr _ @
P crit,0 42 ! P crit t, ’ r 243 (422)

where r is the radius of gyration and S is the shape factor (Kelly, 2003). Although the shear modulus is
assumed to be constant for a nominal shear strain of rubber between 100% and 150% in the previous studies
by Gerharer and Ngo, the shear modulus has been shown to reduce, and some literature identified nonlinear

reduction (Mishra et al., 2014; Strauss et al., 2014; Tsai and Hsueh, 2001) and is observed to increase for



Chapter 4 69
- 1]

Lateral and Vertical Performance of STRP and An Analytical Model for Horizontal Force-Displacement

shear strain exceeding 150% (Strauss et al., 2014; Russo et al., 2013). In the unbonded application, both
friction force and friction area change as the lateral deformation increases, as shown in Fig. 4.4. These

effects are expressed by the following expression (Toopachi-Nezhad, 2014):

25
A =b(a-d) where d=g vh (4.23)

4 a CU=s#
a-s d—|

Figure 4.4 Lateral deformation of unbonded STRP isolator

in which Aeris the effective bearing area that remains in contact with supports, d is the projected length of
the rollover region, h is the height of the isolator, as described in Fig. 4.4. The geometric parameter y is
defined by

u=s=2 1 [2y /1+4y2+ln <2y+ /1+4y2>] (4.24)

Although the axial load affects the displacement corresponding to the initiation of the bearing’s separation
from the support faces (Russo et al., 2013; Pauletta et al., 2015), this effect is ignored in the study of Topchi-
Nezhad. Moreover, the deformed shape of the stress-free side rubber surfaces tends to change from a
parabolic one to a flat plane normal to the layer when the bearing displacement exceeds the rollover
displacement, resulting in a reduction of shear strain and apparent stiffening of the bearing. In the current
study, both rollover deformation and the effect of axial load are considered through a modified effective

area, Aerim given by

2
Ag=bla-(d-dg)} ~ where dy=H /1- (1Eﬂ) (4.25)

and d used in Eq. (4.25) is replaced with d-(u-1.67t,) for displacement such that u> 1.67t,. Therefore, the

restoring force and lateral stiffness of an unbonded STRP isolator is given by
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F,= Gcfffjlcfffm u (4.26)

K= (4.27)

4.4.1 Restoring Force and Horizontal Stiffness of STRP Isolators

Figures 4.5 and 4.6 show the comparison of restoring force obtained from analytical solution and FE
simulation results for strip and square shape isolators, respectively. Both constant and user-modified shear
modulus for shear strain exceeding 150% is considered. In the case of a square-shaped isolator, as shown
in Figs. 4.5a and 4.6, the analytical solutions matched well until 167% shear strain. For displacement

exceeding 167% shear, the analytical solutions underestimating the restoring force. A modification in shear
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Figure 4.5 Force-displacement relationship of strip-shaped isolator: comparison between FE analysis and

analytical model.
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modulus, as proposed in Eq. 4.21 for displacement exceeding 150% shear, shows a better approximation of
the restoring force. In the case of the strip-shaped isolator, the underestimation of restoring force increases
with an increase of length-to-width ratio because the isolator becomes self-restraint. In addition, restoring

force for constant and modified shear modulus are comparable for a high length-to-width ratio of the
isolator.
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Figure 4.6 Force-displacement relationship of square-shaped isolator: comparison between FE analysis

and analytical model.

In order to check the validity of the proposed method to STRP isolators, lateral stiffness estimated by the
modified method (with constant G) is compared with the data obtained in different experimental studies by
Toopchi-Nezhad (2008a), Al-Anany (2017), and Mishra (2013a). Comparison of lateral stiffness shown in
Fig. 4.7, in which notation “EX,” “EM,” and “MM” indicate experiment, the existing method, and the
modified method, respectively. In a lower shear strain range of less than 150%, stiffness found from the

existing solution is comparable with the experimental result, and the modified solution provided a slightly
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higher value than the existing method because of the compression effect. However, for displacements
exceeding 150%, the existing method significantly underestimates the stiffness obtained by the
experimental results. The reason is that bearing rollover deformation is ignored in the existing method when
deformation exceeds the limit shear strain of 167% at which the vertical rubber surfaces of the isolator
touch the support faces (Toopchi-Nezhad, 2014; Konstantinidis and Kelly, 2014). Figures 4.7a and 4.7b
show that the modified method provides a considerably close prediction of the experimental result at all

displacement ranges.
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Figure 4.7 Comparison lateral stiffness estimated by the proposed method, existing analytical approach

with experimental studies.

4.5 Lateral Load Performance of STRP Isolator

4.5.1 Load-Displacement Relationships

Figures 4.8 and 4.9 show the normalized force-displacement curves of the STRP-2/1, 2/2, 2/4, and 2/10
strip-shaped isolators. The hysteresis curves indicate that each isolator subjected to a compressive load of
5.0 MPa exhibits a stable rollover behavior and displays no slippage within the lateral displacement

corresponding to 250% shear strain. Therefore, the minimum aspect ratio of 3.0 recommended in
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AASHTO-LRFD method A (AASHOT-LRFD, 2014) for bonded type isolators can also be used for the
unbonded case as a stability requirement at 5.0 MPa compression. According to Figs. 4.8 and 4.9, a large
value of length-to-width ratio induces the onset of hardening at a lower strain level and subsequent rapid
increase of the restoring force, which is highly noticeable in the longitudinal direction. For example, the
hardening in STRP-2/2, 2/4, and 2/10 initiates from a displacement exceeding 100% shear strain in the
longitudinal direction, as shown in Figs. 4.8b to 4.8d, whereas the hardening in the transverse direction
starts from a 150% shear strain, which is shown in Figure 4.9. In both directions, STRP-2/1 shows hardening
initiates from 150% shear strain. Comparing these hysteresis curves, the contribution of the rollover in the
restoring force is increased for bearing with a low aspect ratio as STRP-2/1 in Fig. 4.8a. In contrast, the

contribution becomes negligible for aspect ratios greater than 5.0 as STRP-2/10 in Fig. 4.8d.
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Figure 4.8 Hysteresis curve for longitudinal loading
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Figure 4.9 Hysteresis curve for transverse loading

Figure 4.10a shows the computed deformed shapes of the STRP-2/1 isolator at different levels of
longitudinal displacements. The top and bottom surfaces of the isolator roll-off from the contact surfaces,
resulting in a reduction of the shear area on the contact surface. The shear area reduction continues until

the vertical side surfaces of the bearing come in touch with the contact surface, as shown in Fig. 4.10b. This
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result conforms with the deformed shape of the STRP isolator models observed during loading tests (Mishra
and lgarashi, 2103b).
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The normalized force-displacement curves of square-shaped isolators for different numbers of stacked
STRPs are shown in Fig. 4.11. Each bearing has an aspect ratio equal to 3.0 and is subjected to shear loading
up to 250% shear strain under an axial compression of 5.0 MPa. These figures indicate that each bearing
displays a positive increment of lateral force and no slippage up to 250% shear strain. It implies that the
number of stacks does not affect the lateral stability if the aspect ratio is maintained to 3.0. Therefore, an
aspect ratio of 3.0 is suitable against instability without regarding the height of an un-bonded STRP isolator.
The normalized value of the maximum restoring force of stacked STRPs at 250% shear strain is almost
unaffected by the number of STRP stacks. The area of the hysteresis loop for any number of STRP stacks
exceeding 3.0 is nearly the same.

6.2 Horizontal Stiffness and Effective Damping Ratio

The values of stiffness and damping ratio of the strip-STRP isolators obtained from FE analysis are shown in
Tables 4.4 and 4.5. Figure 4.12 shows the plots of normalized lateral stiffness and the longitudinal-to-transverse
stiffness ratio at different levels of lateral strains and length-to-width ratios. The dashed line indicates the
stiffness obtained from the modified stiffness solution (with constant G), while the solid line indicates the
stiffness found from the FE analysis result. The stiffness of square-shaped STRP-2/1 obtained by the modified
method shows good agreement with the FE analysis result for displacements up to 150% shear strain. However,
the FE analysis result for displacement exceeding 150% shear strain is higher than the values obtained by the
modified method. For the other isolators, the transverse stiffness is comparable with that from the modified
method for displacements up to 100% shear strain, and the modified method provides good estimates of the
longitudinal stiffness only for a displacement of 25% shear strain. In summary, the modified method results in

higher stiffness in the intermediate displacement range and lower stiffness in the higher displacement range. The

Table 4.4 Horizontal stiffness and damping of STRP-2 isolator under longitudinal loading.

Normalized STRP-2/1 STRP-2/2 STRP-2/4 STRP-2/10

displacement Kn Damping Kn Damping Kn Damping Kn Damping
(ufty) (KN/m) B (%) (KN/m) (%) (kN/m)  p(%) (kN/m) S (%)
0.25t, 339.2 14.31 658.6 12.04 1296.4 11.76  3229.3 11.7
0.5t 269.3 16.63 528.6 14.59 1071.4 13.69 2699.3 13.5
1.0t 221.1 15.45 461.8 12.91 970.0 1193  2500.7 11.6
1.5t 198.0 14.66 477.3 11.04 1045.4 9.95 2720.8 9.6
2.0ty 201.7 13.39 549.6 9.50 1211.6 8.74 3182.5 8.4

2.5t 267.3 11.00 657.6 8.85 1404.0 8.40 3670.7 8.2
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probable reasons for this discrepancy are the following two factors: the effect of the length-to-width ratio as
described in Fig. 4.5 and distinctive rollover peculiar to the STRP isolator, as shown in Fig. 4.10. The STRP
isolator displays a progressive rollover deformation leading to touching of the vertical side face on the support
face at a displacement of 90% shear strain. The touching area keeps growing until a 250% shear strain
displacement, as shown in Fig. 4.10b, instead of 167% shear strain generally observed for FREI (Konstantinidis
and Kelly, 2014). The feature of STRP isolators regarding this progressive contact makes the device more

restrained and stable. This property becomes more visible with the increase of the length-to-width ratio.

Table 4.5 Horizontal stiffness and damping of STRP-2 isolator under transverse loading.

Normalized STRP-2/1 STRP-2/2 STRP-2/4 STRP-2/10
displacement Kn Damping Kn Damping Kn Damping Kh Damping
(ufty) (KN/m) B (%) (KN/m) p(%) (kKN/m)  p(%) (kKN/m) g (%)
0.25t; 350.9 12.95 630.1 12.44 1203.0 10.97 2928.3 12.3
0.5t 274.2 16.10 493.5 15.11 949.5 14.63 2345.0 14.4
1.0t; 2221 15.09 406.1 14.13 794.5 13.48 1970.8 13.2
1.5t 205.9 13.85 386.7 12.74 759.6 12.26 1867.4 12.1
2.0ty 268.0 10.66 490.4 9.89 9415 9.76 2371.5 9.5
2.5t 314.2 10.77 586.2 9.88 1101.3 10.08 2755.8 9.8
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Figure 4.12 Relationship between horizontal stiffness and lateral displacement

Figure 4.12 shows that as the length-to-width ratio increases, the longitudinal stiffness increases, whereas the
transverse stiffness shows a minor decrease. For example, comparing STRP-2/1 and STRP-2/10, longitudinal
stiffness increased by 37.4%, 57.8% and 37.5% at displacement of 150%, 200% and 250% shear
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strain, respectively. On the other hand, the transverse stiffness decreased by 12% on average at each level of
lateral displacement. Therefore, a high value of length-to-width ratio reduces the efficiency of isolation of a strip
size isolator in the longitudinal direction. Figure 4.9c shows the relationship of the longitudinal-to-transverse
stiffness ratio and the lateral displacement. As the length-to-width ratio increases, stiffness in the longitudinal
direction increases by 1.15~1.40 times.
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Figure 4.13 Effective damping vs. lateral displacement obtained by FE analysis.

Figure 4.13 shows the effective damping ratios obtained from the FE analysis results. This result indicates that
the minimum effective damping ratio of the strip STRP isolator is approximately 8% for the longitudinal
direction and 10% for the transverse direction. The effective damping ratio tends to be lower for a high value of
the length-to-width ratio. The length-to-width ratio as high as 10 causes an average damping reduction of about
26.5% and 10.3% at each level of lateral displacement in the longitudinal and transverse directions, respectively.
For displacement at 250% shear strain, the effective damping ratio decreased by 38% and 33% for the
longitudinal and transverse directions, respectively. The damping of the strip bearing is higher in the transverse
direction than in the longitudinal direction, as given in Fig. 4.13c. The specified minimum damping in the design
recommendation should be selected considering these properties of the STRP isolator.

Table 4.6 shows the stiffness and damping values of the square-shaped bearing with a different number of stacks
of STRP. The number of stacks increases from 1 to 6, and each stack is 12 mm thick. The aspect ratio is assumed
to equal 3.0 for all isolators. Each isolator is compressed by 5.0 MPa pressure first and then subjected to shear
loading up to 250% shear strain in the carcass direction. Figure 4.14 shows the normalized stiffness and damping
ratio for different numbers of stacks. Although the normalized stiffness decreases with the number of stack
increases, the variation of the values is within £10% of the average value. Therefore, horizontal stiffness
increases approximately in proportion with the number of stacks, provided that the aspect ratio is maintained to
3.0. The damping ratio decrease by 10~20% as the number of stacks increases from 2 to 6, and the minimum
damping is 10% for the 6-stacked STRP isolator.
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Table 4.6 Horizontal stiffness and damping of square STRP isolator for loading in the carcass direction.
STRP-1/1 STRP-2/1 STRP-3/1 STRP-4/1 STRP-5/1 STRP-6/1

Normalized

) 1-stack 2-stacks 3-stacks 4-stacks 5-stacks 6-stacks

displacemen i i i i i i
L) Kn Damping Kn Damping Kn Damping Kn Damping K, Damping K, Damping
u/ty

(KN/m) f (%) (KN/m) (%) (kN/m) B(%) (kN/m) B (%) (kN/m) B (%) (KN/m) B (%)
0.25t, 2139 148 350.9 1295 4586 134 5851 123 7124 109 8325 10.96
0.5t, 168.1 194 2742 16.10 3546 153 4837 148 551.8 14.8 654.3 1454
1.0t 136.2 19.1 2221 15.09 2935 146 381.2 142 4514 141 550.1 1344
1.5t 136.6 16.9 2059 1385 2714 139 3620 129 429.0 13.1 5059 1281
2.0ty 1469 148 268.0 10.66 304.2 120 4421 10.3 5570 9.9 721.8 10.91
2.5t 140.2 128 314.2 10.77 4029 10.2 569.0 94 707.7 94 8539 9.72
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Figure 4.14 Normalized stiffness and damping ratio for different number of stacks of STRP

4.6 Maximum Displacement and Period of STRP Isolator

In this section, the seismic capacity of the strip-STRP isolators is assessed to check the feasibility of the STRP
isolators under an example of building design conditions that can be encountered in application practice. The
equivalent lateral force (ELF) procedure is considered for the seismic design of low-rise buildings with a regular
plan. ELF method is advantageous in the analysis of low-rise buildings is due to the fact that the displacement
in the first mode is mainly concentrated at the isolator. The assessment is carried out for two levels of design
earthquakes: DBE and MCE. The maximum design lateral displacement (Dp) and the effective period (Tp) of an
STRP isolator are determined by
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_gSm T _ ’ /4
DD = #BDD and TD = 271,' [ (428)

where g is the gravitational acceleration (mm/s?), Tp is the isolation period (s), W is the effective seismic weight
(5.0 MPa), knmin is the minimum effective stiffness (kN/mm), Bp is the damping coefficient, and Sp; is 5%

damped DBE spectral acceleration at a period of 1s and is given by

SM]_ =K Sl and SDl =2/3 SMl (429)

in which S is risk-targeted MCE spectral acceleration for a period of 1s, and Fy is the site class coefficient
obtained from ASCE/SEI 7-10. For the MCE level, displacement, Dy, and period, Tw is obtained by substituting
the suffix D by M in Eqg. (4.28). Both the displacement and the period are satisfying Eq. (4.28) can be found
through an iterative procedure (Toopchi-Nezhad et al., 2008a) shown in Fig. 4.15.
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Figure 4.15 Flowchart for seismic capacity calculation
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4.6.1 Performance of Strip-STRP isolator

The isolation period and displacement capacity at DBE and MCE spectral accelerations are estimated based on
the stiffness and damping listed in Tables 4.4 and 4.5 of the 1/4" scale prototype models (Group-I). The
displacement, period, and stiffness of the full-scale model are four, two, and four times, respectively, of the 1/4"
scale model, following the similitude law (Kim et al., 2009). Therefore, the plan areas of the full-scale models
are determined to be 288x288 mm, 576x288 mm, 1152x288 mm, and 2880x288 mm, and the height is 96 mm.
Each isolator carries a seismic weight that produces a pressure equal to 5.0 MPa. It is assumed that allowable
shear strains at DBE and MCE levels should be within 100%~150% and 200%~250%, respectively. The
minimum effective damping ratio and the corresponding damping coefficient, Bp and By for the DBE and MCE
levels displacement, chosen to be 100% and 250% shear strain, are listed in Tables 4.7, 4.8, and 4.9. Each
iteration begins with an initial stiffness, Knmin taken at 100% shear strain. The seismic performance describes
here is applicable only for lateral load acting along with one of the principal axes of the isolator. The assessment
procedure is carried out for the following three cases with different levels of seismicity:

e Case 1: Ground condition: class C site, $1=0.40, Sp1=0.373g, and Sm1=0.569
e Case 2: Ground condition: class D site, S1=0.40, Sp1=0.43g, and Sm1=0.64¢
e Case 3: Ground condition: class D site, S1=0.50, Sp1=0.5g, and Sm1=0.75¢

The assessment results for Cases 1, 2, and 3 are summarized in Tables 4.7, 4.8, and 4.9, respectively. The
isolation periods at DBE and MCE levels (Tp = 1.23~1.45s and Tm = 1.11~1.40s) for each level of seismicity are

Table 4.7 Performance for case-1 (Class C site, S1=0.40)

Damping  Damping Spectral Isolation Max. Shear
1/4" scale  Full-scale model o ) ] )
S Coefficient  Acceleration  Periods (s) strain

DBE MCE Bo Bm Sou Sw1 DBE MCE DBE MCE

model dimension (mm)

Longitudinal direction

STRP-2/1 STRP-8/1: 288x288%96 142 140 131 209

STRP-2/2 STRP-8/2: 576x288%96 1.33 1.25 1.23 1.88
12% 9% 1.26 1.16 0.373g 0.56g

STRP-2/4 STRP-8/4:1152%x288x96 1.29 1.21 1.19 1.81

STRP-2/10 STRP-8/10: 2880x288x96 1.27 1.18 1.17 1.78

Transverse direction

STRP-2/1 STRP-8/1: 288%288%96 142 122 1.25 1.86

STRP-2/2 STRP-8/2: 576x288%96 147 126 1.31 1.92
13% 10% 1.29 1.20 0.373g 0.56g

STRP-2/4 STRP-8/4:1152x288x96 148 1.28 1.32 1.95

STRP-2/10 STRP-8/10: 2880x288x96 150 128 133 195
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Table 4.8 Performance for case-2 (Class D site, S1=0.40)
Damping, Damping Spectral Isolation Max. Shear
1/4" scale  Full-scale model o ) ) )
s Coefficient  Acceleration  Periods (s) strain

model dimension (mm)

DBE MCE Bo Bm Sm Swi. DBE MCE DBE MCE

Longitudinal direction

STRP-2/1 STRP-8/1:288x288x96 145 133 150 227
STRP-2/2 STRP-8/2:576x288x96 133 121 141 2.08
12% 9% 1.26 1.16 0.43g 0.64g
STRP-2/4 STRP-8/4:1152x288x96 117 135 201
STRP-2/10 STRP-8/10:2880%x288x96 126 1.15 133 197
Transverse direction
STRP-2/1 STRP-8/1:288x288x96 142 124 147 205
STRP-2/2 STRP-8/2:576x288x96 146 128 152 211
13% 10% 1.29 1.20 0.43g 0.64g
STRP-2/4 STRP-8/4:1152x288%96 147 130 153 215
STRP-2/10 STRP-8/10:2880x288x96 148 130 153 215
Table 4.9 Performance for case-3 (Class D site, S1=0.50)
Damping  Damping Spectral Isolation Max. Shear
1/4%scale  Full-scale model o ) ) )
] ] B Coefficient Acceleration Periods () strain
model dimension
DBE MCE Bp Bwm Sp1 Sw DBE MCE DBE MCE
Longitudinal direction
STRP-2/1 STRP-8/1:288x288x96 144 125 183 251
STRP-2/2 STRP-8/2:576x288x96 130 116 160 233
12% 9% 126 1.16 0.5g 0.75g
STRP-2/4 STRP-8/4:1152x288%96 125 113 154 226
STRP-2/10 STRP-8/10:2880%x288x96 123 111 152 222
Transverse direction
STRP-2/1 STRP-8/1:288x%288x%96 137 126 164 245
STRP-2/2 STRP-8/2:576x288x96 140 122 169 237
13% 10% 1.29 120 0.5g 0.75g
STRP-2/4 STRP-8/4:1152x288x96 141 125 1.70 2.42
STRP-2/10 STRP-8/10:2880x288x96 142 124 171 242

substantially longer than 1.0s at which an earthquake contains maximum energy (Skinner et al., 1993). Tables

4.7, 4.8, and 4.9 show that the maximum shear strain of the STRP isolators almost satisfies the allowable limit

of 150% (DBE) and 250% (MCE) in all three cases.



Chapter 4 82

Lateral and Vertical Performance of STRP and An Analytical Model for Horizontal Force-Displacement

Figure 4.16 shows the relationship between the equivalent natural period and the length-to-width ratio. It is
observed that the natural period decreased by 12~15% in the longitudinal direction (X) as the length-to-width
ratio increase from unity to 10. In contrast, the tendency of the natural period in the transverse direction () is
the opposite. Figure 4.17 shows the relationship between the maximum shear strain vs. the length-to-width ratio.
The transverse displacement increases both at DBE and MCE levels as the value of the length-to-width ratio
increases while the longitudinal displacement reduces. The effect of the length-to-width ratio on the

displacement conforms to the change of isolation period as shown in Fig. 4.16.
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Figure 4.16 Isolation period of 96 mm Strip-STRP isolator (X: Longitudinal, Y: Transverse)
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Figure 4.17 Maximum displacement of 96 mm Strip-STRP isolator (X: Longitudinal, Y: Transverse)

Figure 4.18 shows the relationship between the seismic response coefficient (Cs) and the length-to-width ratio.
The seismic response coefficient is defined by the ratio of total base shear to the weight of the structure. The
base shear is calculated by the bearing displacement at DBE and MCE multiplied by the corresponding stiffness
obtained from Tables 4.4 and 4.5. It shows that in each seismic case, the seismic response coefficient is the same
for any values of the length-to-width ratio in the transverse direction. On the other hand, the coefficient increases
around 16% both in DBE and MCE levels for the length-to-width ratio increase from unity to 10 in the

longitudinal direction. The seismic response coefficient increases with the seismicity of the site class.
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Figure 4.18 Seismic response coefficient (Cs) of 96 mm Strip-STRP isolator (X: Longitudinal, Y:

Transverse)

4.6.2 Minimum Height for Effective Isolation

A typical earthquake ground motion record contains a substantial amount of energy within a period range
of 0.1s~1.0s and a maximum in the range of 0.2s~0.6s (Skinner et al., 1993). Therefore, the height of an
isolator that provides a period longer than 1.0 s is defined as the minimum height for effective isolation and
preferable for seismic mitigation of a low-medium-rise building with a fixed base period in the range of
0.1s-0.5s. It is expected that the period elongation results in a reduction of seismic load capacity to the
building and of the excitation of higher modes. For a fixed magnitude of static load, the isolation period
primarily depends on the lateral stiffness determined by shear modulus, thickness, and plan dimensions of
the elastomer. This section discusses the relationship between the STRP isolator height and isolation period
based on the design spectral acceleration. For this purpose, the prototype STRP-2/4 with aspect ratios 12
and 3.0 in the length and width direction is considered. The relationship between the horizontal stiffness
and the isolator height is obtained from the numerical analysis results of STRP-2/4 as shown in Tables 4.4
and 4.5 and the similitude law with different scale factors. A rigid mass that produces 5.0 MPa axial

compression is considered in all bearing heights.

The isolator heights and respective isolation periods are checked for a target level of spectral acceleration
by the iterative method such that the nominal shear strain of the isolators remains within the allowable
limits. The damping coefficients Bp and BM in the longitudinal direction are taken as 1.29 and 1.20,
corresponding to 12% and 9% effective damping. The respective values in the transverse direction are taken
as 1.26 and 1.16 for 13% and 10% effective damping. These damping values correspond to 100% and 250%
shear strain at which STRP-2/4 has the minimum and maximum lateral stiffness within the DBE and MCE

displacement limits.
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Figure 4.19 shows the relationship between spectral acceleration, isolator height, isolation period, and
maximum bearing displacement. The horizontal axis of these plots is the required isolator height for the
DBE level spectral acceleration shown in Fig. 4.19a. It indicates that the needed isolator height increases
with an increase of spectral acceleration. An increase in elastomer height causes lengthening the isolation
period, as shown in Fig. 4.19b. It shows that 72 mm is the height of the isolator (864x216 mm) at 0.4g DBE
level acceleration that offers isolation periods of 1.10s and 1.25s in the longitudinal and transverse
directions, respectively. At the MCE level, the respective periods for the same isolator are also longer than
1.0s. Therefore, 72 mm can be regarded as the minimum height of the STRP isolator for effective isolation
up to DBE level acceleration 0.4g. At 0.65g DBE acceleration, the required height is 180 mm that provides
an isolation period around 1.5s and 2.0s in the longitudinal and transverse direction, respectively. Figure
4.19c¢ shows the maximum bearing displacement for DBE and MCE level spectral acceleration up to 0.65g
and 0.975g, respectively. The maximum shear strain of the isolator is confirmed to be well within the
allowable limits of 150% (DBE) and 250% (MCE). In particular, the maximum shear strain is substantially
lower than 250%, implying that the isolator shows no slippage or instability under 5.0 MPa compression,
even in the case of MCE. Therefore, the assumed strip-STRP isolators subjected to 5.0 MPa compression
can satisfactorily be used at DBE level spectral acceleration up to 0.65g by utilizing an appropriate height

up to 180 mm.
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Figure 4.19 Relation between spectral acceleration, height, period, and displacement capacity in strip-

shaped isolator
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Figure 4.20 Relation between spectral acceleration, height, period, and displacement capacity in square

isolator

A similar set of plots for a square-shaped isolator (Group-11 in Table 1) with different heights is shown in
Fig. 4.20. An aspect ratio equal to 3.0 and a vertical that produces 5.0 MPa pressure is considered for all
heights. From Table 4.6, minimum damping of 13% and 10% corresponding to the minimum and maximum
stiffness are assumed for each isolator. Figure 4.20b indicates that for an isolator of 6 STRP stacks (216x216
mm), the height of 72 mm is required for 0.35g DBE level spectral acceleration that offers a period of 1.36s
and 1.14s at DBE and MCE levels. At 0.56g DBE acceleration, the required height is 192 mm that provides
an isolation period of around 2.14s. The maximum shear strain for all height and respective acceleration
shown in Fig. 4.20c remains within the allowable limits for DBE and MCE levels.

The plots are helpful in the preliminary design of strip-STRP isolator of aspect ratios of 12 and 3.0 in the
length and width directions, respectively, or a square bearing with aspect ratio 3.0, for a vertical load
equivalent to 5.0 MPa. The total plan area of the isolator can be distributed based on column force such that
pressure on individual bearing becomes nearly 5.0 MPa and an aspect ratio exceeding 3.0. This change in
aspect ratio does not change the period or maximum nominal shear more than 10-15%, as seen in the
previous section. However, if the average pressure within the isolators maintains 5.0 MPa, then the global
isolation period remains unchanged. It should be noted that a higher aspect ratio is preferable because it
enhances the stability and safety margin. The orientation of bearing and the direction of loading can also
affect these results.

4.7 Conclusion

A series of 3-D FE analyses of STRP isolator models with various length-to-width ratios are conducted to

investigate the influences of the STRP isolator shape on the cyclic load performance. A friction-based
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model of unbonded isolators is developed with a material model as well as a contact model to express the

unbonded condition. The FE model is validated by comparing the analytical solution and experimental test

results, showing sufficient accuracy of the FE model for the preliminary design of the unbonded STRP

isolator. The isolators are analyzed under the condition of 250% lateral shear under 5.0 MPa static

compression. The findings from the FE analysis can be summarized as follows:

The pressure approach is more accurate in the prediction of vertical stiffness of the STRP isolator. The
effect of the length-to-width ratio on vertical stiffness is significant for a small value and gradually
decreases for a high value. For a fixed aspect ratio of the isolator, increasing the stack number increases
the vertical stiffness.

A modified stiffness solution is used to represent the horizontal stiffness of square STRP within the
range of 150% shear. The progressive rollover of the STRP beyond that range results in an increase of
lateral stiffness.

The minimum normalized stiffness of the strip-STRP isolator in the transverse and longitudinal
directions is in the range of 0.65~0.75 and 0.90~1.0 times that calculated by the effective shear
modulus, and the minimum equivalent damping ratio is 10% within the shear strain range of 1.0~1.5.
Therefore, the normalized stiffness of the square bearing of 3 or more stacks at the same displacement
is 0.68~0.72.

The dependence of stiffness on the length-width ratio is significant in the longitudinal direction and
minor in the transverse direction. On average, stiffness increases by 37~58% and decreases by 12% in
the longitudinal and transverse directions, respectively, as the length-to-width ratio increases from 1
to 10. The stiffness of the strip-shaped isolator in the longitudinal direction is 1.15~1.40 times higher
than in the transverse direction. The square bearing exhibits equal stiffness in both directions until 150%
shear strain then substantially falls in the carcass direction. For an aspect ratio of 3.0, the dependence
of stiffness on the height of the isolator is negligible.

At 250% shear strain, the equivalent damping ratio of the strip-STRP isolator decreases by 38% and
33% in the longitudinal and transverse directions, respectively, whereas the square bearing shows a
52% reduction. The dependence of damping on the length-to-width ratio and height is insignificant for
a value larger than 4.0 and 3 or more layers of STRP, respectively.

For site conditions of both class C and D of the ASCE/SEI 7-10, the isolated period of the structure
with a strip-isolator at DBE and MCE levels is found to be longer than 1.11s. The maximum bearing
displacement of a 96 mm strip-isolator in the longitudinal direction at class C site with the spectral

value of S;= 0.4 and at class D site with S; = 0.40 and 0.50 are found to be within the allowable limit.
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On the other hand, at the class D site with S;= 0.50, the maximum bearing displacement exceeds the
permissible limit at the DBE level. In contrast, the capacity at the MCE level for each seismicity is
lower than the upper limit (shear strain of 2.50). In the transverse direction, the average period and
maximum displacements are about 12~15 % and 10~15% larger than that of longitudinal value. The
maximum bearing displacement for a length-to-width ratio of 10 decreases by 10~15% compared with
the case of a length-to-width ratio of unity.

B For a 6-stacks STRP of an aspect ratio of 12 and 3 in the length and width direction, respectively, 72
mm is the minimum height that provides an isolation period longer than 1.0s. At DBE level with
acceleration of 0.4g, the same isolator experiences a lateral shear of 2.28 and 2.13 at MCE-level in the

transverse and longitudinal directions, respectively.
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Chapter 5

Evaluation of Unbonded STRP Isolators Based
on the Existing Design Guidelines

This chapter reports the stress-strain in unbonded STRP isolators to investigate the stability and limit forces
required for a practical design following the existing code specifications. It includes a brief description of
stress and strain of elastomer specified in different codes. The unbonded STRP isolators with different
length-to-width ratios are analyzed for compression of 2.5, 5.0, 7.5, and 10.0 MPa, including the upper and
lower limits of the compression force defined by the AASHTO-LRFD specification, and bearing-to-
structure interface rotation and shear displacement of 0.05-radian and 250%, respectively.

5.1 Introduction

Reinforcement of STRP isolators consists of unidirectional steel cords that are vulcanized with rubber and
have elastomer bulging resistance in the cord direction only, unlike the conventional isolator. Besides, the
flexible steel cords allow rollover deformation of an unbonded isolator. Hence, the stress-strain behavior
of the STRP isolator could be different than that of the conventional bonded elastomeric isolator. However,
there is an inadequate justification of stress-strain of an unbonded STRP isolator based on the design
guidelines. The previous study (Mishra et al., 2012; 2013a, 2013b) focused on the hyperelastic properties
and the stiffnesses and damping ratios of STRP isolators through experimental research. It is recommended
that STRP isolator is potential for low-to-medium rise buildings, but no definition for allowable loads and
working stress-strain is mentioned. Since the STRP isolator is made from inferior material, the stress-strain
needs proper diagnosis to define the limiting operational forces requires for practical design. Though
AASHTO-LRFD, BS EN 15129, and JRA define the allowable compression and tension in a conventional

isolator, no specification for unbonded isolators is given.
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The stress-strain of an unbonded isolator is affected by the overturning of overlaying structure and the
rotation at the bearing-to-structure interface. It is also affected by the absence of a rigid diaphragm or due
to planar irregularity of a building (Ohsaki et al.,2015; Moghadam and Konstantinidis, 2015; Crowder and
Becker, 2015). Moghadam and Konstantinidis (2015) mentioned that rotations affect the stress-strain and
the critical shear capacity of an isolator. Some researchers focused on the stress-strain in unbonded FREIS.
Toopchi-Nezhad et al. (2011) demonstrated that an unbonded connection lowers the stress demand of the
elastomer, reinforcement, and the bonding between them. Al-Anany and Tait (2015) mentioned that the
isolator's low aspect ratio delays lift-off occurrence and reduces the stress-strains rate under rotational
deformation. Osgooei et al. (2014a, 2014b, 2015) studied the stresses-strains for the orientation of lateral
load, reinforcement flexibility, and modified shape of the rectangular FREIs. These studies considered the
general circumstances of stress-strain, which is needed to be investigated based on the design guidelines.
Besides, the stress-strain for a combination of compression, bearing-to-structure interface rotation, and
lateral displacement is still unknown. Therefore, this study focused on the in-service stress-strain in
unbonded STRP isolators to predict the permissible lateral displacement, compression, and the bearing-to-
structure interface rotation required for a practical design. Strip-shaped isolators with different length-to-
width ratios are analyzed for the following combination loads.

Case-1: compression and bearing-to-structure interface rotation.

Case-2: compression, bearing-to-structure interface rotation, and lateral displacement.

Case-3: compression and lateral displacement

In the following sections, the bearing-to-structure interface rotation and the length-to-width ratio are termed
as rotation and I/w ratio, respectively. The vertical pressures on bearing are assumed to be 2.5, 5.0, 7.5, and
10.0 MPa, including the upper and lower limits of the compressive force defined by the AASHTO-LRFD

specification. A maximum rotation of 0.05-radian and a displacement of 250% shear are considered.

5.2 Specification for Elastomeric Bearings

To prevent the instabilities of a bonded type bearing, AASHTO LRFD Method A (AASHTO-LRFD, 2012)
suggests a minimum aspect ratio of 3.0. Similarly, an unbonded isolator is called a stable one for an aspect
ratio exceeding 2.60 (Toopchi 2008b; Van Engelen et al., 2015). In this study, an aspect ratio exceeding

3.0 is assumed for unbonded isolators. According to Method B, a bonded bearing is stable if
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2A<B (5.1)

1.95+ 2.67
e . Ly
(§+2) (I+5)

(5.2)

where S, W, L, and t, are the shape factor, width, length, and total elastomer thickness of the isolator,
respectively, or if the compressive stress os within the elastomer satisfies

GS

Jsfm (5.3)

The shear modulus G should be between 0.55 MPa and 1.72 MPa, and the elastomer in STRP isolator
satisfies this criterion. In Method A, the compressive stress, as within the elastomer should satisfy,

0s<1.25GS and o5 < 1.25 ksi (5.4)

The stress limit in Eqg. 5.4 is allowed to increase by 25% for laminated steel bearing. Some design codes
allow tensile stresses up to 2G by BS EN 15129 and EN 1337-3, up to 2G-3G by AASHTO, up to 2.0 MPa
by JRA. In China's seismic design code, the tensile stress is limited to 1.0 MPa. The Eurocode 8 Part 2

restricts the development of tensile stresses.

AASHTO defined the allowable shear strain equal to 0.5t due to the lateral displacement only to avoid the
lift-off and delamination. An unbonded isolator is free from such restrictions since rollover deformation is
allowed. AASHTO-LRFD eliminated the limit against lift-off due to rotation by imposing the maximum
shear strain, more appropriate than preventing lift-off. At the service limit state, the shear strain due to the

combined action of axial load, rotation, and shear displacement should satisfy

(Va,st + yrstt Vs,st)+1-75(ya,cy+ Prey T Vs,cy) <5.0 (55)
where v,, yrand, ys are the shear strain due to the axial load, rotation, and shear displacement, respectively,
and subscripts "st" and "cy" indicate the static and cyclic loadings, respectively. Shear strain in rectangular
bearing due to rotation is given by

5Dy (L)L 59)

by n

where Dy is 0.5, L is the bearing's length perpendicular to the axis of rotation, € is the rotation in radian, t;
is the thickness of individual elastomer layer, n is the number of interior layers of the elastomer. The shear

strain due to the statical axial load should satisfy
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Vas= Da g—S <3.0 (5.7)

in which Da is 1.40 for a rectangular type bearing. The minimum thickness of the steel layer, hs should be

1.60 mm, and at the service limit state should satisfy

3t05
hz T (5.8)

where os is the in-service elastomer stress and Fy is the yield strength of reinforcing material. In all cases,
the shear strain is defined by Eq. 5.9, where u and t, are the horizontal displacement and total rubber

thickness of the bearing.

y== (5.9)

”

5.3 STRP Isolators and Model Verifications

Table 5.1 shows the geometric properties of the square and strip-shaped STRP isolators considered in this
study. The geometric and material properties were reported in Chapter 3. The FE element modeling is the
same as described in Chapter 3. In the case of bearing-to-structure interface rotation, the top rigid-plane is
allowed to rotate to the centroid of the bearing, as shown in Fig. 5.1. Axial force and lateral displacement

are applied at the top surface.

Table 5.1 Geometric properties of STRP isolator models

) . Rubber  Equivalent Aspect ratio
. . Dimension . . Shape
Bearing Designation I/w  thickness  thickness
I x wx h (mm) factor, S Rx Ry
tr (mm) tri (mm)
Experiment ~ STRP-4/1 100x100x48 1 40 2.4 10.4 2.1 2.1
STRP-2/1 72x72%24 1 7.5 3.0
STRP-2/2 144 x 72 x 24 2 10 6.0
FE analysis ~ STRP-2/3 216 x 72 x 24 3 20 2.4 11.3 9.0 3.0
STRP-2/4 288 x 72 x 24 4 12 12.0

STRP-2/10 720 x 72 x 24 10 13.6 30.0
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a) STRP-4/1 isolator model b) STRP-2/2 isolator model
Figure 5.1 FE model indicating contact element and boundary conditions.

5.4 Deformed Shape of Isolators

Figures 5.2 and 5.3 show the lateral bulging in the longitudinal and transverse directions, respectively, in
STRP-2/1, 2/2, 2/4, and 2/10 isolators subjected to 5.0 MPa compression. The elastomer within the belt and
carcass zones in the longitudinal and transverse directions shows high bulging with a maximum in the belt

zone. This unsymmetrical bulging is due to the steel cords' orientation, which is +£70° and 0° in the belt and

carcass layers, respectively, with the longitudinal direction. Figure 5.4 quantifies the lateral expansion for

different I/w ratios. For an l/w ratio equal to 1.0, lateral bulging in the length direction is 71% higher than
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that in the width direction. Lateral bulging decreases with the I/w ratio increases and is approximately equal
in both directions for I/w equal between 2 and 4. Therefore, a low aspect ratio that induces unsymmetrical
bulging in the STRP isolator can be minimized by selecting an I/w ratio between 2 and 4 or an aspect ratio

between 6 and 12.
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Figure 5.4 Bulging displacement of STRP isolator
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(b) Progressive contact of STRP isolator with support face at different level of shear strain

Figure 5.5 Lateral deformation of un-bonded STRP-2/1 isolator

Figure 5.5 shows the lateral deformation at different levels of shear displacement of the STRP-2/1 isolator
in the longitudinal direction. Both top and bottom surfaces of the isolator roll-off from the contact surfaces
reduce the net friction area. As a result, the isolator displays a progressive rollover deformation, and the
vertical side face starts touching the support face at 90% shear level. The touching area keeps growing until
250% shear strain, as shown in Fig. 5.5b, instead of 167% generally observed in FREI (Konstantinidis and

Kelly, 2014). The bearing's deformed shape displays a peculiar one observed in the loading experiment
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(Mishra et al., 2013a; 2013b). The progressive contact makes the STRP isolator more restrained and stable,

which is more noticeable for a high I/w ratio.

5.5 In-Service Stress Within Elastomer

An unbonded STRP isolator displays large displacements and rotations, which need to define the local
coordinates to quantify the stresses and strains. Figure 5.6 shows the notations for triaxial stress-strain
components Si1, Sz2, and Ssz, in an undeformed and deformed isolator. In a pure compression, the stress-
strain components are parallel to the global X, Y, and Z-axis of the element, as shown in Fig. 5.6a. The
stress-strain components are updated when the bearing undergoes any displacement or rotation, as shown
in Fig. 5.6b. In the load Case-1 and Case-2, bearing displacement in the longitudinal direction is only
considered, whereas displacement in both orthogonal directions is considered for Case-3. Hence, in Case-
1 and Case-2, stresses-strains are measured at the mid-height, and the centroidal axis parallels the
longitudinal direction. In Case-3, it is at mid-height and along both centroidal axes.

7

7 F z
}; Sy i N )_;( S5
¥ Sq S sw%s
-~ (a) (b) !
Figure 5.6 Local stress-strain in the undeformed and deformed stage

Along with the FE analysis, the stress magnitude and its distribution are estimated using the "pressure

solution™ approach proposed by Tsai and Kelly (2001), as given in Eqg. 5.10.

S(x)  ab(coshab-cosh ax)
D\A _ ZOACOeTTTeOer 1
p ab cosh ab-sinh ab (5 0)

where, S(X) is the elastomer stress, X is the location, p is the applied vertical compression, a and b is the

dimension of the isolator in the longitudinal and transverse direction, respectively.
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5.5.1 Elastomer Stress in Case-1

Figure 5.7 shows the contours of stress Si; and Ssz in STRP-2/2 isolator under a 5.0 MPa compression plus
rotations at 0.0, 0.01, 0.03, and 0.05-radians. The lift-off is visible for 0.03 and 0.05-radian rotations near
the left-end. An increase in the rotation increases the compression zone and shifts the peak stress toward
the bearing's end. Figure 5.8 shows the distribution of normalized stresses (S11/p, Sz2/p, and Ssa/p) along the
length of the STRP-2/1, 2/2, 2/3, 2/4 isolators under a 5.0 MPa compression plus a rotation of 0.0, 0.01,
0.03, and 0.05-radians.
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Figure 5.7 Elastomer stress in STRP-2/2 at 5.0 MPa compression and different rotation

A comparison with the FE analysis results shows that the analytical solution (Ss3) underestimates the
elastomer stress by about 16% for the I/w ratio 1.0 and 26% for the I/w ratio exceeding 1.0. The analytical
solution overlooks the steel cords' orientation that affects the local stress in the FE model. Figure 5.8 shows
the triaxial stress components (S11/p, S22/p, and Sss/p) at different rotations levels. In the notation, for
example, S11/p-0.05, the numeric value 0.05 indicates the rotation in radian. It shows that the triaxial stresses
are approximately the same for a fixed rotation. It confirms the hydrostatic pressure rule within the STRP

isolator, which is the basis of the "pressure solution™ approach.

Figure 5.9 shows a relationship between peak stresses' normalized values for different rotations and a
vertical compression of 2.5, 5.0, 7.5, and 10.0 MPa. In a simple compression, normalized stress, 1.75 for
STRP-2/1 and 1.90 for other bearings, is independent of the I/w ratio and bearing pressure. Stresses increase

with an increase of rotation while decrease with an addition of compressive force. The effect of rotation is
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significant for a high I/w ratio. For example, the average of the triaxial stress components in STRP-2/1 for
2.5 and 10.0 MPa pressures ranges between 1.82~2.09 and 1.68~1.75, respectively. In this range, the first
and second values stand for 0.0 and 0.05-radian rotations, respectively. Similarly, the average for the triaxial
stress components in STRP-2/4 is 1.94~6.31 and 1.83~4.25, respectively, due to 2.5 and 10.0 MPa
compression. It implies that the rotation is less meaningful for an I/w equal to 1.0 (STRP-2/1) but significant
for 4.0 (STRP-2/4) in which stresses increase by 225% and 132%, respectively, at 2.5 MPa and 10.0 MPa
pressure due to the rotation changes from 0.0 to 0.05-radian. At 0.05 radian, the I/w ratio increase from 1.0
to 4.0 increases the stresses by 202% under 2.50 MPa and 143% under 10.0 MPa. Therefore, the rotation
effect is more significant at a low compression and a high l/w ratio.
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Figure 5.10 Lift-off rotation for different aspect ratio (3-times of I/w ratio)

Figure 5.10a shows the normalized contact force vs. lift-off rotation for I/w ratios and compression force.
In a notation like "STRP-2/1p2.5," p2.5 indicates 2.5MPa pressure on the STRP-2/1 isolator. When
compression is unchanged, the lift-off zone's reaction force decreases as rotation progresses, and the
rotation corresponding to the zero reaction force is called lift-off rotation. Figure 5.10b shows that a high
I/w ratio causes the lift-off at a small rotation, and an increase in compression force delays the lift-off
occurrence. The STRP-2/1 exhibits no lift-off until 0.05-radian rotation, even under the lowest compressive
force. That is why stresses in the STRP-2/1 isolator are less sensitive to rotation. Therefore, the aspect ratio
of 3.0 suggested by AASHTO-LRFD is useful in preventing the lift-off of unbonded isolators. Moreover,
the rotation that initiates the nonlinear behavior caused by the lift-off initiation (MTO. OPSS 1202, 2008)
can be 0.05-radian for an aspect ratio of 3.0. This criterion will check the instabilities and failures due to
the rotation. According to Fig. 5.10b, the lift-off rotation in STRP-2/2 is 0.01 and 0.027-radians for 2.5

MPa and 10.0 MPa compressions, respectively. Figure 5.9 indicates that the rotation effect on the stresses
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of the same isolator is less until the lift-off initiation. The lift-off rotation in STRP-2/3 and STRP-2/4 is
0.003 and 0.002-radians, respectively, under 2.50 MPa. The corresponding rotation for the same isolators
is 0.011 and 0.005-at 10.0 MPa.

5.5.2 Elastomer Stress in Case-2

In load Case-2, isolators are analyzed for a 5.0 MPa compression plus different rotation and lateral
displacement combinations. Figure 5.11 shows the stress contour (Si1 and Sss) in the STRP-2/2 isolator at
various rotation and lateral displacement combinations. The stress-contour Sz with or without lateral
displacement is nearly the same as shown in Figs. 5.7b and 5.11b. However, the in-plane stress, Si1, as
shown in Figs. 5.7a and 5.11a differ substantially due to the lateral displacement. Besides, Fig. 5.11a shows
that the isolator experiences enough tension between the compressed and lift-off zone for a combination of
0.05-radian rotation and 250% shear displacement (0.05rad- 250%).
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Figure 5.11 Contour of elastomer stress due to axial (5.0 MPa), rotation, and shear deformation (%)

Figure 5.12 presents the profile of normalized stresses along the bearing's length for 5.0 MPa compression
in load Case-2. The notation like "Ss3/p-0.01-150%" indicates the normalized stress component Ss; for a
combination of 0.01-radian rotation and 150% shear displacement. It shows that the hydrostatic pressure
rule exists until a combination of 0.01-radian rotation and 50% shear strain (0.01rad-50%). Beyond this

limit, the triaxial stress components show significant inequality between the lift-off and compressed zones.
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Figure 5.13 Normalized peak stress (S11/p, S22/p, and Sz3/p) due to axial (5.0 MPa), rotation, and lateral
displacement.
Figure 5.13 shows the peak of normalized stresses in load Case-2. The in-plane tension (Si/p) is
insignificant until 0.03-radian rotation plus 150% shear displacement (0.03rad-150%), which then reaches
to 0.86 at 0.05-radian plus 250% shear (0.05rad-250%). This tension is larger than 2G-3G, the limiting
negative pressure for the onset of cavitation or debonding (AASHTO-LRFD, Naeim, and Kelly, 1999). The
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vertical stress, Ssa/p with or without a lateral displacement is nearly equal, as seen from Figs. 5.9b and
5.13c. On the other hand, the in-plane stresses (S11/p and Sz2/p) are substantially reduced when the force on
isolators exceeding 0.03-radian plus 150% shear. For example, stress Si1/p at 0.05-radian plus 250% shear
(0.05rad-250%) reduces by 68%, 59%, 36%, and 23% in STRP-2/1, 2/2, 2/3, and 2/4, respectively, in
comparison with pure compression. The same reduction for Sx/p is 42%, 45%, 26%, and 15%, respectively.
Therefore, the inclusion of lateral displacement substantially reduces the in-plane stresses, which is
prominent for a low I/w ratio.

5.5.3 Elastomer Stress in Case-3

The stresses and strains in the load Case-3 are analyzed for a displacement up to 250% shear strain under

5.0 MPa compression. Figures 5.14 and 5.15 show the in-plane stresses contour in STRP-2/1 and 2/2,
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respectively, at different displacement levels in the longitudinal and transverse directions. It shows that the
length of the compression zone and the magnitude of the in-plane stress decrease with the lateral
displacement. Bearings experience a considerable in-plane tension for a displacement exceeding 200%
shear. The rollover deformation causes stress concentration at the top-left or bottom-right edge of the

isolator, and the rollover surfaces are stress-free.

Figures 5.16 and 5.17 quantify the profile of normalized stresses S11/p, S22/p, and Ssa/p in the longitudinal
and transverse directions, respectively, at a shear displacement of 0.0%, 100%, 200%, and 250%. It shows
that the in-plane tension near the bearing's surface initiates for displacement exceeding 200% shear. At
250% shear displacement, almost the entire isolator undergoes in-plane tensile stress (Sii/p) due to
longitudinal loading, as shown in Fig. 5.16a(iv). Contrarily in the transverse loading, Figs. 5.17a and 5.17b
show that tension arises only near the bearing's end. The maximum normalized tension Si1/p is 0.89 in the
longitudinal direction (Fig. 5.16), and Sx/p is 1.0 in the transverse direction (Fig. 5.17b) in STRP-2/1.
These peak tensions are larger than the 2G-3G and locating between 0.0221 and 0.251 or 0.039l and

0.331 from the bearing's two free ends.
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Figure 5.16 Normalized stress components for longitudinal loading.
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Figure 5.19 Maximum normalized stress S11/p, Sz2/p, and Ssa/p in the transverse direction

Figures 5.18 and 5.19 show the peak of normalized stress in load Case-3, in which the in-plane stresses at
250% shear displacement are the stresses at the compressed rollover zone. Figure 5.18 shows that the in-
plane stresses (S11/p and Sx./p) and the vertical stress (Ss3/p) reduce by 14~64% and 20%, respectively, for
shear displacement increase to 200% in the longitudinal direction. In contrast, Fig. 5.19 shows that the

vertical stress increases by 23-30% and the in-plane stresses are nearly the same for the same displacement
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in the transverse direction. As the I/w ratio increases from 2 to 10, the triaxial stresses decrease by 15-25%
for lateral displacement in the transverse direction. In contrast, an average 15-50% reduction occurs due to

displacement in the longitudinal direction.

5.6 Strain in Elastomer

5.6.1 Elastomer Strain in Case-1 and Case-2

Figure 5.20 shows the elastomer strain contour (e31) for load combinations Case-1 and Case-2. Figure 5.21
shows the strain distribution along the bearings' length for the same combinations under 5.0 MPa
compression. Both figures indicate that the outermost elastomer strain occurs close to the free ends due to
compression only. When rotation or rotation plus lateral displacement progresses, the peak strain shifts
toward the compressed zone in load Case-1 and the center in load Case-2. In both cases, strain at the

transition zone between the compressed and lift-off zones is highly increased by the rotation.
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Figure 5.20 Elastomer strain (e31): () Case-1 and (b) Case-2
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10

Figure 5.22 shows a relationship between elastomer peak strains and rotations at different compressions

under load Case-1. Elastomer strains increase both for rotation and pressure on the bearing. In the absence
of rotation, the elastomer strain of 0.70 in STRP-2/1 under 2.5MPa compression raises to 1.10 at 10.0 MPa.
At 0.05-radian rotation, the same isolator's strain increases by around 71% and 33% at 2.5 and 10.0 MPa,

respectively. The rotation effect is large for a high I/w ratio. The maximum elastomer strain is 1.47 and 1.51

in STRP-2/1 and 2/2, respectively, substantially lower than the imposed shear strain.
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Figure 5.23 shows the peaks of elastomer strain for the load Case-2 consisting of 5.0 MPa compression
and rotation and shear displacement up to 0.05-radian and 250%, respectively. Elastomer strains within the
isolators are equal beyond the combination of 0.02-radian rotation plus 100% shear displacement (0.02rad-
100%). It implies that the displacement effect is superlative than the rotation. The maximum elastomer
strain is 1.25 for the combination of 0.05-radian rotation plus 250% shear displacement (0.05rad-250%),

also much lower than the imposed strain.
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Figure 5.23 Peak of elastomer strain (e31) due to compression, rotation, and lateral displacement

5.6.2 Elastomer Strain in Case-3

Figure 5.24 shows the contour of elastomer strain in STRP-2/2 for load Case-3 under 5.0 MPa compression
plus displacement up to 250% shear. Figure 5.25 shows the strain distributions along the length of the
bearings. These figures show that the peak strain at compression-only moves from the end to the center of
bearing for bearing's displacement. Such movement assimilates imposed displacement without increasing
elastomer strain. The elastomer strain changes with I/w ratios for displacement in the longitudinal direction
only, although the peak strains are the same for displacement exceeding 150%. The effect of I/w ratios is
negligible for displacement in the transverse direction. Figure 5.26 shows the peak strains at different
displacement levels. A comparison between Figs. 5.26a and 5.26 indicate that the rotation effect is
insignificant in the presence of lateral displacement. In both cases, the maximum elastomer strain within

the isolators is about 1.25, substantially lower than the applied shear of 2.50.
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Figure 5.25 Elastomer strains in longitudinal and transverse directions for 5.0 MPa compression and
lateral displacement
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Figure 5.26 Peak value of elastomer due to compression plus lateral displacement
5.7 Stress in Steel-Cord

5.7.1 Steel-Cord Stress in Case-1 and Case-2

The rebar stress means the stress in the carcass steel (6™ layer from bottom) except for the belt steel stress
(5™ layer) in the case of bearing's displacement in the transverse direction. The steel cords in the belt layer
have a minimum angular distance with transverse direction. Figure 5.27 shows the normalized stress (S/p)
pattern along the bearings' length for 5.0 MPa compression in the load Case-1 and Case-2. In load Case-1
(Fig. 5.27a), the rebar exhibits only tension for any rotation. However, an inclusion of lateral displacement
in Case-2 (Fig. 5.27b), steel cord suffers compression at 0.05-radian rotation plus 250% shear displacement
(0.05radian-250%). This compression possibly buckles the steel cords and expects the steel chord to return
to its original form without any permanent failure during the unloading. Like the elastomer, streel cords are

stress-free in the lift-off zone, and the peak stress shifts towards the bearing's end.
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Figure 5.27 Profile of rebar stress (S/p) along the length of the bearing (a) Cas-1 and (b) Case-2

Figure

5.28 shows the normalized peak rebar stress (S/p) in load Case-1. In simple compression, stress is

independent of the I/w ratio and vertical pressure. The rebar stress increases with an increase of rotation

and is significant for a high I/w ratio and low compression. Moreover, the normalized stress decreases with

an increase of pressure on the bearing. For example, rebar stress in STRP-2/1 is less sensitive to the rotation

until 0

.05-radian, and it is about 14.9 and 12.5 at 2.5 and 10.0 MPa, respectively. At 2.5 MPa and 0.01-

radian, the stress in STRP-2/2, 2/3, and 2/4 is 36%, 84%, and 127% higher than that of STRP-2/1. Similarly,
at 0.05-radian and 2.5 MPa compression, rebar stress in the respective isolators is 76%, 140%, and 200%

higher than that of STRP-2/1. These percentages reduce when the compressive force on the bearing
increases.
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Figure 5.28 Peak of normalized rebar stress (S/p) in load Case-1
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Figure 5.29 Peak of normalized rebar stress (S/p) in load Case-2

Figure 5.29 shows a similar plot for rebar stress in load Case-2 under 5.0 MPa compression. The rebar
stress increases until a combination of 0.03-radian rotation plus 150% shear displacement (0.03rad-150%)
and then decreases. For 0.05-radian rotation plus 250% shear (0.05rad-250%), stress reduces by 68%, 54%,
30% and 15% in STRP-2/1, 2/2, 2/3 and 2/4, respectively, compare with the rebar stress for 0.04 radian
plus 200% shear displacement (0.04rad-200%).

5.7.2 Steel-Cord Stress in Case-3

Figure 5.30 shows the normalized rebar stress profiles in the two orthogonal directions of the bearing under
the load Case-3. The rebar stress is compression for a displacement exceeding 200% shear, especially for
bearing displacement in the longitudinal direction. Figure 5.31 shows the peak of normalized rebar stress
at different lateral displacement levels. The rebar stress reduces as the lateral displacement progresses, and
the maximum reduction is about 20-40% and 10-15% in the longitudinal and transverse direction,
respectively. Besides, an increase of I/w ratio from 2 to 10 reduces the stress by 20-32% on average in both
directions. The maximum normalized rebar stresses in the longitudinal and transverse directions are 16.2
and 17.7, equal to 81 MPa and 88.5 MPa, respectively. These are appreciably insignificant than the steel
cords' yield strength, 2800 MPa (Kirihara, 2011; Tashiro and Tarui, 2003; Ishiwaka, 2011).
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5.8 Evaluation of STRP Isolator Using Code Specification

5.8.1 In-service Elastomer Stress and Stability

The limits of normalized compressive stress (os/p) for the STRP isolators as per AASHTO-LRFD method
Aandat2.5,5.0,7.5, and 10.0 MPa compressions is 4.3, 2.2, 1.4, and 1.1, respectively. For a shear modulus
of 1.31 MPa, the upper limit of the normalized tensile stress is 1.60, 0.79, 0.52, and 0.39, respectively,
under the same compression. The in-service stress should be lower than these limiting values. In load Case-
1, as shown in Fig. 5.9, the STRP-2/1 satisfies these limits for any combination of compression and rotation

up to 5.0 MPa and 0.05-radian, respectively. Similarly, the STRP-2/2 complies with a combination of 0.05-
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radian plus 2.5 MPa and 0.02-radians plus 5.0 MPa. STRP-2/3 and 2/4 comply up to 0.03 and 0.01-radians,

respectively, under 2.50 MPa compression.

In load Case-2, as seen from Fig. 5.13, the working stress in STRP-2/1 also satisfies the limiting stress, 2.20
under 5.0 MPa compression plus any combination of rotation and displacement within 0.05-radian and
250% shear, respectively. However, elastomer tension exceeds for displacement higher than 200% shear.
The STRP-2/2 follows STRP-2/1 except for the vertical stress that exceeds the compressive stress limit at
5.0 MPa plus any combination of rotation and displacement exceeding 0.02-radian and 100% shear,
respectively. The STRP-2/3 and 2/4 disagree with the design limits even under the lowest rotation 0.01-
radian and compression 2.5 MPa. However, for a zero rotation in load Case-3, as shown in Figs. 5.18 and
5.19, all isolators comply with the design guidelines for any combination of compression within 5.0 MPa
and displacement within 250% shear. However, the in-plane tension, as shown in Figs. (5.16a and 5.16b)
and (5.17a and 5.17b) cross the limit for displacement exceeding 200% shear.

In general, the STRP isolators have a unit value of I/w ratio fit for any combination of compression, rotation,
and within 5.0 MPa, 0.05-radian, and 200% shear, respectively. Similarly, the I/w ratio of 2.0 complies with
the design limits within 5.0 MPa compression plus rotation and displacement up to 0.02-radian and 100%
shear. The l/w ratio exceeding 2.0 opposes the design limit even under the lowest rotation and compression.
In the absence of rotation, STRP isolators with an I/w ratio of 10 are suitable until 200% shear displacement

under 5.0 MPa compression.

Table 5.2 Stability and stress evaluation of STRP isolators by AASHTO-LRFD method B

Longitudinal direction Transverse direction
Bearing STRP-2/1 STRP-2/2 STRP-2/3 STRP-2/4 STRP-2/10 STRP-2/1 STRP-2/2 STRP-2/3 STRP-2/4 STRP-2/10
A 031 012 007 004 001 031 038 041 044 049
B 025 018 015 013 009 025 021 019 019 0.17
2A<B NS NS S S S NS NS NS NS NS
odp (Eq.7.3) 453 387 -137 -574 -438 453 404 391 385 3.72
os/p>(oslp)ren S S - - - S S S S S

Remarks SS SS ST SS SS SS SS S SS SS
S: Satisfactory, NS: Not satisfactory, SS: Satisfactory and stable, (-)ve: Stable and independent of o
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Table 5.2 summarizes the stability as per method B for load Case-3 for combinations of compression and
displacement within 5.0 MPa and 250% shear, respectively. It also shows the normalized stress os/p from
Eq.5.3, and a negative value means the bearing is stable and independent of os. The normalized value of
working stress (os/p)rea is taken from the FE analysis results shown in Figs. 5.18 and 5.19. Isolators with
an l/w ratio exceeding 3.0 satisfy 2A < B in the longitudinal direction only. Contrarily, bearings that
opposed 2A<B agreed with os/p>(os/p)eea. Therefore, as per the AASHTO-LRFD specification, bearings
are stable under 5.0 MPa compression plus 250% shear displacement.

In the load Case-1 and Case-2, the elastomer stresses are calculated in the longitudinal direction only. In
STRP-2/1, the normalized stress, as/p at 2.5 and 5.0 MPa and calculated using Eq.5.3, is 9.1 and 4.53,
respectively. The respective value for STRP-2/2 is 77.4 and 38.7. These are substantially higher than the
working stress, (os/p)rea in STRP-2/1 and 2/2 presented in Figs. 5.9 and 5.13 for any combination of
compression, rotation, and displacement within 5.0 MPa, 0.05-radian, and 250% shear. Therefore, STRP-
2/1 and 2/2 are stable for rotation up to 0.05-radian plus 5.0 MPa compression and 250% shear

displacement.

5.8.2 In-service Elastomer Strain

The unbonded isolator is beneficial because the elastomer strain is substantially low due to the rollover
deformation. Figure 5.22 gives the maximum strain in the STRP-2/1 isolator is 0.80 and 1.10 at a simple
compression of 5.0 and 10.0 MPa, which is less than the code specified limit 3.0 as defined in Eq. 5.7.
Figures 5.22 and 5.23 give the upper limit of elastomer strain within the isolators is 1.51 for any
combination of compression, rotation, and displacement within compression 10.0 MPa, 0.05-radian, and
250% shear, respectively. Moreover, Fig. 5.26 shows that the elastomer strain along with two orthogonal
directions is around 1.30 for any combination of shear displacement until 250% under 5.0 MPa
compression. These strains are substantially lower than the AASHTO-LRFD specified limit 5.0 as defined
in Eq. 5.5 and applied shear strain 2.50.
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5.9 Stress and Equivalent Thickness of Steel Cord

In load Case-1, as shown in Fig. 5.28, the highest normalized rebar stress in STRP-2/1 is 13.7 (68.5 MPa)
and 22.5 (112.5 MPa) in STRP-2/2 within the acceptable limit of 5.0 compression and 0.05-radian rotation.
For STRP-2/3 and STRP-2/4, these are 30.5 (152.5 MPa) and 38.0 (190 MPa), respectively, those are
disregarded because elastomer stresses in these bearings exceed the allowable limit. In load Case-2, the
maximum rebar stress in STRP-2/1 and STRP-2/2 is 12.8 (64.0 MPa) and 21.5 (107.5 MPa), respectively,
found from Fig. 5.29. In load Case-3, the peak of normalized stress within the bearings group is 16.2 (81.0
MPa) in the longitudinal direction and 16.2 (81.0 MPa) in the transverse direction, seen from Fig. 5.31. The
stresses mentioned above are appreciably insignificant to the steel cord's yield strength.

AASHTO-LRFD recommends a minimum thickness of 1.6 mm for the steel layer. The equivalent thickness
of steel in the STRP isolator is 0.4 mm, sufficiently below 1.6 mm. The elastomer layer thickness ranges
between 2.0 mm and 3.25 mm is also smaller than that of the SREI. Figures 5.9 and 5.13 give the maximum
in-plane normalized stress in STRP-2/1 and 2/2 within allowable compression, and rotation is 1.82 and 2.35.
Figures 5.18 and 5.19 indicate that the acceptable stresses are 2.15 and 2.0 in the orthogonal directions
under the same conditions. Thus, the maximum normalized elastomer stress is 2.35, equal to 11.75 MPa.
For a 3.25 mm thick elastomer layer, the required thickness of steel from Eqg. 5.8 is 0.041 mm, substantially

below the provided thickness of 0.4 mm.

5.10 Effective Length and Allowable Displacement

Tension is a critical parameter for an unbonded STRP isolator and develops due to the lateral displacement.
In load Case-2, the highest normalized tension is 0.86 (Fig. 5.13a), located at the transition zone under a

compression, rotation, and displacement of 5.0 MPa, 0.05-radian, and 250% shear, respectively. In load
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Figure 5.32 S11/p at 231% shear displacement in the longitudinal direction

Case-3, the highest normalized tension stresses in the longitudinal and transverse directions are 0.89 (Fig.
5.16a) and 1.0 (Fig. 5.17b), respectively, for displacement exceeding 200% shear. These tensions are larger
than 3G, limiting negative pressure for the onset of fracture-related problems (Naeim and Kelly, 1999).
Figure 5.32 shows the in-plane stress Sii/p at 5.0 MPa compression and 231% shear displacement; the
maximum displacement at which the STRP isolator has the largest l/w ratio is less than 3G. Here, the
tension peaks are located within 0.0221~0.0391 and 0.251~0.33I from the free surface of STRP-2/10
and STRP-2/1, respectively. On average, these critical distances are about 1.0t ~ 1.30t;. Therefore, the
"effective length" of a strip-STRP isolator is the bearing's length, excluding the critical distance, and can
be considered shear displacement exceeding 200%.

5.11 Conclusions

The stress-strain relationship in STRP isolators of different I/w ratios is analyzed to determine the allowable
forces following the design guidelines for various combinations of compression, rotation, and lateral
displacement. For this purpose, an FE-model efficient in simulating incompressible behavior and large
deformation of rubber is modeled, including the hyperelastic and viscoelastic properties of rubber, and
verified with an analytical solution and past loading test results. The unbonded condition is modeled as a
touch contact using the bilinear Coulomb friction model. The I/w ratios are taken between 1.0 and 10.0, and
isolator dimensions are selected so that the aspect ratio in the length direction is l/w times that in the width
direction. An aspect ratio of 3.0 is chosen for all isolators in the width direction. A vertical pressure of 2.5,
5.0, 7.5, and 10.0 MPa includes the upper and lower limits in AASHTO-LRFD specification, and a rotation
and shear displacement up to 0.05-radian 250%, respectively, are considered. The findings of the FE

analysis are summarized below.
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B STRP isolators exhibit unsymmetrical lateral bulging, which is minimum for an I/w ratio between
2.0 and 4.0. Besides, a progressive rollover deformation initiates at 90% shear displacement and
continues until 250% shear. Thus, the full-contact occurs at 250% shear instead of 167% observed
in FREI.

B Pressure solution can be exercised considering 16% and 26% underestimation in elastomer stress
for I/w ratios of 1.0 and exceeding 1.0, respectively. The steel cords' orientation affects the FE
analysis results overlooked by an equivalent thickness in pressure solution.

B The aspect ratio 3.0 is suitable against lift-off and instability of an unbonded STRP isolator at 250%
shear displacement, 0.05-radian rotation, and 2.5 MPa compression. An increase in l/w quickens
the lift-off initiation that delays with an increase of compression.

B Rotation increases the in-service stress, and its effect is more significant at low compression and
for a high I/w ratio. Lateral displacement reduces the in-service compression stresses and induces
tension, which is more profound for high I/w ratios.

B STRPisolator has an I/w ratio of 1.0 meets design specification within any combination of 5.0 MPa
compression, 0.05-radian rotation, and 200% shear. The I/w ratio 2.0 complies within 5.0 MPa
compression plus rotation and displacement up to 0.02-radian and 100% shear. The l/w ratio
exceeding 2.0 opposes the design limit even under the lowest rotation and compression. In the
absence of rotation, STRP isolators with an l/w ratio of 10 are suitable until 200% shear
displacement under 5.0 MPa compression.

W An effective length excluding the tension zone (1.0t~1.30t;)) might be suitable to avoid any
occurrence for shear displacement exceeding 200%.

B The maximum elastomer strain for any values of I/w ratios is much lower than the design limits due
to static compression or any combinations of compression, rotation, and lateral displacement.

B Stress in steel cord is appreciably insignificant compare with the steel cord's yield strength. The
equivalent thickness of steel cords in STRP is sufficient to resist elastomer bulging and meets the

design limits.
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Chapter 6

Biaxial Performance of Unbonded Scrap Tire
Rubber Pad Isolator

This chapter focused on the cyclic loading performance of unbonded STRP isolators for a biaxial lateral
load. Both square and strip-shaped unbonded STRP isolators are analyzed under circular, square, hourglass,
and 8-shaped biaxial displacement trajectories. The lateral load performance was also investigated for the
unidirectional component of each biaxial trajectory in order to conclude the effect of biaxial loading.
Finally, the performance of the isolator is documented in terms of force-displacement relationship, stiffness,

and effective damping ratio.

6.1 Introduction

The base-isolation technique is used in buildings, bridges, nuclear power plants, and so forth due to its high
effectiveness in reducing seismic demand and the level of the collapse of structures (Chimamphant and
Kasai, 2016; Huang et al., 2013; Cardone and Flora, 2016) during an earthquake. The STRP isolator is
expected to have functions similar to steel-reinforced elastomeric isolators to be used for the isolation of
lightweight structures. An experimental study shows that an STRP isolator subjected to unidirectional
cyclic loading provides an effective damping ratio of 10~22% and a vertical-to-horizontal stiffness ratio
within 450~600 (Mishra, 2012), exceeding 150, indispensable for isolation material (Eurocode 8). The
shear modulus of tire rubber is around 1.0 MPa (Mishra et al., 2013a; Turer and Ozden, 2007) within the
range of natural rubber, 0.55~1.20 MPa specified by AASHTO-LRFD for seismic isolator. The beneficiary
aspects are that an STRP isolator without any mechanical bonding with the structural elements bypasses a
large amount of tension within the elastomer and improves the isolation's efficiency through roll-over
deformation. They concluded that STRP isolators are suitable for application to low-to-medium-rise

buildings.
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A practical implementation of unbonded STRP isolators requires considering its nonlinear hysteretic
response under uni- and bi-directional horizontal loads. The bidirectional loading is essential because the
effectiveness of unbonded isolators depends on friction, which differs from the bonded isolator. The
previous studies (Mishraetal., 2013a, 2013b) on unbonded STRP isolators were conducted using
unidirectional cyclic loading only, and they recommended further investigation under bidirectional load.
Mishra et al. (2014) performed a pseudo-dynamic test on a 1/3™ scale unbonded STRP isolator and a
numerical simulation of a hypothetical three-story base-isolated building based on bilinear idealization
force-displacement relationship of unbonded STRP isolators (Mishra, 2012). This simulation considered
the unidirectional lateral load while ignored the friction-dependent contact of the STRP isolator. Zisan and
Igarashi (2020, 2021) studied the horizontal stiffness of unbonded strip-shaped STRP isolators for different
length-to-width ratios and unidirectional loading. Since there is no appropriate documentation on the
bidirectional performance of unbonded STRP isolators, it is essential to investigate the STRP isolators
subjected to the bidirectional cyclic load for practical design and implementation.

Although the existing design specifications provide well-defined methodologies and design principles for
conventional elastomeric isolators (AASHTO-LRFD, ASCE-SEI-7/10, Eurocode 8), unbonded application
of a base isolator is yet to be explored in detail to be used in practice. Because of friction-dependent and
unbonded contact conditions, the existing design specifications are incompatible for the application of
unbonded STRP isolators. These codes also recommend investigating a base-isolated structure under
bidirectional loading conditions. Therefore, the objective of this study is to assess the effect of bidirectional
loading on the lateral load performance of an unbonded STRP isolator. Table 6.1 shows the geometric
properties of the STRP isolators. Both geometric and material properties of these isolators were described

in Chapter 3. The FE modeling and model verification are also described in Chapter 3.

Table 6.1 Geometric properties of STRP isolator models

. . Rubber Equivalent  Shape Aspect
Dimensions Length-to-

Group Designation . ) thickness thickness factor ratio
I x w x h (mm) width ratio —
tr (mm) te (mm) S Rx Ry
STRP STRP-2/1 72 x 72 %24 1 20 ” 7.5 3 3

isolator STRP-2/2 144 x 72 x 24 2 20 10 6 3
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6.2 Bidirectional Displacement Trajectories

Figure 6.1 shows the displacement trajectories that are used to evaluate the bidirectional performance of
unbonded STRP isolators. These trajectories are suggested for the bidirectional performance of SREIs, and
high damping rubber bearing (HDRB) in some previous studies (Grant et al., 2008; and Huang et al., 2000).
The restoring force of rubber-isolators is amplitude-dependent (Fujita et al. 1989a); hence the shear strain
of 25%, 50%, 100%, 150%, 200%, and 250% of total rubber thickness is assumed in the unidirectional
displacement cases. The maximum of resulting radial displacements under the bidirectional loading is 1,
V2, /2 and 1.39 times of X and Y-components of the circular, square, hourglass, and 8-shaped trajectory,
respectively. The frequency and the velocity of the Y-component of the hourglass and 8-shaped trajectories
are 1.5 and 2.0 times that of the X-component. Each isolator is compressed by 5.0 MPa pressure before the
application of lateral force. In the unidirectional loading case, displacement in the X and Y-directions (ux
and uy) are applied separately, whereas simultaneously applied in the case of bidirectional loading. In the
linear displacement trajectory (Zisan and Igarashi, 2021), the strain rate is constant. In contrast, the rate of

strain changes from a maximum to zero and vice-versa in other trajectories shown in Fig. 6.1.
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Figure 6.1 Bidirectional displacement trajectories
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6.3 Lateral Load Performance

6.3.1 Deformed Shape of Isolators

Figures 6.2 and 6.3 show the deformed shape of the unbonded STRP isolators at different levels of bilateral
strains (ex and &y). The deformation of isolators under the unilateral strain is presented in Chapter 4. It shows
that the location and area under the roll-over part are changing with the orientation of the radial
displacement. The progressive contact between the roll-over section and rigid planes observed in the
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unidirectional loading is insignificant in bidirectional loading. Although the corner of the bearings is
subjected to full contact under the maximum radial strain, as shown in Fig. 6.2b and 6.2e, it does not
increase the contact area due to the square or rectangular geometry of the bearings. Figure 6.2f shows that
the STRP isolator sustains residual deformation after complete unloading, and Fig.6.3f shows that isolators
experience deformation in the Y-direction even external strain ¢y is zero. Therefore, the bidirectional
components are coupled, and bidirectional interaction influences the orthogonal components of elastomer

strain.

6.3.2 Hysteresis Behaviour

Figures 6.4-6.7 show the restoring force of STRP-2/1 (square-shaped) and STRP-2/2 (strip-shaped)
isolators subjected to the displacement trajectories shown in Fig. 6.1. In the plots, the combined result from
individual unidirectional analyses in X and Y-components is also shown to compare the unidirectional
analysis with the bidirectional counterpart. The restoring forces are comparable up to 50% radial shear,
beyond which restoring force in bidirectional loading becomes more significant than the unidirectional
loading, except for 250% radial shear. The interaction between the two horizontal force components is
visible in terms of the increment of restoring force. The comparison indicates that the isolator displacement
in one direction affects the restoring force in the other orthogonal direction even though the displacement

in the orthogonal direction remains unchanged.

The hardening effect appearing in the uniaxial loading case becomes less significant in the bidirectional
loading case, as shown in Figs. 6.4-6.7 since the restoring force contribution from the roll-over area is
relatively high when the isolator is displaced along the principal axis. The hysteresis loops for unidirectional
cyclic loading are narrower than those for the bidirectional horizontal displacement. It is possibly due to
the strain rate dependency of the rubber and velocity dependency of the contact friction force. The strain
rate and velocity of the isolator are constant in the linear trajectory while gradually changing from the
maximum to zero and vice-versa in the other trajectories. Besides, the interaction between the friction force
components in the bidirectional loading case affects the hysteresis force. In both loading cases, the
hysteresis loops are stable and do not return to the shapes of a smaller amplitude except for the 250% shear
level in bidirectional loading. Therefore, the hysteretic force at each strain level depends on the experienced
elastomer strain. The characteristic strength defined by the restoring force intercept at zero strain increases

with the imposed shear level, and also the bidirectional interaction increases the characteristic strength.
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Figure 6.6 Hysteresis loops: loading with hourglass trajectory of horizontal displacement.
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Figure 6.8 shows the hysteretic response of the strip-shaped STRP isolators in the X-direction (longitudinal
direction along the longer side in plan) and Y-direction (width direction along the shorter side) under the
unidirectional linear displacement. The magnitude of the restoring force in the X-direction and that in the
Y-direction of strip-shaped STRP isolators are different because of their anisotropy. Even in the square-
shaped STRP-2/1 isolator, the restoring force in the Y-direction is higher than in the X-direction because of
steel cord orientation. In strip-shaped isolators (STRP-2/2, 2/4, and 2/10), the restoring force in the X-
direction is higher than that in the Y-direction, and the difference between the X and Y components of
restoring force increases with an increase of the length-to-width ratio. It confirms that the STRP isolators
are anisotropic. The previous study (Zisan and Igarashi, 2021) indicates that the anisotropic behavior causes
the average stiffness to increase by 37~58% in the longitudinal direction and decreases by 12% in the
transverse direction, as the length-to-width ratio increases from 1 to 10. Besides, the horizontal stiffhess of
the strip-shaped isolator in the longitudinal direction is 1.15~1.40 times higher than that in the transverse
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Figure 6.8 Hysteresis loops for the linear trajectory of horizontal displacement
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direction. The orientation of steel cords and the length-to-width ratio is considered for such anisotropic

behavior.

Figures 6.7-6.8 clearly show the influence of the characteristics of displacement trajectories on the shape
of the hysteresis loop and its magnitude. The hysteresis loops under circular and 8-shaped displacement
trajectories, as shown in Figs. 6.4 and 6.7 are rounder than that of the hysteresis loop for square and
hourglass trajectories, as shown in Figs. 6.5 and 6.6. For hourglass and 8-shape displacement trajectories,
the Y-component of restoring force is more significant than that of the X-component due to the high
frequency and high velocity of the Y-component. Figure 6.8 shows that the hysteretic loop exhibits higher
hardening in the linear type cyclic displacement than that of the X or Y-component of bidirectional

trajectories under unidirectional loading case.

6.3.3 Horizontal Stiffness

Figure 6.9 shows horizontal stiffness in square and strip-shaped isolators at different uni- and bi-directional
horizontal displacement levels. In figures, the captions SQ and REC stand for square and strip-shaped
isolators, respectively, BX, BY, and UX, UY, indicate the bidirectional and unidirectional displacement case,
respectively, in X, Y-directions. It shows that the bidirectional loading effect on the horizontal stiffness is
insignificant for displacement below 50% shear and significant between 100% and 200% shear. Horizontal
stiffness in the bidirectional loading is higher than that of the unidirectional loading except for the 250%
shear level. Stiffness decreases with an increase of lateral shear except for unidirectional loading, in which
stiffness increases for shear displacement exceeding 150%. Horizontal stiffness for linear displacement
trajectory shows the same trend (Zisan and lgarashi, 2020). In the unidirectional loading case, stiffness
increases for a displacement exceeding 150% shear due to the roll-over deformation and hardening effect.
Therefore, designing of base-isolated structure based on uniaxial hysteretic parameters overestimate the
structural responses. The square-shaped isolator is stiffer in the Y-direction than that in the X-direction due
to steel-cords orientation, whereas a high length of strip-shaped isolator makes it more restrained in the

longitudinal direction (X-direction).
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Figure 6.9 Horizontal stiffness in square and strip-shaped isolators

Figure 6.9 is reorganized into Fig.6.10 to study the effect of inputs displacement characteristics on the
stiffness. The captions "C," "'S," "H," and "8" stand for circular, square, hourglass, and 8-shaped trajectories,
respectively. It indicates that stiffness at the same displacement level is varied among the displacement
trajectories. For example, Fig.6.10a shows that the stiffness at 150% shear under the unidirectional
displacement of X-component of 8-shaped, circular, square, and hourglass trajectories is 220, 245, 270, and
280 kN/m, respectively. The same stiffness in the Y-direction is 331, 250, 296, and 280 kN/m. Figure 6.10b
shows a similar trend in the bidirectional loading case. The strip-shaped isolator also offers different
stiffness at the same magnitude of the input displacement in different trajectories. These differences are
substantial in the longitudinal direction, as shown in Fig. 6.10c and 6.10d. The current design code
AASHTO-LRFD, ASCE/SEI 7-10, suggests the minimum horizontal stiffness found from the cyclic
loading test to be used for design purposes. But no specification is given regarding the nature of the cyclic
load. Therefore, the horizontal stiffness should be defined for different displacement trajectories for a

practical design.
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Figure 6.10 Influence of displacement characteristics on horizontal stiffness
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Figure 6.11 Relation between stiffness under unidirectional and bidirectional loading

Figure 6.11 provides a relation between uni- and bi-directional horizontal stiffness in X and Y-directions
obtained using linear regression. These relations are helpful in calculating the stiffness and period in
bidirectional loading from unidirectional loading test data in the preliminary design stage. The upper and

lower bound stiffness in the bidirectional loading is 1.25 and 0.8 times that of the stiffness obtained from
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the relations shown in the figures. The lower bound of the stiffness corresponds to 250% shear
displacement, as shown in Fig. 6.11c. It indicates that stiffness in bidirectional loading increases until 200%

shear deformation, which can be about 1.40 times of unidirectional horizontal stiffness.

6.3.4 Effective Damping Ratio

Figure 6.12 shows that the effective damping ratios increase with an increase of horizontal displacements
except for the unidirectional loading case where it slightly decreases for displacement exceeding 150%
shear. The damping ratios in bidirectional loading are higher than that of unidirectional loading. The
minimum damping ratio is around 10% at 25% shear displacement, and the maximum is approximately
35% at 200% shear. High damping is expected from the flexibility and internal friction within the steel cord

and the elastomer's inherent properties. A change in the strain rate or velocity influences the interaction
between two
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components of the contact friction that contributes to the damping of the system. The damping ratios are
about 10%~16% in the linear displacement trajectory (Zisan and lgarashi, 2021). In uni and bi-directional
displacement components of the circular, square, hourglass, and 8-shaped trajectories, damping ratios are
higher than those of the unidirectional linear trajectory.

Figure 6.13 shows a relation for effective damping ratios between uni- and bi-directional loading. The upper
and lower bound of the effective damping ratios in the bidirectional loading is 1.35 and 0.85 times,
respectively, that of the unidirectional loading. Figure 6.13c shows the quotient of the bidirectional-to-
unidirectional effective damping ratio. It shows that the damping ratio in the bidirectional loading is higher
than that of the unidirectional loading. It is about 10~20% until 150% shear strain and can be more than

60% for a displacement exceeding 150% shear.
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Figure 6.13 Relation between damping due to unidirectional and bidirectional loadings

6.4 Conclusions

This study focused on the lateral load performance and the force-displacement relationship of unbonded
STRP isolators for different trajectories under uni- and bi-directional horizontal displacements. In addition,
this study aims to assess the effect of bidirectional loading on the performance of an unbonded STRP

isolator. Based on the FE analyses and analytical results, the findings are summarized as follows:

= The effect of bidirectional loading on the lateral performance and force-displacement relation is
significant for displacement exceeding 50% shear. The roll-over deformation and hardening are more

pronounced in the unidirectional loading than that of the bidirectional loading. In bidirectional loading,
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isolator displacement at a fixed direction affects the restoring force and elastomer strain to its
orthogonal direction.

= The shape of the hysteresis loop and its magnitude depending on the characteristics of the input
displacement path. Existing codes do not specify the nature of cyclic displacement. Therefore, the
hysteretic parameter must be evaluated under the different displacement paths for an efficient isolation
system design.

= Both horizontal stiffness and effective damping ratio in the bidirectional loading are higher than those
of the unidirectional loading, indicating that designing a base-isolated structure based on the hysteretic
parameter that is determined from the unidirectional loading test overestimates the structural response.
The horizontal stiffness increases until 200% shear deformation and becomes about 1.40 times that of
the unidirectional stiffness. In bidirectional loading, the minimum effective damping ratio is about 10%
at 25% shear displacement, reaching nearly 35% at 200% shear. In linear and unidirectional
displacement, the effective damping ratio is 10%~16%. Within 150% shear deformation, the damping
ratio is 10~20% higher than that of the unidirectional loading case, and it is higher than 60% at an
extensive displacement range.

= Arelationship for bidirectional stiffness and effective damping ratio applicable for preliminary design
is proposed. For any stiffness or damping from the unidirectional loading test, the upper and lower
value of bidirectional stiffness is 1.25 and 0.8 times of stiffness calculated using these relations. The

lower bound stiffness stands for 250% shear. Similarly, effective damping is 1.35 and 0.85 times.
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Chapter 7

Hysteresis Force Model for Unbonded
Application of Scrap Tire Rubber Pad Isolator

This chapter focused on the hysteresis force model for the unbonded application of STRP isolators. A
simplified force model is proposed for dynamic-time history analysis and structural design purposes of the
unbonded STRP isolator. Calibration of model parameters and validation of the proposed model is carried

out using FE analysis results.

7.1 Introduction

The STRP isolator, referring to the seismic isolator made with an automobile scrap tire pad, is expected to
functions similarly to steel-reinforced elastomeric isolators or fiber-reinforced elastomeric isolators. It
provides an effective damping ratio of 10~22% and a vertical-to-horizontal stiffness ratio of 450~600
(Mishra, 2012), exceeding 150, which is indispensable for isolation material (Eurocode 8). The shear
modulus of tire rubber is around 1.0 MPa (Mishra et al., 2013a; Turer and Ozden, 2007) within the range
of natural rubber, 0.55~1.20 MPa specified by AASHTO-LRFD for seismic isolator. The previous studies
(Mishra et al., 2013a, 2013b) reported the damping and stiffness of unbonded STRP isolators in addition to
a pseudo-dynamic test on a 1/3" scale unbonded STRP isolator (Mishra et al., 2014). The beneficiary
aspects of the STRP isolator are that it can be utilized without mechanical fastening with the structural
elements that bypass a large amount of tension within the elastomer and improve the efficiency of the
isolation system through a roll-over deformation. This feature provides a unique force-displacement relation

of the unbonded STRP isolator different from that of the conventional isolator.

Although the existing design specifications provide well-defined methodologies and design principles for
conventional elastomeric isolators (AASHTO-LRFD, ASCE-SEI-7/10, EURO CODE), unbonded

implementation of base isolators is yet to be explored in detail to be used in practice. Because of friction-
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dependent and unbonded contact conditions, the existing design specifications are incompatible for the
application of unbonded STRP isolators. Some researchers proposed horizontal force-displacement
relationships of unbonded isolators based on the hyperelasticity of rubber material. Peng et al. (2007)
derived a relationship assuming that the rubber is linear elastic. Konstantinidis et al. (2008) suggested a
lower bound relation based on the assumption that the isolator's roll-over part is stress-free and has no
resistance to the lateral load. Van Engelen et al. (2015) considered combined bending and shear within the
roll-over, whereas pure shear acts within the central elastomer. Toopchi-Nezhad (2014) proposed upper and
lower bound values of the effective area of an unbonded isolator that has resistance to horizontal load. Zisan
and Igarashi (2020) proposed an analytical solution for the horizontal stiffness of unbonded STRP isolators
for a unidirectional lateral load. These studies are suitable for unidirectional horizontal displacement only
and considered the hyper-elasticity of rubber material without rate dependency. Besides, these models are
not valuable for the computation of the hysteresis behavior under unbonded conditions.

The existing design codes offer a bilinear force-displacement model for conventional isolators, and model
parameters are evaluated from horizontal shear tests (Naeim and Kelly, 1999). Toopchi-Nezhad et al.
(2009) used the bilinear model to analyze stable-unbonded FREIs. This evaluation is reasonably appropriate
for moderate lateral displacements because unbonded isolators exhibit significant softening behavior at
large displacement, which needs a trilinear model suggested by De Raaf et al. (2011). Manzoori and
Toopchi-Nezhad (2017) proposed an extended version of the Bouc-Wen model for the nonlinear hysteretic
response of stable-unbonded FREIs using fifth-order polynomial. This model considered the deformation
of the isolator in one direction only. Since the deformation and friction of an unbonded isolator in
bidirectional horizontal load are different from those of unidirectional loads, it is inevitable to include the

bidirectional interacting in the hysteresis force model.

In this chapter, the approximated representation of the hysteretic behavior of unbonded STRP isolators by
a modified version of the Park-Wen model is proposed. A variant of the modified Park-Wen model has
originally been proposed to express the bidirectional behavior of high-damping rubber isolators in past
research (Dang et al., 2016). In this study, the modified Park-Wen model is extended for the STRP isolator
so that (1) the hysteretic component is further modified to achieve a superior representation of the STRP
isolator under the unbonded condition (2) the elastic component accommodates anisotropy of the STRP

isolator in terms of stiffness when strip-shaped geometry is utilized in the application.
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7.2 Hysteresis Force Model

The Bouc-Wen hysteretic model is expressed by Eq. 7.1 and 7.2 are widely used in mechanical and
structural engineering applications such as reinforced concrete and steel structures, magneto-rheological
dampers, and seismic isolators (Sireteanu et al. 2010, Domaneschi 2012).

F =akut+(1—a)kZ (7.0)
Z = Aii— || Z|1 2|t = il Z|™ (7.2)

where F is the restoring force, k is the initial stiffness, o is the post-yield stiffness ratio, u is the displacement,
and Z is the dimensionless hysteretic component variable that depends on the time history of u provided as
the input. The parameters A, £, y, and n control the size and shape of the hysteresis loop. The versatility of
the Bouc-Wen model is that the hardening or softening of the hysteretic behavior can be represented with
a smoothly varying or nearly bilinear relationship. Later, Park et al. (1986) extended the Bouc-Wen model
to express the bidirectional hysteretic force-displacement relationship, including the bidirectional
components' coupling effect. The Park-Wen model for the bidirectional horizontal restoring force

represented by the x and y components, F, and Fy, is given by Eq.7.3.

El Uy Zy

[Fy] = ak [uy] +(1-a)k [Zy] (7.3)
Zx:Aux' Bluxlezx' Yuxez' B'uyzylzx' YunyZy (74)
Z,=Aly- BluyZ,|Z,- yiyZ, - BliyZy | Zy- vi,Z, Z, (7.5)

where Zy, Zy as given by Egs. 7.4 and 7.5 are the hysteretic component variables, uy, uy are the displacements,
and the subscripts x and y denote that the variable is for x and y components, respectively. The Park-Wen
model is relatively simple and has been utilized to analyze elastomeric isolators' hysteretic behavior
(Ozdemir, 2010; Zhou et al., 2017; Dang et al., 2016). A shortcoming is an inadequacy in describing the
interaction between the elastomer strain components when the isolator experiences displacement in one

direction and is fixed in another perpendicular direction (Dang et al., 2016). It is also pointed out that the
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Park-Wen model cannot represent the hardening effect (Abe et al., 2004a; Grant et al., 2008; Dang et al.,
2016 ). Grant et al. (2008) and Dang et al. (2016) considered the strain dependency of hysteresis force in a
high damping rubber bearing by introducing a quadratic function of the shear strain ¢ as the amplitude of
the hysteretic component in the restoring force. The model proposed by Dang et al. (2016) is referred to as
the Modified Park-Wen model. Figure 7.1 shows the physical interpretation of strain dependency of the

hysteretic component of the original Park-Wen and Modified Park-Wen models.

A Modified Park-Wen model

Park-Wen model

Hysteretic component
magnitude

A J

S

Figure 7.1 Hysteretic force component under unidirectional loading (Dang et al., 2016)

An unbonded isolator shows a hysteretic behavior that can be reasonably approximated by a bilinear model
for moderate lateral displacements (Toopchi-Nezhad et al., 2009), while it involves softening of the force-
displacement curve at large displacements caused by roll-over deformation (De Raaf et al., 2011). Manzoori
and Toopchi-Nezhad (2016) considered a fifth-order trinomial to represent the softening of the load-
displacement curve of unbonded FREIs. Observation of Fig.6.8 shown in Chapter 6 reveals that a fourth or
higher degree polynomial is suitable for an appropriate representation of softening of the backbone curve
of unbonded STRP isolators.

In the present study, strain dependence of the hysteretic component is implemented to the Park-Wen model
using a fourth-order binomial. Furthermore, the anisotropic nature of the strip-shaped isolator is included
in the elastic component of the Park-Wen model. The bidirectional hysteretic displacement-force model for
strip-shaped STRP isolators obtained by these two types of modifications is expressed by Eq. 7.6.

[5;] =a C'é" ,?0] [Z;] + (by + bylelH (1 — a) [dg" ,?0] [Z] (7.6)
where

_ GeAy
tr

(7.7)
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Uy ?4Uuy?
ittt 7.8

el =
in which ko is the horizontal stiffness defined by Eq. 5.7, G is the shear modulus of elastomer, Ao is the
isolator's plan area, t: is the total rubber thickness, by and b are constants to specify the strain-dependence
of the hysteretic component amplitude illustrated in Fig. 7.1, and c is a parameter to express the stiffness
difference along with the two orthogonal directions due to anisotropy of the strip-shaped isolators. The
stiffness difference increases with the level of shear displacement and the length-to-width ratio. The radial
component of elastomer strain ¢ is given by Eq. 7.8.

The dimensionless intercept of hysteretic force at zero strain in x and y directions is bi(1-a)cko and by(1-
a)ko, respectively. It is proposed to use Eq. 7.9 to approximate the parameter b1 accounting for the length-

to-width ratio.
165

165 (7.9)

1_l/W

7.3 Model Parameter Calibration

The proposed model of the force-displacement relation of unbonded isolators, referred to as the MPW
model, includes the parameters A, «, ko, £, 7, C, b1, and by. The stiffness ko is found from Eq. 7.7. The post-
to-yield stiffness ratio a is assumed to be 0.08 based on the bilinear force-displacement relation (Mishra,
2012). The restoring force intercept is identified as 1.65, 3.0, 5.80, and 12.5 kN for STRP-2/1, 2/2, 2/4, and
2/10, respectively, as indicated by Fig. 6.8 in Chapter 6. The parameter b; is specified by Eq. 7.9, which is
found to be the acceptable approximation of these restoring force intercept values. The parameter b, controls
the shape of the hysteresis loop due to hardening and roll-over deformation, and a value equal to 0.01 shows
the best fitting. It is assumed that f=y and these model parameters are calibrated using the linear regression
procedure to achieve the best approximation of the force-displacement relation found from the FE analysis
result. The regression coefficient R, defined by Eq. 7.10 indicates the contribution rate of the proposed
model.

N —Fro)
R=1-— 21:11(Fan.l F,fe'L)z (710)
L (Frei=Fre)
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where Fani and Fr; indicate the restoring force in the model and that from FE analysis, respectively, at the
loading step i corresponding to the same shear strain, Ffe is the average restoring force obtained from the
FE analysis, and N is the number of the data. The parameters listed in Table 7.1 are the result of calibration
based on the force-displacement relation of the square-shaped STRP-2/1 case obtained from linearly varied
cyclic displacement. With the use of these parameters, matching of the proposed model with the FE analysis
result was found to be excellent since the value of R was more than 0.98 in the best case. These parameters

are employed to analyze unbonded isolators under uni- and bi-directional horizontal displacements.

Table 7.1 Model parameters for unbonded STRP isolator

Parameter A a ) S y by b, c
value 1.0 0.08 GeAoltr 0.0009 0.0009 1.65/(I/w)  0.01 1.15

7.4 Evaluation of MPW model

7.4.1 Unidirectional Loading Case

Figure 7.2 compares the hysteresis curves for the STRP isolator between the MPW and the FE analysis
under linearly varied unidirectional cyclic displacement. Figure 7.3 shows the same comparison under
unidirectional components of the bidirectional displacement trajectories given in Fig. 6.1 in Chapter 6. In
the plot, Figs. 7.2a-7.2d indicate the hysteretic restoring force in the longitudinal loading cases
(displacement, uy) and Figs. 7.2e-7.2f shows the same in the transverse loading cases (displacement, uy).
Each isolator is subjected to 5.0 MPa vertical compression and horizontal displacement up to 250% shear
strain. The model parameters listed in Table 7.1 are used for each isolator model. The comparison of the
hysteresis curves indicates that the proposed MPW model for STRP isolators shows an excellent agreement
with the FE analysis results. The MPW model well expresses the maximum restoring force at each
displacement level and inflation of hysteresis loop inflation. Furthermore, the model also represents the
hardening behavior and the roll-over effect in the large displacement range. Tables 7.2 and 7.3 show the
values of the contribution rate R for the linear type cyclic unidirectional loading cases and the other four
displacement trajectories, respectively. It shows that the contribution rates range between 0.900 and 0.996,
indicating good accuracy of the proposed model in reproducibility of restoring force. The restoring force
estimated by the proposed model is sufficiently lower than the FE analysis result in the square trajectory

(Fig. 7.3b) and the X-component of the hourglass trajectory (Fig. 7.3c). In these cases, each cycle of the
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input displacement consists of zero or a constant displacement followed by a linearly varied displacement
of an equal period. When the STRP isolator is subjected to zero or constant loads for an extended period,
the friction force and the relaxation behavior of the isolator are assumed to be recovered. This is why the
force-displacement relationship found from the FE analysis result is higher than that of the MPW model.
The MPW model does not consider these factors.

Table 7.2 Contribution rate R for different strip-STRP isolator under unidirectional loading
STRP- 2/1X 2/1Y 212X 2/2Y 2/4X 2/14Y 2/10X 2/10Y
R-value 0.991 0.989 0.989 0.989 0.992 0.996 0.984 0.986

Table 7.3 Contribution rate R for the different trajectory of unidirectional loading

Square-shaped isolator; 72x72x24 Strip-shaped isolator: 144x72x24
Circular Square Hourglass 8-shaped Circular Square Hourglass 8-shaped
Roval X-direction  0.969 0.926 0.928 0.954 0.974 0.926 0.936 0.977
-value
Y-direction  0.960 0.900 0.942 0.954 0.966 0.902 0.948 0.957
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Figure 7.2 Hysteresis loop expressed by MPW model for strip-shaped STRP isolators under
unidirectional loading.
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Figure 7.3 Hysteresis loop of square and strip-shaped isolators for different displacement trajectories
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7.4.2 Bidirectional Loading Case

Figures 7.4-7.7 show the hysteresis curves for square (STRP-2/1) and strip-shaped (STRP-2/2) isolators
subjected to simultaneous actions of X and Y-components of the bidirectional displacement (ux and uy)
trajectories. It shows that the proposed MPW has excellent agreement with FE analysis results at each
displacement trajectory. Both peak magnitude of restoring force at each level of lateral displacement and
the hysteresis loop inflation is well predicted. In the case of 250% shear, the prediction of MPW sometimes
disagreed with the FE analysis result because the FE model is highly distorting, particularly under square
and hourglass trajectories. The contribution rate R for each loading trajectory as listed in Table 7.4 confirms
that the MPW model is excellent in reproducing the bidirectional restoring force-displacement relationship
of an unbonded isolator. In the circular trajectory case, the contribution rate is around 0.99 for both classes
of isolators. For other trajectories, it is 0.96 to 0.98. Therefore, the MPW model with appropriate model
parameters is expected as an efficient and effortless procedure in the dynamic analysis and practical design
of the unbonded STRP isolator.

Force, Fy (kN)
Force, Fx (kN)
Force, Fy (kN)

10 -5 0 5 10 -50 0 50 -50 0 50
Force, Fx (kN) Displacement, uy (mm) Displacement, uy (mm)
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(a) Square-shaped isolator (STRP-2/1)
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(b) Rectangular-shaped isolator (STRP-2/2)

Figure 7.4 Hysteresis force under the bidirectional circular trajectory
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Figure 7.7 Hysteresis force under the bidirectional 8-shaped trajectory

Table 7.4 Contribution rate R for the different trajectory of bidirectional loading

Square-shaped isolator: 72x72x24 Strip-shaped isolator: 144x72x24
Roval Circular Square Hourglass  8-shaped Circular ~ Square  Hourglass 8-shaped
-value

0.993 0.976 0.960 0.975 0.988 0.968 0.960 0.979

7.4.3 Earthquake Loading Case

The hysteresis loop and the time-history of restoring force of the STRP isolator of a size of 72x72x24 mm
are computed by the MPW model subjected to the displacement time history of simulated seismic response
of an SDOF system. Vertical compression of 5.0 MPa is imposed on the STRP isolator as a gravity load
applied at the isolator's top surface. The input displacement time history is obtained from FE analysis of an
SDOF system subjected to ground acceleration, assuming a situation of a rigid mass supported by the STRP
isolator. Figure 7.8 shows the X and Y components of the 1940-Imperial Valley and the 1995-Kobe
earthquakes. Table 7.5 indicates the scale factor for each acceleration component that is used to keep the
deformation of the isolator within 200% shear.
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Table 7.5 Intensity of input earthquake acceleration
Analysis type El-Centro earthquake 1940 Kobe 1994 earthquake
Unidirectional 100% of X-component 30% of X-component

Bidirectional ~ 75% of X-component +75% of Y-component ~ 20% of X-component +20% of Y-component
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Figure 7.9 Hysteresis loop and restoring under unidirectional earthquake
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Figure 7.9 shows the comparison of hysteresis loops and the time history of the restoring force between the
FE analysis result and that computed by the MPW mode under unidirectional ground motion. Figures 7.10
and 7.11 show the same comparison of results found from bidirectional analysis. It indicates that the
proposed model is also effective in describing the hysteresis behavior of the unbonded STRP isolator under
a random loading pattern. The ratio of the difference of the maximum restoring force between the MPW

model and FE analysis result is within 15%.
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Figure 7.10 Verification of MPW model under bidirectional earthquake: 75% of El-Centro earthquake
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Figure 7.11 Verification of MPW model under bidirectional earthquake: 20% of Kobe earthquake

7.5 Evaluation of a 4-Story Building

7.5.1 FE Modeling of Base Isolated Building

A hypothetical 4-story reinforced concrete building resting on nine square-shaped isolators is considered.
It is two-by-two-bay with a total width of 12 m and a height of 12 m, as shown in Fig. 7.12. The column
and beam sizes are 500x500 mm and 300x500 mm, respectively, and the slab is 150 mm thick. At the base
level, there is no rigid slab. Therefore, isolators are placed at the intersections of beam and column. The
unit mass of concrete and that for an infilled wall is 2400 kg/m?® and 1950 kg/m?*. The mass of the 130 mm
thick infill wall (760.5 kg/m) is added to the mass of the beam. The mass of isolators is ignored. The elastic

modulus and Poisson’s ratio for a 35.0 MPa concrete is 32.1 GPa, 0.20, respectively. Table 7.6 shows the
mass and stiffness at the different story levels.
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Figure 7.12 Plan and elevation of 4-storied Bl building

Table 7.6 Mass and Stiffness properties of STRP base-isolated building

Floor Base 15t 2nd 3d 4t
Mass (ton) 69.7 1644 164.4 164.4 125.1
Stiffness (kN/mm) 9.23 568 568 568 568

Because of axisymmetric mass and stiffness, corner isolators are grouped as A-type, periphery-middle
isolators as B-type, and the central one as C-type. Vertical load on each A, B, and C-types isolator is 540.6
kN, 864.1 kN, and 1344 kN, respectively. The geometric properties of STRP isolators listed in Table 7.7
are determined based on 5.0 MPa vertical pressure, target isolation period, and the minimum aspect ratio.
A detailed description of designing an STRP isolator is given in Chapter 8. The average static pressure on
the isolators group is 3.97 MPa. Shear modulus and effective damping for 3.3~10 MPa pressure and at
100% shear strain are 0.48~0.75 MPa and 12~16%, respectively (Mishra et al., 2014). Under sinusoidal
loading, the effective damping exceeding 20%. The shear modulus at 100% shear strain and 3.97 MPa
compression is about 0.64 MPa. The first mode period is 0.53 s and 1.78 s for fixed-base and base-isolated

structures, respectively. The 5% elastic damping is considered for the fixed base structure and 15% for the

Table 7.7 Geometric properties of STRP isolators (mm)

Isolator Axial load Plan Height Aspect  Total rubber  Rubber layer Shape factor,
types (kN) dimension ratio thickness, tr  thickness, te S

A 540.6 432x432 3.0 45

B 864.1  432x432 144 30 120 2.4 45

C 1344.0 510%510 3.54 53




Chapter 7 150
Hysteresis Force Model for Unbonded Application of Scrap Tire Rubber Pad Isolator

Y
(b) Contact componetﬂf(s

top&bottombeam
middlebeam

slab

Bottom plane

(a) FE model (c) Contact between bearing-plane-structure

Figure 7.13 Finite element modeling of base-isolated structure

base-isolated structure. The beams and columns are assumed as a linear isotropic elastic-plastic element
and the floor slab as a shell element. Figure 7.13 shows the FE model of the STRP base-isolated building.
The connection between rigid planes and isolators is the same as described in the previous section. Also, a

glued connection is assumed between the top rigid planes and each column's bottom node.

The analytical formulation, including the MPW model for dynamic time-history analysis, is given in Eq.

7.11. The restoring force of the isolation part, [F], is replaced by the proposed MPW model in Eg. 7.12.

[M] @} +[Cl{i3+[F]=[M{a,} (7.11)
[M){ii}+[ ]{u}+{ak0u+(b1 +byle|*) (1-a)ko[Z]}=[M1{a,} (7.12)
[Cl=alM]+p[k] (7.13)

where [M], [C], and [F] indicate the mass and damping and restoring force matrices, respectively. The {ii}
and {i} is the acceleration and velocity of the system, and {ag} is the input ground acceleration. Three
acceleration records, as shown in Fig. 7.14, are considered as base excitation. The peak ground acceleration
(PGA) of the Kobe, Imperial Valley, and Northridge earthquakes is 0.345g, 0.47g, and 0.569g. Newmark-

beta integration method with £=1/6 is used. In the analytical approach, the mass's displacement and velocity
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are calculated at every timestep, and then the hysteretic component Z and the restoring force are updated

for the same. The FE analysis considers only unidirectional ground motion parallel to the carcass steel-cord

direction.
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Figure 7.14 Acceleration time history of input earthquakes

7.5.2 Effectiveness of MPW model

Figures 7.15a-7.17a compare hysteresis loops, time-histories for restoring force, and isolator displacement
between FE analysis and MPW model. Figures 7.15b-7.17b show the comparison of the MPW model and
FE analysis results in terms of top floor displacement and acceleration time histories. The approximation
of restoring force and isolator displacement by the MPW model is well agreed with the FF analysis result
under the three earthquake inputs. Although the top floor displacement and acceleration time history found
from the FE analysis and the MPW model are comparable, the magnitude of the acceleration between the
FE analysis and the MPW model display substantial differences. This is because the spring-mass model of
the base-isolated building cannot represent the effect of superstructure overturning and its impact on the

contact pressure.
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Figure 7.15 Comparison of MPW model and FE analysis results under Northridge earthquake
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Figure 7.16 Comparison of MPW model and FE analysis results under Imperial Valley earthquake
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Figure 7.17 Comparison of MPW model and FE analysis results under Kobe earthquake

Table 7.8 shows the peak of restoring force and the isolator displacement under the three earthquake inputs.
The MPW model provides a maximum of 12.9% overestimation of restoring force in Imperial valley and
15.1% underestimation of restoring force in Northridge input. Except for these cases, the difference for
both displacement and restoring force between the MPW model and FE analysis is below 4%. Figure 7.18
compares displacement, drift, and peak of floor acceleration to PGA between FE analysis results and the
MPW model. The maximum error in story displacement is below 20% and observed at the top floor level.
In other floor levels, the displacement difference is about 10%. The story drift is well predicted in all input
earthquakes. The difference in the MPW model and FE analysis result varies between 2% to 25%. The ratio
of peak floor acceleration to PGA is comparable only at the bottom and top floors level. On other floors,
sometimes it is larger than two times of FE analysis results. The model parameters used in the dynamic
analysis of the base-isolated building were calibrated based on the force-displacement curve found from
the static cyclic load analysis. These parameters do not consider the effect of the superstructure and its
overturning. The boundary condition between the isolators and superstructure is the touch connection that
can not resist rotation. A spring-mass model consisting of five degrees of freedom used to represent the
building is incapable of simulating the overturning of the actual building. In addition, in the actual building,

superstructure responses are dependent on the uplifting and touch connection that is not considered in the
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spring-mass model. Therefore, it is concluded that approximation of the restoring force and the
displacement of isolators in an unbonded base-isolated building by the MPW model is acceptable. However,
for a better approximation of superstructure response, it is necessary to include the dynamic load and

superstructure effect in the calibration of the model parameters.

Table 7.8 Peak response of the base-isolation system at different earthquake input

Isolator response Northridge Imperial Valley Kobe

FEA MPW Diff(%) FEA MPW Diff (%) FEA MPW Diff (%)
Restoring force (kN) 1815 1795 11 1549 1749 -12.9 1530 1522 0.5
Displacement (mm) 154  130.7 151 130 126.5 2.7 102 106.1 -4
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Figure 7.18 Comparison of displacement, drift, and acceleration of the building between MPW model and

7.6 Conclus

ions

FE analysis result

This study focused on an analytical model for the hysteresis response of unbonded STRP isolators,
including the anisotropy nature of the STRP isolator and the strain dependency of hysteresis force. The

model parameters are calibrated using linear regression of restoring force found from FE analysis and the
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proposed model. Based on the FE simulation result, it can be concluded that the proposed MPW model is
suitable to express the effect of roll-over deformation and the anisotropy in the elastic restoring force
component caused by the isolator geometry. Furthermore, the accuracy of the model is successfully shown
by comparison with the FE analysis for unidirectional cyclic loading, bidirectional circular displacement
trajectories, and random displacement pattern obtained by the simulated seismic response of an SDOF
system. Finally, a dynamic analysis of a four-story building by implementing the proposed model shows
that the restoring force and displacement of the isolators obtained by the MPW model are acceptable.
Furthermore, the peak of displacement and inter-story drift obtained from the MPW model is matched with
the FE analysis results. However, the peak of the acceleration and the time history of displacement and
acceleration from the MPW model and the FE analysis results show a substantial difference, indicating that
the model parameters should be calibrated with the force-displacement relationship of the base-isolated
structure due to an earthquake load.
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Chapter 8

Conclusions and Recommendations

This research concentrated on the analytical modeling and finite element simulation for investigating
the seismic performance of the unbonded STRP isolator and feasibility in practical implementation. It
intended to formulate a force-displacement model and a horizontal stiffness solution to design the STRP
isolator for unbonded application. In investigating the lateral load and seismic performance, general
features such as the length-to-width ratio, heights, unbonded conditions, and frictions between isolator
and structures are considered. The allowable load for the unbonded STRP isolator is expected to be
determined based on in-service stress-strain limits and the existing design guidelines. Analytical
approaches available in the literature are taken to evaluate the unbonded STRP isolator under the
vertical load. The effectiveness of unbonded application and STRP isolator in an actual earthquake
condition is intended to investigate using nonlinear time history analysis of a four-story building
designed with unbonded STRP isolators. Besides, the effectiveness of unbonded STRP isolator in
reducing damage and seismic vulnerability of masonry building is investigated from a practical

perspective.

8.1 Significant Findings of the Research

8.1.1 Vertical and Lateral Load Performance for Unidirectional Load

The strip-shaped STRP isolators with different length-to-width ratios and square-shaped isolators with
different heights are analyzed to study the lateral load performance and seismic capacity. The isolators
are investigated for 5.0 MPa compression and a maximum of 250% shear displacement. In addition, the
displacement capacity and isolation periods at DBE and MCE level earthquakes are investigated using
the equivalent lateral load procedure of ASCE-SEI 7-10 guidelines. The findings from the FE analysis

are summarized as follows:

B The minimum stiffness of the strip-shaped STRP isolator in the transverse and that in the
longitudinal directions are 0.65~0.75 and 0.90~1.0 times of the values calculated by the effective

shear modulus and the minimum effective damping ratio about 10% within the 100%~150% shear
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strain. Stack numbers exceeding three have an insignificant influence on the lateral stiffness of the

square-shaped bearing with an aspect ratio of 3.

B STRP isolators are anisotropic, which is highly noticeable for the strip-shape. The influence of the
length-to-width ratio on the lateral stiffness is significant in the longitudinal direction providing
stiffness 1.15~1.40 times of that in the transverse direction. Besides, as the length-to-width ratio
increases from unity to ten, the stiffness increases by 37~58% in the longitudinal direction and
decreases by 12% in the transverse direction.

B The effect of the length-to-width ratio on the vertical stiffness is significant for a value below 4.0.
Increasing the stack number increases the vertical stiffness of the square-shaped isolator.

B At 250% shear strain, the average reduction of the effective damping ratios is 38% and 33% in the
longitudinal and transverse directions, respectively, whereas it is 52% in the square-shaped
bearings. The dependence of the damping ratio on the length-to-width ratio exceeding 4.0 or stack

numbers exceeding 3 is insignificant.

B Atsite class C with S1=0.40 and D with S1=0.40 and 0.50 of the ASCE/SEI 7-10 specifications, a
96 mm thick strip-shaped isolator provided an isolation period longer than 1.11s at DBE and MCE
levels. The maximum shear strain of the isolators almost satisfies the allowable limit of 150% and
250% at DBE and MCE levels, respectively. The period and displacement capacity in the
transverse direction are about 12~15 % and 10~15% larger, respectively, than that of the
longitudinal direction. Displacement capacity decreases by 10~15% as the length-to-width ratio

increases from unity to 10.

B For a six-stack STRP isolator with aspect ratios of 12 and 3 in the length and width directions,
respectively, 72 mm is the minimum height for a period longer than 1.0 s. Thus, the permissible

DBE level acceleration is 0.4 g within the allowable displacement limits.

8.1.2 Lateral Load Performance under for Biaxial Loading

The lateral load performance of the unbonded strip-shaped STRP isolators is investigated for circular,
square, hourglass, and 8-shaped biaxial displacement trajectories. The same was also investigated for
the unidirectional component of each bidirectional displacement path. In all loading cases, vertical

compression is 5.0 MPa, and maximum lateral strain is 250%. The key findings are as follows:
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The elastomer strain and restoring force components are coupled in a bidirectional loading. Roll-
over deformation and hardening are insignificant in bidirectional loading than that of unidirectional

loading.

The hysteresis behavior of the unbonded isolators depends on the type of the input displacement
path, but existing codes do not specify the nature of cyclic displacement. Therefore, an efficient

design of an unbonded isolator needs an appropriate selection of input displacement patterns.

The horizontal stiffness and effective damping ratio in bidirectional loading are higher than that of
the unidirectional load. Stiffness increases with shear displacement and can be 1.40 times that of
the unidirectional load. In bidirectional loading, the minimum damping ratio is about 10% at 25%
shear that raised to nearly 35% at 200% shear displacement, whereas it is 10%~16% for linear and

unidirectional displacement.

The empirical relation between the bidirectional and unidirectional hysteretic response provides
that the stiffness for the bidirectional loading test is 0.8~1.25 times that of the unidirectional
loading test. The lower response appears for 250% shear displacement. Similarly, effective

damping is 1.35 and 0.85 times of that in the unidirectional load.

8.1.3 Analytical Approach for Unbonded STRP Isolator

The vertical stiffness of the unbonded STRP isolators is studied using the pressure solution and pressure

approach. An analytical method is proposed for the lateral force-displacement relationship and

horizontal stiffness of the unbonded STRP isolator. The hysteresis behavior is presented using a

modified version of the Park-Wen model. A brief of the analytical approach is given below:

The vertical stiffness from the pressure approach is within the £13% of the FE analysis result. The
pressure solution substantially underestimated the vertical stiffness for the strip-shaped STRP

isolator.

The proposed stiffhess solution is accurate in predicting the force-displacement relation and horizontal
stiffness of the square-shaped STRP isolators. However, the progressive rollover deformation and self-
restraining property of STRP with a high length-to-width ratio increase the horizontal stiffness that the

proposed solution cannot capture.
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B A modified version of the Park-Wen model, including the anisotropic behaviour of the isolator, is
proposed for the hysteresis response of the unbonded STRP isolator. The model parameters are
calibrated with FE analysis results. The proposed method is appropriate for predicting hysteresis
behavior for unidirectional load and different bidirectional displacement orbits: circular, square,
hourglass, 8-shaped orbit, as well as the random displacement pattern. A time history analysis of a
four-story building by implementing the modified Park-Wen model display consistency with FE
analysis result. The modified Park-Wen model is expected to be applicable to dynamic response
analysis of unbonded STRP base isolated structures.

8.1.4 Stress-Strain Behavior

The stress and strain in the unbonded STRP isolators with different length-to-width ratios are analyzed
for various combinations of compressions, structure-to isolator interface rotations, and lateral
displacement. The vertical forces are 2.5, 5.0, 7.5, and 10.0 MPa, including the upper and lower limits
in the AASHTO-LRFD specification. The maximum rotation and lateral displacement are 0.05-radian
and 250% shear strain, respectively. An examination with existing codes gives the following significant

findings.

B STRPisolators show unsymmetrical lateral bulging. The lateral bulging is approximately equal
in the two orthogonal directions for a length-to-width ratio between 2.0 and 4.0 and
insignificant for a larger value. A progressive rollover deformation initiates at 90% shear
displacement and continues until 250% shear. The full-contact occurs at 250% shear instead of
167% observed in FREI.

B The pressure solution can be exercised for elastomer stress considering 16% and 26%
underestimation for length-to-width ratios of 1.0 and exceeding 1.0, respectively. Orientation

of the steel cords provides stress difference in the FE analysis.

B The aspect ratio 3.0 is suitable against lift-off and instability of an unbonded STRP isolator for
combinations of 250% shear displacement, 0.05-radian rotation, and 2.5 MPa compression. An
increase inthe length-to-width ratio quickens the lift-off initiation, and growth of the

compression delays the lift-off rotation.
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Rotation increases the elastomer stress level that is significant at low compression and high
length-to-width ratio. Conversely, lateral displacement reduces in-plane compression stress and

induces tension more significant for a high length-to-width ratio.

An unbonded STRP isolator with a length-to-width ratio of 1.0 and an aspect ratio of 3.0 can
be performed under any combination of forces within 5.0 MPa compression, 0.05-radian
rotation, and 200% shear. The length-to-width ratio of 2.0 complies within 5.0 MPa
compression plus rotation and displacement up to 0.02-radian and 100% shear. The elastomer
stress-strain relationship disagrees with the design limit for a length-to-width ratio exceeding
2.0, even under 0.01 radian and 2.5 MPa compression. In the absence of rotation, unbonded
isolators comply with design limits until 200% shear displacement under 5.0 MPa compression.

An effective length defined by excluding the tension zone equal to 1.0~1.30 times of the total
rubber thickness can be utilized to avoid any occurrence of displacement exceeding 200%

shear.

The maximum elastomer strain for any values of the length-to-width ratio is lower than the

design limits.

Steel cord stress is appreciably insignificant compared with the yield strength. The equivalent

thickness of the steel cords is sufficient to meet the design limits.

8.2 Recommendation for Future Research

This research highlighted the lateral load and seismic performance of the STRP isolator and base-

isolated buildings using FE element analysis and analytical approach. To advance the STRP isolation

for practical application, following further research can be carried out.

An unbonded STRP isolator is more efficient than that with a bonded one. Since friction is the
critical parameter that controls the effectiveness of an unbonded isolator, the shaking table test

of an unbonded STRP base-isolated prototype building is essential for accurate prediction.

An unbonded application of STRP isolators is feasible and effective for protecting structures
from the impact of an earthquake. It improves the seismic performance and reduces the damage

level of the supporting structures in real earthquake situations. However, problems including
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limitation of dislocation associated with the unbonded application of partially bonded STRP
isolators, overturning of superstructure and vertical component of earthquakes should be further

investigated.

m  Further improvement is necessary to include the impact of the length-to-width ratio of a strip-
shaped isolator. The anisotropy of the strip-shaped STRP isolators should be considered in the

design.

B The tire pad thickness, orientation, and geometric properties of the steel cord vary depending
on tire brand and vehicle types. Therefore, it is necessary to investigate the lateral load
performance for the STRP isolator made with a different class of automobile tires.

m  The durability and environmental degradation of scrap tire pads are a big challenge for practical

application and should be considered for further study.



