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Abstract:  Signature on the Saint Lawrence Construction (SSLC), a consortium comprised of SNC‑Lavalin inc., Flatiron Constructors Canada, Dragados USA and EBC, is mandated to build the New Champlain Bridge Corridor Project (NCBCP). Significant challenges include:
1.	Construction schedule:  The Bridge must be in service by December, 2018.
2.	Navigation restrictions:  The Seaway traffic must be maintained during the main span’s construction.
This paper discusses the following innovative construction methods used for the erection of the segments in the main span for the New Champlain Bridge (NCB):
· The delivery system for the fully-assembled segments to the tip of the deck in the main span.
· An assembly system to adjust the 3D misalignments between the lifted segment and the tip of the deck.
These erection systems were developed and selected to suit the specific challenges of the project, including speed of construction, maintenance of shipping and environmental protection areas.
1. Introduction
[bookmark: _Toc437604715][bookmark: _Toc445711717]The construction of the New Champlain Bridge (NCB) commenced in June, 2015, in Montreal by SSLC. This Public-Private Partnership (P3) Project will replace the existing Champlain Bridge which provides access to the City of Montreal from the South Shore. The current status of the existing Champlain Bridge, and above all, the continuous and costly maintenance operations, obliged Infrastructure Canada to initiate the bidding process in 2014 for a new bridge to be completed by December 2018.
The new bridge also crosses over the Seaway Channel (see Figure 1). This physical constraint, combined with the demanding schedule, represents the main challenges during the design and planning of the means and methods for the erection of the NCB. The Seaway Channel requires a main span of 240 meters. The structure type as defined by the Project Agreement (PA) is a cable-stayed bridge.
Conventional procedures for the delivery and erection of the segments would not be practical with the defined constraints. Consequently, a complex, heavy-lifting system with three different gantries was developed to achieve this goal. Moreover, a procedure with an assembly system has been developed to align the 60 meter-wide segments.
This constraint has markedly influenced the design of the Bridge since the very beginning, and throughout the development of the detailed construction methods and temporary works. SSLC selected a precast strategy for all major components of the Bridge to significantly condense the construction period. The aim of this paper is to define the heavy lifting scheme and the assembly system developed to achieve the goal of connecting the 15 segments which comprise the main span.
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[bookmark: _Ref514312760][bookmark: _Toc514319418]Figure 1 – New Champlain Bridge. Cable-stayed portion
1. Erection of the back span on temporary towers
A balanced cantilever erection scheme is typical during the construction of cable-stayed bridges to facilitate construction. However, the singular cross section of the NCB with three different corridors merged by cross beams makes the erection of this main span unique. It requires a complex system to be able to align and connect the ten webs, top flanges, and soffit plates at each joint.
Furthermore, to be able to achieve all committed milestones for the construction, it was decided that the back span would be erected in advance, on top of temporary towers. These temporary towers are split in five (5) sets of towers in the longitudinal direction. In the transverse direction, each set of towers have three (3) towers to hold each corridor until the stay cables are installed. Therefore, there is a total of 15 towers (see Figure 2).
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[bookmark: _Ref514313273][bookmark: _Toc514319419]Figure 2 – Assembly of the back span on temporary towers
The back span is not linked only to the erection of the main span, but also to the erection of the pylon. Following the Erection Plan developed by the design team, the temporary towers must be assembled and removed based on the already-installed stay cables, and the segments erected in the main span. All temporary works in the back span were designed by the engineering firm, FHECOR.
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[bookmark: _Ref514313368][bookmark: _Toc514319420]Figure 3 – Front (left) and elevation view (right) of the temporary towers
The erection of the back span in advance with temporary towers simplifies the connections. All the segments have been erected at the elevation PGL+ fabrication camber; in the same way that they were fabricated and pre-assembled in the shop (see Figure 3). For geometry control and to check the distribution of the loads at each stage, sixty 200 tn assembly jacks were used during the bare steel erection. Once erected, the back span rested on fifty-eight 600/800 tn temporary jacks and 20 elastomeric bearings.
1. Assembly system to adjust the 3D misalignments between the lifted segment and the tip of the deck
The cable-stayed section has a 240-meter main span with a 59-meter-wide deck. The deck has 10 lanes of traffic split in three different corridors linked by cross-beams (see Figure 7): Northbound Corridor (21‑meter wide with a bike path), Transit Corridor (11 meters wide), and Southbound Corridor (17 meters wide).
However, for the erection of the main span, an innovative, heavy-lifting equipment has been designed together with VSL. Once the segments are lifted to the final position, an assembly system has been designed in order to align the different elements in the 60-meter-wide cross sections.
All these misalignments, between the tip of the deck and the lifted segments, are due to common factors:
· Deflections of the lifted segment due to its self-weight, supported from the hanging points at the Dynamic Lifting Frame (DLF). In order to get an allowable lifting capacity of the DLF but controlling the transverse eccentricity due to the wider north corridor, only 75 percent of the permanent transverse counterweight is poured to balance the segment during the erection.
· Deflections of the already erected deck, which is suspended on stay cables with a composite steel-concrete section. The self-weight of the DLF plus the segment hanging from it, are located at the tip of the deck. These loads deflect the cantilevers, North and Southbound corridors, more than the Transit Corridor, hanging from the stay cables.
In addition, other deflections, more specific for the NCB, were found:
· Differential longitudinal shortening of the three corridors: Northbound (NB), Southbound (SB), and Transit Corridor (TC). These differences are due to the different inertia of the corridors and the proximity of the stay cables to the central corridor, which overload the transit corridor.
· Deformation of the crossbeams due to the stay cable forces.
At least four different finite element models have been developed since the bid time to predict the deflections in the superstructure during the construction. All 3D models show that these deflections in the segments vary from 3 to 15 mm. As the connections between the segments are bolted, an accuracy of +/- 2 mm is required. Consequently, these deviations could be unacceptable.
The solution to correct these differential movements is a custom-made assembly system. The system aligns vertically, longitudinally, and transversally all of the elements in the cross section.
2. Vertical alignment system
The vertical corrections for the webs in the North and Southbound Corridors are accomplished by four assembly beams overhanging, longitudinally, from the tip of the deck (see Figure 4.) The beams have the capability of apply a tension or a compression load in the lifted segment. A case-by-case study was performed by FHECOR, where it was confirmed that the first two segments would require tension; however, for the remaining ones, compression would be needed. The transit corridor is connected first, and then the assembly beams are installed in the NB and in the SB. Subsequently, the assembly system is installed just to align the NB and SB corridors.
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[bookmark: _Ref514314485][bookmark: _Toc514319421]Figure 4 – Vertical alignment system in Northbound and Southbound
2. Longitudinal alignment system
The different compression from the stay cables implies a different shortening of the corridors, which is mainly solved with a longitudinal fabrication camber. However, there is also another longitudinal effect due to the offset between the center of gravity of the segments and the axis of the lifting points. This rotation of the segment from a transverse axis is produced when the lifting units are released, to avoid overstresses in the stay cables. To correct these longitudinal effects, once the TC corridor is bolted, a set of jacks and PT-bars are installed at the NB and SB corridors (see Figure 5.) These jacks and PT-bars are located and spread as possible, above the concrete deck of the section and above the soffit plate, to have the maximum arm and reduce the required loads for pulling and pushing at both locations.
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[bookmark: _Ref514314575][bookmark: _Toc514319422]Figure 5 – Longitudinal alignment system:  top flange system (jack/ PT-bar), front view, and elevation view
In the photo from Figure 5 above, the PT-bar and the jack located at the top flange are shown. In the sketches from the same figure, a longitudinal view shows the location of PT-bars and jacks above the concrete deck (blue arrow) and above the steel soffit plate (green arrow.) Finally, the cross section shows the location of the assembly system from a different perspective.
2. Transverse alignment system
A final set of assembly jacks are located at the soffit plate in the North and Southbound corridors. The aim of this system is to move the NB and the SB against the already-bolted transit corridor (central corridor). As it was explained previously, the cross-beams are bent vertically and in horizontally when installing the stay cables. This deflection of the cross-beams modifies the tip of the deck for the exterior corridors (North and Northbound), bringing them closer.
The transverse alignment system has two sets of jacks at each exterior corridor (NB and SB). Figure 6 shows a plant view for the two sets of jacks located at the northbound soffit plate. The jacks force the exterior corridors against the tip of the deck to align both boxes before starting the bolting activities. The jacks are located on top of a concrete slab poured on top of the steel soffit plate. This slab is poured into the ground when the segment is built in the assembly area. Shown also in Figure 6, one of the FEM was developed to study all these rotations and deformations accurately. All deformations results were found to match the expected values, as well as the required forces to align the different elements.
1. Delivery System for the Erection of the Cable-stayed Bridge
The stay cable arrangement is asymmetric in longitudinal. For aesthetic reasons, the back span is shorter than the main span; therefore, contains a counterweight to achieve the necessary balanced condition. The entire southbound corridor deck is ballasted over the entire length of the Cable-Stayed Bridge to resolve the asymmetry of the bridge in its transverse direction.
The superstructure is supported by two parallel central stay-cable planes spaced 12 meters apart (see Figure 8,) with typical 127-strand cables. The cable anchorages are located in the cross-beams.
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	[bookmark: _Ref514314720][bookmark: _Toc514319423]Figure 6 – Transverse alignment system at the Northbound soffit plate. FEM developed by FHECOR





355-1





355-8


The structural features defined by the Project Agreement offered no opportunity for alternative designs. The required geometry and associated structural behavior of the bridge challenged the construction methods and the design, not just for the cable-stayed superstructure and stay cables, but also for the geometry of the substructures.
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	[bookmark: _Ref514314974][bookmark: _Toc514319424]Figure 7 – Unbalanced Section and Counterweight
	[bookmark: _Ref514314927][bookmark: _Toc514319425]Figure 8 – Typical segment erection


The geometric complexity and Seaway navigational restrictions do not allow for conventional segmental deck erection; for example, by lifting the segments from barges on the channel (Koichi et al. 2001.)
Moreover, a clearance envelope to maintain traffic in the Seaway is not just limited to the channel, but also extends to the top of the existing dike. It requires the existing cycling paths to be kept open during the construction of the Bridge, and to guarantee the integrity of the dike, which is critical in managing the water elevation variation at the South Shore Canal, between Lac St. Louis and the Port of Montreal’s dock.
3. Overall Erection Concept
The first three segments of the superstructure, located close to the pylon and over the Seaway’s dike, are erected on top of a temporary structure called Delta Frame. For the remaining segments, installed over the Seaway channel, an innovative delivery system was designed with VSL to erect 830-tonne segments using three different heavy-lifting equipment (Osborne et al. 2017a.) The system consists of:
a. A Moveable Lifting Beam (MLB) located on top of the deck and close to the pylon, hoists the segment from the ground to hang from two rails located below the deck.
b. An underslung Trolley System that moves the segment horizontally by a rack-and-pinion system, from the MLB to the advancing tip of the deck.
c.  A Dynamic Lifting Frame (DLF) that advances on rails on top of the deck slab and holds the segment at the tip of the cantilever until it is bolted in place.
3. Delta Frame
The limited accesses above the Seaway dike restrict any conventional temporary support beneath the deck for the first segments. These first segments do not have permanent cables, nor cross-beams.
[bookmark: _GoBack]The use of temporary stay cables for these segments was initially considered. However, it was concluded that it would increase the complexity for the means and methods, and it would demand the design, fabrication, installation and removal of massive temporary cross beams between the three different corridors in the main and back span. Moreover, it would require temporary anchorages in the pylon, and a very early erection of the DLF to lift these first segments with the temporary crossbeams. This construction scheme proved incompatible with the Project’s schedule.
Therefore, an alternative construction solution using a temporary steel structure supported directly on the pile cap and anchored to the pylon below deck level, as shown in Figure 9, was implemented. This Delta Frame allows for a safer erection procedure and facilitates bolting these segments together. It also facilitates the erection of the MLB and the DLF on top of the deck later on, removing any clashes with the temporary stay cables.
[image: ][image: MS1 Lift 2018-03-01 001]
[bookmark: _Ref514315968][bookmark: _Toc514319426]Figure 9 – Delta Frame Structure. 3D view and picture during the erection of the first segment
3. Movable Lifting Beam (MLB)
The complete segments will be transported by a self-propelled modular transporter (SPMT) close to the pylon and below the MLB. At that point, the MLB will hold the segment from the ground and transfer it to the Trolley System.
At early stages, temporary stay cables were designed to hold the starter segments, but the delta frame was finally chosen as the preferred alternative. Consequently, an 18-meter longitudinal translation capacity for the MLB was required to allow each segment to be hoisted from the ground to the deck level without interfering with the temporary Delta Frame shoring structure (see Figure 10.)
Transversally, the MLB has been designed with two beams supported on the three corridors, where the heavy-lifting hydraulic units are located. The hanging points in the segments are slightly at the same location as the permanent cable anchorages.
[image: MLB North Lift 2018-03-13 026]	[image: MLB]
[bookmark: _Ref514316084][bookmark: _Toc514319427]Figure 10 – Moveable Lifting Beam (MLB). Installation of the MLB and elevation view
3. Trolley System
The Trolley System delivers the heavy segments to the cantilever tip for final erection without encroaching in the navigation channel (see Figure 11,) avoiding the necessity of barges. The system travels on rails bolted below the interior webs of the North and Southbound corridors, powered by three drive motors per rail that deliver the segment at a speed of approximately 1 meter per minute. The last segment will travel 200 meters in approximately three hours.
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[bookmark: _Ref514316161][bookmark: _Toc514319428]Figure 11 – Trolley System. Picture during the installation (left) and during the erection of the first segment
3. Dynamic Lifting Frame (DLF)
Once the first three segments are installed on top of the delta frame, the DLF and MLB can be mounted on top of them. The DLF will erect the 15 segments spanning over the Seaway Channel.
At the cantilever tip, the DLF lifts the segment from the Trolley System, adjusting its orientation as required to achieve its permanent location and holds the segment to facilitate the completion of the bolted connections (with the assembly system depicted above,) the placement of concrete cast-in-place stitches, and the installation of the stay cables. The DLF, shown in Figure 12, comprises three gantries connected by two upper crossbeams.
[image: MS1 Lift 2018-03-01 012]	[image: ]
[bookmark: _Ref514316303][bookmark: _Toc514319429]Figure 12 – Picture and sketch during the erection of the first segment with the DLF
The upper cross beams support two heavy-lifting, hydraulic 580-metric ton units that lift the segments and spread the load among the three corridors in the transverse direction. The lifting points, located 10 meters from the axis of the Transit Corridor, are the same than for the MLB.
Figure 13 shows a render of the DLF during the erection of the first segment, while it is transferring the load to the trolley system. The lifting of the first segment is a more complex operation than the erection of the typical segment because there is no room for the MLB on the deck. Therefore, the DLF lifted the segment from the ground and it transferred the load to the Trolley while it is launched to the tip of the deck. Once there, it hoisted the segment in place until it is bolted.
All heavy lifting operations, like the one depicted herein, have been 3D animated to detect clashes in advance. Figure 14 shows the complete DLF after being assembled.
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[bookmark: _Ref514316426][bookmark: _Toc514319430]Figure 13 – Render of the Dynamic Lifting Frame (DLF) and the Assembly System
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[bookmark: _Ref514316518][bookmark: _Toc514319431]Figure 14 – Picture of the Dynamic Lifting Frame (DLF) and the Assembly System
1. Conclusions
The Project Agreement for the New Champlain Bridge required three significant innovations to be implemented during construction, as follows:
i. The aggressive schedule requires completion of the New Champlain Bridge by December 2018. The schedule demands mandated the design and construction methods to lift heavy segments that were fully assembled on the ground.
ii. The construction methods adopted to erect the cable-stayed portion of the project satisfy the strict non-encroachment restrictions of the specified clearance envelopes, and as a result, do not interfere with traffic in the Seaway Channel. The first segment was lifted in early 2018, confirming the viability of the proposed solution.
iii. Due to the heavy loads and forces in the stays applied to the deck, differential deformations between the tip of the deck and the lifted segment were found during the design. An assembly system has been devised to enable bolting the connection in the air. The complex behavior of the structures in transverse required independent 3D models for verification.
These innovative systems allow for lifting of the fully assembled, heavy segments from the ground without encroaching on the non-construction envelope defined in the PA. The main challenges when defining these systems are the specialized equipment to be designed to bring the segments to the tip of the deck, and the assembly system to align this wide section in the air. Both of these challenges have been proven following the erection of the first segment in February 2017.
This heavy lifting equipment is not only optimal for the construction of the New Champlain Bridge, but is also applicable and repeatable in any kind of physical constraints, navigational channels, deep valleys, or a highway under the bridge. (Osborne et al. 2017b.)
References
Koichi I, Tsuyoshi S, Akira Y, Takeshi Y, Tsuneshi I, Shuni H, 2001. Hanging Transport Erection Method for Cable-stayed Bridge. IABSE Conference Cable-supported Bridges –Challenging Technical Limits, IABSE, Seoul, Korea, 81: 16-23.
Osborne G et al., 2017a. Innovative Means and Methods for the New Champlain Bridge. Proceedings of the 39th IABSE Symposium – Engineering the Future. Vancouver, Canada, 8p. Electronic proceedings.
Osborne G et al., 2017b. Feeding System of the segments in the Main Span for the New Champlain Cable-stayed Bridge. SEI Structures Congress, ASCE, Denver, USA. 118-135.
image2.png




image3.png
NSt




image4.png




image5.emf

image6.emf

image7.jpeg




image8.emf

image9.emf

image10.emf

image11.emf

image12.png




image13.jpeg




image14.emf

image15.jpeg




image16.jpeg




image17.png
MAX. ECCEVLITR\C OF MLB/PYLON 28750

18150

10600 _\_

MLB LONG.
MOVEMENT RANGE





image18.emf

image19.jpeg




image20.png
==

| R





image21.png




image22.png




image1.png




