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Abstract

Nowadays, even in areas that have not been welvkrfor the application of seismic protective measurthere is a
growing tendency to design highway bridges, esfigaiarved ones, to withstand strong seismic dersa#dcommonly
adopted earthquake protection strategy consistaisofg seismic isolation bearings instead of seialtyicvulnerable
conventional bearings, to isolate the supportedgerideck from the ground movements below. Amonggthat variety of
seismic isolation systems available, the lead rulbearing (LRB), in particular, has found wide aeation in highway
bridge structures. However, conventional LRBs, Wwhace manufactured from standard natural rubberlead] display a
significant vulnerability to low temperatures.

This paper describes the challenge faced in theméeiisolation using LRBs of a curved highway viedwhere low
temperatures must be considered in the designifispdly, the LRBs must be able to withstand tengteres as low as -30
°C for up to 72 hours, while displaying only min@riations in their effective stiffness. This extre condition required the
development of a new rubber mixture, and the opttmn of the general design of the isolators. &itlee relevant
specifications such as AASHTO Guide SpecificatifarsSeismic Isolation Design and EN 15129: Antisheic Devices
contain only limited test data relating to low-tegngture performance, extensive full-scale low-terapee dynamic testing
was carried out. This testing, which sheds newt lgghthe performance of LRBs at low temperatura,be described, in
the context of the overall challenge to seismicelblate curved highway bridges.
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1. Introduction

Increasing awareness of the threats posed by seemits to critical transport infrastructure hedstio the need
to seismically retrofit highway viaducts and otHmidges to improve their ability to withstand aosig
earthquake. Continually evolving technology anditheroving evaluation of the design abilities oagtitioners
have also contributed to the need for such solgti@atso incentivized by the increasingly stringeational
design standards.

In recent years, curved highway bridges have become widely used, as the most viable option at
complicated interchanges or river crossings. Custegctures are more prone to seismic damage tinaighs
ones, and may sustain severe seismic damage owiagation of the superstructure or displacemenatd the
outside of the curve line due to the complex vibrat that arise during strong earthquake groundomst

2. Seismic Isolation of Highway Bridges

Bridge’s bearings have historically been amongntst vulnerable components with respect to seisiamsage.
Steel bearings in particular have performed poarlgt have been damaged by relatively minor seishakisg

[1]. Therefore, a strategy of seismically isolatmbridge’s superstructure, by replacing such valole bearings
with specially designed protection devices, hasmooffer.

Seismic isolation systems provide an attractiveralitive to conventional earthquake resistancegdesi
and have the potential for significantly reducirgjsmic risk without compromising safety, relialyilitand
economy of bridge structures. Furthermore, withatieption of new performance-based design critedesmic
isolation technologies are likely to be increasingsed by structural engineers because they off@nanical
alternatives to traditional earthquake protectia@asures [2].

Seismic isolators provide the structure with enodigiibility so the natural period of the structure
differentiates as much as possible from the najeabd of the ground, as shown in Fig. 1. Thisvpras the
occurrence of resonance, which could lead to sederege or even collapse of the structure.

An effective seismic isolation system should previeffective performance under all service loads,
vertical and horizontal. Additionally, it shouldgwide enough horizontal flexibility in order to mrathe target
natural period for the isolated structure. Anotireportant capability of an effective isolation st is re-
centering, even after a severe earthquake, sadb@mual displacements that could disrupt the seability of
the structure are minimized. Finally, it shouldoajgrovide an adequate level of energy dissipatinainly
through high ratios of damping (Fig. 1), in ordercbntrol the displacements that otherwise couldadge other
structural elements.
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2.1 Application in bridges

Bridges are ideal candidates for the adoption ekhsolation technology due to the relative easagtéllation,
inspection and maintenance of isolation deviceshqAlgh seismic isolation is an effective technoldgy
improving the seismic performance of a bridge, éhare certain limitations on its use. As shown igq. H,
seismic isolation improves the performance of adw®iunder earthquake loading partially by incregashe
fundamental vibration period. Thus, the vibratiogripd of a bridge is moved away from the high-egerg
seismic ground period and seismic energy transféhe structure is minimized. Therefore, the ussa$mic
isolation on soft or weak soil, where high perisdund motion is dominant, reduces the benefitsreffdy the
technology [3].

The seismic isolation system has a relatively hidgnation period compared to a conventional struectu
Due to the principle of dynamic resonance, a ladiference between the dynamic vibration freques@f the
isolation system and the superstructure resulta minimized seismic energy transfer to the supgstire.
Therefore, seismic isolation is most effective éatively rigid structural systems and will providieited
benefits for highly flexible bridges. Another coteiation is related to the large deformations thay occur in
seismic base-isolation bearings during a majongeisvent, which causes large displacements indgdideck.
This may result in an increased probability of istdn between deck and abutments. Damping is drtcia
minimize the seismic energy flow to the superstriceetand to limit the horizontal displacements & bearings

[2].

3. Lead Rubber Bearings

Among the great variety of seismic isolation systehead rubber bearings (LRB) have found wide apfibn
in bridge structures [4]. This is due to their slicipy and the combined isolation and energy digsgm
functions in a single compact unit. Using hydragdicks, the superstructure of a bridge that requigismic
retrofitting can typically be lifted to remove tlegiginal bearings, easily replacing them with soikal RB
bearings.

LRBs consist of alternate layers of natural rulfpdR) and steel reinforcement plates of limited khiess,
and a central lead core (Fig. 2). They are falettavith the rubber vulcanized directly to the stpleites,
including the top and bottom connection plates, ean be supplied with separate anchor plates,itédtil
future replacement.

LRBs limit the energy transferred from the groundhe structure in order to protect it. The rubted|
laminated isolator is designed to carry the wemhthe structure and make the post-yield elastiaitgilable.
The rubber provides the isolation and the re-cangerThe lead core deforms plastically under shear
deformations at a predetermined flow stress, wdiisipating energy through heat with hysteretic piagn of up
to 30%.

Fig. 2 — Cut-out view of a typical Lead Rubber Begr
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Fig. 3 — Analytical model of an LRB elastomericleor

In practice, bridges that have been seismicalllaisd using LRB bearings have been proven to parfor
effectively, reducing the bridge seismic respongeng earthquake shaking. For instance, the Thj®iser
Bridge in Iceland survived two major earthquakdsmoment magnitudesMy) 6.6 and 6.5, without serious
damage and was open for traffic immediately atter@arthquakes as reported by Bessason and Hafliflals
LRB bearings of seismically isolated bridges, doighteir inherent flexibility, can be subjected twde shear
deformations in the event of large earthquake gioomotions. According to experimental test resulilRB
bearings experience significant hardening behaveyond certain high shear strain levels due to g&oen
effects [3].

3.1 LRB analytical model

LRBs have been represented using a number of aalynodels, from the relatively simple equivalénear
model composed of the effective stiffness and exjeit damping ratio as formulated by Huang [6] hie t
sophisticated finite element formulation develogsd Salomon [7]. However, the most extensively addpt
model for dynamic analysis of seismically isolatstiuctures is the bilinear idealization for the ctor
displacement hysteretic loop [8]. Due to its simityi and accuracy in identifying the force-displansnt
relationship of the isolation devices, LRB bearsugpports can be represented by the bilinear foisgdatement
hysteresis loop given in Fig. 3.

The principal parameters that characterize the inadethe pre-yield stiffneds), corresponding to the
combined stiffness of the rubber bearing and thd |gdug, the stiffness of the rubles and the characteristic
strength of the lead plu@q. The value ofQd is influenced primarily by the characteristicstioé lead plug, but
it is important to take into account that in aredsold temperatures, the use of natural rubber negult in
significant increases in force values.

3.2 Full scale testing of LRBs

Prototype testing is frequently required by cortsdor the supply of LRB seismic isolators, dudlte fact that
applications tend to be unique in various ways siering the structure and the seismic charadesist the
region where it is located. An example of suchingsis included in the case study below.
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Fig. 4 — View of highway bridge at A40/A73 Interctye in Quebec, Canada

4. Case Study: Highway Bridge at I nterchange A40/A73 in Quebec

The seismic isolation of bridges in cold climatssiliustrated by the recent retrofitting of seisnsolation
bearings to an existing highway bridge, at the AZ@/ interchange, in Quebec, Canada (Fig. 4). GuldRBs
were selected to support the entire bridge supetsire in normal service and to protect the stmectluring an
earthquake by isolating it from the destructive mments of the ground beneath. The LRBs thus eribare
constant serviceability of the structure, evenrafte occurrence of a strong earthquake, facititathe passage
of emergency vehicles and contributing to the gadéthe population. The bridge has a two-span sipeture
with concrete girders, with spans of 36m and 42m.

4.1 Design of the LRB

The LRBs (see Fig. 5) are of the guided type, witel fittings preventing all transverse movemetch LRB
has a vertical load capacity of approximately 3,RNG- primarily to serve its primary purpose of paging the
deck under normal service conditions. Due to thectire’s location, the LRBs were designed for terafures
as high as 40°C (104°F) and as low as -30°C (-22tFaddition to these severe temperature condititime
LRBs also had to be designed to fulfil the follogrirequirements:

Facilitate movements of up to 111 mm in the lordjital direction

Prevent movements in the transverse direction

Provide damping of up to 30%

Dissipate hysteretic energy up to 58 kN-m per cycle

Ensure re-centering following an earthquake

Increase the period of the deck of the bridge toentioan 1.7 seconds

Transmit horizontal loads of up to 414 kN at an Embtemperature of 20°C (68°F)

Transmit horizontal loads of up to 530 kN at a lemperature of -30°C (-22°F)

These demands presented a significant challenggeBign and manufacture, especially in relatiolowo

temperature performance. The bearings were designeavide optimal performance at 20°C and to miné
variations in dynamic characteristics at very l@mperatures. Considering the sensitivity of rubtoetow
temperatures, this was very difficult to achieve.
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Fig. 5 — Guided lead rubber bearings installedvénkiridge

However, after a detailed analysis of the effetteemperature on the rubber and the lead, and atraiu
of the overall performance of the devices duringeesive full-scale testing (as described below)as possible
to develop an optimal solution accordingdanadian Highway Bridge Design Code CAN/CSAI36s solution
included design of a new rubber mixture — basedrextensive development program which includetings
of a number of rubber samples — and resulted imptimized LRB design considering all conditions.

4.2 Prototype testing of LRBs

Prototype testing was carried out in accordanck thi isolator supply contract, to verify the penfance of the
LRBs in accordance with their design and the ptogpecifications. The testing included evaluatidnthe
dynamic performance of each device in terms ofctffe stiffness, damping, energy dissipated petecgad
other parameters such as displacements and fasdisted above. The testing protocol for room terafure
testing is shown in Table 1. Similar testing waquieed at the specified very low temperature. Tést t
equipment and its configuration, which allows sitaneous testing of two isolators, is shown in BigThe steel
frame holding the isolators was designed to couhiethrust forces that arise during testing ofreég isolation
devices.

VERTICAL
LOAD/DISPLACEMENT

HORIZONTAL LOAD/DISPLACEMENT

<7 >

Fig. 6 — Testing equipment and its configuration
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Table 1 — Testing protocol required for room terapane performance

Test . Main . Cycle Compression
No. Test Name Specification DOF Amplitude Duration Load Cycles
[]  [mm] [sec] [kN] [-]
. AASHTO 13.2.2.1
1 Thermal / Service CSA 4.10.11.2 (c)() L + 60 10 1,875 20
Wind and Braking: Pre-seismic 1/2 L 7 10 20
2 AASHTO 13.2.2.2 1,875
Wind and Braking: Pre-seismic 2/2 \% 0 60 0
L +111 15 3
L +28 15 3
AASHTO 13223 —— =55 Lo >
3 Seismic CSA4.10.112 (c)(i) L  +83 15 1.875 3
L +111 15 3
L +138 15 3
4 Seismic verification g?(ﬁ)4.10.11.2 L +111 15 1,875 18
Wind and Braking: Post-Seismic 1/2 L 7 10 3
5 AASHTO 13.2.2.4 1,875
Wind and Braking: Post-Seismic 2/2 \% 0 60 0
Stability 1/3 L 138 60 1,500 loading ramp
6  Stability 2/3 CSA 4.10.11.2 (d) L 138 60 2,344 loading ramp
Stability 3/3 \Y 0 60 3,250 0

The maximum horizontal load depended on the chematits of the servo actuators installed, and a
nominal value of 1,400 kN was considered. The marmvertical load of 10,000 kN was provided by two
actuators, of 5,000 kN each. The project requitatsitleration of both the AASHTO Guide Specificasidar
Seismic Isolation Design (AASHTO GSSID) and the &iian Highway Bridge Design Code (CAN/CSA-S6-
06). While AASHTO GSSID requirements are well knoeumnd applied, the application of CAN/CSA-S6-06
requirements presented an additional challenges. ddde specifies in Section 4.10.11 the main reqents for
the testing of seismic isolation devices [9].

The specimens had plan dimensions of 550 x 550 nthadotal height of 236 mm, and were designed for
a total design displacement of 111 mm and a testirman vertical load of 3,250 kN. The samples were
subjected to 23 different tests, most of them idiclg dynamic conditions, with frequency and ampliu
varying from one test to the next. For all dynamteisting, a vertical load of 1,875 kN was applie@éch of the
samples.

The testing protocol presented in Table 1 fulfdlls specified requirements, incorporating necessary
adjustments as required by the project engineer fallowing special considerations were taken atoount for
the prototype testing:

a. Room Temperature Tests (with isolators conditioaea temperature of 2045 °C for 48 hours prior to
testing):
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i. Three fully reversed sinusoidal cycles at amplitwdel11 mm and peak velocity of 465
mm/s (frequency 0.67 Hz).

ii. Three fully reversed sinusoidal cycles at amplitudd 28, 55, 83, 111 and 138 mm
(frequency 0.67 Hz).

b. Low Temperature Tests (with isolators conditionéd aemperature of -30 °C for 72 hours prior to
testing):

i. Three fully reversed sinusoidal cycles at amplitude28, 55 and 83 mm and peak velocity
of 523 mm/s (frequency 1 Hz).

c. Low Temperature Tests (with isolators conditionédc demperature of -8 °C for 72 hours prior to
testing):

i Three fully reversed sinusoidal cycles at amplitude111, 28, 55, 83, 111 and 138 mm and
peak velocity of 727 mm/s (frequency 0.83 Hz)

5. Full Scale Test Results

The extensive testing carried out on the two spengprovided a large amount of data. The key padoce at
room temperature, and a comparison with the pedaom at low temperature, are presented. The wmdtgare
focused on characteristic strength, post-eladfiness, effective stiffness, EDC and damping rafibis results
shows the variation on each of these parameter thecesolators are subjected to different tempeestdor a
period of 72 hours.

5.1 Characteristic strength

The performance of the two prototypes in termstaracteristic strength is presented in Fig. 7. Bpiscific
parameter depends mainly on the lead core perfaenandifferent temperatures. The results showttiwat is
an increase on the characteristic strength, péatiguin the case of testing at -30 °C. In thisegathe values
increase by a factor of up to 1.7, specificallaatesign displacement of 50%. It is also obserkiatithe testing
at -8 °C does not produce a significant variatimajntaining the performance of the isolator vemysel to the
results at 20 °C.

While the values of characteristic strength inseeat low temperature testing, it is observed nioae of
the prototypes show values that could exceed thegirexpectations, which consider an increase fagtar of
2 in terms of characteristic strength. On the otteard, it can also be observed that the performahtte LRBs
is quite consistent among the different shearrstran all cases, room temperature and low temypezat
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Fig. 7 — Dependence of characteristic strengtlifferdnt temperatures

8



4.50
4.00
3.50
3.00
2.50
2.00
1.50

stiffness (kN/mm)

1.00
0.50
0.00

16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

stiffness (KN/mm)

20°C

-8°C
0.25D 0.5D 0.75D 1D 1.25D

design displacement (D)

a) Prototype 1

16" World Conference on Earthquake Engineering, 16 WQEE

stiffness (kN/mm)

Fig. 8 — Dependence of post-elastic

20°C
-8°C

0.25D 0.5D 0.75D 1D 1.25D

design displacement (D)

a) Prototype 1

stiffness (kN/mm)

4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Santiago Chile, January 9th to 13th 2017

stiffness ffeint temperatures

16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

20°C
-8°C
30 °C
0.25D 0.5D 0.75D D 1.25D
design displacement (D)
b) Prototype 2
20°C
-8°C

-30°C

0.25D 0.5D 0.75D iD 1.25D

design displacement (D)

b) Prototype 2

Fig. 9 — Dependence of effective stiffness to défe temperatures

5.2 Post-elastic and effective stiffness

In the case of lead rubber bearings, the valueost-glastic stiffness depends entirely on the ptaseof the
rubber and in this specific case, on the dependémdgmperature variation. It is naturally expecthdt the
rubber tends to harden when subjected to low teatyper, especially the ones specified by this ptpjebere an
exposure to -30 °C during 72 hours has clearlyectieffect on the increase of the post-elastitnsss.

The results presented in Fig. 8 confirm the fhet for lower temperature, the G modulus of thebaub
increases, particularly in the results at -30 *Owiver, it can also be observed that the valuesnistad such
low temperatures actually remain well within theeuatable values by the project specification, which key
finding due to the expected vulnerability of thélvar to these severe testing conditions. The seaidb show
the consistency of the variation along the difféismear strains. The average factor identifiechexdomparison
of room and low temperature is 1.7, the same aerteebserved in the characteristic strength result

Based on the results from the characteristic gtheand post-elastic stiffness, it is expected thatresults
shown in Fig. 9 will be positive as well, espegiatbnsidering that the effective stiffness will deesultant of
the relationship between the characteristic stfemgid the post-elastic stiffness. Since both vaheesained
within the acceptable criteria of the project, thsults of effective stiffness confirm the comptarof the LRBs.
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Fig. 11 — Dependence of damping ratio to diffetemperatures
5.3 EDC and damping ratio

The results presented in Fig. 10 show the cleaease of energy dissipation capacity not only fi¢dint shear
strains, which is expected, but also at lower tewmtpees. Since the characteristic strength inceedse to the
exposure to low temperatures, the energy dissipatapacity therefore increases as well. This isiquaarly

important considering that the force from the egutike will be defined independently of the tempeaeat
Therefore, the results in Fig. 10 confirms thatltRRB will be able to dissipate the same amountrargy, even
though the actual displacement at low temperatuliebe smaller compared to the one at room tempegat
This is a key finding, as the energy will be haddley the isolator, and therefore not transferredh®
substructure. Fig. 11 shows that in terms of dampatio, there is no significant effects in ternigeanperature
variations. This is related to the previous resitéerms of EDC. The results also show that fa tlesign
displacement, the project requirement of 30% dampdtio is fully provided and therefore the addadnging

expected for the structure will be ensured durimg Itfe cycle of the structure, including the expresto low
temperatures.

5.4 Hysteresis loops at design displacement

The hysteresis loops of the tested LRBs at desgplatement are shown in Fig. 12 and 13. Theseslotgarly
show the influence of the low temperature exposureerms of horizontal forces and actual displaces
room and low temperature conditions.
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Fig. 13 — Hysteresis loops low temperature of -3022°F) after 72 hours of exposure

The results in Table 2 demonstrate that the keyanlyn parameters such as effective stiffness, hotato
force, post-elastic stiffness and characteristiergjth increase by a factor of about two at vewy temperatures.
However, considering the severe variation of temjpee and the strong dependence of rubber’'s behanio
temperature, these results verified well the effecess of these specially developed LRBs at lomptratures,
as well as compliance with the project specifiaadio

Table 2 — Average results of last three cyclegsiing, at room and low temperatures

Room Temperature Low Temperature
Parameter Unit 20°C (68°F) -30°C (-22°F)
Prototype 1 Prototype 2 Prototype 1 Prototype 2
Displacement mm 111 111 55 55
Horizontal force kN 392 302 508 533
Post-elastic stiffness kN/mm 1.7 1.8 3.1 3.3
Effective stiffness kN/mm 3.5 3.7 9.1 9.6
Characteristic strength kN 186 188 318 334
Energy dissipated per cyclei kN-m 87 81 73.7 74.2
Damping % 30 29 30 30

11
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6. Conclusions

Lead rubber bearings, which are widely used tonsieally isolate highway bridge structures, display
significant vulnerability to low temperatures (e-80 °C) unless designed and fabricated for suciditons. In

particular, their design should ensure that thepldy only minor variations in their effective &tiéss at such
temperatures. As in the case study presentedmhisrequire the development of a new rubber mixttire

optimization of the general design of the isolatargd verification of low-temperature performangenteans of
extensive full-scale prototype testing.

The testing carried out during this study proviéesugh evidence of the capacity of especially desig
LRBs to provide and moderate variation in termschéracteristic strength and post-elastic stiffn@gsch
directly leads to lower values of effective stiffise It is also confirmed that EDC and damping satialues
remain stable even when the LRB have been subje¢otsgvere exposure to low temperature. This peovid
certainty that eve at low temperature, the LRB$ gl able to provide enough energy dissipation cigpand
the expected damping ratio.
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