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Abstract 

Multilayer elastomeric bearings are a type of seismic isolation device that 
mitigates seismic damage by lengthening the fundamental period of a low-rise 
structure. Carbon fiber reinforced elastomeric isolators (FREIs) have been 
identified as a cost effective alternative to bearings reinforced with steel shims. 
The stable unbonded fiber reinforced elastomeric isolator (SU-FREI) is an 
evolution of the FREI. In an attempt to reduce costs even further, FREI bearings 
of a specific aspect ratio and shape factor have been investigated in an unbonded 
application with successful results . SU-FREI bearings have shown potential as a 
viable solution for a more affordable and efficient method of seismic base 
isolation. Several experimental test procedures were employed in this thesis to 
fUl1her investigate the performance of SU-FREI bearings. 

The first objective of this research was to compare the dynamic properties 
of unscragged SU-FREI bearings at parallel and diagonal orientations. Square Y4 
scale SU-FREI bearings were subjected to cyclic excitation under design axial 
load at 0° (parallel) and 45° (diagonal) orientations. Square SU-FREI bearings 
achieved acceptable base isolation characteristics at both orientations despite 
subtle differences in their mechanical properties. Stable rollover (SR) deformation 
was observed for both orientations. 

The stability of SU-FREI bearings under dynamic excitation was the next 
topic investigated in this thesis. To achieve this , Y4 scale square SU-FREI bearings 
were subjected to cyclic testing under incrementally increasing lateral 
displacement amplitudes and axial loads. It was found that the critical buckling 
load under dynamic excitation decreases with increasing lateral excitation 
amplitude. SU-FREI bearings exhibited acceptable performance at axial loads 
well in excess of expected design axial loads . 

In addition, an ultimate shear properties test was performed in order to 
investigate rollout instability in SU-FREI bearings . Rollout was not observed in 
bearings tested in this study. Test results did however highlight the stiffening 
effect of vertical facial contact throughout roll over deformation. 

Finally, SU-FREI bearings underwent cyclic testing under serviceability 
and fati gue conditions. Serviceability tests were performed on Y4 scale SU-FREI 
bearings at lateral displacement amplitudes corresponding to those expected from 
a 1 in 10 year return period wind pressure. Fatigue testing was performed on Y4 
scale bearings at a lateral displacement amplitude equal to the total design 
displacement (DTD) as required by ASCE 7-05 . SU-FREI bearings displayed 
adequate scragged performance under both serviceability and fatigue testing. Both 
effective stiffness and damping remained within acceptable limits throughout 
these tests. 
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Chapter 1. Introduction 

This chapter presents an introduction to the theory behind base isolation 
and a review of the literature surrounding the topic. The types of base isolation 
systems in use today are discussed with specific attention paid to the multilayer 
elastomeric bearing system. Several examples of structures that use base-isolation 
around the world are presented. 

1.1 Introduction 

The earliest proposals for base isolation technology date back over 100 
years (Chopra, 2007, p. 741). Early examples of this technology provided 
protection to motion sensitive mechanical equipment by isolating the equipment 
from structural vibrations. They were also used to minimize vibration effects of 
equipment on structural supports (Connor & Clink, 1996, p.197). Significant 
progress has been made in the field of base isolation in the past couple of decades 
(Connor & Clink, 1996, p.198). There are two primary types of isolation systems 
currently in use. The first method involves the use of reinforced elastomeric 
bearings and the second method involves the use of a sliding system. Both 
systems work by modifying the dynamic properties of the structural system to 
deflect earthquake energy. All base isolation methods attempt to introduce a layer 
of low lateral stiffness at the base of the structure, between the foundation and 
superstructure. 

1.2 Theory of Base Isolation 

Base isolation is effective in cases where a building has a fundamental 
frequency that is within the high frequency range of earthquake ground motion for 
a given region. The isolation system introduces a layer of low lateral stiffness 
between the foundation and superstructure, which changes the fundamental 
frequency of the structural system. This acts to decouple the building from the 
horizontal components of earthquake ground motion. The fundamental frequency 
of the isolated structure is much lower than both the fixed-base period of the 
structure and the predominant frequency range of earthquake ground motion. 

The Uniform Hazard Spectra (UHS) for 3 major Canadian cities is 
provided in Figure 1.1. It can be seen in this figure that spectral acceleration 
during an eat1hquake is commonly at its highest between periods of 0.1 - 0.5 
seconds. Low rise structures with fundamental periods in this range amplify these 
accelerations . This leads to increased inter-story drift, resulting in structural 
damage. In order to avoid structural damage it is advantageous to lengthen the 
fundamental period of the structural system. This can be accomplished by 
introducing a layer of low lateral stiffness at the base of a structure between the 
superstructure and foundation . This is the origin of the term base isolation. The 
introduction of the isolation layer changes the first mode of the structure so that 
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displacements occur predominantly in the isolation layer. Base isolation 
minimizes the inter-story drift as well as ground floor accelerations. The 
displacement during earthquake ground motion is effectively deflected to the 
isolation layer at the base of the structure. 

1.3 Application of Base Isolation 

Base isolation technology is used predominantly for projects of high value, 
buildings with historical significance and structures housing expensive equipment 
or essential services. The reason for this limitation is due to the cost of 
manufacturing and installing these devices. For smaller projects, like residential 
structures, it is not economically feasible to manufacture and install a base 
isolation system. For the same economic reasons, it is difficult for developing 
countries to adopt base isolation technology. Despite these constraints, there are 
numerous examples of base isolated structures worldwide. 

A typical layout of a base isolation system installed in a structure is 
provided in Figure 1.2 for the Foothill Communities Law and Justice Center 
(FCLJC) in Rancho Cucamonga San Bernardino County. An isolator is placed 
underneath each column in between the superstructure and the foundation. In 
cases where the isolation layer is below grade, a clearance or "seismic gap" is 
required. The seismic gap is dependent on the ultimate expected displacement of 
the isolation system (Taylor & Igusa, 2004). In the case of the FCLJC the seismic 
gap measures 16" around the entire structure (Kelly J. M., 1997). The seismic gap 
requires special considerations such as flexible utility connections and cover 
plates capable of carrying pedestrian loads (Taylor & Igusa, 2004). 

The FCLJC, completed in 1985, was the first base-isolated structure built 
in the United States, and was designed to withstand a magnitude 8.3 earthquake. 
The isolation system for this building consists of 98 natural rubber isolators 
reinforced with steel plates (Naiem & Kelly, 1999). This marked the first structure 
in the world to use high-damping natural rubber bearings for base-isolation. The 
isolators used were developed from highly filled natural rubber which exhibited 
high shear stiffness at low strain and 4-5 times less shear stiffness at high strains 
(Naiem & Kelly, 1999). At shear strains greater than 100% the bearings begin to 
stiffen again. For wind loading and low level earthquakes the stiffness in the 
isolation layer is relatively high. The stiffness in the isolation layer drops as the 
load increases which in turn lengthens the period of the structure. These properties 
are ideal for a base-isolated structure that will need to perform under wind loading 
in addition to strong earthquake events. 

Base isolation is not limited to inclusion in the initial design of a structure. 
Alternatively, these bearings may be used in cases of seismic retrofit where it may 
be desirable to protect existing high value structures from earthquake damage. 
One example of such a retrofit is the San Francisco City Hall. Designed in 1911 , it 
is listed in the National Register of Historic Places. In 1989 the structure sustained 
significant damage from the Lorna Prieta Earthquake. As part of the seismic 
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retrofit strategy, 530 lead-plug rubber bearings were installed just above the 
existing foundation. The installation of the isolation system involved a 
complicated process of shoring and cutting columns while the load was 
transferred to temporary supports (Naiem & Kelly, 1999). 

Other examples include: the Emergency Operations Centre in California, 
the San Francisco City Hall , the Los Angeles City Hall, and the West Japan Postal 
Centre. All of these examples are high value structures such as government 
buildings and medical centers. In order to expand the application of isolation 
systems to practical use in common structures and developing countries, it is 
necessary to reduce the costs involved in both their manufacture and installation. 
This study explores the feasibility through experimental testing of one such cost 
saving alternative to current base isolation practices; the Stable Unbonded - Fiber 
Reinforced Elastomeric Isolator SU-FREI. 

1.4 Base Isolation Systems 

There are two basic types of isolation systems in use today; the most 
common type involves elastomeric bearings; the other is a low-friction sliding 
system. Elastomeric bearings began as large rubber blocks consisting of a damped 
natural gum rubber or neoprene (Naiem & Kelly, 1999). The first evolution of the 
elastomeric bearing is the multilayer elastomeric bearing which consists of 
alternating layers of rubber and lateral reinforcement sheets that provide 
additional axial stiffness which was found lacking in previous rubber block 
designs (Naiem & Kelly, 1999). Thin steel plates, also referred to as shims, are 
the typical choice of reinforcement for multilayer elastomeric isolators. The 
second type of base isolation involves the use of a sliding system. A number of 
sliding systems have been developed and installed around the world. Some 
examples of sliding systems include the friction pendulum system, and the shape 
memory system. Both systems provide a layer of low lateral stiffness between the 
foundation and superstructure of the building. This study deals with the multilayer 
elastomeric base isolator. 

1.4.1 Multilayer Elastomeric Base Isolators 
Elastomeric base isolation systems began as large rubber blocks with no 

reinforcement, steel or otherwise. These bearings had a vertical stiffness of only a 
couple times that of their horizontal stiffness, resulting in axial compression of up 
to 25% under the weight of the structure alone (Naiem & Kelly, 1999). This led to 
the development of elastomeric base isolators with reinforcing sheets in order to 
increase the vertical stiffness to hundreds of times the horizontal stiffness. This 
also limited the bulging of elastomeric isolators under axial load. 

Multilayer elastomeric bearings started as alternating layers of low 
damped natural rubber or synthetic rubber (neoprene) with steel shims for 
additional vertical stiffness. Lateral stiffness and damping of these isolators are 
dependent on the rubber material used. Low damping elastomeric bearings have 
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the advantage of being well understood, as well as being easy to manufacture and 
easy to model. However, isolation systems with low damping require elaborate 
supplementary damping systems (Naiem & Kelly, 1999). Supplementary damping 
systems will incur additional costs, which are not necessary when sufficient 
damping can be developed by the isolators themselves. 

Additional damping can be achieved by either adding a hole and lead-plug 
to the isolator or by using a high damping natural rubber or neoprene. A lead-plug 
core can be added to a steel reinforced bearing by simply placing a cylindrical 
lead-plug to the centre of the bearing. The lead core is forced to displace by the 
interlocking steel sheets. Lead was chosen based on its availability and energy 
dissipating capabilities (Robinson, 1982). A study performed by Aiken et al. 
(1992) involved a comparative test between two types of high damping rubber 
bearings and one lead-rubber bearing. Acceptable damping ratios were achieved 
for all three bearing types. Both methods are widely accepted as methods for 
adding damping to multilayer elastomeric isolators. 

Conventional steel reinforced elastomeric base isolators (SREIs) are 
currently the most widely used and recognized multilayer elastomeric bearings for 
base isolation purposes worldwide. However, the application of these bearings is 
limited by manufacturing and installation costs. A number of methods are being 
explored to find a more cost effective multilayer elastomeric bearing design. 

1.4.2 Flexible Reinforcement in Multilayer Elastomeric Isolators 
There are two main disadvantages of using steel plates for reinforcing 

elastomeric base isolators. The first is the weight of the SREI unit and the second 
is the total cost to manufacture and install. The manufacturing of SREI bearings 
requires steel plates to be cut, sand blasted, and acid cleaned. The plates and 
compounded sheets of rubber need to be pressed in a mold and heated for several 
hours. In addition, vulcanization must be performed under high pressure and 
temperature. The steel reinforcement in SREIs is rigid in both extension and 
flexure. The weight of the isolator is mainly due to the weight of these steel 
plates. Decreasing the cost and weight of reinforced elastomeric isolators is 
particularly important for application viability in developing countries subjected 
to high levels of seismic activity. 

A light weight, versatile, and cost effective alternative would be ideal for 
use in seismically active regions of the developing world where SREI bearings are 
not an affordable option. For this reason, a variety of flexible light weight 
reinforcements have been investigated as alternatives for multilayer elastomeric 
base isolators. Fiber Reinforced Elastomeric Isolators (FREIs) are the result of 
this research. In comparison, fiber reinforcement is more flexible in extension and 
has no flexural rigidity. The fiber reinforcement in FREIs consists of a matrix of 
woven strands. These strands straighten out when in-plane tension is applied 
thereby increasing the tensile modulus of the bearing. 

Experimental testing has been performed on bearings with fiber layers 
composed of glass fiber (Mordini & Strauss, 2008), Kevlar (Kelly & Takhirov, 
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2001) or more commonly, carbon fiber. Woven carbon fiber fabric is the most 
researched alternative that has shown promise as a viable alternative to steel. 
FREI bearings have displayed performance equal to or better than SREI bearings 
under test conditions in several studies (Kelly, 1999; Kelly & Takhirov, 2001 ; 
Moon et aI., 2002; Campbell, 2004; Ashkezari et aI., 2008). Moon et al. (2002) 
compared a carbon fiber reinforced elastomeric bearing directly to a steel 
reinforced bearing of the same dimensions and found that while the effective 
stiffness of the two bearings were comparable; the FREI bearing provided nearly 
twice the effective damping of the SREI bearing. 

When an FREI bearing is displaced laterally, tension is developed in the 
reinforcing sheets through the curvature of the bearing. The individual strands in 
each fiber bundle slip against each other leading to frictional damping, which adds 
to the damping of the elastomer (Kelly J. M., 1999). When designing an FREI, the 
added damping from the fibers themselves can be taken advantage of making 
more elaborate damping techniques unnecessary. For example, the addition of a 
lead-plug for additional damping becomes unnecessary. A study by Kang et al. 
(2003) directly compared an FREI isolator to a SREI isolator and an FREI isolator 
with a lead plug installed. The results of experimental and analytical research 
showed that fiber reinforcement has a high likelihood of being a good 
replacement for steel reinforcement. Additionally, it was found that the hole and 
lead-plug have little effect on the effective stiffness and damping of FREI 
bearings. 

Another benefit of carbon fiber reinforcement is the possibility of creating 
large sheets of FREI Isolator, which could be cut to the required size. It is 
important to investigate the feasibility of this manufacturing process and how the 
production costs compare to SREI bearings, a concern mentioned by Kelly and 
Takhirov (2001). However, in a following study (Kelly & Takhirov, 2002) Dongil 
Rubber Belt Company Ltd. in Pusan Korea manufactured examples of long strip 
isolators reinforced with carbon fiber fabric. The resulting experimental testing 
showed acceptable performance even though the fiber fabric was of poor quality 
with many gaps. The possibility for constructing large sheets of FREI bearing 
exists. 

1.4.3 Scragging 
A rubber compound in its natural untested state is subject to what is called 

the Mullins Effect. This occurs when an unfilled or particle reinforced rubber, in 
its unscragged state, is subjected to cyclic loading at a constant amplitude under 
tensile, compressive, or shear loading. The stress required on reloading is less 
than that of the initial loading for deformations up to a maximum of those 
previously achieved (Dorfmann & Ogden, 2004). These stress differences are 
typically largest during the first and second cycles and become negligible after 6 
to 10 cycles (Dorfmann & Ogden, 2004) . Once a bearing has been deformed to a 
certain elongation, it is scragged up to and including that elongation. Cycling the 
same bearing at greater amplitudes than those previously tested will result in 
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un scragged behaviour. The term scragging is defined by ASCE (2005) as "Cyclic 
loading or working of rubber products, including elastomeric isolators, to effect a 
reduction in stiffness propelties, a pOltion of which will be recovered over time". 
This study is concerned with exploring the reduction in effective stiffness of SU
FREIs under repeated cycling. Recovered effective stiffness over time is not 
investigated in this study. The difference between scragged and unscragged load
displacement hysteresis is illustrated in Figure 1.4. Effective stiffness of each loop 
is measured as the slope of the line made between the largest positive and 
negative lateral load and displacement in each loop. A drop in effective stiffness 
is clearly seen in the scragged second cycle of lateral displacement at the same 
amplitude. This phenomenon is referred to throughout the rest of this study when 
comparing the propelties of the first cycle of an unscragged bearing to subsequent 
cycles at the same amplitude. 

1.4.4 Unhonded Boundary Conditions 
Using FREI bearings in an unbonded application would reduce the cost of 

installation by removing the need of thick steel mounting plates commonly used 
in practice. There are a variety of connection methods currently in use. Table 1.1 
provides a chart comparing current bearing connection methods based on the 
provisions of ISO (2005) with the inclusion of Type SU (Stable Unbonded). The 
Type I and Type II connections involve bonding the isolator to thick steel plates 
which are then bolted in place. In a Type III connection the isolator is bonded to 
steel plates which are either connected to mounting plates with dowelled pins or 
recessed rings . All three of these methods involve thick steel plates which are 
both costly and heavy, requiring significant effOlt to install. FREIs installed in an 
unbonded application are placed directly between the foundation and 
superstructure without any connection to these boundaries. 

1.4.5 Rollover 
This term was first used by Toopchi-Nezhad et al. (2008a) to describe the 

behaviour of square FREI bearings without bonding between the contact surfaces 
and the test platens. The lack of flexural rigidity accompanying the use of carbon 
fiber fabric is also necessary for rollover deformation. As a result of unbonded 
boundary conditions, FREI bearings "rollover" under lateral displacement. The 
top and bottom surfaces of the bearing begin to lose contact with the upper and 
lower surfaces as the bearing is displaced laterally (Figure 1.3). This behaviour is 
typically undesirable in elastomeric base isolators due to the loss of stability that 
normally accompanies it. However, the loss of lateral stiffness accompanying 
rollover increases the efficiency of an isolation system so long as stability can be 
maintained. Toopchi-Nezhad et al. (2008a) found that un bonded FREI bearings 
with a certain aspect ratio and shape factor were able to achieve stable stiffness 
properties throughout lateral sinusoidal displacement under a constant axial 
design load. 
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1.4.6 Stable Unbonded - Fiber Reinforced Elastomeric Isolators 
Stable un bonded fiber reinforced elastomeric isolator (SU-FREI) refers to 

an FREI bearings with no bonding at the contact surfaces (platen), and with an 
aspect ratio (R) and shape factor (5) such that stable rollover (SR) deformation 
occurs (Toopchi-Nezhad, Tait, & Drysdale, 2008a). The behaviour of an 
unbonded FREI bearing is defined as "stable" when positive incremental load
resisting capacity is achieved throughout each fully reversed cycle of lateral 
displacement. Toopchi-Nezhad et al. (2008a) tested two bearings with aspect 
ratios of R = 1.9 and shape factors of 5 = 10.6 which resulted in unstable 
behaviour. Two bearings were then cut from the initial specimens with aspect 
ratios of R = 2.5 and R = 2.9 respectively. Cyclic lateral testing of SU-FREI 
bearings with these aspect ratios resulted in stable hysteretic behaviour. In 
addition, a strength hardening and increased stiffness was observed in the 
bearings at the largest lateral displacements. This occurred when the two vertical 
faces of the bearing perpendicular to the direction of excitation began to make 
contact with the upper and lower platens. 

This facial contact is only possible in an elastomeric bearing with flexible 
reinforcement in an un bonded application. The hardening behaviour is 
advantageous as it acts to limit the maximum lateral displacement of the isolation 
system. The bearings cut from the original specimens were labeled as SU-FREI 
bearings due to their stable performance and unique characteristics. A subsequent 
study by Toopchi-Nezhad et al. (2008b) was conducted on Y4 scale SU-FREI 
bearings with aspect ratio R = 2.8 and shape factor 5 = 11. Stable hysteretic 
behaviour and hardening at large lateral displacements were observed. It was 
found that SU-FREIs could be effectively used for seismic isolation purposes 
based on design code provisions of ASCE 7-05. 

It has been demonstrated through experimental testing that SU-FREIs 
show suitable behaviour for seismic isolation purposes. The use of FREI bearings 
in a stable unbonded application shows promise as a low-cost and light weight 
alternative to current seismic isolation practices. However, more research is 
necessary to better understand the behaviour of these bearings. This study is a 
continuation of experimental research of SU-FREI bearings. 

1.5 Organization of Thesis 

Chapter 2 describes the objectives and methodology of the experimental 
testing performed. The details of the test setup and the construction process and 
specification of the Y4 scale bearing samples are discussed. 

Chapter 3 investigates the dynamic properties of Y4 scale SU-FREIs under 
cyclic excitation at a wide range of excitation amplitudes. Effective stiffness and 
effective damping are compared for sample bearings at two orientation angles 
with respect to the direction of excitation. 
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Chapter 4 explores the stability of Y4 scale SU-FREI bearings under cyclic 
lateral displacement and increasing axial load. Rollout stability in Y4 scale SU
FRET bearings is also investigated in this chapter. 

Chapter 5 reports on the serviceability and fatigue performance of Y4 scale 
SU-FREI bearings. Test performance is compared to the requirements of ASCE 
2005. 

Chapter 6 summarizes the conclusions of the experimental research 
performed in this study and outlines recommendations for futther study. 
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Table 1.1 

Type I 

Type II 

Type III 

Base iso lator classification by connection type including bolted, dowelled, 
recessed, and stable unbonded. (ISO, 2005). 

Isolator is 
bonded to SUPERSTRUCTURE 

connecting 
flanges which 
are in turn 
bolted to the 
mounting FOUNDATION 

flanges 

SUPERSTRUCTURE 

Isolator is 
bonded directly 
to the mounting 
flanges 

SUPERSTRUCTURE 

Isolator 
connected to 
the base with 
recessed rings 

FOUNDATION 

SUPERSTRUCTURE 

Isolator 
connected to 
the base with 
dowelled pins 

FOUNDAT1ON 

Isolator is 
placed directly 

SU PERSTRUCTURE 

Type SU 
between 
superstructure 
and foundation FOUNDATlON 
with no bonding 
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Figure 1.1 
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Uniform Hazard Spectra (UHS) for three major Canadian cities. Values obtained 
for 5% damped horizontal spectral acceleration for 0.2,0.5, 1.0, and 2.0 second 
periods form the NBC 2005 for each city. 

Cross-section of the Foothill Communities Law and Justice Center showing the 
layout of a typical isolation system (Kelly J. M., 1997). 
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Figure 1.3 
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Various stages of rollover deformation in an FREI installed in an unbonded 
application 
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Figure 1.4 
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Load-displacement hysteresis from cyclic lateral testing on a un scragged su
FREI bearing. Two fully reversed cycles at the same amplitude were performed 
under constant axial load. 
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Chapter 2. Objectives, Test Setup and Sample Specifications 

This chapter describes the specifications of the Y4 scale SU-FREI bearings 
investigated in this study. The test setup and layout are detailed and an 
introduction to the objectives of this study is provided. Topics explored in this 
study include: effect of orientation on the dynamic properties of bearings under 
cyclic lateral testing; investigation of stability of SU-FREI bearings; and the 
performance of SU-FREI bearings under fatigue and serviceability conditions. 
Specific details regarding test procedure and experimental results are provided in 
subsequent chapters. 

2.1 Sample Specification 

This study involves experimental testing and evaluation of the 
performance of Y4 scale square SU-FREI bearings. The bearings constructed for 
this test were manufactured to the same specifications as those tested by Toopchi
Nezhad et al. (2008b). The bearings were constructed in sheets using the same 
process and equipment as Toopchi-Nezhad et al. (2008b) in an attempt to 
maintain consistent propelties. A total of three sheets of fiber-reinforced 
elastomeric isolator were constructed for this study labeled MB I , MB2, and MB3. 
Each sheet measured 200 x 200 x 24 mm consisting of 12 layers of soft unfilled 
neoprene rubber and 11 layers of bidirectional (0/90 degree orientation) plain 
weave carbon fiber. Four Y4 scale bearings were cut from each sheet with 
dimensions of 70x70x24mm. Sheet plan dimensions as well as the location 
(labeled 1 through 4) and dimensions of the individual bearings cut from a typical 
sheet are provided in Figure 2.1. Each bearing tested in this study is labeled based 
on the sheet it was cut from and the location from which it was cut. For example, 
bearing MB 1-1 is a bearing cut from sheet MB 1 from position 1 (top left corner). 
As illustrated in Figure 2.1 , each bearing sheet yielded 4 bearings for a total of 12 
model scale bearing samples for testing purposes. 

A side view of a typical Y4 scale bearing specimen is provided in Figure 
2.2, which shows the alternating layers of rubber and carbon fiber. Rubber layers 
are 1.59 mm thick giving a total thickness of rubber of tr ;::; 19 mm . The neoprene 
rubber used has a measured hardness of 37 ± 5 Durometer, Shore A (ASTM 
2005) . The supplier specified nominal tensile modulus of the rubber is 1.2 MPa at 
an elongation of 100%. The carbon fiber layers are composed of 0/90 degree bi
directional plain weave carbon fiber fabric. The carbon fiber fabric was 
pretensioned in both the 0 and 90 degree direction to achieve a uniform amount of 
tautness prior to being bonded to the rubber sheets. Bonding of the carbon fiber to 
a layer of neoprene was accomplished using two even coats of a cold vulcanizing 
rubber cement. This process was repeated for each subsequent layer of carbon 
fiber and neoprene. 

Kelly and Takhirov (1987) have indicated that the exposed edges of 
isolator samples cut from a strip isolator of FREI bearing are prone to 
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delamination. Significant delamination was observed by Toopchi-Nezhad et 
al.(2008a) during testing of a full scale unbonded FREI bearing with exposed 
edges. In a following study performed on V4 scale SU-FREI bearings (Toopchi
Nezhad et aI. , 2008b), two coatings of rubber cement were applied to the exposed 
surfaces of the V4 scale bearing after it was cut to the appropriate dimensions. This 
coating prevented delamination during cyclic testing. The same process was used 
on bearings cut from sheets ME 1, MB2, and MB3 in this study. Figure 2.3 depicts 
a V4 scale SU-FREI bearing during the construction process with one exposed 
edge and another edge coated with rubber cement. 

2.2 Test Setup and Instrumentation 

An overview of the test setup, provided in Figure 2.4, shows a number of 
different views of the setup. The test setup and instrument layout is detailed in 
Figure 2.5 and Figure 2.6 with cross-section views. This setup is a modified 
version of the test setup used by Toopchi-Nezhad et al. (2007a; 2008a; 2008c) . 
Delrin brackets were added at the bolted connections between the housing for the 
horizontal actuator to the upper platen as seen in Figure 2.4a & Figure 2.5. This 
provided a nearly frictionless surface at the bolted connections between the arms 
of the upper platen. In addition, a new load cell was installed to measure lateral 
shear forces during cyclic testing at high axial loads, which were beyond the 
capabilities of the existing horizontal load cell. 

The bottom plate is moved laterally by the horizontal actuator (Figure 
2.4b) under displacement control. The displacement rate and amplitude are 
controlled via an input displacement signal generated using MatLAB, which is 
sent to a 406 controller (Figure 2.7a). Feedback is provided by the linear variable 
displacement transducer (LVDT) at the back of the setup shown in Figure 2.5. 
Corresponding lateral displacements are measured using the string-pot located 
adjacent to the feedback LVDT. Safety precautions required the installation of 
limit switches to prevent any unexpected extreme lateral displacements. Shear 
forces are measured from one of two locations by either horizontal load cell No. 1 
or 2 (HLC No.1 and No.2) as seen in Figure 2.4b and Figure 2.4c respectively. 

The lateral force measured using horizontal load cell No.1 (Figure 2.4b & 
Figure 2.5) included frictional forces developed by the linear bearings under the 
bottom platen as it was cycled laterally and inertia forces related to the mass of 
the bottom platen. Horizontal load cell No.2 (Figure 2.4c & Figure 2.6) directly 
measures the shear at the top surface of the bearing. This load cell was calibrated 
at axial loads up to 120 kN under cyclic shear. Both cells record lateral shear 
forces simultaneously and the results were compared and verified at design axial 
loads between the two horizontal load cells. Horizontal load cell No.2 provides 
accurate shear measurements for cyclic testing of bearings under axial loads up to 
120 kN. The introduction of an additional horizontal load cell was necessary for 
dynamic stability testing described later in this report. During lateral cyclic testing 
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under design load the original lateral load cell designated as HLC No.1 was used . 
Shear was measured by HLC No.2 for all other experimental testing. 

The veltical actuator is operated under load control and feedback is 
provided by four 10,0001b load cells (VLC No.1 - NoA) placed between the 
actuator and the upper platen of the test set up as depicted in Figure 2Ad and 
Figure 2.5. Similar to the horizontal actuator, MatLAB is used to generate the 
veltical signal. This signal is sent to a 406 controller which maintains the desired 
load by comparing the input signal to the measured load on the sum of the four 
veltical load cells. In order to measure vertical displacements, four laser 
displacement transducers (LOTs) were installed along the perimeter of the upper 
and lower platens. Two of the LOTs are attached to the bottom platen (LOT # I & 
2), while the other two are attached to the top platen (LOT # 3 & 4) as shown in 
Figure 2.5. 

A total of 12 channels are measured and recorded simultaneously during 
each test. These channels are filtered at 10Hz using an anti-aliasing filter (Figure 
2.7b). This allowed for multi-channel conditioning and amplification with 
dynamic recording. All data was recorded at a sampling rate of 250 Hz (one 
sample every 0.004 seconds) and digitally filtered at 6 Hz using LabVIEW 
software. Both the original data filtered at 10Hz and the digitally filtered data at 6 
Hz were recorded separately. The data filtered at 10Hz was stored as a backup 
while all calculations were performed using the data filtered digitally at 6 Hz. 

2.3 Experimental Tests and Objectives 

The objective of this study is to continue investigation into the properties 
of SU-FREI bearings using a wide variety of experimental tests. Previous studies 
have established that SU-FREI bearings achieve effective stiffness and damping 
properties, which are sufficient for base isolation (Toopchi-Nezhad et aI., 2007a; 
2008a; 2008b). This objective was accomplished by subjecting ~ scale SU-FREI 
bearings to a series of experimental tests. These tests cover a wide range of 
subjects including orientation during cyclic testing, stability, serviceability and 
fatigue . The topics discussed here have not been explored using SU-FREI 
bearings prior to this study. 

2.3.1 Dynamic Properties 
The dynamic properties of interest, which can be obtained from lateral 

cyclic testing under constant axial pressure, are the effective stiffness and the 
effective damping of the base isolator. Once these properties are determined 
through experimental testing, the response of the base isolation system can be 
predicted. The provisions of ASCE 7-05 can be used to estimate the response of 
an isolation system composed of SU-FREI bearings with the same properties as 
those tested in this study. There are a number of factors which influence effective 
stiffness and effective damping. For example, a rubber compound performs 
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differently when it is cycled from its unscragged state than it does if it has been 
previously deformed (scragged). 

In previous studies, this effect was documented during cyclic testing of 
SU-FREI bearings by Toopchi-Nezhad et al. (2008a; 2008b). It was found that the 
"unscragged" first cycle provided higher stiffness and damping than the second 
and third cycles. The differences in the second and third cycles were negligible 
and the effective stiffness and damping appeared to be stable. The results of the 
second and third cycles were labeled as the scragged properties of the SU-FREI 
bearings. Toopchi-Nezhad et al.(2008b) investigated the performance of Y4 scale 
SU-FREI bearings under sinusoidal lateral displacement and constant axial load. 
These cyclic tests were performed along 0°, 90°, and 4So orientations with respect 
to the direction of excitation (Toopchi-Nezhad et aI. , 2008b). The bearings tested 
at 0° (parallel orientation) were unscragged bearings; whereas the bearings tested 
at 4SO (diagonal orientation) had been rigorously tested prior to being cycled at a 
4So orientation. These bearings had first been used to investigate the effects of 
vertical pressure on lateral response as well as a number of other cyclic tests 
including rate sensitivity. As a result, a direct comparison between the unscragged 
propelties of SU-FREI bearings at parallel and diagonal orientations was not 
possible. The unscragged properties of SU-FREI bearings cycled at a diagonal 
orientation have not been explored prior to this study. 

In this study, the lateral response of unscragged SU-FREI bearings tested 
along both a parallel and diagonal orientation will be evaluated. The results of 
parallel cyclic testing obtained in this study will be directly compared to the 
results achieved by Toopchi-Nezhad et al. (2008b) on an SU-FREI bearing of the 
same specifications tested under identical conditions. This will ensure continuity 
between the manufactured bearing specimens of this study with those of the 
previous study. It is expected that unscragged bearings subjected to cyclic testing 
at a diagonal orientation will achieve much greater effective stiffness and 
effective damping than those tested by Toopchi-Nezhad et al.(2008b). This is 
primarily due to the amount of testing the bearings in the previous study 
underwent prior to diagonal cyclic testing. 

The specifics of cyclic testing performed on SU-FREI bearings are 
discussed in greater detail in Chapter 3. This chapter provides the lateral response 
characteristics obtained from cyclic testing in terms of effective stiffness and 
effective damping. These values are then used to determine the displacement of 
the isolation layer and the effective base isolated period at this displacement based 
on provisions of ASCE 7-0S. 

2. 3.2 Stability Under Dynamic Excitation 
A number of studies, both analytical and experimental, have been 

performed on multi layer elastomeric isolators in order to determine the buckling 
load. According to International Standard ISO 22762 (200S), a seismic-protection 
isolator is considered to have undergone buckling when it has lost stability under 
a combination of compression-shear loading. This occurs when the lateral 
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stiffness becomes zero. A force-displacement curve is provided in Figure 2.8 
which illustrates stable and unstable conditions. Several different test procedures 
were investigated before a buckling test program was developed that would best 
suit SU-FREI bearings. 

A previous study by Buckle and Liu (1994) examined the buckling load of 
several steel reinforced elastomeric bearings. Bolted connections were used to 
attach each bearing to the upper and lower platens of the test set up. Each bearing 
was first scragged at a specified displacement and then held at this displacement 
while an increasing axial load was applied. Once the lateral shear force became 
negative the test was stopped. This was repeated at several displacements and the 
results were used to construct force-displacement curves from which the buckling 
load could be obtained. This provided critical loads under which the bearing is 
constrained from any additional lateral displacement. The data was then analyzed 
to determine the equivalent unconstrained critical loads. This procedure was 
deemed unsuitable for testing SU-FREI bearings due to the un bonded boundary 
conditions. It was decided that analyzing stability under dynamic lateral excitation 
was representative of conditions which are expected to be experienced by an SU
FREI bearing. Dynamic testing provides insight into both the stability of SU
FREI bearings as well as the effect of high axial load on the dynamic properties. 

Stanton et at. (1990) investigated the stability of steel-laminated 
elastomeric bearings in a number of different experimental tests. One of the 
experimental tests examined the dependence of transverse stiffness on 
compressive load. Each test subjected a bearing stack to a constant axial load 
followed by cyclic lateral displacement. This process was repeated at the same 
amplitude at increasing levels of axial load. This was done for a number of 
orientations of stacked bearings and various displacement amplitudes. Transverse 
stiffness Kt was defined as the tangential stiffness obtained at zero displacement 
from the force-displacement hysteresis. It was found that transverse stiffness 
decreased with increasing axial load for every combination of lateral displacement 
amplitude and bearing stack orientation. FUl1hermore, as the axial load increased 
the hysteresis increased but the loops remained stable. The influence of axial load 
on the transverse stiffness of SU-FREI bearings has not been investigated prior to 
this study. The study by Stanton et al. (1990) looked at a limited range of axial 
loads where instability was not encountered. It is apparent that if the axial load 
were increased further it may be possible to achieve negative transverse stiffness 
corresponding to buckling. 

In an Earthquake Engineering Research Center (EERC) report by Koh and 
Kelly (1987) four different square multilayer elastomeric bearing types were 
tested. One set of 112 scale bearings was tested with and without a lead core along 
with three sets of 115 scale bearings with varying steel shim and rubber layer 
thicknesses. Each test subjected a bearing sample to a sinusoidal cycle of lateral 
displacement under a constant axial load. Each bearing was subjected to several 
tests at the same lateral amplitude and subsequently greater axial loads. This 
process was repeated for up to three incrementally increasing excitation 
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amplitudes. The purpose of this investigation was to investigate the effect of axial 
load on the dynamic properties of several types of multilayer elastomeric 
isolators. The dynamic properties calculated in the repolt were the effective 
stiffness and effective damping obtained from the lateral force-displacement 
hysteresis. Results showed a decrease in effective stiffness accompanied by an 
increase in effective damping as the axial load was increased. The 1/5 scale 
bearings were tested at axial loads ranging from 20-130 kN. Approximately 20 
tests were performed on each bearing in total. Results showed that the effective 
stiffness decreased by half while effective damping increased by 2-3 times. Prior 
to this investigation Y4 scale SU-FREI bearings had undergone cyclic testing at 
axial loads up to approximately 15 kN (Toopchi-Nezhad et aI. , 2008a). The 
effects of axial loads in excess of twice the design axial load have not been 
explored using SU-FREI bearings. 

The testing procedure used in this study is an evolution of the procedure 
used by Stanton et al.(1990) and the procedure used by Koh and Kelly(l987). 
Stability of an SU-FREI bearing is evaluated based on the force-displacement 
hysteresis. A stable hysteresis loop maintains positive incremental force resisting 
capacity throughout each full reversed cycle. This study aims to determine the 
critical axial load at which the lateral stiffness becomes zero in an SU-FREI 
bearing for different excitation amplitudes. This axial load represents the critical 
buckling load under dynamic excitation. In addition these tests will provide 
insight into the effective stiffness and damping of SU-FREI bearings under a wide 
range of axial loads. The specifics of the dynamic buckling test used in this study 
are discussed in greater detail in Chapter 4. 

2.3.3 Rollout 
In addition to stability tests performed during dynamic lateral excitation, a 

more traditional stability test was performed on SU-FREI bearings subjected to 
constant design axial load. The ultimate shear properties test is performed to 
determine the displacement at which a bearing either breaks or buckles as 
described by ISO-22762 (2005). Each bearing is subjected to its design axial load 
which is held constant. Next the bearing is displaced laterally at a constant rate 
until failure occurs. The method of failure is dependent on the boundary 
conditions of the bearing. Bearings with bolted connections are susceptible to 
breaking failure , while dowelled and recessed bearings are at risk of rollout 
instability (ISO, 2005). The force-displacement curve shown in Figure 2.8 is 
representative of an ultimate shear properties test during which a bearing has 
undergone rollout instability. The lateral displacement omax represents the onset 
of buckling due to rollout instability where the lateral stiffness has become zero. 
This failure mode may occur at very large lateral displacement, when the resultant 
of the vertical contact pressure falls beyond the horizontal contact area of the 
bearing. 

Due to their unbonded boundary conditions, SU-FREI bearings will 
rollover as they are laterally displaced. Rollover behaviour is unique to SU-FREI 
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bearings and occurs as soon as the bearing is displaced laterally and the vertical 
faces perpendicular to the direction of excitation begin to roll over. Rollover 
behaviour is not to be confused with rollout instability, as rollover is not a failure 
mode. Rollover results in a significant decrease in the lateral stiffness of the 
bearing, which is desirable since it also lengthens the effective base isolated 
period. However unlike standard elastomeric bearings, the SU-FREI bearings 
investigated in this study are designed to undergo SR (Stable Rollover) 
deformation (Toopchi-Nezhad et aI. , 2008a). As the SU-FREI bearing undergoes 
rollover it maintains positive incremental load resisting capacity. At large lateral 
displacements, when the vertical faces of the bearing perpendicular to the 
direction of excitation begin to make contact with the upper and lower contact 
surfaces, stiffening is observed (Toopchi-Nezhad et aI., 2008a). For this reason it 
is suggested that these bearings can undergo significantly large lateral 
displacement before rollout instability may be observed. 

The objective of this test is to investigate the performance of these 
bearings under the ultimate shear properties test. This test has not been 
investigated prior to this study on SU-FREI bearings. It is possible that a failure 
mode unique to SU-FREI bearings may occur. Two bearings were displaced to 
predetermined lateral displacements in excess of any of the other tests conducted 
in this study to examine their response. Details of the testing procedure used as 
well as results of testing are provided in Chapter 4. 

2.3.4 Serviceability 
To investigate the lateral response of SU-FREI bearings under wind as a 

service load, 114 scale bearings were cycled at a range of lateral displacements that 
bracket the equivalent lateral displacement generated by the design wind force. 
The difference between this test and previous cyclic tests is the number of cycles 
and the amplitude of lateral excitation. ASCE 7-05 requires 20 fully reversed 
cycles of lateral excitation for serviceability testing. Furthermore, the design wind 
force is not expected to generate a large displacement in the isolation layer of a 
typical low-rise structure. SU-FREI bearings maintain relatively high lateral 
stiffness under wind loading, which is expected to generate small displacements. 
The results are analyzed to ensure acceptable dynamic performance is achieved as 
per the ASCE (2005). Serviceability testing is discussed in greater detail in 
Chapter 5. 

2. 3.5 Fatigue 
The fatigue testing procedure used in this study was taken from ASCE 7-

0S. Similar to serviceability testing, fati gue tests subject a bearing to a high 
number of fully reversed lateral cycles and constant design axial load. However 
the amplitude of lateral displacement for fatigue testing is equal to the total design 
displacement of the isolation layer. The objective of this test is to ensure that the 
effective stiffness and damping of the bearing does not fall below the acceptable 
limits outlined by ASCE 7-05. Details and results of fatigue testing are provided 
in Chapter 5. 
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2.4 Testing Sequence 

The series of experimental tests perfOlmed on each '14 scale SU-FREI 
bearing is provided in Table 2.1, Table 2.2, and Table 2.3 for bearings cut from 
sheet MB 1, MB2, and MB3, respectively. It was desirable to group bearings by 
the sheet they were cut from. The three bearings cycled at a parallel orientation 
under design axial pressure were cut from sheet MB 1 (MB 1-1 , MB 1-2, and MB 1-
4). Two unscragged bearings, cut from sheet MB3 (MB3-1 & MB3-4), were used 
to explore the un scragged properties of SU-FREI bearings cycled at a diagonal 
orientation. The bearings tested at a parallel orientation were then used in a 
preliminary study into buckling while the bearings tested at a diagonal orientation 
were used for fatigue testing. 

The remaining unscragged bearings from sheet MBI (MBI-3) and MB3 
(MB3-2 & MB3-3) were used along with two unscragged bearings from sheet 
MB2 to explore stability of SU-FREI bearings . By the end of the dynamic 
buckling test program these bearings were unusable for further testing. This is due 
to the volume of cycles at high axial load and lateral displacement combinations 
these bearings are subjected to during the testing process. 

Serviceability and fatigue testing was investigated next using the 
remaining unscragged bearings cut from MB2 (MB2-2 & MB2-3). These bearings 
along with the two bearings that underwent cyclic testing at a diagonal orientation 
(MB3-1 & MB3-4) were then used to investigate fatigue. Both of these testing 
programs are non-destructive tests under design axial load. For this reason, 
bearings MB2-2 and MB2-3 were used to investigate the ultimate shear properties 
of SU-FREI bearings. 

Ultimate shear property tests were performed last on MB2-2 and MB2-3 
after they had undergone serviceability testing and fatigue testing. Both 
serviceability and fatigue testing "scragged" the bearing up to deformations equal 
to the design displacement. This was not a major concern since the rollout tests 
deform the bearing to approximately twice this displacement. It was expected that 
these bearings would still exhibit unscragged properties once the lateral 
displacement in the rollout test surpassed design displacement. 

20 



M.A.Sc. Thesis - Michael de Raaf McMaster Un iversity - Civil Engineering 

Table 2. 1 Testing sequence and descriptions for model scale bearings from sheet MB 1 

Model Scale Bearing Set MB! 

Test No. 

MB! ·! MBl·2 MB!-3 MBl-4 

Cydic test 0 0 Cyclic test 0 0 Dynamic .buckling test Cyclic test 0 • 

unscragged unscragged unscragged unscragged 

1 
ascending amp. ascending amp. amp. =0.50tf, 1.001'- ascending amp. 

3 cycles per omp. 3 cycles per amp. 1.50tr, 2.00tr 3 cycles per amp. 

p = 7.84kN P= 7.84kN P = 7.84, 30, 60, 75/ 90, p= 7.84kN 

120kN 

Table 2.2 Testing sequence and descriptions for model scale bearings from sheet MB2 

Model Scale Bearing Set MB2 

Test No. 

MB2-! MB2-2 MB2-3 MB2-4 

Dynamic buckling test ServiceabHity test 09 Serviceability test 09 Dynamic buckling test 

unscragged un scragged unscragged unscragged 

1 amp. = 1.00tr, 1.50Ir, amp. = 0151r, 0..35tr amp. =0.15Ir, 0.351r amp. = 1.00tr, 1.50t[, 

2.00tr p= 7.84kN P = 7. 84kN 2.00tr 

p = 7.84, 30, 60, 75/90kN P = 7.84, 30, 60, 75/90kN 

Fatigue test 909 Fa tigue test 909 

2 
scragged to 0.35tr scragged to O. 35t, 

amp. = 1.50tr amp. = 1.50t, 

p= 7.84kN P= 7.84kN 

Rallaut test 09 Rallaut test 09 

3 
scragged ta 1.50tr scragged ta 1.50t, 

disp. = 2.75tr diSp. = 3. OOtr 

P= 7.84kN P = 7.84kN 

Table 2.3 Testing sequence and descriptions for model scale bearings from sheet MB3 

Model Scale BearingSet MB3 

Test No. 

MB3-! MB3-2 MB3-3 MB3-4 

cydic test 45 ' Dynamic .bUCkling test Dynamic buckling test Cyclic test 4S • 

ullScragged unscragged unscragged unscragged 

1 ascending amp. amp. = 1.00tf; 1.50tr, amp. = 1.001,-, 1.50tr, ascending amp. 

3 cycles per amp. 2.00tf 2.00tf 3 cycles pef amp. 

P= 7. 84kN P = 7.84, 30, 60, 75/90 kN P = 7.84, 30, 60, 75/90 kN P= 7.84kN 

Fatigue test 09 Fatigue test 09 

2 
scragged scragged 

amp. = 1.50tr amp. = 1.50tr 

P= 7.84kN P= 7.84kN 
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Figure 2.1 

Figure 2.2 
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Side view of Y4 scale SU-FREI bearing with dimensions of width height and 
rubber layer thickness specified 
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Figure 2.3 Y. scale SU-FREI bearing during construction. The right face has been coated 
with rubber cement and the left face has not. 
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Figure 2.4 

(b) 

(c) 

(a) (d) 
Test setup orientation: (a) Overview oftest setup; (b) Top view of the horizontal 
actuator and horizontal load cell No.1 ; (c) Side view including the vertical load 
cells as well as horizontal load cell No. 2; (d) Vertical load cell orientation 
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Figure 2.5 
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(a) Side View 
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(b) Section 1-1 
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( c) Section 2-2 

Test setup and instrumentation layout modified from Toopchi-Nezhad et al. 
(2008a). 
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Figure 2.6 

Figure 2.7 

Linear Bearings 
r===-- Upper Platen 

)::====:::::i~!$Llower Platen 

Test setup detailing the inclusion of the second horizontal load cell 

(a) (b) 

Overview of signal control and acquisition equipment: (a) Computer for data 
acquisition and 406 controllers for vertical and horizontal actuators; (b) Signal 
filters (12 channels), power supply for LDTs, and sumer box for vertical load 
cells 
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Figure 2.8 

STABLE l1J STABlE 

l ateral Displacement 8max 

Example of a typical force-displacement curve showing stable and unstable 
behaviour as well as the critical displacement (Buckle & Liu, 1994) 
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Chapter 3. Cyclic Testing 

This chapter reports on cyclic tests performed on Y4 scale SU-FREI 
bearings. Out of the twelve bearings manufactured, five were used to investigate 
dynamic properties under sinusoidal (cyclic) lateral excitation. A total of six 
incremental lateral displacement amplitudes were investigated. The effective 
horizontal stiffness and effective damping of each bearing was determined for 
each cycle. Bearings were tested at angles of 0° (parallel) and 45° (diagonal) with 
respect to the direction of lateral displacement as illustrated in Figure 3.1 and 
Figure 3.2. The effects of SU-FREI bearing orientation are explored in terms of 
calculated dynamic properties and code evaluated response characteristics. 

The two response characteristics of importance that can be determined 
from experimental cyclic testing are the lateral effective stiffness and effective 
damping. In order to estimate the lateral response of an isolation system 
composed of SU-FREI bearings, code evaluation is performed using ASCE 7-05. 
The specific provisions that will be looked at in this section relate to the 
calculation of the displacement of the isolation layer as well as the effective base 
isolated period. These calculations are performed for both the design basis 
earthquake (DBE) and the maximum considered earthquake (MCE) for the region 
of study. 

Previous tests on Y4 scale square SU-FREI bearings were performed at 
parallel, perpendicular and diagonal orientations with respect to the direction of 
excitation (Toopchi-Nezhad et aI. , 2008b). The bearings tested in the previous 
study at a diagonal orientation were scragged (previously tested) bearings. The 
un scragged properties of SU-FREI bearings tested at a 45° orientation have not 
yet been investigated. This study provides further insight into the dynamic 
response of un scragged SU-FREI bearings at parallel and diagonal orientations. A 
comparison between the results of this study and the results of previous studies on 
Y4 scale square SU-FREI bearings is carried out between tests performed at a 
parallel orientation to compare properties between bearings. Following this , the 
influence of orientation on the dynamic properties of unscragged SU-FREI 
bearings is explored along with scragging effects. 

3.1 Testing Procedure 

Cyclic tests were performed under a specified axial design pressure of 1.6 
MPa (:::::7.8 kN). This axial load was applied to each bearing and held constant 
throughout the horizontal excitation. The lateral displacement signal used for this 
test is composed of six amplitudes taken with respect to the total thickness of 
rubber (tr). These excitation amplitudes were applied in ascending order: 0.25tr, 
0.50tr, 0.75tr, 1.00tr, 1.50tr and 2.00tr. Three fully reversed cycles were performed 
at each of the six excitation amplitudes in sequence resulting in a total of 18 fully 
reversed cycles (see Figure 3.3). The manufacturer specified rubber sheet 
thickness is 1.59 mm. Given that each bearing consists of 12 layers of rubber, the 
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total thickness of rubber in a given bearing was taken as 19.05 mm. Once the 
sinusoidal lateral cycling was completed the axial load was removed from the 
bearing. 

The average rate of displacement throughout these tests was maintained at 
76.2 mm/s. In an ideal situation the bearing would be cycled at the fundamental 
frequency corresponding to the specific excitation amplitude. This was not 
possible due to the limitations of the horizontal actuator used. At the largest 
amplitudes of displacement, it would be necessary for the actuator to move at a 
rate outside its capability to reach the natural frequency of the bearing. Rate 
sensitivity tests were performed with the same test setup on Y4 scale SU-FREI 
bearings of the same composition and dimensions in a previous study (Toopchi
Nezhad et ai., 2008b). In this study, two bearings were cycled at different 
frequencies ranging from 0.16 to 0.66 Hz. The resulting variation in effective 
stiffness and damping was negligible. It was determined that, at a rate of 76.2 
mm/s, an excitation frequency of approximately 1 Hz was achieved at an 
amplitude of 1.0 tr • This is sufficiently close to the bearing's natural frequency at 
the design displacement. 

The results obtained from cyclic testing were used to determine the 
effective stiffness and effective damping of the bearings for each fully reversed 
cycle of displacement. Using these calculated parameters it is then possible to 
evaluate the lateral displacement of the isolation layer and the effective isolated 
period at design lateral displacement as specified by ASCE 7-05. 

3.2 Effective Stiffness and Effective Damping 

There are two mechanical characteristics of interest that can be obtained 
from lateral cyclic testing of isolator units. These properties are the effective 
stiffness (Keff) and the equivalent viscous damping (fJeff). These properties are 
commonly used to evaluate the response of seismic isolation devices. ASCE 7-05 
is a commonly used code for evaluating and designing base isolation systems. It 
provides expressions for the evaluation of Keff and Peff which are used here. 
Effective stiffness is calculated using the following equation (ASCE 2005): 

3.1 

where Fmax and Fmin represent the maximum positive and maximum negative 
lateral force respectively. Similarly, L1max and L1min are the maximum positive 
and maximum negative displacements in a hysteresis loop. An example of a 
typical hysteresis loop, with the location of the maximum displacements and 
maximum lateral loads identified, can be found in Figure 3.4. 

Effective damping is dependent on the total area enclosed by the load
displacement hysteresis loop and is calculated using the following equation 
(ASCE 2005): 
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2 E100p 

{Jeff = IT KeffCILlmax l + ILlmin l)2 
3.2 

where the energy dissipated in an isolator unit during a full cycle E100p is 
measured by the area enclosed by the load-displacement hysteresis loop. 

3.3 Code Evaluation 

Once the effective stiffness and effective damping are determined for each 
fully reversed cycle of lateral displacement, the displacement of the isolation layer 
and effective isolated period of the isolation layer at this displacement can be 
estimated. The design provisions of ASCE (2005) were used to evaluate the 
design lateral displacement (DD) and the effective period of the bearing at the 
design displacement (T D)' Evaluation was performed for a full-scale structure 
with an isolation system composed of four full-scale bearings. The design lateral 
displacement is determined using the following equation: 

where SOl represents the spectral response acceleration for the design basis 
earthquake (DBE) taken as 2/3 of the maximum considered earthquake (MCE). 

Specifically, 5D1 = ~5M1> and 5M1 is a factor of the site class effects and MCE 
3 

spectral response acceleration for a period of 1 second (51)' The MCE represents 
ground motion with a probability of exceedence of 2% in 50 years (ASCE 2005). 
B D is a numerical coefficient for the effective damping measured at the design 
displacement. Similar to the design displacement calculation, the maximum 
displacement DM is calculated using Equation 3.3 replacing: BD with BM, TD with 
TM, and 5D1 with 5M1 . For the calculation of the response under MCE: BM is the 
effective damping of the bearing at DM and T M is the base isolated period at DM. 

The effective period of the structure at the design displacement (DD) was 
calculated using the following equation from ASCE (2005): 

TD = 2IT j;5 KDmin9 
3.4 

where W is the effective seismic weight of the structure and KDmin is the 
minimum effective stiffness of the isolation system at the design displacement in 
the horizontal direction under consideration. The design vertical pressure of 
p = l.6 MPa implies W = 124.4 kN for the full-scale structure . The effective 
period of the isolated structure at the maximum displacement (T M) is calculated 
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using Equation 3.4 with KMmin replacing KDmin , where KMmin is the minimum 
effective stiffness at a displacement of DM . 

Effective stiffness values were obtained through linear interpolation of 
experimental test result. Since the calculations required the full scale effective 
stiffness of the SU-FREI bearings, a scale factor SL = 4 was applied to yield the 
equivalent full-scale effective stiffness values. The full scale effective stiffness 
was then multiplied by 4 to represent the effective stiffness of an isolation layer 
composed of 4 full-scale SU-FREI bearings. 

For calculation purposes ground motion values for Vancouver are used 
from the NBC (2005) with Sl = 0.34. This yields SM1 == O.S and SD1 == 0.33 for 
Site Class D, assuming unknown soil properties. Due to the nature of Equation 3.3 
and 3.4, an iterative process was employed in order to determine DD/DM and. 
TD/T M' The effective damping and minimum effective stiffness are dependent on 
the amplitude of excitation for a given bearing. It is necessary to first select an 
arbitrary initial estimate for displacement. From there it is possible to determine 
Kmin and B through linear interpolation between the two points bracketing the 
initial estimate for D. These values can then be input into Equations 3.3 and 3.4 
and a new displacement will be calculated based on the values of Kmin and B. The 
process is then repeated replacing the initial input displacement with the 
calculated displacement. It is then necessary to iterate until convergence is 
achieved between the input and the calculated displacement. The final result 
yields DD/ DM and TD/T M for a particular bearing. 

3.4 Test Specimen Adequacy 

Test specimen adequacy is determined using the provisions of ASCE 7-05. 
The provisions that are used in this study describe test specimen adequacy of 
bearings tested at three fully reversed cycles of lateral displacement under design 
axial load at increasing intervals of displacement amplitude based on the design 
displacement. ASCE 7-05 states that for each test specimen the difference 
between the effective stiffness of each of the three cycles and the average stiffness 
at the same amplitude should not be greater than 15%. Furthermore, when 
comparing two different specimens of a common type and size, the difference 
between the effective stiffness of each cycle and the average effective stiffness 
taken over all three cycles of both bearings should not be greater than 15%. 
Adequacy of the test specimens based on the effective damping is not specified in 
the code. However, the same 15% difference is used in this study to evaluate the 
effective damping result. Additionally, it is necessary that the force-displacement 
hysteresis show positive incremental force resisting capacity throughout each 
fully reversed cycle (ASCE 7-05). This is evaluated by ensuring that the 
tangential stiffness of the force displacement-hysteresis remains positive. 
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3.5 Results of Parallel Cyclic Testing 

Cyclic lateral tests were performed on a total of three unscragged SU
FREI bearings (MB 1-1, MB 1-2, and MB 1-4) at a parallel orientation. The lateral 
force-displacement hysteresis for bearing MB 1-1 can be found in Figure 3.Sa. 
Bearings MB 1-2 and MB 1-4 displayed similar hysteretic behaviour. Acceptable 
response characteristics can be observed from these hysteresis loops for stable
rollover behaviour. The displaced shape of an SU-FREI bearing during parallel 
cyclic testing is provided for amplitudes of O.Str, 1.0tr, 1.Str, and 2.0tr in Figure 
3.6a to Figure 3.9a. These figures show the various stages of rollover experienced 
by the SU-FREI bearings at different stages of lateral displacement. The bearings 
show positive incremental force resisting capacity (stability) throughout each fully 
reversed cycle, satisfying test specimen adequacy outlined in ASCE 7-0S. The 
response characteristics of these bearings are evaluated using the calculated values 
of effective stiffness and effective damping. 

The calculated values of effective stiffness and effective damping for each 
cycle are provided in Table 3.1 for the bearings tested at a parallel orientation. It 
can be observed, from these results and the lateral force-displacement hysteresis 
(Figure 3.Sa) that the effective stiffness of the first (unscragged) cycle is larger 
than that of the 2nd and 3rd cycles (scragged) for any given lateral displacement 
amplitude. This is further highlighted in Figure 3.10 which compares both the 
mean scragged and un scragged effective stiffness against displacement amplitude. 
The scragged effective stiffness is between S-10% less than the unscragged 
effective stiffness. The average percentage drop in effective stiffness increases as 
the excitation amplitude increases, the largest difference (l0%) occurring at the 
largest displacement (2.0tr). The effective stiffness of each cycle is well within 
lS% of the mean effective stiffness over all three cycles. 

Figure 3.10 also shows that both the scragged and unscragged effective 
stiffness are within lS% of the mean effective stiffness averaged over all three 
cycles of all three bearings. The effective stiffness satisfies test specimen 
adequacy for test specimens of a common type and size according to ASCE 7-0S. 
Similar to the effective stiffness, the effective damping (Table 3.1) decreases with 
increasing excitation amplitude. The mean scragged and unscragged effective 
damping versus excitation amplitude is provided in Figure 3.11. There is a S-13% 
difference in the scragged and unscragged effective damping. Aside from the first 
amplitude of displacement (0.2Str) the results show a drop in effective damping 
between the unscragged results and the scragged results. At O.2Str all three 
bearings showed an average 6% increase in effective damping between the first 
cycle and the following cycles at this amplitude. The effective damping of each 
cycle is within IS% of the mean taken over all three cycles and all three bearings 
at each increment of lateral displacement. This is illustrated in Figure 3.11 which 
shows that both the unscragged and scragged effective damping fit within the 
IS% bounds. Fiber reinforcement has been discussed previously as a source of 
energy dissipation in SU-FREI bearings by Toopchi-Nezhad et al. (2008b). The 
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manufacturer specified nominal damping of the elastomer used in these bearings 
was approximately 5% at 100% elongation. The measured effective damping of 
SU-FREI bearings during cyclic testing at a parallel orientation ranges from 8% to 
14%. Kelly (1999) postulated that curvature in the fiber reinforcing sheets due to 
rollover deformation causes individual fiber strands to slip against each other 
leading to additional energy dissipation in the bearing. 

As expected, these results show that effective stiffness decreases with 
increasing displacement amplitude. This is one of the desirable properties 
attributed to rollover behaviour since a decrease in stiffness creates a longer 
fundamental period for the system. An additional noteworthy observation is the 
increase in effective stiffness between 1.5tr and 2.0tr. This increase in stiffness is 
due to the end faces of the bearing making contact with the upper and lower 
platens of the test set-up at the largest displacement amplitude. This is illustrated 
in Figure 3.8a and Figure 3.9a. From these images it is clear that the edge faces of 
the SU-FREI bearing perpendicular to the direction of excitation have began to 
make contact with the upper and lower platens of the test setup at a displacement 
of 2.0tr. This led to the development of additional force resisting capacity in the 
bearing at extreme lateral displacement. This behaviour is desirable since it acts to 
limit the maximum displacement of the isolation layer. 

3.5.1 Parallel Response 
Once the effective stiffness and damping values were calculated for the 

bearings tested along a parallel orientation they were used to estimate the 
response of the isolation system using ASCE 7-05. For the parallel response, Kmin 
and B were interpolated from the 3rd cycle results of testing performed on bearing 
MB 1-4. These results represent the lowest effective stiffness values obtained 
during parallel cyclic testing, which provided a conservative estimate for 
displacement of the isolation layer. At DBE convergence was achieved using 
Equation 3.3 and 3.4, resulting in a lateral design displacement of DD = 88 mm 
(::::: 1.2tr) and a base isolated period of TD = 1.29 s. At MCE the resulting maximum 
displacement and the corresponding effective base isolated period are calculated 
as DM = 146 mm (::::: 1.9tr) and T M = 1.37 s, respectively. For both the DBE and the 
MCE the effective isolated period has been increased to greater than 1 second. 
These bearings would effectively lengthen the effective period of a typical low 
rise structure so that it is outside the range of dominant earthquake accelerations. 

3.5.2 Comparison to Previous Study 
Once the characteristics of SU-FREI bearings tested at a parallel orientation 

in this study were compiled it was possible to compare them to the results of 
previous testing performed by Toopchi-Nezhad et al. (2008b). In the previous 
study one unscragged SU-FREI bearing (B 1-3) was tested under the same testing 
sequence allowing for a direct comparison to be made. The results of testing 
performed on SU-FREI bearing BI-3 are provided in Figure 3.12, which shows 
the effective stiffness versus lateral excitation amplitude. Figure 3.13 shows the 
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effective damping versus lateral excitation amplitude. In both figures the 
unscragged and scragged values are shown separately. These results have been 
plotted with ±IS% of the mean effective stiffness over all three cycles averaged 
between the bearings test in this study (MB1-l , MBI-2, & MBI-4) and bearing 
B 1-3 (from the previous study). The results show that both the effective stiffness 
and effective damping resulting from the previous study fit well within IS% of the 
mean. This satisfies test specimen adequacy outlined by ASCE 7-0S regarding test 
specimens of a common type and size. This comparison was performed to show 
continuity between the specimens tested in this study and those tested in the 
previous study. 

3.6 Results of Diagonal Cyclic Testing 

Two unscragged bearings, MB3-1 and MB3-4, were used to evaluate the 
unscragged response along a diagonal (4S0) orientation. The load-displacement 
hysteresis for a bearing under diagonal excitation is shown in Figure 3.Sb for 
bearing MB3-1. Similar to the parallel tests, the results show a drop in restoring 
force after the first cycle. The larger loops represent the first unscragged cycle at 
that amplitude. This loss of stiffness is fUlther suppOlted by the calculated 
effective stiffness values in Table 3.2. This is also illustrated in Figure 3.14 which 
shows the effective stiffness at a diagonal orientation versus the lateral excitation 
amplitude for both the unscragged and scragged cycles separately. The effective 
stiffness of each cycle for each bearing fit within IS% of the mean effective 
stiffness between all three cycles of both bearings. This satisfies the conditions for 
test specimen adequacy outlined by ASCE 7-0S. The unscragged effective 
stiffness is an average of S-1 0% greater than the scragged effective stiffness. Once 
again the largest percentage difference was measured at the greatest excitation 
amplitude. 

Both the scragged and unscragged effective stiffness values obtained from 
cyclic testing at a diagonal orientation were 12% to IS% greater than those 
achieved by 1,4 scale SU-FREI bearings tested at a parallel orientation. The one 
exception is the effective stiffness at a displacement of 2.0tr at which the effective 
stiffness in the parallel bearings is an average of 7% greater than the diagonal 
bearings. At both orientations, there is a significant drop in effective stiffness as 
the excitation amplitude increases and the top and bottom faces of the bearing lose 
contact with the upper and lower platens. At a parallel orientation this stiffness 
increases between amplitudes of I.Str and 2.0tr. This is not the case in the diagonal 
direction. Both samples show the effective stiffness continuing to decrease 
between I.Str and 2.0tr. It is postulated that this is due to the amount of facial 
contact made by the edge face of the bearing perpendicular to the direction of 
excitation at each orientation. At a diagonal orientation, the corner edge of the 
bearing makes limited contact with the end plates at a lateral displacement of 
2.0tr. Conversely at a parallel orientation the edge faces of the bearing will make 
substantial contact with the end plates. This is suppOited by Figure 3.9 which 
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compares a side profile of an SU-FREI bearing at a displacement of 2.0tr for both 
a diagonal and parallel orientation. The bearing at a parallel orientation has clearly 
made significantly more facial contact with the upper and lower platens. 

The effective damping for diagonal testing is provided in Table 3.2 and 
plotted in Figure 3.15. The results obtained from both SU-FREI bearings are 
consistent and show a decrease in effective damping up to an excitation amplitude 
of 1.0tr. At greater excitation amplitudes the unscragged cycles show an increase 
in effective damping while the scragged cycles show an almost constant effective 
damping up to 2.0tr whereas the parallel results show a notable decrease in 
effective damping between 1.5tr and 2.0tr. In general the effective damping values 
achieved by bearings tested at a diagonal orientation were 4-8% greater than 
bearings tested at a parallel orientation. The exception to this occurs at an 
amplitude of 2.0tr where diagonal tests show an average of 23% greater effective 
damping than parallel tests. It was previously suggested that the curvature of 
reinforcing sheets creates additional energy dissipation in FREI bearings in an 
unbonded application (Kelly J. M., 1999). The fiber used in the SU-FREI bearings 
tested here has a 0/90 degree over under weave. At a parallel orientation, only the 
fibers parallel to the direction of excitation will undergo curvature during cyclic 
testing. At a diagonal orientation, the fibers in both directions will undergo 
curvature during rollover deformation. It is postulated that slip between individual 
fiber strands in both directions causes the additional damping observed in 
bearings tested at a diagonal orientation. The effective damping measured at each 
cycle for each bearing is within 15% of the mean of all three cycles of both 
bearings. The effective damping results are well within the adequacy constraints 
for this study. 

3.6.1 Diagonal Response 
Similar to the parallel calculations, the results from the 3rd cycle of bearing 

MB3-4 were used to estimate D and T for the diagonal response. The 3rd cycle 
from tests run on bearing MB3-4 provided the lowest effective stiffness for the 
diagonal tests. At DBE the resulting lateral displacement of the centre of rigidity 
of the isolation system and the effective base isolated period were DD = 78.5 mm 
(:::::1.0tr) and TD = 1.17 s, respectively. At MCE the resulting maximum 
displacement and the corresponding effective base isolated period are calculated 
as DM = 138 mm (:::::1.8tr) and TM = 1.37 s respectively. The higher effective 
stiffness achieved by bearings tested at a diagonal orientation has resulted in 
effective isolated periods that are shorter than those achieved at a parallel 
orientation. However, for both the DBE and the MCE the effective isolated period 
has been lengthened to greater than 1 second. At a diagonal orientation, these 
bearings would effectively lengthen the effective period of a typical low rise 
structure so that it is outside the range of dominant earthquake accelerations. 
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3.7 Summary and Concluding Remarks 

In this chapter, lateral cyclic testing was performed on Y4 scale SU-FREI 
bearings at parallel and diagonal orientations with respect to the direction of 
excitation. At each orientation the mechanical properties of effective stiffness and 
effective damping were analyzed. This study is a continuation of research 
conducted on Y4 scale SU-FREI bearings. For this reason, it was desirable to 
compare the properties of the bearings used in this study with those used in the 
previous study (Toopchi-Nezhad et al. , 2008a & 2008b). The difference in 
effective stiffness and damping between bearings from both studies was within 
IS% of the mean. This satisfied the provisions for test specimen adequacy as laid 
out by ASCE 7-0S with regards to bearings of a common type and size. The 
mechanical properties of Y4 scale SU-FREI bearings from both studies were in 
agreement. 

At both a parallel and diagonal orientation it was found that SU-FREI 
bearings were able to achieve greater effective stiffness and damping at lower 
lateral displacement amplitudes. This is beneficial for reducing displacement in 
the isolation layer caused by minor seismic activity and wind loads. Increased 
lateral displacement was accompanied by a significant drop in effective stiffness. 
This is attributed to rollover behaviour caused by the unbonded boundary 
conditions and lack of flexural rigidity inherent to SU-FREI bearings. The most 
significant reduction in effective stiffness is observed at lateral displacements in 
the range of 1.0tr to 2.0tr. This range corresponds to the typical design 
displacement of SU-FREI bearings. A decrease in effective stiffness results in a 
longer effective period of the isolation layer improving the efficiency of SU-FREI 
bearings as seismic isolators. Tests performed at parallel and diagonal orientations 
satisfied the code requirements of ASCE 7-0S. 

Comparison between orientation angles at amplitudes of O.2Str to I.Str 
revealed that higher effective stiffness and damping is generally achieved when 
square SU-FREI bearings are cycled at a diagonal orientation. Effective stiffness 
was measured at 12-1S% greater and effective damping is 4-8% greater than 
bearings tested at a parallel orientation. Between lateral displacements of I .Str and 
2.0tr there is a noteworthy increase in the effective stiffness of bearings tested 
along a parallel orientation. This is caused by the onset of facial contact between 
the vertical faces of the bearing perpendicular to the direction of excitation and 
the upper and lower test platens. Bearings tested along a diagonal orientation did 
not display stiffening in the same manner. This is attributed to the amount of 
facial contact experienced at each orientation, which is limited at a diagonal 
orientation. It is expected that significant stiffening will occur at both orientations 
at displacements greater than 2.0tr once full facial contact has been made. This 
stiffening effect is beneficial at large displacement amplitudes as it acts to limit 
the maximum displacement of the isolation layer. It is postulated that SU-FREI 
bearings will achieve greater effective stiffness and damping as the orientation 
angle approaches 4S degrees. 
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Using the calculated effective stiffness and damping values, it was 
possible to estimate the effective base isolated period under DBE and MCE 
conditions. At both parallel and diagonal orientations the effective base isolated 
period was lengthened to greater than 1 second for the considered low rise 
structure. There are subtle differences in dynamic properties of SU-FREI bearings 
at diagonal and parallel orientations. Despite these differences they can be 
effectively used to base isolate a low rise structure with a fixed-base period of ::::: 
0.2s at either orientation. Although a specific example was used for these 
calculations, SU-FRET bearings can be designed to accommodate various 
structures in regions with higher seismic accelerations. 
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Table 3. 1 Parallel (0°) orientation effective stiffness and effective damping values from 
cycl ic testing 011 Bearings MB I- I , MBI-4, and MB 1-2 

NIB 1-1 1vIBl-4 :NIBl-2 

Displacement Effec.tive Effective Effec.tive Effective Effective Effective 

Amplitude Cycle Stifihess Damping Stifihess Damping Stiffhess Damping 

(t-) (Nlrnm) C%) (N/rum) (0") 10 (N!mm) (%) 
176.0 13.8 163.6 13.6 174.1 14.0 

0.25 ') 171.1 14.8 154.4 14.4 163.1 15.1 ... 
3 168.5 15.0 152.9 13.9 161.5 14.4 

1 132.4 13.4 123.2 12 .8 130.0 12.9 

0.50 2 125.3 12.8 116.4 12.0 122.4 12.1 

3 123.6 12.8 114.7 11.9 120.6 11.9 
107.2 12.2 100.2 11.6 105.7 11.5 

0.75 2 100.1 11.9 94.5 11.0 99 .2 11.1 
... 98.6 11.8 93.0 10.9 97.5 11.1 ~ 

1 91. 7 11.4 86.9 10.8 90.8 10.8 

1.00 2 87.5 10.9 82.1 10.3 85.8 10.3 

3 85.7 10.9 80.1 10.2 84.6 10.3 
75.6 11.7 70.9 11.3 74.2 11.3 

1.50 2 70.3 10.4 66.3 9.8 69.5 9.9 
., 

68.3 10.3 64.5 9.7 67.6 9.7 ~ 

79.9 10.0 74.4 9.8 78.0 9.9 

1.00 2 74.6 8.8 68.5 8.7 72.6 8.7 

3 72.6 8.6 66.7 8.5 71.0 8.4 
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Table 3.2 Diagonal (45°) orientation effective stiffness and effective damping va lues from 
cyclic test ing on Bearings MB3-1 , MB 1-4, and MB3-4 

p,11B3-1 MB3-4 

Displacement Cycle Effective Effective Effective Effective 

l Ullplitude Stiffiless Damping Stiffness Damping 

(tr) (N/mm) (%) (N/nun) (%) 

1 202.2 14.4 182.3 14. 1 

0.25 2 193.0 1;.1 173.3 15.3 
3 190A 14.7 171.8 15.4 
1 153.0 13 .9 138.9 14.0 

0.50 2 143.9 12.7 131.2 12.9 
3 140.9 12.7 128.7 13.0 
1 124.7 12A 115.2 11.5 

0.75 2 116.6 11.6 108.4 11.7 

" 114.2 11.5 106.2 11.6 -' 

1 107.8 11.7 99.8 11.8 

1.00 2 102.1 10.9 94.1 11.0 

3 99.6 10.7 92.3 10.9 

87.9 12.8 82.2 12.7 
1.50 2 82.5 10.9 77.2 10.8 

3 79.6 10.6 74.7 10.5 

1 74.6 13 .0 70.1 12.9 
2.00 2 68.4 11.5 64.4 11.3 

3 65A 11.1 61.8 11.0 
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Figure 3.l 

Figure 3.2 

~-

(a) Paralle l (b) Diagonal 

Bearing Sample orientation with respect to the direction of excitation for the 
parallel and diagonal case 

(a) Parallel (b) Diagonal 

Side view ofSU-FREI bearing at rest (Ot,) 
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(a) Parallel 

Figure 3.6 Side view ofSU-FREI bearing at O.St, (""9.5 mm) lateral displacement 

(a) Parallel (b) Diagonal 

Figure 3.7 Side view of SU-FREI bearing at I .Otr ("" 19 mm) lateral displacement 

(b) Diagonal 

Figure 3.8 Side view ofSU-FREI bearing at l.St, (""28.6 mm) lateral displacement 

(a) Parallel (b) Diagonal 

Figure 3.9 Side view of SU-FREI bearing at 2.0t, (""38.1 mm) lateral displacement 
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Effective stiffness at a parallel (0°) orientation for S U-FREI bearings IYm 1-1, 
lVffi 1-2, and lVffi 1-4: (a) Mean unscragged effective stiffness plotted with ±15% 
of the mean effective stiffuess of all three cycles; (b) Mean scragged effective 
stiffness plotted with ± 15% of the mean effective stiffness of all three cycles. 
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Effective damping at a parallel (0°) orientation for SU-FREI bearings MBI-I , 
lYlE 1-2, and MB 1-4: (a) Mean unscragged effective damping plotted with ± 15% 
of the mean effective damping of all three cycles; (b) Mean scragged effective 
damping plotted with ± 15% of the mean effective damping of all three cyc les. 
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Effective damping at a parallel orientation for bearing HE 1-3 comparing the 
unscragged effective damping to mean scragged effective damping averaged 
over the 2nd and 3'd cycles. (Toopchi-Nezhad, Tait, & Drysdale, 2008b). Mean 
± 15% determined from average over all 3 cycles from bearings ME 1-1, ME 1-
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Effective stiffness at a diagonal (45 °) orientation for SU-FREI bearings MB3-1 
and MB3-4: (a) Mean unscragged effective stiffness plotted with ± 15% of the 
mean effective stiffness of all three cycles; (b) Mean scragged effective stiffness 
plotted with ± 15% of the mean effective stiffness of all three cycles. 
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Effective damping at a diagonal (45 °) orientation for SU-FREI bearings MB3-1 
and MB3-4: (a) Mean unscragged effective damping plotted with ±15% of the 
mean effective damping of all three cycles; (b) Mean scragged effective 
damping plotted with ± 15% of the mean effective damping of all three cycles. 
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Chapter 4. Stability 

The objective of this chapter is to investigate the stability of SU-FREI 
bearings. In order to accomplish this, two different testing programs were utilized. 
The first testing program studies the effect of increasing the axial load on a 
bearing sample under lateral excitation at constant displacement amplitude. This 
testing program provides insight into the dynamic properties of SU-FREI bearings 
under a variety of axial load conditions and is a novel approach for determining 
the axial load corresponding to the initiation of hysteretic instability. As a 
supplemental investigation, two SU-FREI bearings were subjected to monotonic 
shear testing. 

4.1 Testing Procedure 

4.1.1 Dynamic Buckhng 
A total of five unscragged bearings were tested to determine the influence 

of axial load on the dynamic properties of SU-FREI bearings under cyclic 
loading. These propelties included the effective lateral stiffness and the effective 
damping achieved. The objective of this study was to determine the axial load that 
an SU-FREI loses stability under sinusoidal lateral excitation. This loss of 
stability under lateral excitation has been termed dynamic buckling. Dynamic 
buckling refers to the loss of positive incremental load resisting capacity during 
cyclic testing. SU-FREI bearing samples were tested under several combinations 
of axial load and displacement amplitude. 

Each 1f4 scale SU-FREI bearing specimen was placed into the test setup 
and centered at a parallel orientation with respect to the direction of excitation. 
Once the sample was in place, an axial load P was applied. The bearing was then 
subjected to two fully reversed cycles of lateral displacement at an amplitude u 
while the axial load P was maintained. The average rate of displacement was 
maintained at a constant 76 mm/s similar to the cyclic testing performed in 
Chapter 3. The axial load was then completely removed and the sample inspected 
for any sign of damage, typically in the form of delamination. The first test on an 
unscragged SU-FREI bearing was performed at the smallest excitation amplitude 
and lowest axial load combination. The resulting lateral force-displacement 
hysteresis was visually inspected for stable hysteretic behaviour. If the bearing 
showed positive incremental force resisting capacity throughout both fully 
reversed cycles the bearing was tested again at the same displacement amplitude u 
and the next highest incremental axial load P. This process was repeated at the 
same lateral excitation amplitude u until hysteretic instability was observed. At 
this point the excitation amplitude was increased to the next highest incremental 
excitation amplitude and the process was repeated starting with the lowest axial 
load P. This allowed for the effect of excitation amplitude on the critical load to 
be examined. 
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The original testing program consisted of four displacement amplitudes 
(O.Str, 1.0tr, I.Str, and 2.0tr) and five possible axial loads (7.84kN, 30kN, 60kN, 
90kN, and 120kN) resulting in a possible 20 combinations. After preliminary 
testing it was found that axial loading above 90kN was unnecessary as instability 
typically occurred prior to this axial load level. For lateral excitation of 2.0tr it 
was found that instability occurred at axial loads slightly larger than 60 kN but 
lower than 90 kN. For this reason, bearings tested at an amplitude of 2.0tr 
underwent a maximum possible axial load of 7S kN. The maximum incremental 
axial load applied to a specimen at a given lateral excitation amplitude was 
dependant on the observed lateral force-displacement hysteresis loops. The testing 
program was conducted to minimize the total number of tests performed on each 
bearing while still obtaining the critical load at each amplitude. 

Bearing MB 1-3 was the first bearing tested and was the only bearing 
tested at all four displacement amplitudes. The results of these tests were used to 
decide the final testing program used for the remaining four V4 scale SU-FREI 
bearings. MB 1-3 was tested under 17 combinations of lateral displacement and 
axial load. The results of these tests provided insight into the range of axial load P 
required for the onset of hysteretic instability at each of the four lateral 
displacement amplitudes. Instability was not observed in the bearing at an 
excitation amplitude ofO.Str at an axial load ofP = 120 kN. An axial load of 120 
kN was the limit of the test setup capacity. From these results, it was decided that 
further testing at an amplitude of O.Str would not yield the desired hysteretic 
instability without exceeding the limits of the test setup. No further stability 
testing was performed at an amplitude of O.Str on SU-FREI bearings in this study. 

Hysteretic instability was observed at the remaining three amplitudes 
during testing of MBl-3. Therefore, subsequent bearings were only tested at 
amplitudes of l.Otn l.Str, and 2.0tr. Following bearing MB 1-3 each bearing 
underwent a total of approximately 12 combinations of axial load and lateral 
excitation instead of 17. The final testing history for each SU-FREI bearing is 
provided in Table 4.1. This table provides the details of each test performed in 
sequence on all five bearings used in this investigation. 

4.1 .2 Rollout 
Two paltially scragged bearings (MB2-2 and MB2-3) were selected for the 

rollout testing program. This test did not require the use of unscragged bearings 
due to the extremely large lateral displacements involved. Both bearings had 
undergone the same testing history prior to rollout testing in order to maintain 
consistency. The maximum lateral displacement the bearings had been subjected 
to previously was I.Str. Additionally, neither bearing had been placed under an 
axial load greater then design axial pressure. Prior to rollout testing both MB2-2 
and MB2-3 were subjected to serviceability testing at O.lStr and 0.3Str as well as 
fatigue testing at I.Str. Neither bearing showed any signs of damage through 
visual inspection or through analysis of the prior test results. For these reasons 
they were considered acceptable for rollout testing. 
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The rollout tests performed in this study were modeled after the provisions 
of ISO 22762 (2005). The rollout test is used to investigate the ultimate shear 
properties of seismic protection isolators. Each bearing was vertically loaded with 
the design axial pressure of 1.6 MPa. Once the load was applied, it was held 
constant while unidirectional lateral displacement was applied to the bearing at a 
constant displacement rate of 76 mm/s. According to the provisions of ISO 22762 
(2005) the lateral displacement should continue until failure occurred. For safety 
reasons it was not appropriate to allow the bearing to displace indefinitely. Instead 
two extreme lateral displacements were selected for rollout testing. Bearing MB2-
2 was displaced to 2.75tr and bearing MB2-3 was displaced to 3.0tr . These 
displacements were selected to ensure the bearing deformed past the point where 
the edge faces of the bearings make full contact with the test platens. Once the 
target displacement was achieved the bearing was returned to zero displacement 
and the axial load removed. The results were then analyzed to determine if the 
bearing buckled or failed under the imposed displacement. This was followed by a 
visual inspection for signs of damage or delamination. 

4.2 Dynamic Buckling Tests 

4.2. J The Backbone Curve 
In order to analyze the hysteresis loops obtained from the dynamic 

buckling tests a curve was fit to the hysteresis loops. Toopchi-Nezhad et al. 
(2008c) developed a method of fitting a polynomial to experimental force
displacement hysteresis data. The fitted curve represented an idealized estimate of 
the lateral force-displacement response of the bearing if damping was removed, 
which was referred to as the backbone curve. The total lateral load experienced by 
bearing " i" (fb,i) is described by the following equation as a function of time 
(Toopchi-Nezhad et aI., 2008c): 

hi (t) = [sb,i (t) + [db,i (t) 4.1 

where, fsb,i is the stiffness force and fdb ,i is the cOITesponding force due to 
damping. The stiffness force fsb,i(t) , is described by the following equation 
(Toopchi-Nezhad et aI., 2008c): 

4.2 

where kb ,i (Vb(t)) is the lateral secant stiffness of the bearing as a function of 
lateral displacement Vb(t) . The five parameters bo to b4 can be determined from 
applying a least squares fit to the experimental data. 

Employing this method, each backbone curve was fit to the force
displacement hysteresis of both cycles together. The fitted backbone curves used 
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in this study represent an average of both hysteresis loops. The parameters for the 
backbone curves fit to the force-displacement hysteresis loops obtained from 
testing of bearing MB 1-3 are provided in Table 4.2. Backbone curves have been 
plotted with their corresponding force-displacement hysteresis loops in Figure 4.1 , 
Figure 4.2 , Figure 4.3 , for excitation amplitudes of 1.0tr, 1.5tr, and 2.0tr 
respectively. The next step in analysis is to investigate the tangential stiffness 
throughout the fully reversed cycles to determine the axial load at which the 
lateral stiffness becomes zero. 

4.2.2 Tangential St[[fness 
By taking the first derivative of the backbone curve, described by 

Equation 4.2, with respect to the lateral displacement an equation for tangential 
stiffness as a function of lateral displacement can be derived as shown in the 
following equation 

4.3 

The parameter bo describes the tangential stiffness of bearing "j" at 
Vb(t) = 0 mm. Stanton et al. (1990) define the tangential stiffness at zero 
displacement in a force displacement hysteresis as the transverse stiffness (Kt ) of 
the bearing. As mentioned previously, the objective of this study is to determine 
the axial load at which an SU-FREI bearing would no longer be able to maintain 
positive incremental force resisting capacity. The transverse stiffness is not 
necessarily the minimum tangential stiffness in every fully reversed hysteresis 
loop under constant axial load. However, the transverse stiffness represents the 
tangential stiffness at which zero lateral stiffness first occurs under increasing 
axial load. 

The fitted backbone curves obtained from experimental testing of SU
FREI bearing MB 1-3 are provided in Figure 4.4 for lateral displacement 
amplitudes of 0.5tr, 1.0tr, 1.5tr, and 2.0tr. The corresponding tangential stiffness 
results are provided in Figure 4.5 versus lateral displacement for each increment 
of axial load. As the axial load increases, the slope of the backbone curve at zero 
displacement decreases to a negative value. Under increasing axial load the 
transverse stiffness represents the first point where a tangential stiffness of zero is 
achieved for an SU-FREI bearing. This observation was made following the first 
round of testing performed on bearing MB 1-3. The transverse stiffness obtained 
from the backbone curves for all five bearings showed similar trends. As the axial 
load increases the transverse stiffness decreases until it is either sufficiently close 
to a value of 0 N/mm or is negative. This behaviour appears to be isolated to the 
tangential stiffness at Omm displacement. Under lesser axial load (7.84kN and 
30kN) the transverse stiffness does not represent the minimum effective stiffness 
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in a fully reversed cycle of lateral displacement (See Figure 4.5). Least squares 
interpolation can be used to determine the axial load corresponding to Kt = O. For 
cases where the transverse stiffness did not quite reach a value of 0 Nlmm , 
extrapolation was used. The axial load corresponding to a transverse stiffness of 
zero is the critical buckling load under dynamic excitation for an SU-FREI 
bearing. 

4.2.3 Effect of Axial Load on Dynamic Properties 
Similar to the EERC report discussed in Chapter 2 (Koh & Kelly, 1987), 

cyclic testing of SU-FREI bearings under a wide variety of axial loads allows 
insight into the effects of axial load on the dynamic characteristics . Analogous to 
Chapter 3, the two properties of importance are the effective stiffness and 
effective damping. Both of these properties are determined using the same method 
described previously in Chapter 3 using Equation 3.1 and 3.2. 

4.3 Results of Dynamic Buckling Tests 

The five V4 scale SU-FREI bearings tested in this section are divided into 
two groups when analyzing the results. The reasons for this became apparent upon 
completion of the testing process. Three of the bearings sustained substantial 
delamination throughout the testing history while two of the bearings did not. The 
predominant reason for this is related to the manufacturing process. Since the two 
bearings that did not experience delamination were cut from the same sheet 
(MB3). The first two sheets, MB 1 and MB2, were constructed simultaneously. 
The third sheet, MB3, was constructed once the first two were completed. The last 
sheet benefited from the experience gained while constructing the first two sheets. 
It is postulated that the final sheet of bearings were of a better quality. While 
discussing the five bearings, those cut from sheets MB 1 and MB2 will be referred 
to as Set A (MBl-3, MB2-1, and MB2-4) while those cut from sheet MB3 will be 
referred to as Set B (MB3-2 and MB3-3). 

4.3.1 Transverse Stiffness 
The values of transverse stiffness obtained from each test are provided in 

Table 4.3 for all five bearings. This is illustrated in Figure 4.6 and Figure 4.7 for 
Set A and Set B, respectively. These values represent the tangential stiffness at 
zero displacement derived from the fitted backbone curve. In all of the V4 scale 
SU-FREI bearings tested in this study it was found that transverse stiffness 
decreased with increasing axial load . The transverse stiffness is also observed to 
decrease as the excitation amplitude is increased. 

Comparing Set A to Set B, it can be seen that the transverse stiffness at 
each combination of axial load and lateral displacement is greater in the bearings 
from Set B by approximately 10-15 N/mm. The lower transverse stiffness 
measured in bearings from Set A is attributed to the partial delamination that 
occurred during testing. Delamination occurs when a remote section of a rubber 
layer inside an SU-FREI bearing loses its bond with the adjacent carbon fiber 
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layer as illustrated in Figure 4.10. Delamination occurred in all three bearings 
from Set A and first appeared fo llowing the first cyclic tests performed at the 
highest axial load. Subsequent tests resulted in negligible additional propagation 
in any delaminated areas. An example of the amount of visible delamination 
experienced by a Y4 scale SU-FREI bearing after the dynamic buckling test history 
was completed is provided in Figure 4.11 for bearing MB2-4. Although this 
delamination may have resulted in a decrease in transverse stiffness it did not 
affect the stability of the bearings. Each cycle of testing maintained both stable 
and symmetric hysteresis until buckling occurred. This can be seen in the 
hysteresis loops provided for SU-FREI bearing MB 1-3 in Figure 4.1, Figure 4.2, 
and Figure 4.3. These hysteresis loops show symmetric behaviour throughout 
each fully reversed cycle. Even the cycles in which hysteretic instability is 
observed are symmetric. 

It is also apparent from Table 4.3 that there are no recorded values for 
transverse stiffness of bearings from Set B at an axial load of 75 kN and an 
excitation amplitude of 2.0tr. Delamination was not observed in bearings from Set 
B until the final test performed at this combination of axial load and lateral 
displacement. This test resulted in erratic and unsymmetrical force-displacement 
hysteresis. Both bearings MB3-2 and MB3-3 behaved similarly during the final 
test in the dynamic buckling test history. Prior to the final test both bearings 
performed adequately with no signs of damage or delamination whatsoever. It 
was not until the final test that they showed erratic behaviour. It is proposed that 
this failure is due to a buildup in stress accumulated throughout the testing 
history. The buckling load for bearings from Set B at a lateral excitation 
amplitude of 2.0tr was estimated using linear extrapolation between the 30kN and 
60kN transverse stiffness data (Figure 4.7) . It is highly unlikely that an 
unscragged bearing tested at the same combination of axial load and displacement 
amplitude would fail in this manner. This is further supported by the successful 
test results obtained from the bearings of Set A. 

4.3.2 Critical Dynamic Buckling Load 
The critical buckling load under dynamic excitation is determined at each 

lateral displacement amplitude from the transverse stiffness values. The objective 
was to determine the axial load at which a transverse stiffness of 0 N/mm 
occurred. For most displacement amplitudes a negative value of transverse 
stiffness was attained by increasing the axial load. For bearings MB 1-3 and MB3-
3 the transverse stiffness at a 90kN axial load and 1.0tr displacement amplitude 
was sufficiently close to zero (Kt ;::: 1 N /mm) to allow for an accurate estimate of 
the buckling load using extrapolation from least squares curve fitting. 
Interpolation was used for all other cases where a negative transverse stiffness 
was achieved at the highest axial load. 

The critical buckling loads obtained from the transverse stiffness data are 
provided in Table 4.4. These values are plotted versus excitation amplitude in 
Figure 4.8 and Figure 4.9 for Set A and Set B respectively. From these results it is 
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clear that the critical bucking load decreases with increasing excitation amplitude. 
By observing each set individually, it is evident that there is negligible variation 
in the calculated buckling loads. Bearings from Set B achieve average critical 
buckling loads that are greater than Set A by 3% at 1.0tr and 14% at 1.5tr. Despite 
the comparable difference in transverse stiffness measured in the two sets of 
bearings, the final critical buckling loads of all five Y4 scale bearings fit within a 
95% confidence interval of the mean. A buckling load at 2.0tr could not be 
obtained from bearings MB3-2 and MB3-3 since the final test at 75 kN axial load 
did not yield useable results . An approximation of the critical buckling load for 
bearings from Set B at an excitation amplitude of2.0tr was performed using linear 
extrapolation of the transverse stiffness measured at 30 kN and 60 kN. This 
yielded an approximate critical buckling load of 76 kN at an excitation amplitude 
of 2.0tr for bearings from Set B. The critical buckling loads for bearings from Set 
A represent a conservative estimate of the buckling load for SU-FREI bearings. 

Predicting the critical buckling load of SU-FREI bearings under dynamic 
excitation between amplitudes of 1.0tr to 2.0tr is essential for estimating the 
critical load at both the design and maximum displacement of the isolation layer. 
The results of cyclic testing performed in Chapter 3 show that at a parallel 
orientation the estimated displacement of the isolation layer under a design basis 
earthquake (DBE) is Do = 1.16tr. The estimated displacement of the isolation 
layer under the maximum considered earthquake was found to be DM = 1.92tr. 
Using linear interpolation from the mean critical buckling loads obtained from Set 
A provides a conservative approximation of Per::::: 1328 kN at Do, and Per::::: 1024 
kN at DM for full-scale SU-FREI bearings. This equates to approximately 11 and 
8 times greater than the expected design axial load for the full-scale SU-FREI 
bearings at DBE and MCE respectively. A critical buckling load of Per = 990±32 
kN was measured for full scale SU-FREI bearings from Set A at an excitation 
amplitude of 2.0tr. This is the lowest axial load at which buckling was observed in 
the bearings tested and it represents a conservative estimate that is still nearly 8 
times the design axial load. From these results it is clear that SU-FREI bearings 
are highly resistant to buckling failure during dynamic excitation. 

4.3.3 Effect of Axial Load on Dynamic Properties 
In addition to determining the axial load at which SU-FREI bearings 

buckle under lateral excitation, the effects of axial load on the dynamic properties 
are investigated in this study. The results of the calculated values of effective 
stiffness and effective damping are provided in Table 4.5 to Table 4.9. Each table 
shows the results obtained from dynamic buckling testing of each of the five 
individual Y4 scale SU-FREI bearings. These results are illustrated in Figure 4.12 
to Figure 4. 17 where the results from Set A and Set B are compared. The first 
cycle of each test shows a notably larger effective stiffness and damping than the 
second cycle. It is clear that the Y4 scale SU-FREI bearings experience unscragged 
behaviour in the first cycle of each test. Furthermore, there is a distinct difference 
between bearings from Set A and Set B similar to what was discussed concerning 
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the evaluation of transverse stiffness and the buckling load under dynamic 
excitation. 

Effective stiffness versus axial load is provided in Figure 4.12, Figure 
4.13, and Figure 4.14 for lateral displacement amplitudes of 1.0tr, 1.5tr, and 2.0tr 
respectively. Similar to findings in Chapter 3, the first cycle shows unscragged 
behaviour while the second cycle shows scragged behaviour. The cyclic tests 
described previously in Chapter 3 involved cycling a bearing under increasing 
lateral displacements while the axial load was held constant. The first cycle 
perfOlmed at each amplitude achieved a higher effective stiffness than subsequent 
cycles. In this case multiple tests were performed at the same lateral displacement 
amplitude while the axial load was increased after each test. Scragging was 
previously described as cyclic loading at constant amplitude under tensile, 
compressive, or shear forces. Increasing the tensile, shear or compressive load 
will result in unscragged behaviour in the first cycle. The results show that the 
effective stiffness of the second cycle is less than the first cycle and as the axial 
load increases the difference between the first and second cycle increases. Under 
the design axial load the effective stiffness of the first cycles is between 4% and 
7% greater than that of the second cycle. Under the highest axial loads this 
difference is as large as 20%. 

Both the scragged and unscragged effective stiffness decrease with 
increasing axial load in all of the bearings tested. On average, SU-FREI bearings 
tested under axial loads from 7.8 kN to 90 kN, experienced a 35% drop in 
effective stiffness. This percentage drop is consistent among bearings from both 
Set A and Set B at amplitudes of 1.0tr and 1.5tr. Bearings tested at an amplitude of 
2.0tr experienced an average 28% drop in effective stiffness between tests 
performed at axial loads of 7.8 kN and 60 kN. The axial load has a substantial 
impact on the effective stiffness of the SU-FREI bearings. Despite the loss of 
effective stiffness at high axial load, SU-FREI bearings maintained symmetric 
force-displacement hysteresis under cyclic excitation. Throughout dynamic 
buckling testing the effective stiffness remained positive for all tests. 

Similar to the results of transverse stiffness, the effective stiffness 
calculated for Set A is less than Set B for every combination of axial load and 
lateral displacement. This result is expected for the same reasons discussed when 
comparing the transverse stiffness. It is also likely that the bearings from Set Bare 
inherently stiffer based on the results of testing performed prior to any observed 
delamination in the bearings from Set A. Specifically the results of testing 
performed at a displacement amplitude of 1.0tr prior to an axial load of 90 kN. 
These results show the same trend of higher effective stiffness in the bearings 
from Set B. The effective stiffness is between 16% and 30% greater on average in 
bearings from Set B. The greatest difference between the two sets of bearings 
occurs at the highest axial loads and the largest lateral displacements tested. 
Despite this fact, the effective stiffness of each cycle of testing fits within 15% of 
the mean effective stiffness taken between all five bearings. Although the 
adequacy check performed in Chapter 3 does not apply directly to this testing 
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procedure it is wOlth noting that the effective stiffness stays within a reasonable 
range of the mean for all five I;4 scale SU-FREI bearings tested in this study. It 
should also be noted that despite this difference in effective stiffness there is still a 
95% confidence that the buckling load will fall on the mean taken over all five 
samples. 

Variations in the effective damping values between the two sets are less 
than variations in effective stiffness values. All five bearings subjected to the 
dynamic buckling test procedure experienced a substantial increase in effective 
damping with increasing axial load. The effective damping versus the axial load is 
compared in Figure 4.15, Figure 4.16, and Figure 4.17 for each amplitude of 
lateral displacement. The corresponding effective damping values are provided in 
Table 4.5 to Table 4.9 for each bearing. The effective damping of all five bearings 
is consistent up to an axial load of 60 kN for amplitudes of 1.0tr and 1.5tr and an 
axial load of 30 kN for an amplitude of 2.0tr. At an amplitude of 1.0tr the SU
FREI bearings underwent an average increase in effective damping of 11 % to 
16% as the axial load increased from 7.8 kN to 60 kN. Under the same range of 
axial loads and a lateral excitation amplitude of 1.5tr bearings displayed an 
increase in effective damping from 11 % to 17%. Finally under axial loads from 
7.8 kN to 30 kN and lateral displacement amplitude of 2.0tr SU-FREI bearings 
show an average increase from 10% to 13% effective damping. Effective damping 
between the two sets of bearings is within 10% of each other during these load
displacement combinations. 

Differences between Set A and Set B become more pronounced under the 
highest axial loads and lateral displacements. At the highest axial load tested, the 
average effective damping measured in bearings from Set A is 25% and 37% for 
excitation amplitudes of 1.0tr and 1.5tr respectively. Comparatively, the measured 
effective damping in bearings from Set B was 21 % at 1.0tr and 25% at 1.5tr. 
Furthermore, at an axial load of 60 kN and lateral displacement amplitude of 2.0tr 
the average effective damping is 27% in Set A and 19% in Set B. At the highest 
axial loads and largest lateral displacements, bearings from Set A achieve greater 
effective damping than those from Set B. It is postulated that the additional 
damping achieved by bearings in Set A is caused by the delamination that led to 
reduced effective stiffness. Under the highest axial load and lateral displacement 
tested, the bond between the rubber layers and the adjacent layers of fiber 
reinforcement in each bearing are subjected to the highest levels of shear stress. It 
is plausible that any delaminated sections in a bearing from Set A would add to 
the total damping due to slipping of delaminated rubber against adjacent carbon 
fiber layers. In order for slip to occur the frictional forces between the two layers 
needs to be overcome. 

4.4 Rollout Tests 

Rollout is defined by ISO 22762 as the instability of a dowelled or 
recessed bearing under shear displacement. SU-FREIs are designed to undergo 
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stable behaviour as they rollover, however, at extreme lateral displacement it is 
possible that rollout instability may occur. Ultimate shear property testing was 
performed on two ~ scale SU-FREI bearings which had undergone previous 
testing at mid-range lateral displacements under design axial load. This test was 
performed as an additional investigation of the stability of SU-FREI bearings. It 
was expected that these bearings would not fail due to instability under the design 
axial load at previously investigated lateral displacement amplitudes. These tests 
were used to investigate the performance of bearings at extreme lateral 
displacements. Two displacements were selected and one bearing was tested at 
each displacement. 

The performance of bearings subjected to rollout testing was evaluated by 
inspecting the recorded lateral force-displacement curve. In a typical test the axial 
load is held constant while the sample is displaced laterally at a constant rate until 
failure occurs in the bearing. Failure in this test is typically defined as either 
buckling or breaking of the bearing. The onset of buckling occurs when a bearing 
experiences a lateral stiffness of zero. At this point the bearing has lost its force 
resisting capacity. The objective of the buckling test is to determine the lateral 
displacement value a bearing will fail under design axial load (omax). 

4.5 Results of Rollout Tests 

The lateral force-displacement curve for rollout tests performed on ~ scale 
SU-FREI bearings MB2-2 and MB2-3 are provided in Figure 4.18. MB2-2 was 
displaced to 2.75tr (::::: 52 mm) while bearing MB2-3 was displaced to 3.00tr (::::: 57 
mm). The lateral force-displacement curves show negligible variation between the 
two bearings and positive force resisting capacity throughout the test (See Figure 
4.19). Rollout instability was not observed during either test. At approximately 
2.75tr the tangential stiffness begins a decreasing trend which may lead to 
instability upon further displacement. Unfortunately no remaining suitable ~ scale 
SU-FREI bearing samples were available to perform a test at a lateral 
displacement greater than 3.0tr. Although rollout instability was not observed 
during these tests, the results provide a shear profile showcasing the three stages 
of rollover experienced by SU-FREI and how the lateral effective stiffness is 
affected. 

Lateral effective stiffness versus lateral displacement is provided in Figure 
4.20. Similar to what has been discussed previously concerning rollover 
deformation, the effective stiffness decreases substantially as the SU-FREI 
bearing is displaced laterally. Facial contact between the vertical faces of the 
bearing perpendicular to the direction of excitation and the upper and lower 
boundaries began at Die::::: 1.7tr (33 mm). This corresponds to the location of the 
minimum effective stiffness measured in either bearing (::::: 78 N /mm). As the 
vertical faces make further contact the effective stiffness increases until full 
contact is made. This displacement is denoted as o[e and is observed at 
approximately 2.5tr (47 mm). Once full facial contact is made the additional 
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effective stiffness has been fully developed. For lateral displacements greater than 
o[c, the effective stiffness is constant in both SU-FREI bearings tested. An 
increase of approximately 20% was observed in the effective stiffness of each 
bearing following full contact of the vertical faces compared to the minimum 
effective stiffness measured at 0ic. 

Upon completion of rollout testing, both bearings were inspected for signs 
of damage or delamination. Bearing MB2-3 exhibited minor delamination as 
illustrated in Figure 4.21. Both of these displacements represent conditions in 
excess of maximum expected lateral displacements encountered by an SU-FREI 
bearing. Rollout instability lateral displacement (omax) was not encountered at 
displacements up to 3.0 tr . 

4.6 Summary and Concluding Remarks 

This chapter has provided a thorough investigation into the stability of SU
FREI bearings. Two test procedures were utilized to explore stability under 
different conditions. The first method, the dynamic buckling test, investigated 
stability of Y4 scale SU-FREI bearings under sinusoidal lateral excitation and 
increasing axial load. The second method, the rollout test, investigated the 
stability of Y4 scale SU-FREI bearings under design axial load and constant lateral 
displacement rate. The objective of both tests was to determine the conditions 
under which an SU-FREI bearing will lose stability. 

4.6. 1 Dynamic Buckling Tests 
The dynamic buckling tests subjected Y4 scale SU-FREI bearings to 

rigorous testing during which delamination was observed in bearings from two of 
the three manufactured sets. Bearings which experienced delamination achieved 
lower effective and transverse stiffness while still maintaining both stable and 
symmetric lateral force-displacement hysteresis. This difference in lateral stiffness 
did not have significant affect on the critical buckling load of bearings . Bearings 
that experienced delamination achieved critical buckling loads from 3% to 14% 
less than those that did not experience delamination. The buckling loads from all 
five bearings were still within a 95% confidence interval of the mean taken 
between all five Y4 scale SU-FREI bearings. The bearings from Set A experienced 
delamination throughout the dynamic buckling test while Set B did not. For this 
reason critical buckling loads obtained from bearings from Set A are taken as a 
conservative estimate of the buckling load of SU-FREI bearings under dynamic 
excitation. 

As the axial load is increased the effective stiffness decreases and the 
effective damping increases. On average, SU-FREI bearings showed a 35% 
reduction in effective stiffness when the axial load was increased from 7.8 kN to 
90 kN. Lower effective stiffness (16% to 30%) was observed in SU-FREI 
bearings which experienced delamination. Under the same range of axial loads the 
effective damping doubled in most SU-FREI bearings. At amplitudes of 1.5tr and 
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2.0tr SU-FRET bearings that underwent delamination achieved more than three 
times the effective damping at the highest axial load. Both effective stiffness and 
effective damping showed the most variation while SU-FRET bearings were 
subjected to the highest axial loads and largest lateral displacements. Tn general 
delamination led to lower effective stiffness and higher effective damping. 

Under dynamic excitation the critical buckling load was greater at lower 
amplitudes of lateral displacement. At lateral displacement amplitude of 0.5tr 
there were no signs of instability during testing up to axial loads equal to 15 times 
the design load. Testing performed on Y4 scale SU-FREI bearings from Set A at 
lateral displacement amplitudes of 1.0tr, l.5tr and 2.0tr yielded critical buckling 
loads of approximately 11 , 10, and 8 times the design axial load respectively. 
Predicting the critical buckling load of SU-FRET bearings under dynamic 
excitation between amplitudes of 1.0tr to 2.0tr is essential for estimating the 
critical load at the estimated displacement of the isolation layer under DBE and 
MCE conditions. The critical axial load for the full scale isolation system at the 
design (DD) and maximum (DM ) displacements of the isolation layer were 
approximately 10.6 and 8.2 times the design axial load respectively. Under 
dynamic excitation SU-FREI bearings are extremely resistant to buckling 
instability. At the largest displacement tested, the critical load is well in excess of 
axial loads expected to be encountered by any individual S U-FREI bearings. 

4.6.2 Rollout Tests 
Rollout testing was performed on Y4 scale SU-FREI bearings up to lateral 

displacements on 2.75tr and 3.0tr. Both of the SU-FREI bearings maintained 
positive lateral stiffness throughout rollout testing. Negligible delamination was 
observed at a displacement of 3.0tr. Otherwise no outward signs of damage were 
apparent upon completion of rollout testing in either bearing. Under the design 
axial load SU-FREI bearings are more than adequate at maintaining stability at 
extreme lateral displacements. An added benefit of the unbonded boundary 
conditions is the additional lateral effective stiffness gained when facial contact is 
made between the vertical faces of the bearing and the upper and lower 
boundaries. The effective stiffness reaches a minimum prior to the onset of facial 
contact. The effective stiffness increases by 20% once full facial contact has been 
made. Rollout instability was not observed during rollout tests performed up to a 
lateral displacement of 3.0tr. 
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Table 4. 1 Test history of bearings tested under the dynamic buckling test program. 

NlBl -3 NlB2-1 NlB2-4 NlB3-2 NlB3-3 
Amplitude ____________________________ _ 

(% tr) Test Axia l Load Test Ax ial Load Test Ax ial Load Test Ax ial Load Test Axial Load 

No. (kN) No. (kN) No. (kN) No. (kN) No. (kN) 

1 7.84 - - - - - - -
2 30 - - - - - -

50 3 60 - - - - -
4 90 - - - - - -
5 120 - - - - - - -
6 7.84 1 7.84 1 7.84 1 7.84 1 7.84 

100 
7 30 2 30 2 30 2 30 2 30 

8 60 3 60 3 60 3 60 3 60 

9 90 4 90 4 90 4 90 4 90 

10 7.84 5 7.84- 5 7.84 5 7.84 5 7.84 

150 
11 30 6 30 6 30 6 30 6 3D 

12 60 7 60 7 60 7 60 7 60 

13 90 8 90 8 90 8 90 8 90 

14 7.84 9 7.84 9 7.84 9 7.84 9 7.84 

15 30 10 30 10 30 10 30 10 30 
200 

16 60 11 60 11 60 11 60 11 60 

17 75 12 75 - 12 75 12 75 
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Tab le 4 .2 Backbone-curve parameters for bearing MB [-3 

.. \mplitude 
Axial Load Cmve Parameters 

(k~) h{) h1 b2 h3 1>4 

7.84 l.25E-01 1.25E-04 1.77E-04 -1 .61£·~6 -1.7OE-06 

30 LOOE-Ol 1.06E-04- 3.19E-04- -1.37E..:06 -L65E·06 

O.5tr 60 I. 19E-02 1.16E-04 4. 77E-04 -1.50E-06 -212E·Q6 

90 4.81E-02 1.23E-04 6.68E-04 -1.58E-06 -3.76E-06 

120 4.84E-02 1.01£-04 3. 16E-04 -1.31E..:06 -lJ7E-06 

7.84 1.01E-01 5.42E-06 -1.48E-04 -1.73E·{lS 2.54-E-O} 

30 6. 94E-02 &.16E-06 -2. 69E-05 -2.64E-08 1.0YE-O} 
l.Otr 

60 3. 13E-02 8.&7E-06 1.08E-04 -2. 83E-08 -4.71E-08 

90 1.04E-03 1.73E-05 2. 17E-04 -5.50E-08 -2. 05 E-O 7 

7.84 831E-02 6.1.tE-O! -S.5&E-OS -8.57E-1O 7.24E-O& 

1.5tr 
30 ).06E-02 1.03E-06 4.53E-OS -1.43E-09 5.65E-OS 

60 1.79E-02 2.27E-06 2.57E-05 -3. 16E-09 1.64E-{)& 

90 -1.66E-02 4-.l0E-06 7.04E-05 -5.6&£-09 -7.69E-{)9 

7.84 7.41E-02 1. 66E-07 ..:6.S9E-O) -1.30E-1O 3.98E-OS 

30 4.69E-0"2 4.07E-07 -4'66E-05 -3.19E-W 3.29E-08 
2.0t! 

60 1. 65E-03 1.93E-06 1.41E-06 -1.51E-09 1.64E-O& 

75 -2.51E·02 3.60E-06 2.65E-05 -2.Y9E-09 8.12E-09 
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Tab le 4.3 Transverse stiffness values for each test performed on SU-FREI bearings 
MBI-3, MB2-1 , MBs-4, MB3-2, and MB3-3 . 

Excitation Axial Load Transverse Stiffiless (N/mm) 

Amplirude (!<Ny SetA SetB 

Table 4.4 

1.0tr 

L5tr 

2.0tr 

1v1B1-3 N1B2-1 lvlB2-4 f.,llB3-2 r..!ffi3-3 
7.84 100.7 112.1 109.9 1233 113.5 
30 69.4 82.0 78.3 90.6 89.6 
60 31.3 35.5 

.,., ., 
-'-'.-' 43.5 43.8 

90 1.0 -2.8 -5.9 -2.3 1.3 
7.84 83.1 86.3 84.9 963 92.6 
30 56.6 61.9 58.2 71.8 71.8 
60 17.9 19.7 15.3 30.5 31.6 
90 -16.6 -26.0 -30.6 -12.0 -lOA 

7.84 74.1 79.5 i5 .8 86.2 83.3 

30 46.9 55.0 49.5 65A 65.1 
60 1.6 6.2 -2 .8 21.0 24.9 
75 -25.1 -19.7 - - -

Critical dynamic buckling loads of each SU-FREI bearing. *Values obtained 
through li near extrapolation using data from 30 kN and 60 kN tests. 

Critical Load (kN) 

Amplirude SetA SetB 

NlBl-3 M:B2-1 M:B2 -4 MB3-2 NlB3-3 
LOtr 91.8 88.2 85A 89.6 9'1 '1 ... 
1.5tr 74.7 72.7 69.8 81.5 82.4 
l.Otr 62.1 63.8 59.7 74* 79* 
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Table 4.5 

Axial 

Effective stiffness and effective damping from dynamic buckling tests on 
bearing MB \-3 

O.5tr 1.Otr 1.5tr 2.0t! 

Effective Effective Effective. Effective Effectiv e Effective Effective Effective 

Load Cycle Stiffn ess Damping Stiffne ss Dampin g Stiffness Damping Stiffness Damping 

(ki'-l") (N/uun) (%) (N/UUll) (%) (N!mm) (%) (N/null) (%) 

I .S.t 
13 7A 12J 8.f..O 11.7 64.3 11.6 62.8 l1A· 

2 129.0 11.2 80J 10,5 61.9 10.5 59.8 10.5 

30 
1 124.3 13.0 77.8 13.1 61.0 14.0 54.1 1).:: 

2 116.6 12.5 73.S 12.8 58.0 13.5 49.7 15.5 

6{) 
106.5 16.1 10.2 16.7 56.9 18.1 46.5 24,5 

.., 95.4 15.5 64.0 16.7 50.2 19.5 39.6 28.8 L 

is 38.5 37.4-

2 33.8 45.0 

90 
90.9 18.2 62A- 22.0 45.1 30.8 

2 i 5J 18.3 52.1 24.5 35 .9 40.4-

120 
84.1 18.2 

2 61.9 19.1 

Table 4.6 Effective stiffness and effective damping from dynamic buckling tests on 
bearing MB2-1 

LOtr l.5tl' 2.0 tr 
Axial Effective. Effectiv e Effecti\'e Effective Effe ctive Effectiv e 

Load Cycle Stiffness Damping Stiffnes s Damping Stiffnes s Damping 

(k.'i") (NiuUll) (~o) (Niuun) (%) (N/nun) (%) 

7.84 
97.7 12.3 68.2 113 68.9 11.3 

2 91.3 10.1 65.5 10.1 65.2 10.0 

30 
89.8 12.7 65.0 131 59.1 I·U 

2 85.3 11.6 62.3 12.5 54.9 13.9 

60 
18.9 17.1 60.2 D.9 49.3 24.8 

2 72.8 15.2 54.3 17.9 42.S 28.8 

75 
43.0 37.6 

2 38.0 47.2 

90 
63 .6 23.6 45.7 3'2 .8 

2 55.8 23.4 37.1 41.0 
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Table 4.7 Effective stiffness and effective damping from dynamic buckling tests on 
bearing MB2-4 

l.Otr l.Str 2.0 tr 

Axial EtIective Effective Effective Effective Effective Effective 

Load Cycle Stiffness Damping Stiffness Damping Stiffness Damping 

(k"\l) (N!mm) (~'o) (N/null) (%) (Nltnm) (%) 

7.84 
96.2- 12.1 66.8 11.0 64.6 10.8 

2 90.0 o~ 
"' ) 64.1 9.9 6U 9.S 

30 
i 88.5 12A 64A 1.3.1 56.1 14.4-

2 84.1 11.3 61.7 12.3 52.0 14.3 

60 
77.3 16.8 59.6 17.7 ·P.O 24.9 

2 71.5 14-.9 53.5 18.0 39.3 30.5 

90 
61.3 24-.2 44.7 33.6 

2 53.6 24.2 36.8 ·11 .4 

Table 4.8 Effective stiffness and effective damping from dynamic buckling tests on 
bearing MB3-2 

l.Otr 1.5tr 2.{) tr 

A\ial Effective Effective Effective Effective Effective Effective 

Load Cycle Stiffness Damping Stiffn ess Damping Stiftness Damping 

(ki'l) (N/nun) (%) (NillUll) (%) (Ninun) (%) 

!.SA 
1 109.0 13.6 80.5 11.8 80J 10.7 

2 10l.S 11.0 76.6 lOA 77.1 o~ ... J 

34) 
100.6 1H 76.9 13.1 !1.9 12.9-

2 95.2- 12.5 73.7 12.2 6?J 12.1 

64) 
89./ 16.9 73.0 16.1 61.2 19.6 

2 82.9 15.4 66.S 15.5 55.1 20.2 

94) 
74.8 21.4 60.1 23.1 

2 66.4- 21.0 <;1 ~ 
_ 4· .~ 25.4-
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Table 4.9 

Axial 

Effective stiffness and effective damping from dynamic buckling tests on 
bearing MB3-3 

LOtr Utr :LOtr 

BTective Eft'~1'e Effective Etl'ective Bfecm'e Effective 

Load Cycle Stiffness Damping Stiffiiless D:ampimg Stiifness Damping 

(kl'I) (Nlmm) ('%) (NI'mai) C"'O) (Nlmm) (%) 

7.M 
106.6 13.4 8.0 11.6 

2 9R9 lU 14.4 103 145 93 

30 
1 99.2 13.1 75.5 13J) 71.0 12.8 

2 93.9 12.1 n.o 12.1 65.8 12.1 

6i) 
88.6 16.1 71.8 16.1 62.9 173 

2 82.1 15.1 65.0 1.5. 552 17.& 

9D 
1 13.6 213 59.1 23.9 

2 65.1 205 50.6 26.2 
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Figure 4.1 Force-disp lacement hysteresis for bearing MBI-3 at l.Otr displacement 
amplitude under axial loads of: (a) 7.84 kN; (b) 30kN, (c) 60kN; (d) 90 kN. Each 
hysteresis is plotted with its respective fitted curve 

67 



M.A.Sc. Thesis - Michael de Raaf McMaster University - Civi l Engineering 

2.0 2.0 

Z 1.0 Z 1.0 
~ ~ 
(l) (l) 
u u 

0 0 .0 0 0.0 u. u. 

~ ~ 
(l) ~ -tJ ro ro 

-1.0 -' -1.0 -' 

-2.0 -2 .0 

-30 -10 10 30 -30 -10 10 30 

Lateral Displacement (mm) Lateral Displace ment (mm) 

(a) (b) 

2 .0 2.0 

Z 1.0 Z 1.0 
-'" ~ 
(l) (l) 
u u 

0 0 .0 0 0 .0 u. u. 

~ ~ 
(l) (l) 
-tJ -tJ 
ro 
-' -1.0 

ro 
-' -1.0 

-2.0 -2.0 

-30 -10 10 30 -30 -10 10 30 

Lateral Displacement (mm) Latera l Displacement (mm) 

(c) (d) 

Figure 4.2 Force-displacement hysteresis for bearing MB I-3 at I.Str displacement 
amplitude under axial loads of: (a) 7.84 kN; (b) 30kN, (c) 60kN; (d) 90 kN. Each 
hysteresis is plotted with its respective fitted curve 
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Figure 4.3 Force-displacement hysteresis for bearing MB 1-3 at 2.0t, displacement 
amplitude under axial loads of: (a) 7.84 kN; (b) 30kN, (c) 60kN; (d) 75 kN. Each 
hysteresis is plotted with its respective fitted curve 
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Figure 4.4 Backbone curves of force-displacement hysteresis for SU-FREI bearing MB \-3 
at displacement amplitudes of: (a) 0.5t,; (b) LOt,; (c) 1.51,; (d) 2.0t, 
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Figure 4.5 Tangential stiffuess obtained from the first derivative of the fitted curve from the 
load displacement hysteresis of SU-FREI bearing MB 1-3 at displacement 
amplitudes of: (a) O.5t,; (b) l.Ot,; (c) l.5t,; (d) 2,Ot, 
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Transverse stiffness versus axial load for SU-FREI bearings in Set B: MB3-2 
and MB3-3 . 
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Figure 4.10 Close up of delamination sustained by a Y. scale SU-FREI bearing during a 
dynamic buckling test 
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Figure 4.11 Highlighted areas detail where delamination occurred along the edge faces of 
bearing MB2-4 following the completion of the buckling test history 
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- SetA: MBl-3, MB2 -1 & MB2-4 - Q - Set B: MB3-2 & MB3-3 
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Average effective stiffness versus axial load for SU-FREI bearings MB 1-3 , 
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of I.Ot, 
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- . - SetA: MBl-3, MB2-l & MB2-4 - 0 - Set B: MB3-2 & MB3-3 
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Figure 4.14 Average effective stiffness versus axial load for SU-FREI bearings MB 1-3, 
MB2-1 MB2-4, MB3-2, and MB3-3 cycled at lateral excitation of2.0tr 
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(b) Cycle 2 
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80 



M.A.Sc. Thesis - Michael de Raaf McMaster Univers ity - Civil Engineering 

--SetA: M81-3, M82 -1 & M82-4 - 0 - Set 8: M83-2 & M83-3 

50 50 

"*- 40 "*- 40 

M M 
C C 

a. 30 .0.. 30 
E E 
ro ro 

0 0 
Q) 20 Q) 20 

/~ > > . .p . .p 
u u 
~ Q) 0/ 

'+- ~-'+- 10 '+- 10 L.U L.U 

0 0 

0 30 60 90 0 30 60 90 
Axial Load (kN) Axial Load (kN) 

(a) Cycle 1 

50 50 

"*- 40 "*- 40 

M M 
C c .0.. 30 .0.. 30 
E E 
ro ro 
0 0 
Q) 20 Q) 20 ,...--1 > > . .p . .p 
u u 
Q) Q) .-"/ '+- '+-

'+- 10 '+- 10 L.U L.U 0'"""" 

0 0 

0 30 60 90 0 30 60 90 
Axial Load (kN) Axial Load (kN) 

(b) Cycle 2 
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Chapter 5. Serviceability and Fatigue 

This chapter outlines serviceability and fatigue tests performed on SU
FREI bearings. Both of these tests involve lateral cyclic testing under constant 
design axial load. The difference between these tests and previous cyclic tests is 
the number of fully reversed lateral cycles. Both tests were performed in order to 
show that SU-FREI bearings are capable of maintaining acceptable performance 
under serviceability and fatigue conditions. 

5.1 Testing Procedure 

5.1.1 Serviceability 
In order to investigate the performance of SU-FREI bearings under 

serviceability conditions the design wind force was determined for a typical low
rise structure. An equivalent lateral displacement was estimated based on the 
design wind force. Two displacements were selected to bracket the expected 
displacement. Each Y4 scale SU-FREI bearing was subsequently tested at both of 
these lateral displacement amplitudes in sequence. Since the design wind force is 
determined using the dimensions and properties of a specific structure, bracketing 
the estimated lateral deflection under design wind forces allowed for a wider 
range of study. The objective of this investigation is to show that the dynamic 
properties of Y4 scale SU-FREIs will become stable under repeated cycling. 
According to ASCE 7-05, serviceability testing requires that bearings are 
subjected to 20 fully reversed cycles. 

The first step was to estimate an approximate design wind force for a 
typical structure isolated using SU-FREI bearings. The wind design force was 
calculated using the provisions from the structural commentaries of the NBCC 
(2005). Although typical base isolated structures will have a height less than 120 
m with a height to width ratio less than 4, they are susceptible to vibrations due to 
the introduction of the isolation layer. For this reason it is necessary to use the 
dynamic procedure to estimate design wind load (NRC, 2006). This procedure is 
typically employed for tall buildings and slender structures. The dimensions and 
specifications of a two-storey structure used during shake table testing of Y4 scale 
SU-FREI bearings by Toopchi-Nezhad (2008) were used for the design wind 
force calculation. The full scale test structure has measurements of 6 m by 5 m at 
the base with a 6.5 m height. The isolation system for this structure is composed 
of four bearings with one SU-FREI bearing located at each corner. The total 
weight of the full scale structure is approximately 502 kN based on the design 
axial load applied to four full scale SU-FREI bearings. 

The design wind pressure Pe was calculated using the following equation 
from the NBCC (2005) : 

5.1 
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where Iw is the importance factor for wind which is taken as 1.0 for normal 
importance for serviceability purposes. The 1 in 10 year return period wind 
velocity pressure q was taken as 0.36 kPa for Vancouver (NBCC, 2005). A 
conservative exposure factor of Ce= 1.0 was selected which represents open or 
standard exposure. The gust factor Cg is a factor of a number of properties 
including the fundamental frequency and the effective damping of the system. 
Finally, the external pressure coefficient Cp was taken as 1.2. This calculation 

accounts for an extremely conservative design wind pressure which cOlTesponds 
to a low-rise isolated structure subjected to wind with no impedance from 
surrounding geography or neighboring structures. Once the design wind pressure 
was calculated the corresponding design wind force (Fw) was calculated using 

5.2 

where b is the longest plan dimension and h is the height of the structure. 
Additional detail regarding the dynamic procedure used here can be found in Pali 
4 of Division B (NBCC 2005). 

Both the fundamental frequency and the effective damping of the 
isolation layer were used to determine the design wind pressure. The fundamental 
frequency ([ n) of the isolated structure was detelmined using 

-~ JK,tt.T 

In - ZIT MT 
5.3 

where Keff,T is the total lateral effective stiffness of an isolation layer composed 

of 4 full-scale SU-FREI bearings and MT is the total mass in kg of the structure 
(::::51 ,000 kg). The effective stiffness and damping of the isolation layer were 
determined by fitting a curve to the data obtained through cyclic testing in 
Chapter 3 using least squares fitting. Assuming that lateral displacement under the 
design wind load will occur predominantly in the isolation layer, the maximum 
displacement of the isolation layer (.1max ) under the design wind force was 
calculated using the following equation: 

Fw 
Llmax= --

Keff,T 
5.4 

Since the effective stiffness and damping of the SU-FREI bearings are 
dependent on lateral displacement, it was necessary to employ and iterative 
procedure to determine the maximum displacement. First a displacement was 
selected and the corresponding effective stiffness and damping of the isolation 
layer were determined through interpolation of the least squares fit. The design 
wind force calculated using these values would yield a new maximum 
displacement which was then used to determine the effective stiffness and 
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damping for the next iteration. This process was repeated until convergence was 
achieved. 

The wind design load was estimated at 39.2 kN for the specified structure 
located in Vancouver. Under the wind design load the displacement of the 
isolation layer was calculated as ;:::; O.2tr. Based on this result the two displacement 
amplitudes selected were 0.15tr and 0.3Str. Each bearing was subjected to 20 fully 
reversed cycles at each amplitude in ascending sequence. Due to the low lateral 
displacement required for these tests it was possible to cycle the bearings at their 
natural frequency. Bearings were cycled at a frequency of 2.31 Hz and 2.08 Hz at 
amplitudes of O.IStr and 0.3Str respectively. The natural frequency at each 
amplitude was estimated using Equation S.3 and the results obtained from cyclic 
testing performed in Chapter 3. In between each test the bearing was removed 
from the setup and inspected for any signs of damage or delamination. 

5.1.2 Fatigue 
The fatigue testing procedure from ASCE 7-0S (200S) was used in this 

study. Similar to the calculations for serviceability testing, the dimensions of the 
structure used in shake table testing by Toopchi-Nezhad (2008) are used here. The 
fatigue test requires that each bearing undergoes fully reversed lateral excitation at 
the total design displacement DTO while the axial design load is held constant. 
The number of cycles is dictated by the results of the following equation so long 
as it is no less than 10 cycles. 

5.5 

these terms were previously defined in Chapter 3. The total design displacement is 
an amplification of the design displacement DD described by Equation 3.3. Total 
design displacement is calculated by 

[ 
12e ] 

DTD = DD 1 + Y b2 + d2 
5.6 

where y is the distance from the centre of rigidity to the element of interest 
perpendicular to the direction of excitation. In this case y is the same for all 
bearings and is equal to ;:::; 2.8 m assuming the longest plan dimension is 
perpendicular to excitation. The terms band d are the shortest and longest plan 
dimensions respectively (6.0 m and S.6 m). The term e describes the actual 
eccentricity between the centre of rigidity of the isolation system and the 
structures centre of mass measured perpendicular to the direction of excitation. 
Since there is no eccentricity, only the accidental eccentricity was used. 
Accidental eccentricity is defined as 5% of the longest plan dimension. This 
resulted in e = 0.3 m based on the dimensions of the structure. 
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The number of cycles calculated using Equation 5.5 resulted in a total of 
11.6 cycles which was rounded up to 12. Since the calculated number of cycles 
was greater than 10 it was suitable for fatigue testing purposes. Using a design 
displacement of DD ~ 88 mm (calculated in Chapter 3) for SU-FREI bearings at a 
parallel orientation, the resulting total design displacement becomes DTD ~ 
102 mm or 1.33tr. This was increased to a value of 1.5tr for fatigue testing since 
these calculations were performed for one specific structure. Each bearing 
underwent 12 fully reversed cycles of lateral displacement at an amplitude of 1.5tr 
under constant design axial load. The displacement amplitude used in this test was 
too large to allow for cycling at the natural frequency of the bearing. For fatigue 
testing, the average displacement rate of the plate was once again set at ;:::: 76 
mm/s. Each of the four Y4 scale bearings used for fatigue testing underwent a 
single fatigue test under these conditions at a parallel orientation. 

5.2 Results of Serviceability Testing 

Serviceability testing was performed on two Y4 scale SU-FREI bearings 
(MB2-2 and MB2-3). The resulting force-displacement hystereses were analyzed 
in a similar manner to cyclic tests performed in Chapters 3 and 4. Effective 
stiffness and effective damping were calculated using Equation 3.1 and 3.2. From 
previous discussion on scragging of rubber it is expected that the variation in 
dynamic properties of these bearings will become negligible after the second or 
third cycle. Effective stiffness and damping values calculated for each cycle of 
testing are provided in Table 5.1 for MB2-2 and Table 5.2 for MB2-3. The force
displacement hysteresis loops for these tests are provided in Figure 5.1 for tests at 
0.15tr and Figure 5.2 for tests at 0.35tr. The first cycle in the force-displacement 
hysteresis is substantially larger than subsequent cycles, which have minor visible 
variation. Positive incremental force resisting capacity is maintained throughout 
each fully reversed cycle satisfying cyclic test requirements of the ASCE (2005) 

Effective stiffness is plotted versus cycle number in Figure 5.3. There is 
negligible difference between the effective stiffness measured in MB2-2 and 
MB2-3 at both amplitudes. Furthermore, from the 3rd cycle on, the effective 
stiffness shows negligible degradation with subsequent lateral cycling. At an 
amplitude of 0.15tr there is a 6% decrease in effective stiffness between the 1 st and 
3rd cycles. Comparatively, between the 3rd cycle and the 20th cycle the average 
decrease in effective stiffness is only 4%. At a displacement of 0.35tr, both 
bearings showed a decrease in effective stiffness of 8% between the 1st and 3rd 

cycles; and 5% between the 3rd and 20th cycles. The average scragged effective 
stiffness from the 3rd cycle on is :;:::: 189 N/mm at an amplitude ofO.15tr; and ;:::: 140 
N/mm at an amplitude of 0.35tr. Effective damping versus cycle number is 
illustrated in Figure 5.4 for both MB2-2 and MB2-3. The effective damping 
remains nearly constant throughout all 20 cycles of lateral displacement with less 
than 5% variation from the mean. The average effective damping is 14% at an 
amplitude of 0.15 tr and 12% at an amplitude of 0.35tr. The unscragged first 
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cycles had a similar effective damping compared to subsequent cycles during 
serviceability testing. 

5.3 Results of Fatigue Testing 

A total of four Y4 scale SU-FREI bearings (MB2-2 MB2-3, MB3-1 , and 
MB3-4) were subjected to the fatigue testing procedure. Each bearing underwent 
12 fully reversed cycles of lateral displacement at an amplitude of 1.5tr while 
constant axial load was applied. All four bearings had previously undergone 
cyclic testing under constant design axial load. Bearings MB2-2 and MB2-3 were 
tested previously for serviceability at amplitudes up to 0.35tr • Alternatively, 
bearings MB3-1 and MB3-4 were subjected to cyclic testing at amplitudes 
exceeding 1.5tr at a diagonal orientation with respect to the direction of excitation. 
Despite their previous testing histories, all four bearings are expected to exhibit 
unscragged behaviour in the first cycle of this test. None of the bearings tested 
here had been cycled at 1.5tr at a parallel orientation prior to this test. 

Lateral force-displacement hysteresis loops are provided in Figure 5.5 for 
bearings from sheet MB2 and Figure 5.6 for bearings from sheet MB3. All four 
bearings exhibit a larger first cycle while subsequent hysteresis loops fall on top 
of each other. Bearings MB2-2 and MB2-3 display a slightly larger first loop than 
the bearings MB3-1 and MB3-4. Differences between the scragged loops of these 
bearings are not visibly apparent from the force-displacement hysteresis loops . 
The calculated values of effective stiffness and effective damping for all four 
bearings are provided in Table 5.3. Effective stiffness versus cycle number is 
illustrated in Figure 5.7. The effective stiffness from all four bearings is within 
5% of the mean effective stiffness at each cycle. The average effective stiffness 
over the scragged cycles of testing (cycle 2-12) is ;:::; 69 N /mm for Y4 scale SU
FREI bearings cycled at an amplitude of 1.5tr • This result is consistent with the 
average effective stiffness recorded at this amplitude for bearings tested in 
Chapter 3. 

Effective damping versus cycle number is illustrated in Figure 5.8. There 
is less than 10% variation of the measured effective damping values for each 
bearing from the mean effective damping. A closer look at Table 5.3 reveals that 
bearings from sheet MB2 have an average effective damping of 10% while the 
bearings from sheet MB3 have an average effective damping of 11 %. While these 
results are close, additional damping in MB3-1 and MB3-4 may be a result of 
previous cycling at high lateral displacement amplitudes. The range of effective 
damping measured during fatigue testing at an amplitude of 1.5tr is consistent 
with the results obtained during cyclic testing along a parallel orientation 
performed in Chapter 3 at this amplitude. 

The force-displacement plots show positive incremental force resisting 
capacity throughout each fully reversed cycle of fatigue testing. This satisfies 
code requirements (ASCE, 2005) regarding cyclic tests. In addition, there are two 
specific provisions regarding test specimen adequacy outlined in ASCE 7-05 with 
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regards to fatigue testing. The first requires that there is no greater than a 20% 
decrease in the initial effective stiffness over the cycles of the fatigue test. 
Similarly, it requires that there is no greater than a 20% decrease in effective 
damping. The first condition is satisfied by the SU-FREI bearings tested which 
experienced an 18% average decrease between the 1st and lih cycle. The effective 
damping, on the other hand, decreased by: 23% in MB2-2 and MB2-3; and 36% 
in MB3-1 and MB3-4. It should be noted that this decrease occurs in the 
unscragged first cycle. Scragged effective damping is nearly constant in all four of 
the bearings tested between the 2nd cycle and the 12th cycle. This is illustrated in 
Figure 5.8 and supported by Table 5.3. The scragged propelties of SU-FREI 
bearings under fatigue test conditions were well within the tolerable limits of 
ASCE 7-05. 

5.4 Summary and Concluding Remarks 

This chapter investigated the performance of SU-FREI bearings under 
serviceability and fatigue conditions. The objectives of these tests are to show 
acceptable response characteristics in SU-FREI bearings. Where applicable, the 
design code provisions of ASCE 7-05 were used to evaluate the perfotmance of 
SU-FREI bearings. 

5.4.1 Serviceability Tests 
Serviceability testing revealed that lateral effective stiffness decreases 

under repeated cycling at constant displacement amplitude and design axial load. 
This decrease in effective stiffness is most prominent in the first three cycles of 
testing. Between the first unscragged cycle and the third cycle of testing there is a 
6% to 8% decrease in effective stiffness. The scragged cycles of serviceability 
testing from the 3rd cycle through to the 20th show a negligible decrease in 
effective stiffness in the range of 3% to 5%. Unlike the effective stiffness, the 
number of cycles performed has negligible effect on the effective damping. The 
measured effective damping from serviceability testing is nearly constant with 
less than 5% variation from the mean. Variations in effective stiffness and 
damping as a result of serviceability testing are well within tolerable limits. 
Positive force resisting capacity was maintained throughout serviceability tests 
satisfying the provisions of ASCE 7-05 . SU-FREI bearings were subjected to 
larger displacements then the design wind force would have generated. Their 
performance during this test provides adequate evidence that they are more than 
capable of acceptable serviceability performance under design wind force 
conditions. 

5.4.2 Fatigue Tests 
Similar to the results of serviceability testing, repeated lateral cycling at 

the total design displacement resulted in a decrease in effective stiffness. Between 
cycle one and cycle twelve, the SU-FREI bearings experienced an average 
decrease in effective stiffness of 18%. This decrease in effective stiffness is within 
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the tolerable range outlined by the ASCE (2005). The largest decrease in effective 
stiffness occurred in the first 2-3 cycles. Scragged cycles (2-12) achieved 
consistent effective stiffness within 5% of the mean in all four V4 scale SU-FREI 
bearings tested. Both the unscragged and scragged effective stiffness remained 
within acceptable limits as per the ASCE (2005). There is a substantial (30%) 
decrease in effective damping between the first and second cycle. Despite the 
difference in unscragged effective damping between the first and second cycle of 
fatigue testing, the scragged cycles showed nearly constant effective damping 
within 3% of the mean. The difference in unscragged propelties is to be expected. 
The SU-FREI bearings showed acceptable scragged performance throughout 
fatigue testing at an amplitude of 1.5tr . 
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Table 5.1 Effective stiffness and effective damping from serviceabi lity testing of NIB 2-2 at 
lateral displacements ofO . ISt, and O.3St, 

O.l5tr O.3 5tr 

Effective Eifectin Effective Effective 

Cycle Stiffness Damping Stiffness Damping 

(NiJrun) (%) (Ninun) (%) 

205.4- 14.2 156.0 12.4 

2 19/.8 143 147.4 123 

3 194.2- 14.2 144.6 12.2 

4 193.3 143 143 .5 12.1 

5 191.8 14.4 142.4 12.1 

6 190.0 13.9 142.2 12.2 
, 

190.3 14.0 141.6 12.2 j 

S 190.) 14.2 141.0 12.1 

9 189.9 13.8 140.7 12..1 

10 189.1 14.1 140.6 12.1 

11 189..3 14-.2 139.9 12.1 

12 18U 14.0 139. 8 123 
1~ J 18S.8 14.4- 139.6 12.1 

14- 188.0 14.4- 139.5 12.1 

15 186.9 13.7 13&.8 12.1 

16 185 .9 14.1 139.0 12.1 

17 186.0 14-. 1 138.9 12.0 

18 185 .9 14-.2 138.6 12.2 

19 187.8 14.0 138.3 12.0 

20 187..2 13 .8 138.1 11.6 
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Table 5.2 Effective stiffness and effective damping from serviceability testing ofMB2-3 at 
lateral displacements ofO.lst, and O.3s tT 

O.ISt! O . .35tr 

Effective Effective Effective Effective 

Cycle Stiffne.ss Damping Stiffne.ss Damping 

(Nhnm) (~/O) (N/mm) (%) 

208.! 14.6 156.0 12.2 
.... 197.9 14.3 1.t7.0 12.2 '" 
" 195.4 14.1 l .tS. ) 12.1 ~ 

.f 192.9 14.3 1.t3.& 12.1 

5 192.5 14.1 143.1 12.2 

6 191.3 14.2 U2.3 12.2 

7 190.3 14.1 l-H.9 12.2 

8 FlO.2 14.0 1.t1.2 12.0 

9 189.9 14.1 141.2 12.2 

10 189.5 14.0 I.fO.8 12.1 

11 188.4 14.1 I.tO.4 12.3 

12 188.5 14.1 1.t0.1 12.1 

13 187.9 14.1 139.8 12.1 

1.t 188.0 14.0 139.8 12.1 

15 187.7 13.9 139.6 12.1 

16 187.7 14.0 139.1 12.1 
1] 187.1 14.0 139.1 12.2 

18 187.7 13.9 138.9 12.1 

19 186.4 14.0 138.9 12.1 

20 186.7 r- " ~ .~ 138.4 11.6 
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Table 5.3 Effective stiffness and damping from fatigue testing of bearings MB2-2, MB2-3 , 
MB3-1, and MB3-4 

MB2-2 ~1B2-3 ~!iB3-1 t>.1B3-4 

Effective Effectiye Effective Effectiv e Effectiv e Effective. Effecti\'e Effectin 

Cycle Stiffness Damping Stiffness Damping Stiffness Damping Stiffness Damping 

(Nltnm) (%) (N!mm) (%) (N/nun) (1%) (X!nun) (%) 

79.5 12.8 19.7 12.7 81.0 13.0 74.5 12.8 

2 73.0 9.9 73.2 9.S 75.5 10.9 10.6 11 .1 

3 70.7 9.7 70.9 9..5 73 .5 10.8 68 .S 10.9 

4 69.5 9.6 69.! 9.5 72.4 10.7 67.9 10.9 

5 68.6 9.6 68.9 9.5 71.7 10.1 67.2 10.8 

6 68.0 9.6 683 9.5 71.1 10.] 66.7 10.8 
., 

67.5 9.6 67.7 9.5 70.6 10.] 66.2 10.8 , 
8 61.1 9.6 67.3 9.5 70.3 HU 65.9 10.8 

9 66.] 9.6 67.0 9 . .f 69.9 10.6 65.6 10.7 

10 66.4 9.5 66.7 9.4- 69.6 10.6 65.4 10.8 

11 66.1 9.5 66.4- 9A 69.4 10.6 65.1 10.7 

12 65.9 9A 66.1 Q' . . .) 69.1 lOA 64.9 10.5 
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Figure 5.1 Force displacement hysteresis from serviceability testing performed on Y. scale 
SU-FREI bearings:(a) MB2-2 and (b) MB2-3 at a lateral displacement amplitude 
ofO.l5tr 
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Figure 5.3 Effective stiffness versus the cycle number obtained from serviceability testing 
ofSU-FREI bearings at lateral displacement amplitudes ofO. 15tr and O.35tr 
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Chapter 6. Conclusions and Recommendations 

6.1 Summary and Conclusions 

The objective of the research performed in this thesis was to further 
investigate the performance of square SU-FREI bearings as seismic base isolators 
for use in low-rise structures. Several experimental tests were employed in order 
to achieve this. Twelve Y4 scale SU-FREI bearings were built and tested. The first 
test investigated the influence of orientation angle on SU-FREI performance 
during lateral cyclic testing. Next, the stability of SU-FREI bearings was explored 
under lateral cyclic excitation and rollout testing. Finally, the performance of SU
FREI bearings under fatigue and serviceability conditions was investigated. 

6.1 .1 Lateral Cyclic Testing at Parallel and Diagonal Orientations 
The first topic of research involved lateral cyclic testing of Y4 scale square 

SU-FREI bearings under design axial load at parallel and diagonal orientations 
with respect to the direction of excitation. The following points summarize the 
main findings of Chapter 3: 

• Comparison between orientation angles revealed that higher effective 
stiffness and damping is generally achieved when square SU-FREI 
bearings are cycled at a diagonal orientation. Code requirements regarding 
cyclic testing were satisfied at both orientations. 

• Bearings tested at a parallel orientation achieved a longer base isolated 
period then those tested along a diagonal orientation. Despite this 
difference, SU-FREI bearings tested at both orientations achieve adequate 
base isolated periods longer than one second. 

6.1.2 Stability ofSU-FREI Bearings 
The stability of square SU-FREI bearings was the next topic explored in 

this thesis. Two test procedures were used to investigate the stability of SU-FREI 
bearings. The first procedure involved lateral cyclic testing of Y4 scale bearings 
under increasing axial loads. A number of tests were performed at incremental 
lateral displacement amplitudes in order to determine the critical axial loads under 
which buckling occurred during dynamic excitation. The following points 
summarize the main findings of dynamic buckling tests performed in Chapter 4: 

• Cyclic testing at high axial loads caused delamination to occur in some of 
the SU-FREI bearings. Delamination led to a decrease in effective 
stiffness and a significant increase in effective damping at high axial loads 
and large lateral displacements. 

• The decrease in both effective and transverse stiffness, which 
accompanied delamination in SU-FREI bearings, had a minor effect on the 
critical load. Results were consistent within a 95% confidence interval of 
the mean. 
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• The critical buckling load decreases with increasing lateral displacement 
amplitude. At the largest displacement amplitude, the critical load 
achieved was measured as 8 times the design axial load. 

• Dynamic buckling tests reveal that SU-FREI bearings are highly resistant 
to buckling instability under dynamic excitation. The axial loads required 
for instability to occur are significantly larger than the design axial load. 

The second stability test performed on 1f4 scale SU-FRET bearings was the 
rollout test. The following points summarize the main findings of rollout testing 
discussed in Chapter 4: 

• Stable rollover (SR) deformation was observed in SU-FREI bearings up to 
lateral displacements equal to 3.0tr • Positive force resisting capacity was 
maintained during rollout tests performed up to a displacement of 3.0tr • 

• Contact made between the vertical faces of SU-FRET bearings and the 
upper and lower test platens was accompanied by a significant increase in 
force resisting capacity in the bearing. This benefits the isolation system 
by acting to limit the maximum lateral displacement. 

6.1.3 Serviceability and Fatigue Performance ofSU-FREI Bearings 
The design code provisions of ASCE 7-05 provide experimental test 

requirements for seismic isolators subjected to fatigue and serviceability 
conditions. The following points summarize the main findings of serviceability 
testing explored in Chapter 5: 

• Effective stiffness decreases under repeated cycling at serviceability lateral 
displacement amplitude and design axial load. This decrease in effective 
stiffness is most prominent in the first three cycles of testing. Between the 
first unscragged cycle and the third cycle of testing there is a 6% to 8% 
decrease in effective stiffness. 

• Between the 151 and 20th cycle of lateral displacement there is negligible 
variation in effective damping. 

The following points summarize the main findings of fatigue testing 
investigated in Chapter 5: 

• Repeated cycling at the total design displacement resulted in a decrease in 
effective stiffness . Between cycle one and cycle twelve, the SU-FREI 
bearings experienced an average decrease in effective stiffness of 18%. 
This decrease in effective stiffness is within the tolerab le range outlined by 
the ASCE (2005). 

• The scragged cycles showed nearly constant effective damping within 3% 
of the mean. The scragged effective damping of S U-FREI bearings is well 
within the tolerance set by ASCE 7-05. 

Ultimately it is the intention of this research to provide further evidence 
that SU-FREI bearings are suitable for use as seismic isolation devices in low rise 
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structures. Through a range of experimental test procedures, the SU-FREI 
bearings investigated in this study have shown satisfactory performance according 
to design code provisions. 

6.2 Recommendations for Further Research 

The following points are recommendations for future experimental 
research: 

• During stability testing perfOlmed in this study, SU-FREI bearings 
underwent delamination during cyclic testing under an axial load of 90 
kN. It would be beneficial to further understand the conditions that lead to 
delamination. This would involve material testing to determine the forces 
required to break the bond between elastomer layers and carbon fiber 
layers. 

• Although delamination was visibly apparent from the outside edges of the 
SU-FREI bearings, the condition inside the bearing was not known. It 
would be of great benefit to SU-FREI bearing research if a non intrusive 
imaging method (MRI or CT scan) could be used to determine if an SU
FREI bearing had undergone internal delamination. Bearings would need 
to be scanned before and after cyclic testing to determine if any damage 
had occurred internally. 

• Square SU-FREI performance has been evaluated through cyclic testing at 
parallel and diagonal orientations and shake table testing was previously 
performed on bearings at a parallel orientation. Ultimately bi-directional 
shake table testing is the next step in SU-FREI research. It is necessary to 
explore the performance of these bearings under simultaneous excitation 
along two axes. 

• In order to fully understand the ultimate shear properties of SU-FREI 
bearings additional rollout testing needs to be performed at larger 
displacements. In addition, it is necessary to determine what if any effect 
orientation angle has on bmax. 

The following points are recommendations for future analytical research: 
• Currently, a closed form solution for estimating the critical buckling load 

of SU-FREI bearings does not exist. Experimental results cannot yet be 
compared directly to analytical results when investigating SU-FREI 
stability. 

• It was previously suggested that further experimental research should be 
performed to accurately determine under what conditions the onset of 
delamination occurs in SU-FREI bearings. Modeling the stress which 
would lead to delamination, a decrease in effective stiffness, and damping 
is another necessary step to understanding this phenomenon. 
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