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Abstract: The New Champlain Bridge is an iconic structure, being delivered on an extremely fast-tracked schedule. Add to that numerous limitations on construction activities arising from the sensitive river environment, difficult climatic conditions, and concerns over existing regional infrastructure. Finally, throw in strict visual quality requirements to achieve a pre-published architectural concept. This paper discusses how the above conditions guided decision making and design concepts for the approach structures and specific design challenges encountered while meeting the expectations of the constructor, concessionaire and the Authority.
1 Introduction

The New Champlain Bridge is currently under construction over the Saint Lawrence River in Montreal, Quebec, Canada. The bridge, which crosses the Saint Lawrence Seaway with a 529 m long signature cable stayed section, includes approximately 2.9 km of approach structures over the river proper. A general overview of the bridge is provided in Figure 1.
From the west, a 2044 m long section connects to Nun’s Island (Ile des Sœurs) and climbs at a constant grade to the Seaway to provide the 38.5 m clearance required for the ships using the passage. This section of the bridge consists of 26 spans of 80.4 m typically, divided into 4 expansion units. After the cable stayed section, the bridge descends at a steeper gradient to the East Abutment in Brossard over about 780 m. This section is split into 2 expansion units, and has typical 84 m spans and a 109 m span over an existing 6 lane arterial road, Route 132.

The accelerated delivery schedule required that the design, fabrication and erection of the approach spans be completed as efficiently as possible. A modular design was developed to allow off-site fabrication and rapid assembly on site. An overview of the elements that guided the design is presented in the next section, followed by explanation of how these factors influenced the design, or were incorporated into the structure.
[image: image3.emf]
Figure 1: General Arrangement
2 Basis of Design

The project design criteria, developed by the Authority, placed various restrictions on geometry, materials and design approach. This was done to ensure that the design would be consistent with the architectural vision for the project, and to ensure the longevity of the critical elements of the structure (Mailhot 2018). 

Some of the key restrictions included in the Project Agreement (PA) by the Authority, that influenced the design of the bridge approach sections, were as follows:

· Design life of 125 years for non-replaceable components, including the deck;

· All deck reinforcement must be stainless steel;

· All spans must get progressively longer from the abutments and remain typical over the length of the approach (with exception of the Route 132 crossing, discussed later);

· The superstructure must maintain a constant depth from abutment to abutment with the exception of the Route 132 span;

· The external geometry of the piers and pier heads were largely fixed;

Environmental and other third-party restrictions, as well as local environmental and climatic conditions, were also key drivers in the decision-making process. Some of these items included:

· No riverbed disturbances are allowed during fish spawning season between April and June;

· A maximum total area of riverbed disturbance was specified for both temporary and permanent works;

· From January to March, ice floes are present in the river;

· Outside of the seaway, the freeboard available for marine access to the site was limited to just over 2 m;

· Docking and loadout from the Seaway Channel was prohibited;

· Axle load restrictions are implemented annually during the spring thaw period to limit damage to the provincial road network.

Schedule was a critical element of the project delivery so collaboration between the design and construction groups was established from the outset. Inputs from the construction team incorporated into the design included practical limits on handling and erection weights for readily available equipment, preferred details for fabrication, and regular updates on construction planning and sequencing (Rogerson 2018). After vetting and validation of the constraints from the various stakeholders, several concepts were evaluated to address materials, structural depth, cross section and constructability.
3 Development of the Foundation and Substructure Design

The typical substructure system is designed to be pre-fabricated in multiple locations and assembled together on site. The bridge sits typically on precast spread footings within the river, although cast-in-place footings and drilled shafts are used in various locations. Precast segmental or cast-in-place concrete pier legs connect the footings to a steel pier cap. Due to the inclination of the pier legs, they are placed eccentrically on the footing to create a more even distribution of load into the foundation. The pier legs are filled with concrete up to the high-water level, while the upper portions are hollow. A typical foundation and substructure is illustrated in Figure 2.
3.1 Precast Spread Footings
Precast spread footings are used extensively on the project to minimise the use of cofferdams and mitigate impacts to the construction schedule from the environmental restrictions on water works.
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Figure 2: Precast Spread Footing Foundation
By precasting the footings, it was possible to create a controlled environment which allowed the fabrication and casting of the footings to continue efficiently throughout the freezing winter months, promoting better quality and higher productivity. The casting facility, established on a temporary jetty constructed for the project, was CSA certified for precast concrete production.

3.1.1 Ice Abrasion
One element of design that was carefully evaluated after the emergency closure and replacement of the Lake Champlain Bridge in upstate New York in 2009, was the action of ice abrasion on the pier legs at water level (Zoli 2009). A special high strength concrete mix was used over the elevation range of water level fluctuations to minimise the rate of abrasion, as this was found to be effective in recent projects such as the Confederation Bridge in the Canadian Maritimes.
3.2 Conventional Footings

While the predominant foundation system is the precast spread footing described above, there were some locations where this was not appropriate or efficient, and other solutions were employed. Figure 3 illustrates the arrangement for a drilled shaft and pile cap foundation.
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Figure 3: Drilled Shaft and Pilecap Foundation
3.2.1 East Abutment Zone
Near the East Abutment, the soil depth increases significantly and excavation to rock was not economical. While too deep for a spread footing, the overburden is a soft clay not suitable for founding. Driven piles were initially considered, but ultimately drilled shafts were found to be more economical, in part due to their use at several piers and main span tower of the cable stayed section of the bridge (Nader 2018).
3.3 Abutments
As shown in Figure 4, the abutments are substantial structures to themselves. They are required to house plant and equipment as well as major electrical and operational installations. 
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Figure 4: Construction of East Abutment Building. Photo Credit: Infrastructure Canada.

To simplify construction, the abutment structures were divided into modular elements with the bearing seats, retaining walls and plant buildings structurally independent. The East Abutment embankments are designed using Mechanically Stabilised Earth (MSE) walls. The bearing seats are supported on freestanding columns in front of the MSE wall, with tie-backs anchored in the MSE block providing stiffness for longitudinal effects transferred through the bearings into the abutment. Detailed information on the East Abutment building are provided by Bahous et al. (2018).
3.4 Segmental Pier Legs
The pier legs are generally designed as matched-cast segmental concrete. Prefabrication allowed off-site production in factory conditions, facilitating better production rates and higher quality in the finished product. The segments are cast using the long line method in a horizontal position, with care taken to ensure a quality finish on the unformed top surface.

The piers are minimally reinforced longitudinally, with loop tendons embedded in the footings, running the height of the pier and anchoring at the transition to the pier cap. In select locations near each end of the bridge, where the height of the piers is smaller, some piers are cast in place with conventional reinforcement and mass concrete.
3.5 Steel Pier Caps
The pier caps are significant structures to themselves at 12 m high and 50 m wide. The Authority allowed them to be fabricated in either concrete or steel, but specified the exterior geometry with only nominal adjustments allowed. After careful evaluation, the contractor determined that steel would provide greater flexibility in terms of fabrication options and erection engineering. Figure 5 shows the arrangement of the steel pier cap on top of the precast concrete pier legs.
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Figure 5: Steel Pier Cap Installation on West Approach
To simplify fabrication, the steel design uses thick plates to reduce the number of stiffeners required. In most cases, the pier cap is built in 2 halves and delivered to site by barge. Each half of the pier cap weighs approximately 200 tonnes. A steel transition piece is also fabricated with each pier cap section. This piece is then placed on top of the completed pier leg and connected to the pier legs using either post-tensioning or conventional reinforcement, depending on the pier leg construction. Due to the size of the pier cap pieces, each segment was solely transported over water.
4 Design of the Superstructure

The superstructure of the approaches is separated into 3 distinct superstructures, supported on a common substructure. Independent box girders carry Northbound and Southbound traffic, with a third central box girder dedicated to public transport, capable of being configured to carry either buses or light rail. The arrangement of each corridor, installed on top of the pier legs and caps discussed in Section 3, is shown in Figure 6.
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Figure 6: Girder Erection on West Approach. Photo Credit: Infrastructure Canada.
The design of the superstructure was completed using a combination of Canadian Highway Bridge Design Code (CSA 2012) and Eurocode provisions (EN 2006), as specified in the PA. To optimise the detailing for production efficiency, the contractor and fabricator were involved in weekly coordination discussions from the beginning of the process.
4.1 Geometry of the Superstructure
The geometry of the box girders was determined based on the road and rail transportation limitations, as well as shop handling capabilities. Out-to-out dimensions were limited to 4400 mm for road transportation, while the depth of each girder, which includes the shear studs installed in the fabrication plant, was limited to 3500 mm. Using these parameters, the maximum span length was derived and then adjusted to both optimise efficiency of the layout, and to minimise the number of bolted field splices.
The depth of the box girders at each corridor is constant throughout the length of the approaches. The span-to-depth ratio of the approach spans, which only varies with span length, ranges from 15 at the west abutment, to 30 over Route 132. The decision to keep the girder depth constant is discussed later in this section.
4.2 Roadway Box Girders
The roadway box girders were designed conforming to the geometric requirements spelled out by the owner in the PA. They include diagonal struts at approximately 4.5 m centres along the length of the bridge. The multi-cell box is erected as 2 individual tubs that are stitched together by central struts and a closure plate to complete the central cell. This arrangement is illustrated in Figure 7.
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Figure 7: Typical cross-section of the Southbound Roadway Box Girder
Eurocode3, EN1993-1-5 (EN 2006), was used for the design of longitudinally stiffened box girders, while the remainder of the steel and concrete elements were designed according to the Canadian Highway Bridge Design Code (CSA 2012). As with any adaptation of codes, the mixing of CAN/CSA-S6 and Eurocode provisions was handled carefully to ensure consistent application of load and resistance factors, to arrive at an efficient and reliable design.
4.3 Transit Corridor Box Girders
On the transit corridor box girder, the results of the transportation constraints are more evident, with the web spacing limited by the maximum out-to-out dimension for road transport of 4.4 m. Because of this, floor beams are used to support the cantilevers, which are longer than would be chosen without such a requirement. The geometry of a typical transit corridor box girder is provided in Figure 8.
[image: image10.jpg]10870

3335 2100 2100 i 3335
|

4400





Figure 8: Typical cross-section of the Transit Corridor Box Girder
The deck of the transit corridor is designed for both bus and light rail transit configurations. During the development of the design, conceptual rail-structure interaction analysis was completed to ensure the viability of conversion to a light rail transit (LRT) function in the future with minimal structural modification.
4.4 Precast Concrete Deck Panels
Full depth precast concrete panels, shown in Figure 9, are used for the deck. The deck slabs are stitched together over floor beams at roughly 4.5 m centres, and each end of the precast barriers are sealed. The panels have loop bars protruding into the longitudinal and transverse stitches to create continuity. At completion, the deck is sealed with a waterproofing membrane, placed under a 90 mm thick asphalt wearing course. As required by the Authority, all deck slab reinforcement is stainless steel. Figure 9 shows one of the precast concrete deck panels, in which the barrier has been cast integral with the deck.
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Figure 9: Precast Concrete Deck Panel with Integral Barrier
4.5 Route 132 Span
The depth of the superstructure was required by the PA to remain constant for the entire length of the bridge, with the exception of the 109 m span over Route 132. Here, the owner allowed for a haunch to be added, but the tops of the pier caps were required to follow the line from the adjacent spans. This, in combination with the actual pier cap geometry, created a big incentive to eliminate the haunch and continue with the constant depth section. To achieve this, special attention to the dynamics of the spans was required, with the resulting span to depth ratio of over 30.
4.6 Design Discussion
With the design completed and construction advancing, there are some aspects of the superstructure design process that are of special interest. These are discussed in the following subsections.
4.6.1 Optimisation of Detailing for Fabrication
One of the major focuses during the design development was the standardisation and optimisation of design details, to facilitate fabrication. This process, which requires time be set aside for collaboration, provides great value to the project in potential for improved production and improved quality of the finished product.
4.6.2 Stainless Steel Reinforcement
The use of stainless steel reinforcement for the deck slab will ensure the longevity of the bridge. However, the cost of stainless steel rebar is still significantly above the cost of both regular carbon steel reinforcement and structural plate. Accordingly, deck reinforcement was reduced to the minimum possible within the project requirements.
4.6.3 Double Composite Action
The use of double composite sections at the piers, comprised of a concrete top deck, and concrete infill at the base of the tub girder, was an efficient way to control the weight of continuous steel segments over internal piers. The design of this section requires careful analysis. The validation of strain-compatibility assumptions and checks for local buckling, particularly between lines of shear studs, must be completed. These checks were done per Eurocode provisions (EN 2006). Reference was also made to documents published by the Florida Department of Transportation on the subject (Pai et al. 2010) (Potter et al. 2010).

It is also worth noting that a staged analysis of stresses is required to i) check stability of the non-composite section during construction and ii) evaluate the built-up stress in the steel section in service. It is also important to evaluate deck crack widths and reinforcing bar stresses as the double composite section causes the neutral axis to be lowered.
4.6.4 Hybrid Sections
The design made use of Grade 480WT steel, which is classified as a High Performance Steel (HPS). To maximise efficiency, HPS is best used in compact sections and will be underutilised in slender panels, such as webs. When developing a section with mixed steel grades, a so-called hybrid section, the differing yield strengths must be considered, particularly at the service limit state where yielding is generally not permitted. For the design of the New Champlain Bridge, the procedure contained in the EN1993-1-5, specifically Section 4.3, was followed (EN 2006).

5 Conclusions

In the design of the New Champlain Bridge, there were 3 principle objectives:

· Create an architecturally significant structure for the crossing which serves for many as the gateway to Montréal;

· Provide a durable structure with a design life of 125 years and predictable life cycle cost;

· Deliver the project on schedule to provide reliable service to the thousands of daily bridge users and control costs associated with the existing bridge.

These goals have been the central drivers in the development of the design. While the architectural and durability objectives were clearly identified, and integrated into the design from the outset, much effort was expended to produce a design which met the contractors needs in order to be able to deliver on the demanding delivery schedule required by the contract. Further discussion on the history (Mailhot 2018), design basis (Nader 2018) and construction techniques (Rogerson 2018) used for the delivery of the project are contained in companion articles within these conference proceedings.
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