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Abstract: The west coast of North America has long been dealing with seismic issues on bridges and other civil engineering structures. However Canadian Bridge Engineers have also been aware of similar concerns in eastern Canada for many years now. One of the tools that has been used extensively to mitigate strong ground motions associated with earthquake activity is seismic isolation. Sliding isolation bearings have now been used on numerous bridges in eastern Ontario and Quebec. From simple pedestrian bridges to the more complex triple-chord space-truss true arches these bearings have been readily utilized in this region of Canada. This paper will present sliding isolation as a practical solution for bridges in cold climates. It will also cover the research that led to the development of this type of bearing highlighting some of the testing conducted on these devices. Case histories in Eastern Canada will be expanded upon demonstrating the advantage of isolation over conventional design practices. 
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1 INTRODUCTION
Early uses of isolation bearings on bridges in North America date back to the mid 1980’s on the west coast. Many of these were elastomeric bearings which incorporated a lead core for energy dissipation. However structures in colder climates such as eastern Canada have found that the performance of elastomeric bearings in the winter are less than effective due to the crystallization of the rubber compounds. 
As a result the development of sliding isolation bearings (SIB) was a welcome breakthrough for engineers designing structures in these environments. One such SIB was the result of research conducted back in the late 1980’s at the Multidisciplinary Center for Earthquake Engineering Research located at the State University of New York at Buffalo (Figure 1). Based on a disk bearing design this SIB employs polyurethane control springs referred to as Mass Energy Regulators (MER) (Watson and Leung, 2004). The MER are designed to allow seismic displacement but provide a restoring force re-centering the structure to its pre-earthquake position (Watson, 2006). SIB offer the following advantages over systems:
1. Significant reduction of seismic forces that are transferred to the bridge substructure.

2. Ability of the designer to direct the seismic loads to those elements that are most capable of resisting them.

3. Ability to accommodate multidirectional non-seismic movement as that of horizontal curved bridges.

4. Reduce the displacements so that small movement joints can be employed.

5. Low profile, high damping, cost effective and versatile design.
To date SIB have been used on hundreds of structures around the world including many in eastern Canada. 
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Figure 1: Sliding Isolation Bearing

2 CASE HISTORIES
2.1 Vimy Memorial Bridge
The Vimy Memorial Bridge is a unique structure located in the Canadian Capital of Ottawa (Figure 2). It is a major east-west arterial that spans the Rideau River and Canal, connecting Strandherd Drive and Armstrong Road in the south of the city. The bridge is comprised of three triple-chord space-truss true arches supporting a concrete deck on a steel grillage using hangers (Ajrab et al. 2015). The bridge carries four lanes of traffic and a bike lane in each direction. The main span is 125 m with 6.7 m of clearance over the waterway. The bridge was designed by Delcan (Parsons) and the aesthetics design guidelines were developed by DTAH Architects. The contractors were Concreate USL and Horseshoe Hill Construction. 
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Figure 2: Vimy Memorial Bridge

In order to mitigate the potential damage from strong ground motions SIB were used at the abutments. Isolation of the deck superstructure from the substructure significantly improved the performance of the structure under seismic loads (Ajrab et al. 2010). A total of 20 SIB were used on this project ranging from 78 to 750 kN in vertical capacity with horizontal capacities ranging from 13 to 940 kN. The SIB were designed for +/- 105 mm with rotational capacities of 0.017 radians. Twelve of the bearings were also designed for 450 kN of uplift force (Figure 3).
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Figure 3: Uplift SIB on Vimy Memorial Bridge
All of the SIB were tested at the Structural Engineering and Earthquake Simulation Laboratory (SEESL) located at the State University of New York at Buffalo (Figure 4). Testing consisted of compression capacity tests where the bearing is subjected to 150% of vertical design capacity and combined compression and shear tests. In all cases the bearings tested performed as specified. One interesting test that is required for projects in Eastern Ontario is the cold temperature test which requires that the SIB be conditioned down to -32 Degrees C. The SIB is then cycled and then left to thaw up to 15 degrees C. Cycle testing is then performed again and the allowable stiffness difference between the two tests is 30%. Rubber bearings have a difficult time passing this test which is why SIB is the isolator of choice in this region. 
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Figure 4: SIB Testing at SEESL
2.2 St. Charles Overpass
The St. Charles Overpass crosses Highway 40 in the City of Terrebonne, Quebec (Figure 5). Since this is a lifeline structure that needs to be in service after an earthquake the owners decided to hire the specialty firm of Dessau, Inc. to design a new overpass. The new structure is a steel plate girder bridge with spans of 24, 43.5, 43.5 and 24 meters with an overall length of 135 m (Velev et al. 2010). The four girder system sits on unidirectional pot bearings at the abutments and some of the piers but the central pier is isolated with SIB. The engineers at Dessau found that the poor soil conditions made the used of SIB a viable option for protecting the bridge from earthquakes and reducing the demand on the foundation.
The design of the SIB for the St. Charles Overpass resulted in a reduction of forces at the pier by a factor of 2 and the foundation by a factor of 4. Due to the proximity of the existing bridge the engineers decided to employ uniaxial isolators which were aligned in the longitudinal direction. This would prevent damage from the two structures impacting one another during a seismic event. The bridge was designed in accordance with the Canadian Highway Bridge Design Code, (CSA, 2006). The aim of isolation is to increase the fundamental period of vibration which results in the reduced forces. 
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Figure 5: St. Charles Overpass
The four SIB for the St. Charles Overpass were designed for 1854 kN of vertical capacity and 741 kN horizontally (Figure 6). Displacements required were +/- 145 mm and the rotational capacity of 0.018 radians. The SIB required for this project were tested at SEESL. The average effective stiffness measured during the cycle testing was within 6% of the predicted values which was within the code. The effective damping of the isolators was measured at 25% of the critical damping which matched up well with the design. 
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Figure 6: SIB on St. Charles Overpass

The application of SIB on the St. Charles Overpass enhanced the seismic safety of the bridge while reducing the possibility of post-earthquake repair and increasing serviceability. The reduced stresses on the foundation led to a considerable reduction in the construction costs. 
2.3 Heron Road Bridge
The Heron Road Bridge consists of twin 7 span structures, each approximately 275 m long and carry vehicular traffic over the Rideau River and Canal (Figure7). Since the bridge was designated as an emergency route, the city of Ottawa decided that it needed to be upgraded to meet the current seismic code so they chose Delcan (Parsons) to design the retrofit. The results of the seismic evaluation indicated that the bridge possesses a number of deficiencies in terms of strength, ductility and displacement under both longitudinal and transverse excitation (Anderson et al. 2010).
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Figure 7: Heron Road Bridge

Part of the retrofit scheme involved jacking the entire structure and replacing the existing pot bearings with SIB. This required modification of the articulating at the abutments to accommodate the anticipated seismic movements. The SIB were tuned so that the forces transferred to the substructure and the associated displacements can be accommodated by the existing structure. 

A total of 40 SIB were installed on the Heron Road Bridge by the general contractor Pomerleau Construction Company (Figure 8). The vertical capacities ranged from 1102 to 8212 kN while concurrently designed for horizontal capacities ranging from 166 to 859 kN. Displacements were small at +/- 72 mm and vertical rotations were designed for 0.017. Eight of the Heron Road SIB were also designed for 134 kN of uplift force. While complicating the design of the SIB uplift forces can certainly be accommodated. In addition custom designed lateral bumper bearings/restrainers (Figure 9) were implemented to prevent the unseating of the suspended span segments. As in the case of the Vimy Memorial Bridge, cold temperature testing was also required.
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Figure 8: SIB on Heron Road Bridge
Figure 9: Bumper/Restrainer for Heron Road Bridge
3 CONCLUSIONS

Seismic awareness is a national problem now that Eastern Canada as well as the traditional west coast areas are designing bridges for this eventuality. Isolation bearings are now a widely used tool to mitigate the forces associated with strong ground motions. SIB is a further refinement for bridge applications that offers a low profile, cost effective device that works in cold environments. SIB has now been used on 15 bridges to date in Eastern Canada with plans for more in the near future. SIB give engineers options that will not only make a structure survive an earthquake but can also save money compared to a conventionally designed bridge.
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