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ABSTRACT

During strong ground motions, structures equipped with base isolation systems
have been shown to have their seismic demand significantly reduced, mitigating
adverse effects such as damage and loss of life. More recently, the fiber-reinforced
elastomeric isolator (FREI) has been investigated as a relatively new type of isolator
for the base isolation of structures. Constructed from alternating layers of elastomer
and carbon-fiber cloth, FREI can be produced in large pads that can be cut to any
desired size and shape when required.

In bridges, FREI can to be used in an unbonded application (U-FREI) by
placing them between the bridge deck and the piers. Experimental and numerical
investigations have shown U-FREI as a viable option for the isolation of bridges.
However, experimental studies have been limited to room temperature testing. In North
America, climates vary drastically across the continent. Northern climates, such as
those existent in Canada, are capable of reaching extremely low temperatures. Thus,
base isolated bridges in these regions require isolation systems that perform adequately
at cold temperatures.

The studies presented in this dissertation have been completed in order to
investigate the effects that low temperatures have on U-FREI used in bridge structures.
An experimental program was conducted that evaluated the behaviour of U-FREI. It
was found that U-FREI performed adequately under lateral displacements expected
during a seismic event, and provided acceptable response under vertical and rotational
testing that is typical of normal bridge operation. Using these results, a numerical
model for U-FREI was then updated to account for the effects of low temperature. The
model was combined with a bridge model to evaluate the seismic response of a bridge
structure isolated with U-FREI subjected to low temperatures. A substantial reduction
in seismic demand was achieved, even under the most severe conditions tested.
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CHAPTER 1

INTRODUCTION

During seismic events, base isolation systems are used to uncouple structures
from the motion of the ground, which allows the adverse effects of earthquakes to be
mitigated. [solation systems introduce a layer that is flexible in the horizontal direction,
but stiff vertically in order to support the weight of the structure above. The low lateral
stiffness of the isolation system results in a low natural frequency of the structure that
is often shifted away from the prevalent frequencies of seismically induced ground
motions (Yang et al. 2003). This results in a reduction of the seismic demand on the
structure, but an increase in displacement. Isolators can have some energy dissipation

in order to aid in limiting the systems displacement response at resonance.

1.1 ISOLATION SYSTEMS

Early examples of base isolation systems include the idea to use layers of talc
or cast-iron balls placed between the structure and foundation (Kelly and Naeim 1999).
These methods make use of static and kinetic friction properties. During an earthquake,
static friction is overcome and the layers of talc are able to slide past one another,
preventing the structure from experiencing large accelerations at the expense of large

displacements.

1.1.1 Friction Pendulum System

More recently, friction pendulum isolation systems (FPS) have been developed.

These systems are comprised of multiple isolators that, in the most basic system,



Alexander Sciascetti | M.A.Sc. Thesis Civil Engineering | McMaster University

contain two main pieces: a concave steel surface and an articulated slider (Zayas et al.
1990). The slider moves along the concave surface in order to accommodate
displacements. The coefficient of friction of the surface can be changed in order to
provide different levels of energy dissipation and to define the force required to initiate
sliding, while the radius of the concave surface dictates the natural period of the system
(Zayas et al. 1990). The restoring force for each isolator is provided by the mass of the
structure above as the slider moves to an elevated positon along the concave surface

(Kelly and Naeim 1999).

1.1.2 Elastomeric Isolation Systems

The development of multilayer elastomeric isolation systems has allowed base
isolation to become more widespread over the last thirty years (Kelly and
Konstantinidis 2011). These isolators have alternating layers of elastomer, which
control the isolators’ lateral response, and rigid steel plates, which increase the vertical
stiffness of the bearing. The inclusion of steel shims allows the bulging of the elastomer
layers to be controlled and enables a larger shape factor to be achieved. Often denoted
as S, the shape factor is the ratio of the loaded area of a single elastomer layer in the
bearing to the unloaded area, or the area of the elastomer layer that is able to bulge
outwards during loading (Kelly and Konstantinidis 2011). The shape factor controls
the compression modulus, which in turn is used to calculate vertical stiffness. Having
a large vertical stiffness is important as it allows gravity loads to be transferred from
the structure to its foundation without significant vertical displacements. In the case of

a bridge that experiences varying loads, a high vertical stiffness will prevent the bridge
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from excessive vertical motion as vehicles of different sizes traverse it. With regards
to the lateral response of these elastomeric isolators, the rubber layers allow for the
isolator to accommodate lateral displacements between the bridge and substructure
(Yang et al. 2003). These displacements can be in response to temperature induced

contraction and expansion, or from ground motion.

Elastomeric isolators are typically separated into three categories comprised of
low-damping rubber (LDR), lead-plug rubber (LPR), and high-damping rubber (HDR)
isolators (Kelly and Naeim 1999). LDR isolators typically have low damping and as a
result, can behave nearly linearly in shear (Kelly and Naeim 1999). These isolators can
be combined with systems of supplementary devices that add damping, such as viscous
dampers. LPR isolators are similar to LDR isolators, but have increased damping
properties due to the addition of one or more lead-plugs that are inserted snuggly into
holes in the isolator. Each lead-plug is forced to deform in shear as the isolator deforms
and provides the isolator with additional energy dissipation, as well as a bilinear
response (Kelly and Naeim 1999). The damping that is provided by HDR isolators is
inherent to the rubber compound used in the isolator. The elastomer is produced with
the addition of carbon black and other proprietary additives that increase damping,
while increasing other properties such as tear resistance (Goodyear Tire & Rubber
Company 2004). However, the mechanical properties of HDR isolators are typically

highly nonlinear (Burtscher and Dorfmann 2004).
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1.2 FIBER-REINFORCED ELASTOMERIC ISOLATOR

A more recent development in base isolation research introduces an elastomeric
isolator similar to that of a LDR isolator, but with one main difference; the rigid steel
shims that are used to provide vertical stiffness are replaced with much more flexible
layers of carbon fiber cloth. Fiber-reinforced elastomeric isolators (FREI) have been
investigated due to their potential to be a lighter and cost-effective alternative to typical
steel-reinforced elastomeric isolators (SREI). By replacing the steel shim layers with
carbon fiber of similar elastic modulus, it has been found that the required vertical
stiffness of the isolator can still be achieved (Moon et al. 2002; Al-Anany et al. 2016).
The reduction in flexural rigidity has also been shown to be negligible in affecting the
horizontal stiffness of bonded FREI. Bonded refers to the attachment of the isolator to
the foundation below and the structure above. In comparison, FREI only exhibit a

reduction on the order of 10% when compared to SREI (Kelly 1999).

1.2.1 Energy Dissipation

The flexibility of the carbon fiber layers enables FREI to be used in an
unbonded application (U-FREI). This means that U-FREI can be placed between the
foundation and structure, without the need to be fastened in place. They are able to
exhibit desirable properties as a result. One such characteristic is that U-FREI have a
greater damping ratio than that of the elastomer itself (Toopchi-Nezhad et al. 2008a).
It has been hypothesized that as the isolator is displaced laterally, the flexible fiber-
reinforcement bends and the individual fibers in the reinforcement slip past each other

in order to allow the movement (Kelly and Naeim 1999; Toopchi-Nezhad et al. 2008a).
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Frictional forces that develop during vertical loading as tension is increased in the
fibers resist this movement. Slip occurs as the frictional forces between the fibers are
overcome and as a result, energy is dissipated in excess of the amount dissipated by the

elastomer compound.

1.2.2 Rollover

Another property of U-FREI can be seen at larger shear strains when an
appropriate aspect ratio is used (Toopchi-Nezhad et al. 2008b). The aspect ratio is the
ratio of the width to the total height of the bearing. The desired ratio can be easily
achieved due to the ease of which FREI can be cut to size from a larger pad (Toopchi-
Nezhad et al. 2008a; Sciascetti et al. 2016). As the U-FREI is subjected to increasing
lateral displacement, the faces in contact with the horizontal loading supports begin to
lift off and a rollover mechanism begins to develop (Toopchi-Nezhad et al. 2008b).
The mechanism is depicted in Figure 1.1. This initial change in boundary conditions
results in a reduction in effective lateral stiffness that continues to decrease as
displacements are increased. At very large lateral displacements an increase in lateral
stiffness is observed. It is attributed to the FREI exhibiting full rollover. The originally
vertical faces of the bearing become horizontal and in full contact with the upper and

lower loading plates.

1.2.3 Full Rollover

A mathematical model developed by Kelly and Konstantinidis (2007) predicts
the onset of full rollover for isolators constructed with thin steel reinforcing shims,

which are assumed to be fully flexible in flexure. Two other main assumptions were

5
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detailed. The model assumes that the elastomer is incompressible and that once rollover
occurs, the isolator surfaces that roll off of the supports are stress free. Extending the
first assumption to the use of fiber reinforcement allows the use of the model to
estimate full rollover for U-FREI. This occurrence is at a lateral displacement equal to
approximately 5/3 the height of the isolator. This approximation is affected by the
elastic modulus of the reinforcement material in bending. As the modulus is increased,
compared to that of the elastic modulus of the elastomer in bending, the onset of full
rollover i1s delayed and occurs at larger lateral displacements (Van Engelen et al.
2014a). Full rollover is significant as it acts to limit the maximum lateral displacement
of the U-FREI and prevents a negative lateral tangential stiffness from occurring (de
Raaf et al. 2011). When the lateral tangential stiffness remains positive throughout the
entire hysteresis loop, the rollover mechanism is deemed stable and the isolators are
referred to as Stable Unbonded Fiber-Reinforced Elastomeric Isolators (SU-FREI)
(Toopchi-Nezhad et al. 2008a). In a study completed by Van Engelen et al. (2014),
stability was found to be directly related to the aspect ratio of the bearing. It was
determined that aspect ratios greater than 2.5 results in U-FREI stability being
maintained. This was also confirmed analytically by Toopchi-Nezhad (2014). When
the aspect ratio is greater than 10, it was found that U-FREI can be instead modeled
with a constant effective stiffness, ignoring the rollover mechanism (Van Engelen et

al. 2014a).
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Full Rollover
Rollover %
Rollover Continues \\% \

Force

) Stiffening Behaviour
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Figure 1.1: Phases of U-FREI load-displacement curve depicting rollover.
1.2.4 Vertical and Rotational Response

There has also been research completed on the vertical and rotational responses
of U-FREI. Toopchi-Nezhad et al. (2008b) found that U-FREI provided an adequately
high vertical stiffness. This was later confirmed with a parametric study on %4 scale U-
FREI, where the vertical stiffness was at least 20 times greater than required when
compared to the maximum expected frequency of the base isolated building (Toopchi-
Nezhad et al. 2009). In addition, the vertical stiffness did not degrade significantly after
lateral cyclic loading. Van Engelen et al. (2014b) modified bearings by placing holes
in the loading surface. It was found that even with holes of small diameter, the vertical
stiffness was reduced. This was due to the effect that the removal of a small amount of

area can have on the shape factor of the FREI and is consistent with that of SREI.

The rotational behaviour of U-FREI compared to bonded FREI has been
investigated both numerically and experimentally (Al-Anany and Tait 2015, 2016). In

both of these studies, the unbonded FREI outperformed the bonded variant by reducing
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the stress demand on the elastomer and accommodating large angles of rotation. These
studies were followed by further research assessing the viability of FREI as bearings
for bridge applications (Al-Anany and Tait 2017a, 2017b). The U-FREI remained
stable during cyclic rotational testing, as would be induced by a bridge deck or girder.
Lateral offsets, on magnitude with expectations for a bridge bearing, did not

significantly affect the vertical response.

1.3 U-FREI MODELING

As a result of the rollover mechanism that U-FREI exhibit, numerically
modelling the lateral behaviour of the isolators was initially challenging. Early models
proposed by Toopchi-Nezhad et al. (2009) required iterative procedures for
implementation. Sets of parameters were obtained by fitting the model to experimental
hysteresis loops at different displacement amplitudes. Time history analysis was then
conducted with the parameters corresponding with an estimated maximum
displacement. When the maximum displacement differed from the estimate,
interpolation was used to determine the parameters at that displacement amplitude. The
analysis would be run again, until the maximum displacement converged. The
effectiveness of this approach was found to be dependent on the input ground motion

(Toopchi-Nezhad et al. 2009).

Osgooei et al. (2017) proposed a Pivot-Elastic model that eliminated the need
for iteration during analysis. This model combines two existing models in parallel to
provide the lateral hysteretic behaviour of U-FREI The first is a bilinear pivot

hysteretic model developed by Dowell et al. (1998) and the second is a non-linear

8
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elastic spring defined by a fifth-order polynomial. In total, only six parameters were
required for a single U-FREI. The parameters were determined by minimizing the error
between the experimental and model values for effective stiffness and effective
damping ratio. The effective stiffness and damping values were off by a maximum
error of five percent. This method of fitting is simpler than that used for previous
proposed models that are fit to the full hysteresis loops obtained from experimental
tests. Compared to data obtained through the use of a shake table, results from the
Pivot-Elastic model have been found to be in better agreement than results from models

proposed by Toopchi-Nezhad et al. (2009).

14 IMPACT OF LOW TEMPERATURE

The previous results were gathered at room temperature, but in Canada, bridges
experience a wide range of temperatures, especially in cold northern climates. As such,
the bearings used in these bridges must be able to withstand the same low temperatures
that bridges experience, while still being able to perform adequately. There have been
several papers published on how rubber used in bearings performs at low temperatures.
The recurring theme is that a stiffening of the rubber is observed (Murrey et al. 1961,

Stevenson et al. 1986, Roeder et al. 1990, Yakut and Yura 2002, Sciascetti et al. 2016).

1.4.1 Instantaneous Thermal Stiffening

Roeder et al. (1989) developed a report for the National Cooperative Highway
Research Program detailing this low temperature behaviour with respect to elastomeric
bridge bearings. It was confirmed that there are two mechanisms that can cause an

increase in stiffness due to temperature in elastomers. The first is instantaneous thermal

9
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stiffening, which refers to the rapid change in stiffness of the elastomer when subjected
to a change in temperature. This stiffness change is dependent only upon the
temperature of the elastomer and occurs almost immediately. As the temperature is
decreased and the glass transition temperature of a compound is approached,
instantaneous thermal stiffening is amplified greatly. The elastomer transitions into a
hard, brittle, glassy state that produces an increase in stiffness that is more that 50 times
the room temperature value (Roeder et al. 1989). For natural rubber compounds the

transition temperature is at approximately -65°C, while polychloroprene compounds

(Neoprene) transition sooner at approximately -55°C.

1.4.2 Low Temperature Crystallization

Low temperature crystallization is the second stiffening mechanism and refers
to the change in stiffness associated with the phase transition from an amorphous state
to a crystalline state (Bukhina and Kurlyand 2007). When an elastomer is conditioned
at a low temperature, nucleation and crystal-growth processes cause the elastomer’s
structure to become more crystalline. The magnitude of change in stiffness is dependent
on the degree of crystallization of the elastomer (Fuller et al. 2004). Once the degree
of crystallinity reaches an equilibrium (approximately 30% for natural rubber), the
bearing will no longer see an increase in stiffness and the stiffness-time curve will
plateau (Stevenson and Maxwell 1986). In their bearing tests, Roeder et al. (1989) also
found that the stiffness of the bearings would plateau after long periods of time. As a

result of their tests, they recommended 28 days as the longest conditioning period that

10
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an elastomer would need to be subjected to prior to being tested for stiffness increases

due to low temperature.

1.4.3 Low Temperature Criteria in Standards

The previously mentioned recommendation from Roeder et al. (1989) and many
others are reflected in the AASHTO LRFD Bridge Design Specifications (AASHTO
2012). Roeder et al. (1989) proposed a low temperature map that separated the United
States in zones where specific low temperature tests would be required to be completed
on bridge bearings. This map was adopted and each zone was paired with a bearing
grade that is required for that region. In order to pass the criterion for a given grade,
bearings must be less than four times as stiff as their room temperature value after being
conditioned at a specified temperature for a specified duration. The bearing grades are
given in the AASHTO Standard Specification for Plain and Laminated Elastomeric
Bridge Bearings (AASHTO 2016). The criterion for grades 2 through 5 are: -18°C for
7 days, -26°C for 14 days, -37°C for 21 days and -37°C for 28 days. The grade 5 bearing

is only required for Alaska.

The low temperature testing criteria has been considered by Yakut and Yura
(2002) to be too severe. Through a large experimental program, they found that most
of the bearings that failed the testing requirements, could still perform satisfactorily. It
was recommended that the zone map be removed and a procedure that accounts for
historic temperature records in the service location be used to determine adequate
performance instead. This is similar to what is currently in place for cold weather

requirements from the Canadian Highway Bridge Design Code (CHBDC). The
11
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CHBDC requires the minimum mean daily temperature for the service location of the
bearing to be identified. The bearing would then be subjected to that temperature for a

minimum of 14 days (CHBDC 2014).

Guay and Bouaanani (2016) analyzed a large set of historical temperature data
taken from Environment Canada. For example, information for a location such as
Montreal, Quebec was provided. According to the AASHTO temperature zone map,
Montreal would fall within the zone corresponding to a grade 4 bearing (-37°C for 21
days) and the CHBDC would require temperature conditioning for 14 days at a
temperature of -31.4°C. Historical data, however, shows that the number of times per
year that Montreal is below -25°C for more than 2 days at a time is only once (Guay
and Bouaanani 2016). Clearly, the requirements from both codes are not representative
of actual conditions in Montreal. Guay and Bouaanani (2016) provided data detailing
this occurrence for many cities across Canada and confirmed that the testing criteria
for crystallization is too conservative. They provide many city specific curves and
generalized contour maps as tools to be used by engineers in order to determine more

accurate temperature conditioning requirements.

1.5 OBJECTIVE AND STRUCTURE

In review of the information presented, it can be determined that the low
temperature performance of bearings is a subject of great interest. The increase in
stiffness of bearings due to instantaneous thermal stiffening and crystallization is a

cause of concern for engineers designing bridges and bearings for cold climates. In

12
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Canada, bridge bearings must provide adequate performance at a large range of low
temperatures in order limit the shear forces that can be transferred to the supported

bridge during a seismic event.

The focus of this research was to investigate the effects of low temperature on
unbonded fiber-reinforced elastomeric isolators (U-FREI). After previous research
showed the viability of U-FREI as bridge bearings at room temperature, the natural
next step was to ensure the ability for these isolators to provide acceptable performance
at low temperatures. In order to determine this, the study was split into two sections,

experimental and numerical as given below.

Chapter 2  The Effect of Temperature on the Lateral, Vertical and Rotational
Response of Unbonded Fiber-Reinforced Elastomeric Isolators

Sciascetti, A and Tait, M.

An experimental investigation was carried out to determine the lateral, vertical
and rotational response of U-FREI when subjected to a range of low temperatures and
durations. The temperatures and durations that were chosen allowed investigation into
the effect of both instantaneous thermal stiffening and crystallization on the isolators.
Evaluation of the specimens was completed using the obtained hysteresis loops, as well

as the calculated effective stiffness and energy dissipation of each isolator.

Chapter 3  The Effect of Temperature on the Seismic Performance of a Structure
Isolated with Unbonded Fiber-Reinforced Elastomeric Isolators
Sciascetti, A and Tait, M.

13
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The acquired data and trends from Chapter 2 were used to update an existing
numerical model for U-FREI in order to account for the effect of low temperature.
Computer simulations were then completed at various temperatures and durations on a
bridge that was isolated using the updated U-FREI model. The bridge was subjected to
a suite of ground motions and the response parameters of peak deck displacement, peak
deck acceleration and peak pier base shear were used to evaluate performance under
different conditions, as well as compared to a non-isolated bridge. This allowed the
performance that was determined experimentally for U-FREI at low temperatures to be

translated into practicality.

14
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CHAPTER 2

THE EFFECT OF TEMPERATURE ON THE LATERAL,
VERTICAL AND ROTATIONAL RESPONSE OF
UNBONDED FIBER-REINFORCED ELASTOMERIC
ISOLATORS

2.1 INTRODUCTION

Fiber-reinforced elastomeric isolators (FREI) are a relatively recent
development in the field of base isolation. They have been researched for their potential
to be a lighter and less expensive alternative to current devices such as low-damping
rubber, lead-plug rubber and high-damping rubber isolators. These traditional isolators
are comprised of layers of rubber and rigid steel shims that provide the bearing with
vertical stiffness. By replacing the steel shims with layers of fiber that have an elastic
modulus similar to that of steel, studies indicate that FREI are able to satisfy vertical
stiffness requirements for an isolator (Kelly 1999; Al-Anany et al. 2016). In addition,
the use of fiber as reinforcement introduces flexibility into the isolator that affects its
horizontal stiffness. However, it has been found that, compared to an equivalent steel
reinforced elastomeric isolator (SREI), the decrease in flexural rigidity associated with

FREI only results in a 10% reduction in lateral stiffness (Kelly 1999).

This reduced flexural rigidity allows FREI to exhibit unique and desirable
properties at larger shear strains when employed in an unbonded application. Toopchi-

Nezhad et al. (2008b) found that by selecting an isolator with an appropriate aspect
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ratio (width to total height), unbonded FREI (U-FREI) develop a rollover mechanism
that causes a reduction in effective lateral stiffness. The rollover mechanism begins to
develop with a change in boundary conditions, as the horizontal faces of the isolator
begin to lift off of the loading platens at low lateral displacements. Additional increases
in displacement cause the lateral stiffness to decrease even further until the point of full
rollover. This corresponds to a second change in boundary conditions that occurs at
large lateral displacements. The faces of the isolator that were originally vertical at zero
displacement roll over and come into full contact with the upper and lower loading
platens, causing an increase in the effective lateral stiffness. This contact is significant
as it prevents a negative lateral tangential stiffness from occurring (de Raafet al. 2011).
Van Engelen et al. (2014) performed a parametric study by varying the aspect ratio of
U-FREI and found that a ratio below 2.5 causes instability in the rollover mechanism.
Stability in FREI is defined as the isolator having a positive lateral tangential stiffness
throughout its hysteresis loop and promotes re-centering capabilities during a seismic

event (Toopchi-Nezhad et al. 2008a).

It has also been shown that the vertical and rotational response of U-FREI can
achieve acceptable performance levels. Studies completed by Toopchi-Nezhad at al.
(2008b, 2009) determined that U-FREI provide adequately high vertical stiffness and
even outperform bonded FREI. In addition, after lateral cycling, the vertical stiffness
was shown to not degrade by any significant measure. Similar studies were completed
by Al-Anany and Tait to compare the vertical and rotational response of bonded and

unbonded FREI (Al-Anany and Tait 2015, 2016). Numerical and experimental
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investigations both found that the stress demand on the isolator was reduced when
using U-FREI and as a result, large rotations could be accommodated. Al-Anany and
Tait (2017a, 2017b) continued by determining the viability of U-FREI for bridge
applications. It was shown that during cyclic rotations, similar to what would be
induced by a bridge deck, U-FREI remained stable. Static rotations had negligible
effect on the lateral response of U-FREI up to 0.03 radians, and typical lateral offsets
expected of a bridge bearing did not significantly affect the vertical response of U-

FREL

2.1.1 Low Temperature Effects

The use of elastomeric bearings in bridges is common practice in North
America and due to the cold, northern climates, bearings must be able to satisfy
required performance levels at low temperatures. Early studies found that in general,
low temperatures have a great influence on the properties of elastomers through
crystallization and thermal stiffening (Russell 1951; Murray and Detenber 1961; Coe
and Howgate 1986; Stevenson and Maxwell 1986). To examine the low temperature
effects on elastomeric bridge bearings in more detail, Roeder et al. (1989) developed
an extensive experimental program for the National Cooperative Highway Research
Program (NCHRP). Lateral tests to 25% shear strain were conducted on elastomer
specimens at a rate of 1% shear strain per second, or 100 seconds for a full cycle. The
report confirmed that there are two main mechanisms that cause stiffening in
elastomers. The first mechanism, called instantaneous thermal stiffening, is almost

independent of time and solely a function of the ambient temperature. A decrease in
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temperature results in a rapid increase in stiffness. In addition, the stiffness increase is
amplified significantly once the temperature is below the second order transition
temperature of the compound. This temperature, approximately -60 °C for natural
rubber, marks the transition of an elastomer into a hard and brittle state that causes
stiffness increases of more than 50 times room temperature values (Roeder et al. 1989).
The second stiffening mechanism is called low temperature crystallization and is the
result of nucleation and crystal growth processes that transition the elastomer structure
into a semi-crystalline state (Bukhina and Kurlyand 2007). This process is not
immediate and starts to occur after a delay from when the temperature is decreased, at
which point the stiffness of the elastomer slowly increases over time. As the degree of
crystallinity in the elastomer reaches equilibrium, crystallization slows and the increase
in stiffness begins to plateau (Stevenson and Maxwell 1986). It was reported by both
Murray and Detenber (1961) and Roeder et al. (1990) that natural rubber compounds
are less affected by low temperature crystallization compared to neoprene and that the

increase in stiffness was more gradual.

The results and some of the recommendations presented in the NCHRP report
by Roeder et al. (1989) were adopted by AASHTO and are still included in the current
Standard Specification for Plain and Laminated Elastomeric Bridge Bearings
(AASHTO 2016). In this standard, elastomeric bearings can be categorized into one of
five grades and must meet the required grade for their designated service location. The
standard outlines various quasi-static tests that can be performed on the elastomer of a

bearing to determine if a specified grade is met. For example, the elastomer of a grade
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five bearing must have a stiffness of no more than four times its room temperature
value after being conditioned for 28 days at -37 £ 2 °C. This is the strictest criteria for
a bearing grade and is influenced by the maximum duration at which crystallization is
still active, as recommended by Roeder et al. (1989). In the Canadian Highway Bridge
Design Code (CHBDC 2014), bearings are not categorized. They must be conditioned
for a minimum of 14 days at a temperature equal to the minimum mean daily

temperature for the service location of the bearing.

These studies, as well as many others, have confirmed that elastomers can
undergo large increases in stiffness at low temperatures (Kulak and Hughes 1993;
Yakut et al. 2002; Fuller et al. 2004; Constantinou et al. 2007; Pinarbasi et al. 2007;
Cardone and Gesualdi 2012; Sciascetti et al. 2016). This information presents a concern
for engineers designing bridge bearings for cold climates. The shear forces that result
from an increase in stiffness will be transferred to the bridge during a seismic event
and must be limited to prevent damage. The objective of this paper is to evaluate the
lateral, vertical and rotational response of unbonded, natural rubber FREI under the

influence of varying low temperatures and conditioning durations.

2.2 TEST SPECIMENS

A total of seven FREI pads were manufactured in the Applied Dynamics
Laboratory (ADL) at McMaster University. Each FREI contained seven layers of
natural rubber, with a shear modulus of approximately 0.85 MPa and a durometer
hardness of 55, and 6 layers of bi-directional carbon fiber cloth. The outer two layers

of rubber were half the thickness of the internal layers. The natural rubber used in this

22



Alexander Sciascetti | M.A.Sc. Thesis Civil Engineering | McMaster University

study is similar to a compound that has been previously used in commercially available
steel reinforced elastomeric isolators. The pads were heated to activate the hot-
vulcanization bonding agent used to fuse the layers together. Each pad was cut into
four % scale isolators having dimensions of 64 mm x 64 mm x 19 mm and a total
thickness of rubber (#) of 18 mm. These dimensions provided each isolator with a
shape factor of 5.52 and an aspect ratio of 3.37. The shape factor (the loaded area of
one side divided by the perimeter load-free area of a single layer of rubber) influences

vertical stiffness while the aspect ratio dictates stability.

Scaled specimens were used in this study due to the capacity of the test setup
in the ADL. The properties of the scaled specimens at room temperature can be related
to full-scale properties using dynamic similitude requirements (Harris and Sabnis
1999). To the best of the authors’ knowledge, this has not been studied for low
temperature testing. As a result, the findings presented herein are only representative
of scaled specimens. The success of this study will indicate the need for additional
future testing at larger scale or full-scale to be completed in order to fully evaluate the

impact of potential scale effects.

FREI cut from the same pad were grouped together and designated for a specific
test and conditioning duration as shown in Figure 2.1. This was done to ensure
specimens of the same conditioning duration for each test could be accurately
compared. Each FREI specimen was only used for a single test at a single temperature
and the designations are found in Table 2.1. The temperatures chosen are taken from

those given in AASHTO Standard Specification for Plain and Laminated Elastomeric
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Bridge Bearings (AASHTO 2016). According to the standard, a Grade 1 bearing is
tested at room temperature (RT). A FREI conditioned for 14 days at -18°C or -26°C
corresponds to a Grade 2 or Grade 3 bearing, respectfully, and a FREI conditioned for

28 days at -37°C is a Grade 5 bearing.

23 TEST SETUP

The setup that was used throughout this study is depicted in Figure 2.2 and is
capable of applying vertical and lateral displacements to the specimens, as well as
rotations. This is possible through the use of three actuators that can be controlled
individually. One actuator is attached horizontally to the loading beam to apply lateral
displacements, while the other two actuators are attached vertically to opposite sides
of the loading beam. These apply vertical loads and rotations independently of the
horizontal actuator. In between the vertical actuators is a pedestal consisting of a large
column section that transfers load to the base, and lower and upper platens that
sandwich two 3-axis load cells. The specimens are placed within an insert that attaches
to the upper platen and loading beam. This insert contains steel plates that have been

roughened to have a coefficient of friction similar to that of concrete.

These roughened plates were cooled when being used during low temperature
testing. It was found that the test specimen would experience a sudden increase in
temperature when placed into the setup and would form a thin layer of water between
the isolator and the plates. Pinarbasi et al. (2007) also experienced this and found that
the water layer could cause or promote slip during testing. For this reason, blocks of

dry ice were used to cool the plates to at least -15°C prior to each test. An added benefit
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of using dry ice was that after sublimation, the carbon dioxide that was produced would
displace the air within the chamber. This effectively created an environment with zero
humidity that prevented moisture in the air from freezing to the plates. To maintain this
environment, a conditioning chamber consisting of acrylic sheets was constructed
around the roughened plates. The loading beam was free to move laterally, and the

chamber expanded and contracted to allow vertical loading and rotations.

Each low temperature FREI specimen was conditioned within a monitored
freezer that maintained the required temperature to within 2°C. Once the plates were
cooled to the target temperature, one specimen was removed from the freezer and
placed within the setup. The test commenced immediately and took less than 60

seconds for the lateral and vertical tests, and 100 seconds for the rotational tests.

24 TESTING PROCEDURES

The goal of this testing was to obtain the hysteresis loops and from these,
calculate the effective stiffness and energy dissipation of each FREI specimen. The
following tests will be used to demonstrate the acceptable performance of the U-FREI

specimens at low temperatures.

2.4.1 Lateral Testing

Dynamic lateral tests were conducted under a constant vertical pressure of 7
MPa that was applied using a ramp function. Pressure was calculated as the load
applied from the two vertical actuators, divided by the area of the isolator specimen. A

vertical pressure of 7 MPa was chosen as it represents the serviceability limit state
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under all loading conditions and the ultimate limit state under permanent loading
conditions in Ontario Provincial Standard Specification 1202, Material Specification

for Bearings — Elastomeric Plain and Steel Laminated (OPSS 2016).

For low temperature testing, the CHBDC recommends lateral testing at three
displacement amplitudes equal to 0.2, 0.4 and 0.6 times the design displacement of a
prototype isolator (CHBDC 2014). In order to capture the behaviour of U-FREI
exhibiting rollover, the specimens were instead laterally displaced at five lateral
amplitudes equalling a ratio of the total thickness of rubber (¢,) in the FREI. The
amplitudes were 0.25, 0.50, 0.75, 1.00, and 1.50 of ¢, as given in Figure 2.3. These
lateral displacement amplitudes were chosen in order to represent the expected
displacements imposed on both a bearing (non-seismic loading) and an isolator
(seismic loading) (CHBDC 2014). The displacements were each applied as three, fully
reversed, sinusoidal cycles at the rate of 76mm per second. This rate is consistent with

the rate previously used by others (Al-Anany 2017a).

The resultant data was processed to calculate the stiffness and energy
dissipation of each cycle. The effective lateral stiffness is given in Equation (2.1) and
calculated by taking the slope of a line that connects the point of maximum lateral load
and displacement with the point of minimum lateral load and displacement (ASCE

2013).

KL,eff = (FL,max - FL,min)/(AL,max - AL,min) (2.1)
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The variables F nax FrLminn ALmax and Ap i, are the maximum and minimum
values of lateral load and maximum and minimum values of lateral displacement,
respectively. The corresponding energy dissipation for each cycle, Ep, was determined

by calculating the area enclosed by the hysteresis loop formed for each cycle.

In order to aid in analysis, the effective equivalent viscous damping ratio, C,

was also calculated. It is given as (CHBDC 2014):

ED AL max + |AL min| (2.2)
=2 h Dapg = —2 :
21K, oDy e v 2

2.4.2 Vertical Testing

All vertical tests were completed under load control, where each specimen was
monotonically loaded up to 7 MPa and subjected to three, fully reversed, sinusoidal
cycles as recommended by ISO-22762 (ISO 2010). The time history of the test is given
in Figure 2.4. Each cycle had an amplitude of £20% of the load corresponding to 7

MPa.

The effective vertical stiffness of each cycle was calculated using the same
formula as the lateral tests. It is given in Equation (2.3) and is updated to indicate that
the force and deflections are in the vertical direction. The energy dissipation of each

cycle was also calculated.

Kv,eff = (Fv,max - Fv,min)/(Av,max - Av,min) (2-3)
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2.4.3 Rotational Testing

The rotational tests were all conducted by first monotonically loading each
specimen to 7 MPa. The two vertical actuators used a feedback loop to apply the
rotations to the specimen at a rate of 0.004 radians per second. In the AASHTO LRFD
standard (2012), the maximum service limit rotation for steel reinforced elastomeric
bearings is the total of rotations from service loads and a 0.005 radian allowance for
uncertainties. To determine U-FREI rotational behaviour for different maximum
service limits, two, fully reversed sinusoidal cycles were completed for each rotation

of 0.005, 0.01, 0.02 and 0.03 radians and are shown in Figure 2.5.

Similar to the lateral and vertical tests, the effective rotational stiffness of each
specimen was calculated. It was found by taking the slope of the line that connects the
point of maximum moment and rotation with the point of minimum moment and

rotation, as given in Equation (2.4):

Ke,eff = (Mpmax — Mimin)/ (Omax — Omin) (2.4)

Where, M0, Moin, Omar, and O, are the maximum and minimum values of
moment and maximum and minimum values of rotation, respectfully. Energy
dissipation, Ep, was calculated using the area enclosed by the hysteresis loop at each

cycle.

2.4.4 Scragged Properties
The reason that multiple full cycles were completed at each amplitude for the

lateral, vertical and rotational tests is that the bearings stabilize after their initial cycles.
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Both Van Engelen et al. (2014a) and Al-Anany et al. (2015) found that the hysteresis
loops became consistent and stable at each amplitude, such that the effective lateral
stiffness and energy dissipation values at the second and third cycles converge. This is
shown in Figure 2.6 where it can be seen that the second and third hysteresis loops are
similar, indicating that the loops have stabilized for the current displacement amplitude
and scragged properties have been achieved. This was also shown by Sciascetti et al.

(2016) to occur at low temperature for lateral tests.

At room temperature, the lateral and vertical tests required three cycles to
stabilize, while it was found for the rotational tests that there was negligible difference
between the second and third hysteresis loops, allowing for only two cycles to be
completed. The reduction in cycles for the rotational tests also enabled the length of
each test to be closer to that of the lateral and vertical tests. This allowed testing to
progress with as little affect as possible from the external environment on the low
temperature specimens. Throughout this paper, the scragged properties of the FREI

specimens will be referred to and used to illustrate comparisons.

2.5 LATERAL RESPONSE
2.5.1 Specimen Hysteresis Loops

The U-FREI specimens were tested according to the procedures described in
Section 2.4.1. The scragged hysteresis loops of the room temperature specimens from
each of the 1 and 14 Day tests have been plotted in grey against the low temperature
specimens from the same conditioning duration in Figure 2.7. The lateral forces, F,

have been normalized by the shear modulus, G, and the isolator area, 4 and the lateral
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displacements, u, have been normalized by the total thickness of rubber in the isolator,
t-. A video recording was taken of each test in order to confirm that slip did not occur.
Upon review, it was determined that slip occurred in two specimens: during the final
lateral displacement cycles for the 14 Day | -18°C specimen and during the cycles of
0.50, 0.75 and 1.00 ¢, for the 28 Day | -37°C specimen. The hysteresis loop has been
omitted for the first case, as the amount of slip was large, while the hysteresis loops for
the second case were kept, as the amount of slip was minimal. The peak load values of
these three hysteresis loops are expected to be higher since slip indicates the maximum
force was not attained. This would result in larger effective stiffness values, but due to
the small amount of slip, the values are not expected to be greatly different than those
recorded. For this specimen, a reduction in the roughness of the plates may have
contributed to slip, as it was the last specimen to be tested. These hysteresis loops have

been included in Figure 2.7, but are distinguished as a dashed line.

Prior to the lateral testing, there were several concerns regarding the response
of the U-FREI specimens at low temperatures. It was postulated that delamination
might occur between the fiber and rubber layers during rollover or that the rollover
mechanism would not be as effective. In general, each specimen was found to exhibit
acceptable rollover behaviour at all displacement amplitudes and no delamination was
found to have occurred in any specimen. Beginning with the room temperature
specimens, the difference between the 1 Day and 14 Day FREI is negligible. Examining
individual low temperature U-FREI, it can be seen in the hysteresis loops that the peak

force reached by each, using the room temperature specimen for reference (grey line),
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increases as the temperature is decreased. This indicates the expected effect that
instantaneous thermal stiffening should have is present. The individual loops at smaller
displacements can be seen to grow wider and have rotated such that with the same
displacement a larger load is achieved, which indicates an increase in stiffness. The
wider loops indicate an increase in the energy dissipation associated with each U-FREI

at low temperature.

For the -18°C and -26°C specimens, the difference in the hysteresis loops is
hard to distinguish between the 1 Day and 14 Day tests. This lack of differences
indicates that with 14 days of conditioning at these two low temperatures,
crystallization is not present in the specimens. If it were, an increase in load at each
displacement amplitude would be expected, as well as much wider loops as a result of

increased energy dissipation.

In comparison, the U-FREI conditioned at -37°C illustrate the effect of
crystallization on the hysteretic behaviour. Each hysteresis loop at the lowest three
displacement amplitudes is shown to become more rotated (increased stiffness) as the
conditioning duration is increased from 1 through 28 days. At 28 days, the change in
the hysteresis loops is significant and the peak load at each displacement amplitude is
nearly twice as large as the previous conditioning durations. The area within the
hysteresis loops is much larger as well. The observed differences in the hysteretic
response of these specimens clearly indicate that the effect of crystallization is present.
From this information, it can be concluded that the temperature that results in the

largest rate of crystallization is below -26°C and is postulated to be near -37°C. Past
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studies indicate that for natural rubber, the rate of maximum crystallization has been
observed as being between -25°C and -35°C, which is in agreement with the results

presented here. (Murray and Detenber 1961; Yura et al. 2001; Roeder et al. 1989).

2.5.2 [Effective Lateral Stiffness

From the hysteresis loops presented in Figure 2.7, the values for effective
stiffness and energy dissipation were calculated. This allows for a more accurate
comparison of what occurred at each lateral displacement amplitude for each hysteresis
loop. In Figure 2.8, the effective lateral stiffness is presented for each low temperature
specimen. The values at each displacement have been normalized by the corresponding
values obtained from the specimen tested at room temperature. The grey dashed line

indicates that slip occurred at those points.

The 1 Day test specimens, highlighted with triangular markers, illustrate the
almost immediate effect that low temperatures have on bearings. By reducing the
temperature of the FREI to -37°C, the maximum stiffness increase is more than two
times the room temperature value. As with the hysteresis loops, Figure 2.8 shows little
difference between the 1 and 14 Day specimens at -18°C and -26°C. The 1 Day curves
of each temperature are overlapped by the 14 Day curves, again indicating that

crystallization at these temperatures does not affect stiffness.

The -37°C specimens clearly show the effect that long duration conditioning
can have on FREI and most other bearings as well. As the conditioning duration is

increased from 1 to 14 to 28 days, the stiffness increases substantially. At low lateral
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displacements, the largest increase in stiffness is more than six times the room
temperature values. At this temperature, crystallization has a large effect on the
performance of FREIL. It can be seen that the change in stiffness decreases with an
increase in displacement by a much larger factor, the longer it has been conditioned.
The stiffness of the 1 Day specimen dropped at most by 0.5 times the room temperature
values between 0.25 and 1.5 #.. (i.e. 2.1 to 1.6 for the 1 Day | -37°C specimen), While
the 28 Day specimen dropped from a 6.1 times stiffness increase at a displacement of

0.25 ¢,, to a 2.7 times stiffness increase at 1.50 ¢,.

This phenomenon can be explained by the reorientation of the molecular
structure of an elastomer at low temperature. Crystallization causes elastomers to
transform into a semi-crystalline state through nucleation and crystal growth processes.
The crystals that grew as a result, must now be fractured in order to accommodate the
required displacements. Once fractured at low displacements, they are not able to
contribute as much to shear resistance at larger displacements. As a result, the lateral
stiffness at larger displacements decreases. With a higher degree of crystallization in
the specimen due to a longer conditioning duration, the increase in stiffness that will

be observed is larger, as seen with the 28 Day specimen.

According to the AASHTO Standard Specification for Plain and Laminated
Elastomeric Bridge Bearings (2016), the increase in stiffness allowed after low
temperature conditioning is a maximum increase in stiffness of four times the room
temperature value. This limit is in reference to stiffness values obtained from quasi-

static testing, but can be extended to the dynamic lateral tests completed in this study.
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The 28 Day | -37°C specimen, at lateral displacements of 0.25 — 0.75 t,, does not pass
this criterion, indicating that according to AASHTO, it may not be appropriate to be

used as a Grade 5 bearing.

2.5.3 Lateral Energy Dissipation

The energy dissipation values of each FREI are presented in Figure 2.9, in the
same format as was done for effective stiffness. It can be seen that the trends for energy
dissipation are quite similar to those from effective stiffness. At 1 day of conditioning,
the specimens show an increase in energy dissipation with a decrease in temperature.
This increase is greatest at the lowest displacement and is twice that at room
temperature for -18°C, and four times for -37°C. When compared to the increases in
stiffness at this displacement, the increase in energy dissipation is twice as large. This
continues when analyzing the 14 Day | -37°C specimen. The increase in stiffness is by
three, while the energy dissipation increases by a factor of six. This trend stops at the
28 Day specimen, as crystallization may have a larger effect on stiffness at this
duration, than it does energy dissipation. The other 14 Day specimens confirm that
crystallization of the elastomer has not started to occur yet and can be seen from the

similarities between the 1 Day and 14 Day curves.

The downward sloping curves illustrate that the increase in energy dissipation
at larger amplitude cycles is less. This change is again much larger for the specimens
that exhibited the effects of crystallization. At lower displacements, the crystals that
formed must be fractured and as a result, much more energy is dissipated. As the

displacements increase, the crystals that have already been broken cannot dissipate
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additional amounts of energy, resulting in a decrease in energy dissipation. The 28 Day
specimen does not follow this trend, but there was some slip that occurred at those
displacements. More energy may have been dissipated as a result of abrasion against

the loading supports.

2.5.4 Effective Damping Ratio

In order to aid in analysis of the lateral specimens, the effective equivalent
viscous damping ratio was calculated and is given in Figure 2.10. From Equation 2.4,
it is shown that the damping ratio is dependent on the effective stiffness and the amount
of energy dissipated. In this study, the displacement amplitudes were constant for all
specimens and do not affect the damping ratio calculation as temperature and

conditioning duration are varied.

The damping ratio can be seen to increase with a decrease in temperature after
a single day of conditioning. Following 14 days of conditioning at the same three
temperatures, the damping ratio is shown to remain a near constant value. The increase
in damping ratio after a single day is due to a larger increase in energy dissipation than
stiffness. After 14 days of conditioning, the change in stiffness is approximately the
same as the increase in energy dissipation, resulting in similar damping ratios. For the
specimen conditioned for 28 days, the damping ratio decreases at the lowest
displacement amplitude due to crystallization, when compared to the specimens
conditioned for 1 and 14 days at the same temperature. At this displacement of 0.25 ¢,,
the effective stiffness increased significantly more than the increase in energy

dissipation, causing the observed decrease in damping. Overall, the damping values,
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excluding those values corresponding with slip, are quite similar, ranging from 1.4 to
2.3 times the room temperature values. In addition, the change in damping ratio
between the low temperature and room temperature specimens is shown to be

consistent across all displacement amplitudes.

2.6 VERTICAL RESPONSE
2.6.1 Specimen Hysteresis Loops

The room temperature FREI specimens were the first to be tested according to
the procedure outlined in Section 2.4.2. These hysteresis loops have been plotted in
grey in Figure 2.11. The room temperature specimens, when compared, are quite
similar to one another, as was seen with the lateral, room temperature hysteresis loops.
The low temperature tests have been plotted over top of the room temperature
specimens for comparison. They have been plotted from when the cycles commenced,
to when the cycles finished. The starting point corresponding to 7 MPa was taken to be
zero strain. This was done to allow more accurate visual comparisons between

specimens.

Unlike the lateral testing, the vertical tests were only carried out for three cycles
around an average pressure of 7 MPa and as a result, the hysteresis loops in Figure 2.11
have been shown in full. Examining individual specimens, it can be seen that each
FREI has some degree of offset between cycles, where subsequent loops are shifted
towards positive vertical strain. This is commonly exhibited with FREI as they settle
under compressive forces, but does not alter the effective vertical stiffness calculated

from the loops (Van Engelen et al. 2014; Al-Anany et al. 2015). As the temperature is
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decreased and the conditioning duration lengthens, the drifting decreases, confirming
that it is affected by the stiffness of the FREI. A larger compressive load would be

required to cause this to occur with stiffer FREI.

Similar to the lateral tests, the 1 Day specimens are shown to increase in
stiffness as temperature is decreased. The low temperature loops in black do not reach
the same vertical strain values as the room temperature specimen results in grey. At
each low temperature, an increase in stiffness can be seen by comparing the 1 Day and
14 Day hysteresis loops. The angle of rotation of each set of loops can be seen to
increase with respect to the horizontal axis. At much larger rotations, an increase in
stiffness 1s associated with the 28 Day | -37°C specimen. These trends almost mirror
those of the lateral tests, indicating that the effect of instantaneous thermal stiffening
and crystallization also influence the vertical response of FREI. The specimens will be
examined more closely by comparing the effective vertical stiffness and energy

dissipation.

2.6.2 Effective Vertical Stiffness

In order to calculate the effective vertical stiffness, the third cycle of the
hysteresis loops presented above were used. The curves for effective stiffness
normalized by the stiffness value at room temperature are given in Figure 2.12 as a
function of temperature. The solid curve gives the effect of temperature after 1 day of
conditioning. A decrease in temperature correlates with an increase in vertical stiffness,
but the increase is not significant; only a maximum increase of 20% over the room

temperature specimen. The same trend exists for the 14 Day specimens marked by the
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dashed line. The difference between the two curves at the temperatures of -18°C and -
26°C is insignificant, but at -37°C the stiffness increases by one and a half times. For
the 28 Day | -37°C specimen, the stiffness increase is just over 1.8 times the room
temperature value. This indicates that crystallization does have as significant effect on
the vertical stiffness of FREI as the lateral stiffness, but in order to determine its
significance of this stiffness increase, the vertical frequency of the conditioned FREI

was analyzed. The equation to calculate vertical frequency is given by:

f, = 1/210) * (Kyeprg/(PA)) " (2.5)

where g is the gravitational constant, P is the constant pressure applied (7 MPa) and 4
is the area of the one loaded face of the FREI. Completing the calculation for the 28
Day | -37°C specimen results in a 35% increase in vertical frequency when compared
to the room temperature specimen. This result is potentially beneficial as the vertical
frequency must be large enough to prevent rocking motions at the bridge deck level.

An increase in frequency can aid in accomplishing this.

2.6.3 Vertical Energy Dissipation

The amount of energy an isolator dissipates vertically controls the length of
time induced rocking or vertical motions will last. Adequate energy dissipation is
required as these motions are unwanted in the system. The amount of energy dissipated
by each specimen has been plotted as a function of time for multiple conditioning
durations in Figure 2.13. The 1 Day curve shows a small, general increase in dissipated

energy across all temperatures, which corresponds with the minimal change in stiffness
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found in Figure 2.12. Again, instantaneous thermal stiffening has a negligible effect on
the vertical response of U-FREI. The 14 Day curve exhibits a similar trend to what was
found from the lateral tests; crystallization does not affect FREI at -18°C and -26°C.
Conversely, with the 14 Day | -37°C specimen, the amount of energy dissipated is less
than the room temperature value. The decrease is amplified even larger for the 28 Day
| -37°C specimen, with the energy dissipation found to be only half the room
temperature value. This is the opposite of what would be expected using the lateral

energy dissipation data as a reference.

This reduction, however, is postulated to have occurred because of the testing
procedure. The vertical tests were completed under load control, and were consistently
cycled to predefined pressures, 7 MPa + 20%. With a stiffer isolator, the vertical strain
required to achieve these loads is decreased. Even though crystals have formed in the
elastomer due to crystallization, they are not broken during testing because the isolator
does not need to accommodate large vertical deflections. As a result, crystallization
does not provide added energy dissipation when tested under load control. If
displacement control had been used and the specimens were cycled at set displacement
amplitudes, it is expected that the energy dissipation of the low temperature FREI
would have increased. In addition, the increase in stiffness of the FREI at low
temperature reduces the amount that the isolator bulges horizontally. At room
temperature, this bulging would cause tension in the carbon fiber reinforcement. An
increase in energy dissipation would occur due to rearrangement and slip caused by

frictional forces among individual fiber strands (Kelly 1999).
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Although a decrease in energy dissipation is not desirable, the accompanied
increase in vertical stiffness and frequency at low temperature reduces the significance

of requiring the isolator to dissipate energy against vertical motion.

2.7 ROTATIONAL RESPONSE
2.7.1 Specimen Hysteresis Loops

Each U-FREI specimen designated for rotational testing was subjected to the
testing procedures given in Section 2.4.3. The hysteresis loops are provided in Figure
2.14 in the same format as the loops presented for the lateral and vertical responses.
The moment, M, has been normalized by the product of the shear modulus, G, the
isolator area, A, and the total thickness of rubber in the isolator, 7. The room
temperature loops are plotted in grey along with the low temperature loops for
comparison. The observed trends are very similar to those from the lateral response
with respect to the effect of instantaneous thermal stiffening on the 1 Day specimens,
and the effect of crystallization on the U-FREI conditioned for 14 and 28 days. For the
1 Day specimens, a decrease in temperature caused an increase in stiffness, which is
shown by counter-clockwise rotation of the loops away from the horizontal axis. In
comparing the 1 Day specimens to the corresponding 14 Day specimens at the same
conditioning temperatures of -18°C and -26°C, there is shown to be small differences.
A much larger change is noticeable when comparing the three -37°C specimens. At
small rotations, the stiffness increases and the area within the hysteresis loops reduces,
indicating a decrease in energy dissipation. It can be slightly seen in the 14 Day | -37°C

specimen that the loops that started as oval, become more curved and follow an ‘S’
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shape. This is even more prominent with the 28 day | -37°C specimen, where the ‘S’

shape is clearly visible.

The reason for this change in shape is due to the FREI specimens being
unbonded to the loading supports. At room temperature, it was found that with low
vertical pressure a lift-off mechanism would form causing a softening behaviour in the
bearing under larger rotations (Al-Anany and Tait 2015). During lift-off, depicted in
Figure 2.15, the boundary conditions change as the upper loading support lifts off from
the surface of the FREI, such that the loaded area gradually reduces as rotation is
increased. Lift-off was previously restricted in bridge design codes, but is no longer
(AASHTO 2012). It has been shown to be beneficial in reducing strain, as well as
limiting rotation that could cause delamination, when compared to bonded isolators
(Al-Anany and Tait 2015). This softening behaviour is shown to be exhibited by the
low temperature specimens and is explained below by the increase in effective

rotational stiffness with a decrease in temperature.

2.7.2 Effective Rotational Stiffness

The rotational tests included only two full cycles at each of the four rotations
specified, unlike the lateral and vertical tests. As mentioned previously, similar
scragged values were obtained from the second and third cycles during preliminary
rotational tests. The effective stiffness as a result was calculated for the second cycle
at each displacement for the FREI specimens. The results are provided in Figure 2.16,

in the same format as the lateral tests.
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In general, except for the 14 and 28 Day | -37°C specimens, the increase in
rotational stiffness at each amplitude is quite consistent, with a slight parabolic nature
to the curves. Examining the 1 Day specimens, it can be observed that there is a small
increase in stiffness as temperature is decreased. The 14 day specimens, at temperatures
higher than -37°C, do not differ much from their 1 Day equivalents. As was found for
the lateral and vertical tests, U-FREI are not affected by crystallization at these
temperatures. The 14 and 28 Day | -37°C specimens are where the benefit of using
unbonded FREI can be seen. The increase in stiffness due to crystallization for these
specimens is up to 2.4 times the room temperature values, but reduces at larger
rotations. This is due to the softening behaviour that arises from the lift-off mechanism
present in U-FREI. Since the test was completed under displacement control, which
more closely mimics the rotation of a bridge deck girder, the rotation that is applied
must be reached. As the isolator becomes stiffer, the resistance to this rotation is
increased and a larger moment is applied in order to reach the required rotation. With
a bonded isolator, this may have caused delamination between the rubber and
reinforcing layers from the large increase in internal forces. However, because of the
ability of unbonded FREI to exhibit lift-off, this does not occur and the specimens

remained damage free.

2.7.3 Rotational Energy Dissipation

The amount of energy dissipated by the FREI specimens at each rotation is
given in Figure 2.17. It can be observed that the FREI behave similarly to one another,

despite the different conditioning durations and temperatures. The maximum increase
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in rotational energy dissipated is just under 1.30 times the room temperature value. The
1 Day test specimens show an increase in energy dissipation between the -18°C and -
37°C specimens, but the 1 Day | -26°C is an outlier in this case. The same is true of the
14 Day specimens. The -26°C FREI, again does not follow the trend, but is still quite

close as the difference in the increase compared to room temperature is small.

The specimen conditioned for 28 days at -37°C does not fit into any trends
previously described. There is actually a large decrease in the amount of energy
dissipated when compared to the 14 Day specimen at the same temperature. This is
postulated to be in part due to crystallization and the lift-off mechanism that occurs for
a specimen of increased stiffness. At low rotations, the strain in the isolator may not be
large enough to break any crystals that had formed in the elastomer over the additional
14 conditioning days when compared to the 14 Day | -37°C specimen. As rotations
increase, the loaded area of the isolator decreases with increased lift-off, but the strain
in the loaded portion continues to increase in order to accommodate the rotations.
Crystals in the elastomer can now be fractured at the larger strain values, but since the
volume of elastomer under strain is decreased, there are less crystals to break and the

energy dissipated does not rise as high as one might expect.

2.8 SUMMARY AND CONCLUSIONS

The purpose of this study was to investigate the lateral, vertical and rotational
behaviour of unbonded fiber-reinforced elastomeric isolators (U-FREI) subjected to
low temperatures, for application to bridges located in cold, northern climates. In total,

28 U-FREI were conditioned for durations of 1 to 28 days at temperatures of -18°C to
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-37°C before being tested. The 1 day testing duration was used to determine the effect
of instantaneous thermal stiffening at different temperatures on the response of U-
FREI while the testing duration of 14 days was used to determine the effect of low
temperature crystallization. A 28 day test duration was included for the temperature of
-37°C in order to match the requirements for a Grade 5 low temperature bearing from
the AASHTO Standard Specification for Plain and Laminated Elastomeric Bridge
Bearings (AASHTO 2016). Laterally, one third of the specimens were subjected to
dynamic cyclic loading up to a lateral displacement amplitude of 1.50 times the total
height of rubber in the isolator. The vertical response was tested in accordance to ISO-
22762 for the next third and the final third of specimens were subjected to rotations up
to 0.03 radians. The results that were observed from these tests are summarized into

three sections.

Lateral Response
It was found that instantaneous thermal stiffening had a large effect on effective

stiffness and dissipated energy for the lateral specimens. As the temperature was
decreased, the specimens stiffened and dissipated larger amounts of energy. The
damping ratio was shown to increase with the decrease in temperature due to a larger
increase in energy dissipation than stiffness. The most severe case of -37°C caused
approximately a two-times increase in effective stiffness and a four-times increase in

energy dissipation.

The tests conducted under longer conditioning durations showed that
crystallization did not affect the isolator specimens at -18°C and -26°C. Values after
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14 days were similar to those after a single day of conditioning. However, at -37°C, as
the conditioning duration was increased, the stiffness and energy dissipation of the
isolators greatly increased. The increase for both at 14 days was of a comparable
magnitude, as the damping ratio remained similar to the corresponding 1 day value.
Following 28 days of conditioning, crystallization was found to have a greater effect
on stiffness than it does on the isolators ability to dissipate energy. The former tripled
compared to the 1 day value, while the latter only doubled. As a result, the damping

ratio was shown to decrease.

The increase in damping ratio compared to the room temperature specimen was
also shown to remain constant across all displacement amplitudes. This indicates that
the ratio between the increase in energy dissipation and the increase in effective

stiffness is a constant regardless of the temperature.

Lastly, all specimens, except the U-FREI conditioned for 28 days at -37°C
passed the criterion in AASHTO Standard Specification for Plain and Laminated
Elastomeric Bridge Bearings specifying that the increase in stiffness must be less than

four-times the room temperature value.

Vertical Response
In general, all U-FREI provided acceptable behaviour in response to cyclic

vertical testing at all conditioning temperatures and durations. The effects of low
temperatures caused a moderate increase in stiffness that correlates to an increase in
the vertical frequency of the isolator. This is beneficial, as the vertical frequency must

be sufficiently high to prevent rocking motions.
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It was observed that all specimens conditioned for 1 day, and the -18°C and -
26°C specimens at 14 days exhibited similar values of stiffness and energy dissipation.
The stiffness increase was approximately 20%, while the energy dissipation remained
approximately the same as the room temperature values. For the specimens conditioned
at -37°C for 14 and 28 days, the amount of energy dissipated decreased by up to half
the room temperature values. The significance of this is reduced due to the

accompanied increase in vertical frequency.

Rotational Response
During the cyclic rotation tests, the use of FREI in the unbonded application

allowed all specimens to remain undamaged throughout testing. The study determined
that the rotational stiffness response to low temperature followed the same trends as
the lateral tests. A decrease in temperature caused an increase in stiffness, while an
increase in conditioning duration resulted in little change when compared to the values
obtained from 1 day of conditioning for the temperatures of -18°C and -26°C. The

stiffness increase was similar regardless of the amplitude of the cyclic rotations.

The -37°C specimens conditioned for 14 and 28 days developed a larger
increase in stiffness. In addition, as the angle of rotation increased, the specimens
exhibited lift-off and a softening behaviour formed, resulting in a lower stiffness at the
larger rotations. In regards to the amount of energy dissipated by the specimens, all
values were approximately the same. The largest increase was 30% with the largest

decrease only 10% of the room temperature values.
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Using this data, further studies will be investigated to numerically determine
the effectiveness of U-FREI when employed as the isolation system for a bridge located
in a cold, northern climate. The lateral response of a bridge conditioned for 28 days at
-37°C will be of interest to determine the validity of the criterion preventing U-FREI
from being used as a Grade 5 bearing. Overall, but limited to the findings presented in
this paper, the experimental results indicate that performance of U-FREI laterally,

vertically and rotationally is acceptable under the effects of low temperatures.
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Table 2.1: FREI pad designation.

Test Pad Duration (Days) Temperature (‘C)

1 1
Lateral ) 14
Vertical 3 ! RT, -18, -26, -37
ertica 4 14 ,-18, -26, -
. 5 1
Rotational 6 14
All Tests 7 28 -37

Figure 2.1: Photograph of U-FREI test specimens.
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Figure 2.2: Three degree of freedom test setup.
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Figure 2.3: Vertical loading and lateral displacement time history for all lateral tests.
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Figure 2.4: Vertical loading time history for all vertical tests.
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Figure 2.6: Example hysteresis loops to depict scragging.
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Figure 2.7: Normalized lateral response scragged hysteresis loop comparison of low
temperature (black) to room temperature (grey) U-FREI specimens.
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Figure 2.8: The effect of low temperature on lateral effective stiffness normalized
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Figure 2.9: The effect of low temperature on lateral energy dissipation values
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Figure 2.10: The effect of low temperature on effective damping ratio normalized
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CHAPTER 3

THE EFFECT OF TEMPERATURE ON THE SEISMIC
PERFORMANCE OF A STRUCTURE ISOLATED WITH
UNBONDED FIBER-REINFORCED ELASTOMERIC
ISOLATORS

3.1 INTRODUCTION

It has been widely documented that base isolation can be employed to reduce
the adverse effects that earthquakes have on structures. The placement of isolators
beneath a structure at locations where load is transferred, essentially allows the
structure to be separated from the foundation. This effectively uncouples the motion of
the ground during a seismic event from the structure. Isolated structures are not just
limited to being buildings; the seismic isolation of bridges has become much more
common (Buckle et al. 2006). Isolators are used as a replacement to the typical bridge
bearings that are located between the bridge deck and pier. The lower stiffness of the
isolators compared to the piers allows movement of the deck during a seismic event to
be accommodated by the isolator instead of by deformation in the piers. The reduction
in stiffness also causes an increase in the period of the bridge, away from the
predominant periods of ground motions. This reduces the acceleration of the bridge
deck and as a result, base shear forces are smaller, limiting or completely avoiding

damage to the piers.
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The effectiveness of seismically isolating bridge structures has been detailed
and promoted by many studies. Ghobarah and Ali (1988) and Jangid (2004) found
through numerical modeling that the introduction of lead-rubber isolators could greatly
reduce deck accelerations and base shear forces in the bridge piers. Wang et al. (1998)
and Jangid (2008) determined that friction-pendulum isolators also provide effective
seismic isolation of bridge structures. Buckle et al. (2006) developed a manual titled
Seismic Isolation of Highway Bridges, which gives an overview of design principles
and the analysis of isolators to promote the application of seismic isolation to highway
bridges. It was determined that there were more than 200 bridges isolated in North
America at the time of writing. These include the Golden Gate Bridge in San Francisco
and the AirTrain Light Rail System servicing JFK International Airport in New York.
In Canada, six bridges in Vancouver, including the Lions Gate Bridge, are seismically
isolated, along with a pedestrian bridge near Ottawa that transverses King’s Highway
417. Of all the bridges isolated in North America, 75% were isolated with lead-plug
rubber isolators as of 2006 (Buckle et al. 2006). Buckle et al. (2011) also developed a
document titled Seismic Isolation Design Examples of Highway Bridges. It allows the
design process to be better understood by presenting design examples that highlighted
the application of seismic isolation to highway bridges considering various types of

isolation devices.

More recently, research has been completed on the use of fiber-reinforced
elastomeric isolators (FREI) in bridge applications (Al-Anany and Tait 2017a; Al-

Anany and Tait 2017b). FREI utilize layers of carbon-fiber cloth as a replacement for
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the rigid steel shims that are typical of elastomeric bearings. They can be placed
unbonded (U-FREI) between the bridge deck and piers or abutments to provide
effective isolation during a seismic event. Toopchi-Nezhad et al. (2008) found that the
increase in flexibility of the FREI, as a result of the use of carbon fiber, allows a rollover
mechanism to develop in this unbonded application. Figure 3.1 depicts that as the
lateral displacement amplitude is increased, the horizontal faces of the U-FREI begin
to lift off of the upper and lower loading platens, which results in a decrease in effective
stiffness. With large lateral displacements, full rollover begins to occur, where the
initially vertical faces of the U-FREI become horizontal and in full contact with the
loading platens. This contact causes a hardening behaviour to occur and acts to limit

the maximum lateral displacement of the isolator.

A significant amount of research has been completed on FREI, detailing
different lateral, vertical and rotational behaviours of the isolators (Toopchi-Nezhad et
al. 2009; de Raaf et al. 2011; Van Engelen et al. 2014; Al-Anany et al. 2015; Al-Anany
et al. 2016). With respect to the vertical response, it was shown that U-FREI provide
sufficiently high vertical stiffness that does not significantly degrade following lateral
cyclic loading (Toopchi-Nezhad et al. 2009). The response of U-FREI under rotation
was studied by Al-Anany and Tait (2016) and was determined that U-FREI can be
subjected to much larger rotations than bonded FREI. The stress demand is greatly
reduced in the unbonded isolators due to the upper loading support’s ability to lift-off’

during rotation (see Figure 2.15). Further studies indicate that rotations up to 0.03
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radians have a negligible effect on the lateral behaviour of U-FREI (Al-Anany et al.

2017b).

All of these studies were completed at room temperature, but the response of
FREI at low temperatures is important, especially in northern climates. To be used with
bridges, the FREI must be able to provide acceptable performance while subject to the
same low temperatures that the bridge itself will experience. A major effect of low
temperature on elastomers has been widely documented to cause elastomers to exhibit
an increase in stiffness in response to a reduction in temperature (Murrey et al. 1961,
Stevenson et al. 1986, Roeder et al. 1990, Yakut and Yura 2002, Sciascetti et al. 2016).
This stiffness increase can be separated into two mechanisms that affect the
performance of elastomeric isolators such as FREI. The first mechanism is called
instantaneous thermal stiffening and corresponds to the elastomer transitioning into a
brittle, glassy state. (Roeder et al. 1989). This provides a rapid change in stiffness in
response to a change in temperature. As the glass transition temperature is approached
(approximately -65°C for natural rubber), the stiffness increase can be greater than 50
times the room temperature value (Roeder et al. 1989). Low temperature crystallization
is the second mechanism and can cause stiffness increases over the span of weeks after
the initial incubation period where no stiffness increase is observed. The change in
stiffness is a result of the transition of the structure of the rubber into a crystalline state
through nucleation and crystal-growth processes (Bukhina and Kurlyand 2007). The
effect of these two mechanisms on the behaviour of U-FREI was studied by Sciascetti

and Tait (2016; 2017). It was found that U-FREI exhibited acceptable behaviour in
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most instances as defined by the AASHTO Standard Specification for Plain and

Laminated Elastomeric Bridge Bearings (2016).

In this study, an existing numerical model of U-FREI lateral behavior is updated
using the lateral experimental results presented by Sciascetti and Tait (2017) in order
to account for the effects of low temperatures. The updated model is then used to
evaluate the lateral seismic performance of a three-span bridge structure isolated with
U-FREI at multiple conditioning temperatures and durations. It will be shown that a
bridge structure isolated with U-FREI can provide reasonable performance at low

temperatures.

3.2 EXPERIMENTAL RESULTS SUMMARY

The experimental research program completed by Sciascetti and Tait (2017)
was carried out to determine how the previously mentioned low temperature stiffening
mechanisms affect the response of unbonded-FREI to lateral, vertical and rotational
testing. The isolators were tested under multiple temperatures and conditioning
periods, as per the AASHTO Standard Specification for Plain and Laminated
Elastomeric Bridge Bearings (2006). In total, 28, 4 scale isolators were constructed in
the Applied Dynamics Laboratory at McMaster University, with eight constructed for
the purpose of lateral displacement tests. Each isolator had physical dimensions of 64
mm in both length and width, and a total height of rubber (z,) of 18 mm. This resulted
in a shape factor of 5.52 and an aspect ratio of 3.37. The shape factor controls the
compression modulus of the bearing and is the ratio of the loaded area of a single

elastomer layer to the unloaded or perimeter area. The aspect ratio controls the stability
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of the isolator and is the ratio of the width to total height of the isolator. The shear
modulus of the rubber was found experimentally to be 0.86 MPa. The FREI were
conditioned in a freezer that maintained the desired temperature within two degrees
Celsius. The temperatures studied were room temperature, -18°C, -26°C and -37°C, at
conditioning periods of 1 and 14 days. A conditioning period of 28 days was also
studied for -37°C as suggested by Roeder at al. (1989) and AASHTO (2006) due to

low temperature crystallization.

The results of the lateral testing indicated that at all temperatures, the U-FREI
were able to maintain a positive lateral tangential stiffness throughout the hysteresis
loops at all displacement amplitudes, satisfying the requirement in Canadian Highway
Bridge Design Code (CHBDC 2014). All U-FREI, except the specimen conditioned at
-37°C for 28 days, passed the criteria in AASHTO (2016) requiring a maximum
increase in stiffness of four times the room temperature value. This study successfully

showed the ability of U-FREI to be used at low temperatures.

3.3 ISOLATOR MODEL

Several models have been constructed to simulate the lateral response of U-
FREI. The earliest model proposed by Toopchi-Nezhad et al. (2008) consisted of 11
parameters that were used to describe the restoring and damping force of the bearing
in an iterative approach. Two new models were subsequently proposed; Model 1 was
based on the amplitude and rate of the lateral response and Model 2 was a bilinear
model that considered stiffness and damping to be rate independent (Toopchi-Nezhad

et al. 2009). With Model 2, only three parameters are required to model the behaviour
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of the U-FREI. The response predicted by the model was in better agreement with
experimental responses than the previously proposed models. Love et al. (2011)
modified a linearized Bouc-Wen model with a fifth-order polynomial in order to
simulate the lateral softening and stiffening response of U-FREI. The limitation of
these models is that they still require an iterative analysis procedure in order to achieve
convergence as different parameters correspond to hysteresis loops at different
displacement amplitudes. Further details on the algorithm used to implement the
iterative analysis procedure is presented by Toopchi-Nezhad et al. (2009). The Pivot-
Elastic model, developed by Osgooei et al. (2017) addressed this limitation. It is non-
iterative and is calibrated using the values of effective stiffness and damping taken
from experimental tests, instead of being fit to an entire set of hysteresis loops. The
model consists of a bilinear pivot hysteresis model placed in parallel with a non-linear
elastic model in order to capture the change in effective stiffness present at larger
displacement amplitudes. It was found that the Pivot-Elastic model predicted
experimental shake table results better than the previous iterative models proposed by

Toopchi-Nezhad et al. (2009).

3.3.1 Current Model

Al-Anany et al. (2017) built off of the Pivot-Elastic model to develop the
Takeda-Elastic model. This non-iterative, rate-independent model consists of a non-
linear elastic spring and a hysteretic element that are applied in parallel to provide the

lateral response of U-FREI under varying displacement amplitudes, while allowing for
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a more practical implementation in OpenSees. A visual representation of the model is

provided in Figure 3.3.

The hysteretic element is the Takeda bilinear plastic model (Takeda et al. 1970),
which is used to add energy dissipation into the isolator model. It requires three
parameters to define the bilinear behaviour; the initial stiffness k;, the yield
displacement u, and the post-yield stiffness k;. In comparison, the pivot hysteretic
model used by Osgooei et al. (2017) contains five extra parameters that can be
employed to modify degradation in the loops. One limitation of the Takeda model is
that when the lateral displacement is less than the yield displacement, there is no energy
dissipation in the system. The force, as a function of the lateral displacement of the
isolator “u”, is described by the model as follows:

Frakeaa(w) = kqu u < u,,

(3.1)

Frakeaa(W) = kluy + kz(u - uy) u = Uy

The non-linear elastic spring element is used to capture the varying stiffness of
U-FREI at different displacement amplitudes. This lateral behaviour can be classified
as having three phases as depicted in Figure 3.1. The first phase occurs at smaller
displacement amplitudes when the horizontal faces of the U-FREI have not yet lifted
from the supports causing a linear elastic behaviour. The second phase introduces a
softening behaviour where the effective stiffness of the isolator degrades due to the
onset of the rollover mechanism. This occurs at moderate lateral displacement

amplitudes and corresponds with the horizontal faces gradually lifting from the
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supports. At large displacement amplitudes, the initially vertical faces make contact

with the supports causing a subsequent increase in effective stiffness.

In order to accurately describe the aforementioned lateral forces, a fifth order
polynomial is used to model the force-displacement curve of the non-linear elastic
spring. This portion of the model does not include any energy dissipation. The spring
force can be expressed as a function of the lateral displacement of the isolator and is

given by:

Fspring (W) = ayu + azu® + asu® (3.2)
where a; through as are unique model parameters that are fit to experimental
data. Parameters a, and a4 were set to be equal to zero in order to ensure symmetry
about the origin. It should be noted that the rotational behaviour of U-FREI is not

accounted for in this model.

Combining these two models together, the total force of the two models in
parallel at any displacement can be found:
Fr(uw) = (kg + a))u + azu® + asu® u < u,

(3.3)
Fr(w) = kyuy, + ko(u —uy) + ayu + asu® + asu® u

v
N

In total, this model contains six parameters that must be determined. These
parameters do not have any inherent meaning with respect to the properties of the
rubber or carbon fiber that were used to construct the isolator. To calculate these

parameters, the effective stiffness and effective damping of a U-FREI must be
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obtained, typically experimentally. Once determined, the error between the
experimental and modeled effective stiffness and damping values are minimized. The
unscragged value at each displacement amplitude is used to ensure that the model
captures the largest stiffness value obtained from testing. This process must only be
completed once for each isolator, since the six parameters are used to describe the entire
hysteresis loop for any lateral displacement amplitude. The horizontal effective

stiffness of each hysteresis loop is expressed as:

_ Fr(Umax)

Khorizontal,eff - (3 -4)

Umax

where u,,, represents the maximum displacement of an individual hysteresis loop. The

effective damping of each hysteresis loop is given as follows (Al-Anany et al. 2017):

K k -
~ (k1Uy+k2(umax_uy))*2(u 1uy+ zE(l:max uy)) - 3.5)
.Beff - aneff(umax)z tmax = uy

As mentioned, due to the Takeda model providing the only energy dissipation,

the equation is only valid for displacements at or past the yield displacement.

3.3.2 Modeling U-FREI

The Takeda-Elastic model was used to determine the parameters required to
describe the 'i-scale U-FREI specimen tested at room temperature. From this
specimen, a proposed full-scale isolator was modeled. The U-FREI was geometrically

scaled by a factor of four, while maintaining dynamic similitude requirements. The

70



Alexander Sciascetti | M.A.Sc. Thesis Civil Engineering | McMaster University

resultant properties of the full-scale isolator compared to the Y4-scale experiment

specimen are provided in Table 3.1.

Using the Takeda-Elastic Model obtained properties, the proposed full-scale
isolator was input into OpenSees as a single degree-of-freedom and subjected to
displacement-controlled cyclic loading. The effective stiffness and damping were
calculated and compared to the scaled values obtained from the experimental results.
As seen in Table 3.2, the stiffness values obtained from the model are within 2% at
each displacement amplitude and the damping values are within 5% at each
displacement amplitude. The hysteretic behaviour of the full-scale isolator is compared
to the experimentally obtained hysteresis loops in Figure 3.4, where it can be seen that
the full-scale isolator is in good agreement with the experimental data. The force in the
figure has been normalized by the product of the shear modulus, G, and the isolator
area, 4, while the lateral displacements, u, have been normalized by the total height of
rubber in the isolator, #.. These results confirm the ability of the model to capture the

behaviour of U-FREI.

3.3.3 Low Temperature Modeling of U-FREI

At low temperatures, it has been found that rubber not only increases in
stiffness, but that it also has more energy dissipation resulting in hysteresis loops with
greater area and larger effective damping ratios when subjected to cyclic testing (Kulak
and Hughes 1993; Sciascetti et al. 2016; Sciascetti and Tait 2017). This is especially
evident at large displacement amplitudes and makes modeling damping challenging.

Despite the increase in energy dissipation, it was found that the Takeda-Elastic model
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could still be used to adequately represent the behaviour of scaled U-FREI. As with the
room temperature full-scale isolator, the low temperature full-scale isolators
maintained stiffness values within 2% and damping values within 5% of values
obtained experimentally. The parameters obtained through this process were used as
starting values in order to create sets of equations that describe the behaviour of U-

FREI over a range of temperatures and conditioning durations.

The two sets of equations that were created are for isolators conditioned for one
day, from the temperatures of -18°C to -37°C and for isolators conditioned at -37°C
from 1 to 28 days. This represents the effect of instantaneous thermal stiffening and
stiffening due to crystallization, respectfully. The temperatures of -18°C and -26°C
were not considered for the second set of equations as they displayed little to no change
in properties between one and 14 days of conditioning. Both sets of equations were
developed simultaneously using linear regression of the Takeda-Elastic parameters
over the three tested temperatures of -18°C, -26°C and -37°C and the three conditioning
durations of 1, 14 and 28 days. This created a separate equation for each of the six
parameters that are used in the Takeda-Elastic model, where the only variable in each
equation is temperature or duration. Since both equations can describe an isolator
conditioned for 1 day at -37°C, the same parameter values are obtained for this case
regardless of which set of equations was used. Similar to the room temperature model,
the error of the effective stiffness and damping at each displacement amplitude between

the experimental and the full-scale isolator was minimized.
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The results of this process are two sets of intersecting equations that model full-
scale U-FREI isolators. The equations are given as coefficients that are substituted into

one of the following two linear equations:

Premperature = aro + ar T —18°C=T = —37°C (3.6)

Ppuration = @po + ap1D lday <D < 28days (3.7)

where the coefficients a, are provided in Table 3.3. The intercept coefficients are ary
and apo and the slope coefficients are ar; and ap;. Premperanre 18 @ placeholder for any of
the six parameters used to describe isolators under the effects of instantaneous thermal
stiffening. Temperature, 7, is the only variable in Equation (3.6). Ppuraion 1S @
placeholder for any of the six parameters used to describe isolators under the effects of
low temperature crystallization. The conditioning duration, D, is the only variable in
Equation (3.7). The Duration data set does not take into consideration the initial delay
before the onset of crystallization as found to occur by Roeder et al. (1990). At shorter
durations, between two to seven days, the effect of crystallization is over estimated.
The labels ‘Temperature’ and ‘Duration’ will be used herein to represent the set of

parameters, as well as the data set obtained from the above equations.

The Temperature set of equations provide effective stiffness and damping
values that are within 5% of the experimental stiffness and damping values, while the
Duration set of equations are within 8% of experimental values. The agreement of the
hysteretic behaviour of the full-scale isolators using the given equations and the

experimental data are provided in Figure 3.5. One of the findings from Toopchi-
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Nezhad et al. (2008a) was that the rollover mechanism is stable when positive lateral
tangential stiffness occurs throughout the hysteresis loop. This was enforced during the
modeling of the full-scale isolators to ensure stability and can be seen in each plot of

Figure 3.5.

34 BRIDGE MODEL

The numerical implementation of the U-FREI models into a three-span bridge
was completed using the open source framework Open System for Earthquake
Engineering Simulation (OpenSees). This software allows users to simulate the
performance of structures that are subjected to ground motion. The model is based off
of a three-span bridge proposed by Jangid (2004). The bridge deck rests upon rigid
abutments at the ends and two, eight-metre tall, cylindrical piers spaced at 30 metres,
having a diameter of 1.9 metres. The piers and deck were modeled to remain elastic
throughout the duration of the simulation. This is accurate for the deck, as it is a
capacity protected element and is required to remain in an elastic state (AASHTO
2011). With regards to the piers, isolation aims to reduce damage to structures by
ensuring fuse elements, such as piers, remain elastic. As a result, non-linearity in the

piers was not considered in this study.

Within OpenSees, the piers were modeled as fixed at the base. At the abutments,
for the non-isolated case, the deck rested on frictionless bearings that restrain vertical
movement. The pier weight was distributed using lumped masses. The bridge deck was
split into 13 nodes and 12 segments, while each pier contained three nodes and two

segments as illustrated in Figure 3.6. These elements were assigned 2% of critical
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damping using initial stiffness proportional damping. This was done instead of
Rayleigh damping in order to avoid amplification of damping in the first mode of the
isolated structure (Ryan and Polanco 2008). The mass contained between each node
was equally distributed between the confining nodes as point masses. The resulting
fundamental period of the non-isolated bridge is 0.47 seconds, including the effects of
the flexible deck. In the isolated bridge, U-FREI were placed at the top of each pier and
abutment. It should be noted that the bearing design was not optimized for the bridge
considered in this study. A total of 16 U-FREI were used in order to match the
experimental testing conditions and maintain an approximate pressure of 7 MPa on
each isolator. Based on the maximum and minimum stiffness values of the U-FREI,
the isolated structure has an approximate fundamental period of 1.35 — 1.65 seconds at

room temperature.

The bridge was subjected to a suite of 14 ground motions. They were selected
and scaled to replicate the response spectrum of a bridge located in Montreal, Quebec.
The National Building Code of Canada (NBCC) (2015) provided the seismic hazard
values required to form the uniform hazard spectrum (UHS) for Montreal with a two
percent probability of exceedance in 50 years and a site class of C. Montreal was chosen
for this study as it is the largest city in Canada that is located in an area of high
seismicity and experiences temperatures that are lower than -30°C (Statistics Canada
2016; Guay and Bouaanani 2016). The ground motions used were obtained through the
PEER-NGA-West2 database and are presented in Table 3.4 (Pacific Earthquake

Engineering Research Center 2017). The NGA-EAST database was not used, as scaling
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factors were deemed to be too large. The fit of the ground motion spectra to that of the
UHS is provided in Figure 3.7. To remain conservative, the mean response spectrum of
the selected ground motions is either at or above the code response spectrum past the
period of 0.4 seconds. The isolated bridge model was subjected to the suite of ground
motions in both the transverse and longitudinal directions of the bridge deck. The
resulting mean peak displacements, absolute accelerations and base shears in the two
direction were within 2.5% of each other. The full-scale isolators are square and
provide the same response in both directions, so only the transverse direction of the

bridge is presented in this study.

Using the UHS provided by the NBCC, the displacements that were obtained
from the model were compared to that of a simplified, iterative technique proposed by
Tait et al. (2011) for evaluation purposes. The simplified iterative technique can be
used to estimate displacements, accelerations and base shear of a single-degree-of-
freedom (SDOF) model. Including U-FREI, the SDOF displacements were estimated
to be 64.4 mm, which is less than a two percent difference over the bridge model mean
value of 63.5 mm. The absolute acceleration provided by the SDOF were 0.100g, while
the bridge model provided a mean peak acceleration of 0.103g. The peak base shear

estimate from the SDOF model was only 7.5% greater than that of the bridge model.

3.5 RESULTS

The following data has been collected and presented to highlight the effect of
low temperature on U-FREI. Both bridges, isolated and non-isolated, were subjected

to the 14 scaled ground motions provided above in the transverse direction. For the
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isolated bridge, the suite of ground motions was run a total of 11 times. The first being
at room temperature (RT) using the parameters provided in Table 3.1 and the remainder
were at low temperatures using parameters provided by Equations 3.6 and 3.7. This
provided two sets of data, the Temperature U-FREI and the Duration U-FREI, as
defined in Section 3.3.3. The Temperature set provides data on the effect of
instantaneous thermal stiffening, while the Duration set provides data on the effect of
low temperature crystallization on the response of a three-span bridge outfitted with U-
FREI. Using time history analysis, the response quantities that are being evaluated are
the peak absolute acceleration of the bridge deck, the peak deck displacement, as well

as the peak base shear at the bottom of the bridge pier.

The peak response quantities have been summarized in the following two
sections for the suite of ground motions that were considered. The peak response
quantity of the isolated bridge for each earthquake was normalized by the
corresponding non-isolated peak response quantity. The mean response of the

normalized values over the suite of ground motions was then calculated.

The figures found in the following two sub-sections have two distinct features.
On the right side of the figure, the response quantity of the non-isolated bridge is
provided for reference. The dark black line is the mean value found from averaging the

normalized responses at each temperature.
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3.5.1 Data Set | Temperature

The effect of instantaneous thermal stiffening has been shown to cause U-FREI
to exhibit increased stiffness and damping properties (Sciascetti and Tait 2017). These
changes were captured in the updated Takeda-Elastic model over the temperatures of

20°C to -37°C for a single day of conditioning.

As expected, Figure 3.8 shows that the peak deck displacement of the isolated
bridge at room temperature is much greater than that of the non-isolated bridge. On
average, there was a 2.6 times increase in displacement. Correspondingly, the demand
on the piers decreased significantly, with the mean peak displacement at the top of the
pier reduced to 10% of the non-isolated value. At the lowest temperature of -37°C, the
peak displacement is greatly reduced. For select ground motions, the peak deck
displacement is actually less than the corresponding non-isolated deck displacements.
However, on average, the peak displacement increased by 11%. The mean pier-top
peak displacements of the isolated bridge only increased by less than 1% of the non-

isolated value over the range of temperatures tested.

The absolute accelerations of the isolated bridge deck in Figure 3.9 are similar
across all temperatures, where a large decrease in absolute accelerations can be seen
compared to the non-isolated bridge. The average reduction in acceleration is

approximately 77-80% across all temperatures.

The last response quantity, peak base shear, presents similar results. In Figure

3.10 the non-isolated peak base shear values have been normalized by the weight of
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the bridge, ;5. For the non-isolated bridge, half of the total base shear is resisted by
each of the two bridge piers. In the isolated bridge, isolators are placed at the abutments
as well as at the piers. Forces in the bridge are distributed among the two piers and two
abutments, unlike in the non-isolated bridge. This in itself reduces the base shear values
in a single pier. This is one of the benefits of an isolated bridge, since the ends of the
bridge have a reliable way to transmit forces to the abutments. Referring to the figure,
it can be seen that the peak base shear remains fairly constant with a decrease in
temperature. The peak base shear at all temperatures, on average, is 11.5% of the non-
isolated peak base shear. This base shear response corresponds with the results
provided in Figure 3.8. The peak pier-top displacements were minimal, causing small

peak base shear values.

When U-FREI are subjected to low temperatures, it has been found that there
is an associated increase in stiffness that is paired with an increase in energy dissipation
(Sciascetti and Tait 2017). The decrease in displacement can be directly attributed to
this increase in stiffness experienced by the isolators at low temperatures. The same
force that is caused by each ground motion can be accommodated with Iess
displacement as a result. For example, at -37°C, U-FREI exhibit a damping ratio more
than twice that of room temperature (Sciascetti and Tait 2017). A large damping ratio
helps to limit the absolute accelerations due to low temperature stiffness increases.

Thus, the forces transferred into the bridge piers are also greatly reduced.

These results indicate that instantaneous thermal stiffening down to a

temperature of -37°C does not significantly affect the performance of a bridge structure
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isolated with U-FREI. Further decreases in temperature will result in a further reduction
of displacement and increases in absolute acceleration and base shear. As the glass
transition temperature is approached and passed, the stiffness of the elastomeric
1solators will increase significantly (Roeder et al. 1989; Bukhina and Kurlyand 2007).
However, further experimental testing would be required to determine the glass

transition temperature and any change in behaviour of U-FREI.

3.5.2 Data Set | Duration

This data set presents the effect of low temperature crystallization on the
performance of the isolated three-span bridge. It has been shown that even more drastic
changes in stiffness and damping occur as the length of low temperature conditioning
is increased (Sciascetti and Tait 2017). The following figures will depict the trends
associated with conditioning at -37°C for zero to 28 days. Zero days of conditioning

represents the room temperature specimen.

Figure 3.11 shows that the peak deck displacement decreases as the length of
time conditioned at -37°C increases. It can be observed that the largest decrease in
displacement occurs between zero and one day of conditioning. This large jump is due
to instantaneous thermal stiffening as the bearing drops from room temperature to -
37°C and was depicted in Figure 3.8. At approximately 4 days, the average isolated
peak deck displacement is equal to that of the non-isolated bridge. As the conditioning
duration approaches 28 days, the slope of the mean response curve reduces, as if it will
start to plateau upon further conditioning. The slope of the mean displacement curve

between 1 and 4 days is four times greater than the slope of the curve between 25 and
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28 days of conditioning. At 28 days, the deck displacement is 48% of the non-isolated
bridge and the pier-top displacement increased from 10% to 22% of the non-isolated

bridge values.

Although Figure 3.11 shows instantaneous thermal stiffening as contributing
more to the decrease in peak deck displacement, Figure 3.12 indicates that
crystallization causes the larger increase in peak absolute acceleration. The normalized
peak values jump from 22% to 53% of the non-isolated bridge values, between 1 and
28 days of conditioning. On average, there was still a 47% decrease in the acceleration

felt by the bridge deck.

Similar to the absolute acceleration response, in Figure 3.13, the peak base
shear is shown to be affected by crystallization more than instantaneous thermal
stiffening. After one day of conditioning at -37°C, the peak base shear is 11% of the
non-isolated value, but over 28 days of conditioning, the peak base shear more than

doubles to 24% of the mean non-isolated peak base shear value.

When subjected to low temperatures for an extended period of time, U-FREI
exhibit an increase in stiffness, in addition to what occurs rapidly upon first being
subjected to low temperatures (Sciascetti and Tait 2017). This stiffness increase can be
seen to cause the peak deck displacement to decrease and the peak absolute acceleration
to increase. The reduction in slope of the mean displacement response curve as 28 days
is approached may indicate that the stiffness of the isolator is reaching its maximum

conditioned value. This is in agreement with previous research on rubber that indicates
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elastomers reach an equilibrium point during the crystallization process, where no
further crystals form and stiffness no longer increases (Stevenson and Maxwell 1986).
Roeder et al. (1989) recommended that bearings need not be conditioned past 28 days

as they found a plateau in stiffness occurred during their research as well.

From these results, it has been shown that the effect of crystallization on the
performance of the isolated bridge is large. The performance, in even the most extreme
case, is better than that of a non-isolated bridge. The result obtained by Sciascetti and
Tait (2017), where the isolator conditioned for 28 days at -37°C did not pass the criteria
outline by AASHTO, has been shown to be capable of providing acceptable
performance. This decision was concluded from the reduction in both absolute
acceleration and base shear that was provided by the isolated bridge after the 28 days
of conditioning. The demand on the piers was reduced by more than half, indicating
that damage in the piers could be significantly reduced or completely eliminated. Each
case must be considered separately however. For example, a 50% reduction in absolute
accelerations, as provided by U-FREI after 28 days of conditioning, may not be

acceptable, even though pier deflection and base shear criteria are met.

3.6 RESPONSE TO A SUDDEN DECREASE IN TEMPERATURE

In regards to the location that this bridge model was situated, Montreal can
achieve temperatures that are close to -37°C, but cannot sustain them for a long period
of time (Guay and Bouaanani 2016). It would not be warranted to need isolators to
perform adequately past 2 days at -37°C, and 8 days at -15°C. Crystallization at the

latter temperature would provide very little change in response quantities and
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performance as found experimentally by Sciascetti and Tait (2017). With this
knowledge, the Temperature dataset presented in Section 3.5.1 could be used to
provide simulated responses if isolating a bridge structure in Montreal. The following
sub-sections provide simulated ground motion responses in the event that Montreal is

subjected to a sudden decrease in temperature to -37°C.

3.6.1 Typical Response Histories

The following four figures give the representation of typical response histories
for a single representative ground motion. For comparison, the room temperature
bridge is displayed to the left of the bridge isolated with U-FREI conditioned at -37°C
for a single day. Figure 3.14 depicts the large change in the peak deck displacement
response between the isolated and non-isolated bridge, as well as between room and
low temperature conditioning. Due to the restoring forces of the isolators, there are zero
residual displacements present in the isolated bridges. The long, distinct cycles of the
room temperature bridge depict what would be expected of an isolated structure. For
the low temperature isolated bridge, there appears to be a higher frequency present in
the response history, along with an observable decrease in the amplitude. This is
indicative of the increase in stiffness experienced by the U-FREI at -37°C. In Figure
3.15 and Figure 3.16, a large decrease in absolute acceleration and base shear can be
seen compared to the non-isolated bridge. In terms of response amplitude, the low
temperature bridge performs similarly to that of the room temperature isolated bridge.
The difference between the two is the higher frequency content in both low temperature

responses. As the stiffness of the U-FREI increases, the high frequencies present in the
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ground motion become more prevalent in the response histories. Figure 3.17 provides
the change in the hysteretic behaviour of the isolators placed between the bridge deck
and pier. As observed in the displacement time histories, the isolator conditioned at -

37°C for a single day is only displaced to 0.4 ¢, compared to 0.95 ¢, at room temperature.

3.6.2 Peak Response Summary

The following figures provide aggregated results of the peak response
parameters for multiple hazard levels according to those outlined in the Canadian
Highway Bridge Design Code (2014). The code outlines three hazard levels in terms
of the probability that a ground motion will exceed the specified spectral accelerations
in 50 years (PEsp). A larger value represents a lower hazard level. They are 10% PEs,
5% PEsy and 2% PEsy, with the 2% PEs; matching the Uniform Hazard Spectra of the
NBCC. The 5% and 10% PEsy spectral acceleration values were obtained as
interpolated values from the National Building Code of Canada, 2015 (Natural
Resources Canada 2017). Each of the 14 ground motions provided in Section 3.4 were
scaled to the hazard levels of 5% and 10% PEs,. The 2% PEsq data is the same as that
obtained from the Uniform Hazard Spectra (UHS), but the mean values presented in

this section have not been normalized by the corresponding non-isolated response.

The mean peak absolute acceleration response of the bridge deck from the suite
of ground motions for each hazard level is provided in Figure 3.18. At 2% PEsy, the
isolated accelerations are approximately 17% of the non-isolated bridge, with the room
temperature (RT) isolated response slightly less than the conditioned bridge at -37°C.

At 5% PEs, the non-isolated and room temperature responses are approximately half
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of their 2% PEs response. The -37°C isolated response only decreases by 25%. At 10%
PEso, the non-isolated and room temperature responses decrease by 40%, while the -
37°C average response only decreases by 14%. This indicates that with a decrease in
hazard level, the ratio between the isolated and non-isolated bridge remains at
approximately 0.18 for the full-scale isolator used in this model. As the hazard level
decreases for the low temperature isolated bridge, the ratio of the low temperature
isolated and non-isolated bridge increases. The ratio increases from 0.19 at 2% PEs to
0.38 at 10% PEsy. However, although the degree of isolation varies with decreasing
hazard levels at low temperatures, the absolute acceleration values are still lower than

both isolated bridges at the 2% PEsy hazard level.

Figure 3.19 provides the same comparison as Figure 3.18, but for the mean peak
base shear response. The base shear has been normalized by the weight of the bridge,
Wy, as in the previous sections. The same trend that occurred with the absolute
accelerations is visible with the mean peak base shear values. The ratio between the
room temperature isolated and non-isolated base shear values at each hazard level is
consistent at 0.10. While the ratio for the low temperature response increases with a

decrease in hazard level. At 2% PEsq, the ratio is 0.10 and rises to 0.18 at 10% PEx,.

In terms of displacement, Figure 3.20 and Figure 3.21 provide the peak
displacement response of the U-FREI at each hazard level for each of the 14 ground
motions. The peak displacements have been normalized by the total height of rubber
in a full-scale isolator, #.. The first figure shows a large increase in displacement

compared to the deck displacement of the non-isolated bridge. As the hazard level
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decreases, the ratio of isolated divided by non-isolated response decreases. At 2% PEs
the ratio is 2.33, but at 10% PEjs, it drops to 1.65. At room temperature, the isolators
do not provide the same degree of isolation across all hazard levels. However, even at
10% PEs,, the non-isolated response is only greater in three instances by a small
margin. In these cases, the displacement of the piers is still less than 0.04 ¢, and as
shown in Figure 3.19, the base shear in each pier is quite low, indicating limited or no
damage to the piers. In comparison, Figure 3.21 shows the large decrease in isolator
displacement with the bridge conditioned at -37°C. At 2% PEs, the average
displacements are approximately the same, with many of the isolated responses less
than the non-isolated responses. At 10% PEs, the ratio for the isolated bridge drops to
0.54 times the average non-isolated response values. From the figure, it can be seen
that at this hazard level, every isolated displacement response is less than the non-

isolated value.

3.7 SUMMARY AND CONCLUSIONS

The goal of this study was to determine the effectiveness and adequacy in
performance provided by a bridge isolated with unbonded, fiber-reinforced elastomeric
isolators (U-FREI) located in a cold, Northern climate. In order to accomplish this, an
updated non-iterative model for U-FREI, that accounts for the effect of temperature
and conditioning duration, was developed. U-FREI at temperatures between -18°C and
-37°C, along with U-FREI conditioned for up to 28 days were included in the model.
It was found that the updated U-FREI model accurately provides a way to account for

the effects of temperature on the hysteretic behaviour. Effective stiffness and damping
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values are within 8% of experimental results at all temperatures and conditioning

durations considered.

This U-FREI model was then used to isolate a three-span bridge subjected to a
suite of 14 ground motions in the transverse direction. Time history analysis was
conducted and the three, main response parameters examined were peak deck
displacement, peak absolute acceleration, and peak pier base shear. It was determined
that the isolation of the three-span bridge presented in this study at room temperature
reduces the seismic demand on bridge piers by allowing displacements to be
accommodated by the isolation system. This in turn limits the maximum absolute

acceleration felt by the bridge.

Instantaneous thermal stiffening (Temperature data set) was shown to have the
largest effect on the peak deck displacement. When compared to the room temperature
isolated bridge, the deck displacements decreased by 56% due to thermal stiffening,
but only decreased an additional 25% due to crystallization (Duration data set). This
indicates that displacements are affected more by stiffness induced by low temperatures

and not conditioning durations.

The opposite was found to be true for the peak absolute accelerations.
Instantaneous thermal stiffening only caused an 8% increase from the room
temperature value, but crystallization caused a 2.5 times increase at 28 days. Despite
the large effect that long conditioning durations have on absolute accelerations, when

compared to the accelerations of the non-isolated bridge, they were still 47% less.
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The peak base shear values were found to remain near constant due to thermal
stiffening compared to the room temperature isolated bridge. As the conditioning
duration was increased and crystallization occurred, the peak base shear values
increased 2.1 times the room temperature value. However, this increase only
represented 25% of the base shear experienced by the piers in the non-isolated bridge.
This performance shows that there is still a benefit to isolating with U-FREI at extreme

temperature conditions.

The bridge model was then used to evaluate the response parameters at
additional hazard levels of 5% and 10% probability of exceedance in 50 years. In terms
of absolute accelerations and base shear, the degree of isolation between the room
temperature isolated and non-isolated bridge remained constant. It was found that a
sudden decrease in temperature to -37°C caused a decrease in the degree of isolation at
lower performance levels. This is also the case with both the room temperature and low
temperature isolated bridges with respect to peak isolator displacement. As the hazard
level was increased, the ratio of the isolated to the non-isolated bridge also decreased.
It was observed that the lower hazard levels resulted in lower response parameters in
general and that a decrease in the response of the isolation system compared to the non-
isolated bridge did not correspond with a decrease in effectiveness. It is expected that
the forces and displacements in the piers would result in little to no damage to the

bridge piers.

The results that have been presented are representative of the bridge

configuration described and the suite of ground motions selected. In order to apply
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these results more generally, further bridge configurations should be evaluated. These
results are indicative of the performance that U-FREI can provide, even in cold,
northern climates. They have been shown to adequately isolate a three-span bridge at
multiple temperatures and conditioning durations, while effectively limiting forces

being transferred to the bridge piers.
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Table 3.1: Specimen and model parameters

Parameter Y4 Scale Specimen  Full-Scale Isolator

O » Length (mm) 64 256
Bz Isolator height (mm) 19 76
g 2 Rubber height, #. (mm) 18 72
S £ Aspect Ratio 3.37 3.37

Shape Factor 5.52 5.52
o B ki (N/mm) 524.09 2096.36
iz *é k;  (N/mm) 35.81 143.24
B a;  (N/mm) 148.52 594.08
53 as  (N/mm’) -0.095 -0.024

= as  (N/mm’) 7.47 x107 1.17 x10°®

Table 3.2: Room temperature comparison of experimental specimen to full-scale

isolator
Stiffness (N/mm) Damping (%)
Displac.ement . Error . Error
Amplitude Experimental Full-Scale (%) Experimental Full-Scale (%)
(u/t)
0.25 1020 1000 -2.0 10.7 10.6 -1.4
0.50 852 840 -1.4 9.4 9.0 -4.2
0.75 747 762 2.0 8.8 8.5 -2.7
1.00 694 708 2.0 8.0 8.4 5.0
1.50 679 665 -2.0 8.3 8.1 -2.0
Table 3.3: Intercept and slope coefficients for low-temperature equations.
Temperature Duration
P ary ari apo api
ki (N/mm) -15719.2 -1359.6 33345.2 924.8
k;  (N/mm) 210.5 -5.2x10°! 240.1 -10.9
u,  (mm) 8.3x10" 3.7x107 6.5x10"" 2.8x107
a;  (N/mm) 814.3 6.1 557.8 27.5
a;  (N/mm’) -4.8x107 -1.0x107 -6.1x107 -5.5x107
as  (N/mm’) 1.4x10°° -1.2x107 1.2x10°° 2.6x107
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Table 3.4: Selected ground motions from PEER-NGA-West2 database.

. . 1
Record Record Name Year Station Name Magnitude Scale
ID Factor
88 San Fernando 1971 Santa Felita Dam (Outlet) 6.61 2.71
187 Imperial Valley 1979 Parachute Test Site 6.53 1.40
291 Irpinia 1980 Rionero In Vulture 6.90 1.80
734 Loma Prieta 1989  APEEL 3E Hayward CSUH 6.93 2.00
762 Loma Prieta 1989  Fremont - Mission San Jose 6.93 1.42
921 Big Bear 1992 Palm Springs Airport 6.46 2.77
976 Northridge 1994  Hacienda Heights - Colima 6.69 2.72
1144 Gulf of Agqaba 1995 Eilat 7.20 1.81
1776 Hector Mine 1999 Desert Hot Springs 7.13 1.88
3471 Chi-Chi 1999 TCUO075 6.30 2.03
3927 Tottori 2000 OKYHO09 6.61 2.20
3994 San Simeon 2003 San Luis Obispo 6.52 1.85
4869 Chuetsu-oki 2007 Kawaguchi 6.80 1.06
5779 Iwate 2008 Sanbongi Osaki City 6.90 1.06
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Figure 3.1: Phases of U-FREI load displacement curve.
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Figure 3.2: Lift-off in an unbonded-FREI.
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Figure 3.3: Takeda-Elastic Model depicted as the combination, in parallel, of the
Non-linear Elastic Spring Model and the Takeda Bilinear Plastic Model.
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Figure 3.5: Normalized lateral hysteretic behaviour comparison.
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Figure 3.6: Non-isolated vs isolated bridge model (half of each depicted).
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Figure 3.7: Uniform hazard spectrum for Montreal, Quebec (5% damping) compared
to the selected scaled ground motions and their mean.
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