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Abstract: The St. Peter’s Canal Bridge carries Highway 4 across the St. Peter’s Canal in the village of St. Peter’s, Nova Scotia. The existing structure, built circa 1936, is an unequal arm (bobtail) swing bridge that had reached the end of it’s useful life and was replaced with a new bobtail swing bridge located approximately 23m south of the existing structure. The bridge carries one lane of traffic in each direction and a pedestrian sidewalk on one side. The superstructure consists of twin trapezoidal box girders with a reinforced concrete deck which is unconventional for movable bridges which are usually designed to have a light superstructure. The superstructure is supported on a single spherical plain bearing resting on a cylindrical centre pier supported on concrete filled pipe piles drilled into bedrock. This paper will focus on the selection of a movable bridge type, it’s structural design and constructability considerations.

1. INTRODUCTION
The St. Peter’s Canal Bridge is owned by Public Works and Government Services Canada (PWGSC) and is operated by Parks Canada Agency (PCA). It crosses the St. Peter’s Canal, a national historic site of Canada, that connects the Bras d’Or Lake to the North Atlantic Ocean. The bridge provides a critical transportation link between the eastern portion and southern portion of Cape Breton Island, as the next closest link is over 100 kilometres away. The bridge provides marine access between Bras d’Or Lake and the Atlantic Ocean, opening on average 350 times per year between the months of May and October. 
Four different bridges have spanned the St. Peter’s Canal since 1869. The first, a drawbridge 3.05 m in width, was built in 1869 and lasted until 1876. The first replacement lasted until 1918, and a third bridge served until 1931 when the existing bridge was built. It is an unequal arm (bobtail) swing bridge that pivots about a centre bearing with an overall length of approximately 40 metres. It was relocated to this location from Ontario where it previously served as a railway bridge and had reached the end of it’s useful life. 
Parsons Inc. was retained by PWGSC as the prime consultant for the design of a replacement structure. The global objective of the assignment was to replace the existing bridge with a movable bridge that met the functional requirements imposed by PWGSC including: maintaining the same vertical and horizontal clearances over the waterway as the existing bridge; accommodating two 3.50m lanes of traffic with 1.50m shoulders, one 1.50m sidewalk, and combination traffic/cyclist railings; conforming to the Canadian Highway Bridge Design Code CSA S6-14; conforming to Nova Scotia Department of Transportation and Infrastructure Renewal (NSTIR) for a Category D minor arterial with a design speed of 60 km/h; maintaining the canal operational during the navigation season from May to October; and maintaining the highway open to vehicular traffic, with road closures limited to a maximum of 30 minutes between the hours of 10:00 pm and 5:00 am. In addition to these constraints, the design of the mechanical, hydraulic, and electrical machinery operating the bridge should include systems with proven reliability that will minimize and facilitate maintenance operations.  
2. BRIDGE CONCEPT DEVELOPMENT AND DESIGN
Due to roadway constraints and to minimize adjacent property impacts, a movable bridge is the only viable structure for this site. Several movable bridge types; bridge alignments; bridge orientations and locations; and superstructure options were evaluated, and a final concept was selected and designed.
2.1 Movable Bridge Types
Three different types of movable bridges were considered: swing, bascule, and vertical lift. A brief description of these bridges along with pros and cons for each type is presented herein. The first option considered is an unequal arm (bobtail) swing bridge with a long arm length of 26m, short arm length of 16m, and overall length of approximately 42m. In order to balance the structure under dead loads, the short arm required a counterweight weighing approximately half of the long arm. Such a structure is designed so that the centre pier bearing carries 100% of the dead load and the abutments and pier support the live loads. An equal span swing bridge at this location is not a viable option due to the topography of the canal banks.
Secondly, a bascule bridge with a length of 26m for the portion over the canal was considered. Such a structure requires a tower for the counterweight, which is expected to weigh roughly twice that of the movable span. The tower would require a significant amount of structural steel, increasing the overall cost of the structure. In addition to the movable span, a 16m fixed span would be required. Further to the additional structural requirements of a bascule bridge, the mechanical/electrical requirements are increased in relation to those of a swing bridge. The fabrication tolerances are in a different class due to the need to maintain alignment of trunnions. The cost of span support machinery (bearings for heel trunnion and counterweight trunnion) would be much higher than that for a centre bearing swing bridge. Power requirements for a bascule bridge are much higher due to the need to operate against a large wind and ice moment. Additionally, the maintenance requirements are greater due to the increased number of moving parts, their complexity, and the need to maintain balance.
Thirdly, a vertical lift bridge would have a movable span length of 26m for the portion over the canal, with a 16m fixed approach span. A counterweight equal to the weight of the movable span would be required, along with tower structures to support the counterweight and movable span. Once again, in addition to the structural requirement for additional structural components, the mechanical/electrical requirements would be increased in comparison to a swing bridge. The cost of the span support machinery (sheaves and bearings) is much higher than that for a centre bearing swing bridge. Power requirements are again much higher due to the need to operate against a large wind and ice moment. Maintenance requirements for a vertical lift bridge are greater due to the increased number of moving parts, their complexity, the need to maintain balance, and the need to maintain wire ropes which are difficult to maintain and costly to replace.
Each movable bridge type was evaluated to determine which option best satisfied the project requirements. Eleven different criteria were established for evaluating the various properties of the different movable bridge types considered: fabrication complexity, mechanical complexity, electrical complexity, fabrication tolerances, weight, power requirements, maintenance requirements, structural cost, mechanical cost, electrical cost, and time of operation. The preferred alternative for this site is a swing bridge as it requires less maintenance, is less complex, and has the best life cycle cost in comparison to the other types considered. 

2.2 Bridge Alignments

Three alternative alignments were considered for the new structure including maintaining the existing alignment and new alignments to the north or south of the existing bridge. Evaluation of these alignments took into account the following key considerations: horizontal and vertical alignments; property impacts, utility constraints; design speed limitations; horizontal and vertical curve constraints; sight line and stopping sight distance requirements; existing intersection and private approach/driveway requirements; grading and drainage requirements; road side safety considerations; traffic control measures (signals); constructability, and budgetary constraints. 
Reconstructing the bridge over the existing alignment requires dismantling the existing bridge and constructing a new structure on the existing substandard alignment. Significant approach roadway realignment would be required to the current NSTIR guidelines for a Category D minor arterial road. Furthermore, a traffic detour over a temporary (bailey) bridge would be required south of the existing bridge to provide the necessary space for construction staging. The tight radius for this detour would have required a very wide temporary structure that would come at a cost premium. Constructing a new bridge north of the existing bridge would have resulted in significant impacts to the adjacent private properties and driveway accesses. Fill requirements for both the east and west approaches would be significant in this option as the grades fall away dramatically to the north. Permanent property acquisition and relocation of utility pole lines would be required. The most favorable alignment was to the south of the existing bridge as it resulted in a significant improvement to the roadway geometry and the least private property impacts. A throw away detour was not required for this option as traffic continued on the existing bridge until the new bridge was built.
2.3 Bridge Orientation and Location

A replacement bridge located approximately 25m south of the existing bridge with the pivot pier located on the west side of the canal is the preferred option as it allows the construction and commissioning of the new bridge before the demolition of the existing bridge and without the need for a roadway closure. Constructing the bridge directly adjacent to the existing bridge would have required a series of night closures to commission the existing bridge which would have imposed significant constraints on the contractor during construction.
2.4 Bridge Deck Types

The existing bridge deck consists of steel roadway grating on the long arm and a concrete deck on the short arm, which protects the structural steel and counterweight below while also acting as counterweight itself. For the replacement structure, six deck options were initially considered: reinforced concrete deck; steel roadway grating deck; aluminum bridge deck; exodermic deck; orthotropic steel deck; and FRP/Timber deck. These deck types were compared based on design life, system weight, durability/maintenance requirements, capital/life cycle cost, construction duration and other criteria. Based on the initial evaluation, three deck types were carried forward for further analysis: orthotropic steel deck, steel roadway grating deck, and reinforced concrete deck. Four different options were created with these three deck types based on different girder configurations: Rectangular Box Girders with Orthotropic Steel Deck; Rectangular Box Girders with Open Steel Grating on Long Arm and Reinforced Concrete Deck on Short Arm; Plate Girders with Reinforced Concrete Deck; and Trapezoidal Box Girders with Reinforced Concrete Deck. A life cycle cost analysis was undertaken for the four different deck options in order to determine the cost in current dollars including the maintenance and repairs over a period of 100 years. An initial evaluation of the four deck options determined that four options had very close ratings, thereby requiring further evaluation. A second evaluation considered only the categories identified as high importance: durability/maintenance, construction duration, and life cycle cost. Based on the second evaluation Trapezoidal Box Girders with Reinforced Concrete Deck, as shown in Figure 1, was identified as the preferred alternative for this project. A torsionally stiff pivot girder supports the box girders under dead loads and when the bridge is in the open position. The framing system for the girders consists of a combination of solid diaphragms and cross-frames. Due to the structure’s unequal spans, namely 16.4m and 27.1m, and asymmetric cross-section, a counterweight is required to balance the bridge both longitudinally and transversely under dead loads. This counterweight is comprised of a concrete portion inside and between the box girders near the end of the short arm and balance blocks inside accessible compartments at the girder ends. The long span was tapered in elevation to reduce the steel self-weight and minimize the counterweight size. The concrete portion of the counterweight is completed as a pour independent of the deck, allowing for variation in its size as required to balance the structure. Access hatches are provided at the centre pier to allow for inspection inside the trapezoidal boxes and the pivot girder. The deck cantilevers were detailed to minimize the amount of transverse counterweight required for the asymmetric cross-section.
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Figure 1: Bridge Cross-section
2.5 Substructure

The subsurface is comprised of fill composed of sand and gravel with trace silt and native deposits of glacial till on dark grey Gabbro bedrock. The pier foundation is comprised of eleven drilled concrete filled pipe piles 610mm in diameter that are socketed 2.0m into bedrock. A 9.0m diameter reinforced concrete pile cap, 1.20m thick, supports a cylindrical pier. The piles were embedded below the toe of the canal wall and detailed to avoid imparting additional lateral loads on the canal walls. The west abutment is comprised of seven similar piles socketed 2.0m into bedrock and supporting a 1.0m thick pile cap with monolithic wingwalls and ballast wall. Similarly, the east abutment is comprised of a perched abutment supported on seven piles socked 7.5m into bedrock with a mechanically stabilized earth embankment. Figure 2 shows an elevation of the bridge showing the foundation system.
2.6 Barriers

Combination vehicular/cyclist TL-4 traffic barriers, 1.37m in height, are used on both sides of the bridge. Warning and barrier gates are used at both approaches. The warning gates straddle half the width of the roadway and act to provide a warning to vehicular traffic that the roadway has been closed. The barrier gates, which are located inbound of the warning gates, are designed to prevent the passage of traffic when the barriers are lowered. These gates are designed in accordance with the Manual of Uniform Traffic Control Devices for Canada. The control for the barriers is integrated with the traffic signal and bridge operating system control such that the warning gates and barriers can only be operated in sequence and interlocked to assure safe operation of the traffic control system.
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Figure 2: Bridge Elevation
2.7 Structural Design Requirements

The bridge was designed in accordance with CSA S6-14 considering the requirements of Section 13 related to movable bridges. The bridge was designed to the CL-625 truck and lane live loading. Temperature effects using a maximum mean daily temperature of 26(C, a minimum mean daily temperature of -24(C and an effective construction temperature of 15(C were considered. Special consideration was given to reactions due to temperature differentials on a swing span configuration. Wind loads associated with a 0.74 kPa reference wind pressure and allowing for funneling effects and unequal loading effects in the open position were considered. Ice loading associated with a 66mm thick ice accretion was used to size both the structural and mechanical components.
3. MECHANICAL AND ELECTRICAL SYSTEMS
3.1 Bearings and Support Systems
A custom manufactured spherical plain bearing is utilized for the centre pivot bearing. This type of bearing is selected based on the weight of the structure (about 1000 tonnes) which exceeds the preferred range of spherical roller bearing sizes. Centre pier live load supports are provided in the form of rollers mounted to the pier which will engage shoes on the main girders. End live load supports located at the east abutment are provided in the form of a roller/caster mounted to the span at each longitudinal girder which will engage shoes on the abutment. End live load supports located at the west abutment are provided in the form of a hydraulic end lift/wedge system. A standard crane rail bent into a 7.5m diameter and supported on mounting plates grouted to the pier will engage eight equally spaced balance wheels mounted to the structure to stabilize the bridge during operation. 
3.2 Hydraulic Span Drive System

The span drive machinery is comprised of a pair of hydraulic cylinders arranged in a push to open/pull to close configuration so that the cylinder rods are protected inside of the cylinder body when the bridge is open to vehicular traffic. A common hydraulic power unit (HPU) is used to operate all the electro-hydraulic systems on the bridge. The HPU is housed within the bridge pier. The hydraulic fluid will be distributed from the HPU to a manifold at the centre pier by rigid piping. Additional piping run from this manifold to the span operating cylinders and also to a separate end lift/wedge manifold at the west rest pier. Flexible hoses are only used for short runs between the rigid piping and the final driven cylinders and the HPU to accommodate movement. Hydraulic fluid piping are not mounted on the moving span or across the waterway. Environmentally friendly biodegradable hydraulic oil is used for this bridge. The hydraulic cylinders and the pivot spherical bearing is shown in Figure 3.
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Figure 3: Span Drive System

3.3 Hydraulic End Lift System

A hydraulic end lift/wedge system is provided at the west abutment (Figure 4). End lifts are provided in the form of a pair hydraulic cylinders mounted to the west abutment that engage shoes on each longitudinal girder. The cylinders extend to deflect the end of the span and lock in position via pilot operated check valves. End live load supports are provided in the form of a wedge and base mounted to the abutment. Once the west end of the span is deflected by the end lift cylinders, separate cylinders retract to drive wedges into position. The wedges function to both lift the end of the span and also to ensure that the span is centred. Once the end wedges are driven the end lift cylinders are retracted so that the west end of the main girders are supported solely by the wedges. When the span is open to vehicular traffic both the end lift and end wedge cylinders are retracted so that the cylinder rods are protected inside of the cylinder body and there is no hydraulic pressure on any component in the system.
3.4 Alignment and Locking Systems
A pair of full open bumper stops are provided at the centre pier to limit overtravel of the span when opening. A pair of full closed bumper stops are provided, one at each abutment, to limit overtravel of the span when closing and to assist in centring the span. Both bumper stops have an elastomeric crane bumper sized to absorb the kinetic energy of the moving span and limit the forces imparted on the structure. There is no dedicated active centring device, rather the end wedges are designed to both support the end of the span and ensure that the span is centred.
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Figure 4: Hydraulic End Lift System and Live Load Supports at West Abutment
3.5 Electrical and Controls

The electrical power for the bridge is derived from the existing electric utility overhead distribution system that powers the existing bridge. The electric power distribution for the bridge consists of an incoming electric service main circuit breaker, power and lighting distribution feeder breakers for the bridge power and lighting, outside and canal lighting and power and lighting for the bridge equipment house and a feeder circuit breaker for the bridge Motor Control Centre (MCC). The bridge MCC consists of motor starter equipment for the bridge HPU, barrier and warning gate drives and miscellaneous electric equipment starters for the new bridge. The sequence of operation of the new bridge is based on conventional control of a movable highway bridge with all safety interlocks and an integrated sequence of operation to ensure the safety of vehicular, pedestrian, and marine traffic as well as the operating structure. The new bridge control console is mounted on a pedestal at the bridge approach, allowing the bridge operator to control traffic approaching the bridge, communicate audibly and visually with marine traffic, and operate the bridge from a single location. The control console is furnished with both hydraulic and electrical controls, and metering and indication devices to enable the operator to always have complete knowledge of the status of the bridge.

The bridge equipment house contains the incoming electric service to the bridge including distribution equipment and all required motor control equipment for the operation of the bridge, as well as the bridge HPU and its associated programmable logic controller (PLC) control system. A permanently installed standby generator as a back-up power source for the new bridge is not provided but a wall mounted mobile generator receptacle is installed as an alternative means of powering the bridge in the event of extended electric utility failure.
4. CONSTRUCTION
The existing bridge remained operational during construction of the new bridge with minimal impact to vehicular traffic. Substructure work progressed during the navigation season without affecting vehicular or vessel traffic as the pivot pier was designed to accommodate the operation of the existing bridge. The new bridge was constructed in the open position, on temporary supports, at the west side of the canal. The steel superstructure was delivered to site in five sections, the pivot beam and four box girder sections. These sections were assembled on top of the pivot bearing and bolted together in the field. This was followed by the complicated process of pouring the concrete deck, sidewalk, and counterweight as the structure must remain balanced both longitudinally and transversely at all stages. This required the installation of temporary supports along with a jacking system at both cantilever ends to ensure the structure behaved as anticipated and to adjust for discrepancies associated with construction tolerances. The concrete mix for the deck included a retarder to ensure that the superstructure deflected before composite action was achieved. Voids were left in the deck over the counterweights to allow access to pour additional concrete required to balance the sidewalks, railings, and asphalt wearing surface. In addition, both ends of the box girders included two compartments for steel balance blocks which were used for the fine balance of the structure. An overview of the completed bridge in the open and closed position is shown in Figures 5 and 6, respectively. 
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Figure 5: Overview of the Completed Bridge in the Open Position
5. KEY DESIGN FEATURES
The mechanical and electrical systems was designed to withstand the harsh environment when it is out of service during the winter season. Where possible, components were located for protection from the weather, or designed for harsh environments, to minimize the maintenance efforts required for winterization. The electrical design incorporated standard products designed for harsh environments. The application of harsh weather electrical components included the traffic control devices, marine navigation equipment, external and canal lighting as well as the operator’s pedestal mounted control console, and externally mounted limit switches and transducers. Provisions were incorporated into the design to support the structure at the pier and abutments so that mechanical components, including the centre bearing, end lifts, and casters, can be removed from the bridge and refurbished, if necessary, in the future.
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Figure 6: Overview of the Completed Bridge in the Closed Position
6. SUSTAINABLE DEVELOPMENT STRATEGIES
Sustainable Development of infrastructure is of critical importance in today’s world, due to concerns regarding the economic, environmental, and social-cultural (societal) impacts of our infrastructure and the need to provide holistic evaluations that guide the best investment of limited societal resources. PWGSC and PCA had commendably requested Sustainable Development be a topic of focus in the development of the St. Peter’s Canal Bridge replacement solutions. To distill the overall Sustainable Development focus to specific goals, desired outcomes, and associated performance measures for this project, as well as brainstorm opportunities, a Sustainable Development charrette was held with representatives of PWGSC, and the design team. The outcome of this charrette was the identification of primary project-specific Sustainable Development Goals which included: 

· Improve facility safety.

· Reduce emissions associated with the facility.

· Implement a high level of durability.

· Enhance Heritage recognition of the site.

· Minimize community disruption during construction and operations.

· Maximize site performance on behalf of the community.

The delivery of the project took these goals into account and succeeded in achieving them. Safety for all bridge users improved. The recycling of material was tracked and managed to achieve 99% diversion/recycling. The First Nations were involved in this project by enhancing their heritage recognition using plaques describing their history and cultural heritage. Furthermore, 17% of the construction workforce was First Nation. The bridge was constructed with minimal disruption and to the satisfaction of the local community.
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