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Abstract: Part of a larger multi-billion dollar corridor project, the 3.4 km long New Champlain Bridge spanning over the Saint Lawrence river is comprised of three structures: the 762-m East Approach, the 529-m Cable-Stayed Bridge, and the 2044-m West Approach.  Faced with the challenges of severe winters in Montreal, site-specific hazards, as well as the need to meet durability and aesthetic requirements set forth by the Owner in the Project Agreement, the design team developed creative solutions that would allow the bridge to be completed in the specified 42-month fast-track schedule. Working alongside the Contractor, the design-build team made innovative uses of pre-casting, modular segments, and performed detailed erection engineering sequencing to achieve major construction milestones. This paper focuses on the project design criteria and the signature Cable-Stayed Bridge design. 
INTRODUCTION
As the future gateway to Montreal, the New Champlain Bridge went through a rigorous public involvement process on defining key architectural elements.  The focal point is an asymmetrical cable-stayed bridge with harp cable arrangement. The signature structure has a 240-m main span over the navigation channel of the Saint Lawrence Seaway.  Its 170-m high single pylon consists of twin masts that are tied at the monolithic lower cross beam and the upper cross beam nicknamed “bow-tie” due to its shape.  The tower stands on inclined tower legs, echoing the inclined pier legs recurring for the entire bridge.  The cable structure’s west and east piers, although designed uniquely for the cable-stayed bridge, present the same striking visual features of the approach structure’s W-shape pier caps.  See Figure 1. 

[image: image3.jpg]SPAWL :

loicdn . ff
\A

e, o e,





Figure 1. Rendering of the New Champlain Bridge
1 PROJECT REQUIREMENT

Per the owner’s prescribed set of definition drawings, the defined essential geometric parameters include bridge alignment, seaway channel geometry, clearance envelopes, and “non-construction” zones. For the entire bridge, the superstructure is comprised of three decks, built as a box girders, and with constant structural depth throughout. 

The bridge design was performed in accordance with CAN/CSA-S6-06 (R2013) Canadian Highway Bridge Design Code, Ministère des Transports du Québec (MTQ) Manuel de Conception des Structures, Volumes 1 and 2, MTQ Collection Normes – Ouvrages Routiers, Volumes I to VII, and Eurocodes (1, 2, and 3) with UK National Annexes.  

For specific applications, the Project Agreement references a select group of standards, including the PTI recommendations for Stay Cable Design, Testing and Installation and CSA W59-13. 

Durability criteria were based on the design life of 125 years, with replaceable components service life ranging from 15 to 65 years.

2 
PERFORMANCE AND DESIGN CRITERIA
Special studies on seismicity, wind, scour potential, vessel collision, and ice loading were performed, among others, to provide the basis for the Design Criteria. The extreme climates of Montreal also meant that bridge’s durability must be approached in a holistic way, taking into account corrosion protection of the bridge components against de-icing salts and other environmental exposures, design detailing, materials selection, construction quality, accessibility for maintenance and inspection, as well as repair and replacement of discrete components. 
2.1 Seismic and Wind Hazards
The site is within the seismically active continental interior of the North American Plate. Defined as a lifeline structure, the bridge is required to remain serviceable after a major event.  Seismic analyses used the Essentially Elastic Design Approach, and considered non-synchronous ground motions in three dimensions due to wave passage effects, site effects, and incoherence.  The analysis included time-history and geometric nonlinearity (P-delta effects). Based on the geotechnical investigation, the west abutment, main span tower, Pier E01 and the onshore east approach foundations have been designed assuming liquefaction for the largest 2475-year event and the intermediate 975-year event. 
Design wind speed was determined from a site-specific wind climate analysis using historic peak gust wind speed data recorded at the PET International Airport from 1964 to 2013 as well as at nearby airports. The design wind speed for loads during construction is specified to have a return period of 20 years (27.5 m/s), while the design wind speed for loads on the bridge in its final configuration with and without traffic is specified to have a return period of 125 years (33 m/s). The wind speeds for bridge stability for the construction stage and the completed bridge are the 10-minute average wind speeds corresponding to return periods of 1,000 years (41 m/s) and 10,000 years (48 m/s), respectively. Comprehensive wind tunnel tests have been performed to address stability, vortex-shedding, fluttering and buffeting using full aeroelastic and section models (Nader et al, 2017).  
2.2 Ice Loading, Vessel Collisions, and Scour Potential
Ice loading on bridge structures is a major consideration on the Saint Lawrence River, in Montreal.  Dynamic forces due to collision of moving ice floes carried by stream or wind, static forces due to thermal movement of continuous stationary ice floes, lateral thrust due to arching action resulting from ice dams and ice jams, and ice adhesion forces due to fluctuating water levels were considered in the design. Design ice thickness, direction of movement, speed of impact, and the height of its action on the bridge piers were obtained or derived from historical data and field surveys made near the bridge site. Based on a 30-year record of measured ice thicknesses, the 125-year design ice thickness was determined to be 0.90 m.

A rigorous vessel collision analysis was performed considering the New Champlain Bridge as a Class I critical bridge.   The bridge spans three navigational channels: one close to area of deepest water for the Greater La Prairie Basin at the West Approach, the Seaway Navigational Channel at the main span of the Cable-Stayed Bridge, and the Lesser La Prairie channel at the East Approach.  The main span tower located in the St. Lawrence River west of the channel is protected from Seaway vessels by a berm. 
Scour depths and final scour elevations were computed for each pier.  The design team called for all foundations to be founded in the layer of competent rock; thus making the bridge not susceptible to scour for 100-year floods. 
3 DESIGN OF THE CABLE-STAYED BRIDGE
The Cable-Stayed Bridge is supported on single pylon founded on piles, along with four (4) piers (Figure 2). 
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Figure 2: The cable-stayed bridge of the New Champlain Bridge.

3.1 Main Span Tower (MST)
The Main Span Tower (MST) is the primary support of the CSB and its most striking architectural feature. The tower consists of two shafts built of precast and cast-in-place (CIP) concrete segments on a CIP footing with piles. The choice of precast segments considered the season in which the concrete would be cast and erected. The tower shafts are hollow to provide passageways for elevators, ladders and utilities, and are connected by a lower cross beam (LCB) and an upper cross beam resembling a bow-tie. The LCB is framed into the superstructure and the “bow-tie” is above the clearance envelope of the transit corridor future light rail (Figure 3).

The lower portions of the shafts up to the bow-tie are sloped at 1:7 from vertical, while the upper portions are vertical and free-standing. This upper vertical portion, standing on the rigid A-frame of the lower shafts and cross beams, supports the stay-cable anchorages. The architectural requirements of the shape of the shaft and the eccentric placement of the stays in the shaft section result in an eccentric downward component of the stay force onto the shaft. This produces a permanent moment in the shaft about the bridge longitudinal axis, requiring an initial transverse camber, bowing the shafts inward, to offset the permanent outward dead load deflections.
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Figure 3: Main span tower features

3.2 Lower Cross Beam (LCB) 
In addition to forming the backbone of the lower A-frame of the MST, the LCB supports about 60 m of the back span and main span superstructures, and resists any twisting due to differential loads in the back and main spans of the cable-stayed bridge. Structurally, it is one of the most rigid components of the entire CSB.

The LCB serves as a major cross-passage between the three longitudinal girders; as a center for the coordination and distribution of utility lines in the superstructure and MST; as the chief elevator service landing; and as a base station for the under-bridge maintenance gantry. See Figure 4. 
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Figure 4: Lower cross beam configuration

The composite section of the LCB is designed to provide the stiffness and strength of a large concrete section with the steel framing needed for compatibility with the superstructure box girders. The concrete is prestressed transversely, longitudinally and vertically to address the interaction with the MST and the girders.

The demands used for Service Limit State (SLS) and Ultimate Limit State (ULS) design are obtained from the RM global analysis model. A lower cross beam staged construction model was created in CSi Bridge to evaluate the stresses in concrete and steel elements during construction. The effects of placing the bow-tie on the LCB during its erection were Iincluded in this analysis.

The large in-situ concrete pours necessitated the placement of the center box of the LCB prior to the beginning of winter (Figure 5). The north and south boxes of the LCB were installed early and used to support the first back span girders prior to prestressing in order to accelerate the back span erection schedule.
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Figure 5: Lower cross beam and upper tower segment in-progress
3.3 Upper Cross beam “Bow-Tie”
The upper cross beam, nick named “Bow-Tie” due to its shape, is the structure that joins the two tall shafts of the MST and controls the effects of asymmetrical span loadings.

The shape of the bow-tie was defined by the Owner, and the design and construction was based on its specified geometry (Figure 6).

For large demands, prestressed concrete was found to be a feasible solution, given the need to provide durable and compatible connections to the tower shafts. This complex element was precast on site during the winter, and made use of heating and sheltering (Figure 7). 
Erection steps included placing the bow-tie on a holding frame over the LCB, erecting the tower segments to the level of the bow-tie top, and then raising the bow-tie into position for connection to the tower shafts.
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Figure 6: Bow-tie geometry and PT details
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Figure 7: Bow-tie forms
3.4 Superstructure and Cross beams
The superstructure consists of three longitudinal girders that support the northbound and southbound roadways as well as a center transit corridor. 

As shown in Figure 8, in the cable-stay bridge, the three girders are connected by cross beams at each pair of stay cable thus forming a two-dimensional grid of steel boxes. The cross beams transfer the weight of the girders to the stay cables, distributing the stay forces to mitigate twisting of the upper tower shaft. The cross beams and the three girder segments form the basic assembly unit for the erection of the main span.  Since the Northbound and Southbound girders are cantilevered off the cross beams the deck slab experiences tension in the transverse direction.
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Figure 8: Analysis model of three main span assembly segments

Unbalanced spans and stay arrangement, important to the overall architecture of the bridge, required the use of concrete counterweights in the shorter back span to achieve overall balance at the MST. Counterweights were also used in the main span to balance transversely the southbound roadway with the wider northbound roadway.  
3.5 Stay Cables, Anchorages, and Link Beams
One of the unique features of the New Champlain Bridge is that the stays are anchored into the tower with an anchorage system called “link beams”.  The link beams are steel grillages that were cast with the MST upper shaft segments and lifted into place before concrete is poured.  This design allows the tower shafts to be erected in an accelerated manner.  See Figure 9 and Figure 10.
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Figure 9: Layout of suspension system
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Figure 10: Tower stay connection: link beams
The stay cables generally consist of 127x7-wire strands conforming to ASTM A416 Grade 1860, Low- Relaxation strand with a guaranteed minimum breaking strength of 279-kN per individual strand. The wires are hot-dipped galvanized. Each strand is waxed and sheathed in High Density Polyethylene (HDPE) sheathing. The strands of each stay are placed into an HDPE stay pipe. Stays are installed with the dead ends in the tower head and the jacking end in the cross beams.

The performance of the stay cables are verified by testing (including fatigue testing). According to the full aeroelastic testing, no vortex-induced vibration is expected for the range of wind speeds that the bridge is exposed to.
3.6 Piers, Pier Caps, and Foundations
Among pier legs W01, W02, E01 and E02, E02 is the only pier with a shallow spread footing due to its location on land. W01, W02, and E01 foundations consist of cast-in-drilled-hole piles with cast-in-place pile caps.  More discussions of the piers, pier caps, and the foundations are covered in McGain et al., 2018. 
4 ERECTION
The major challenge in the CSB erection is crossing the St. Lawrence Seaway, a major waterway between eastern Canada and the Great Lakes region. No temporary structures are permitted in the channel, and over-channel clearances must be maintained with limited impact to marine traffic.

The backspan is constructed on falsework bents spaced at approximately 25m. Each falsework bent had a system of jacks to control the camber in both the longitudinal and transverse directions and to preload the cross beams to a predetermined value prior to placing the stitch pours and CIP concrete. This was done to limit the tension in the deck slab in the transverse direction. The backspan and the pylon construction preceded the mainspan, thereby allowing the contractor ample time to prepare for the heavy lifts of the mainspan. For the main span, each segment is lifted to a trolley, which transports it under the main span soffit to the erection front over the Seaway (Figure 11). There, the main lifting frame raises the segment into position for connection to the previously erected girders. The transit over the Seaway occurs over a period of several hours. Once lifted into place, the segment no longer obstructs the seaway clearance. During the segment erection cycle, restrictions to shipping are limited to several meters of vertical clearance over a few hours per month.
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Figure 11: Erecting of superstructure segments

The traditional method for constructing cable-stayed bridges is cantilever construction: first erect the steel box-girders, then erect the stay cables and finally place the concrete deck slabs. To accelerate construction, this procedure was modified, and the steel segment are erected with the majority of the concrete deck panels, alignment devices and counterweight already in place in the segment. Although this increases the construction cantilever moments at the tip of the girders, it reduces the time spent per segment. When the segment is lifted and erected the concrete slabs are not yet connected together, which saves lift weight and also reduces cracking in the deck slab due to transverse bending. As each segment erection is completed and before the tensioning of the stays on that segment, the deck panels are joined by concrete stitch pours.

A total of 15 segments each of which weigh approximately 900MT will be erected using heavy lifts. The mainspan construction involves multiple steps of stay stressing (out of the main cycle) which is essential to control the negative bending in the girders behind the erection front while as the same time providing the construction team due advantage on schedule.

The stay anchors at the cross beams are internal in the backspan whereas for the mainspan the anchorages were pushed out to gain advantage on negative bending reduction during the heavy lifting of the mainspan segments using the erection gantries.

The east span is constructed as a simple span, independent and ahead of the mainspan cantilever, and ready to receive the mainspan for the final closure.

Due to the heavy weight of the segments erected with their deck panels, stays are installed with some slack for certain segments while the weight of the gantry is applied to it. Once the gantry advances to the next segment, the stays are tensioned to near permanent tension values. When the entire main span is closed the stays are given their final tensioning.
5 CONCLUSION

Working alongside the Contractor, the design-build team made innovative uses of pre-casting, modular segments, and performed detailed erection engineering sequencing to achieve major construction milestones in Montreal’s extreme weather while meeting the stringent durability and aesthetic requirements set forth by the owner.  The design team developed creative solutions to complete the bridge design and construction in the specified aggressive 42-month fast-track schedule. With the target opening date of late 2018, the design-build team is working together to optimize the erection sequence and the location of the bridge closure for the Cable-Stayed Bridge. 
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