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Abstract: The Turcot interchange, located in the city of Montreal, is the most important in the province of Quebec. Built in 1967, the Turcot interchange consists of four (4) major interchanges. Notably, Turcot, Angrignon, La Vérendrye and Montreal-Ouest, within a seven (7) km stretch from west to east over highways A15, A20 and A720. The interchange is an essential link between these highways and the Champlain Bridge, it facilitates access between the airport and downtown Montreal and is located above a goods and passenger railway network essential for the City of Montreal. However, under the present traffic, 300,000 vehicles a day including 30,000 trucks a day, the infrastructure of the interchange is at the end of its useful life and the Ministère des Transports, Mobilité Durable et Électrification des Transports (MTMDET) scheduled the complete reconstruction of the interchange to reduce the significant maintenance costs. The concept for the unique reconstruction project consists of 42 aerial structures and 65,000 m2 of retaining walls built mostly under existing elevated structures, but also near underground infrastructure including major historical utilities, residences, businesses, industries and protected environmental areas in a dense urban setting. In addition, the design and construction mandate sought a high level of service and comfort for users, safety of users and workers, fluidity of the traffic, respect of the deadlines, significantly reduced construction, operating and maintenance costs and a positive perception of the public towards the project.
1 Overview of project challenges and solutions
Geometric constraints, time, and public perception create a major challenge requiring technically creative and innovative solutions to build a complex of structures through a network of existing infrastructure that must remain in service. 
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Figure 1: 3D renderings of the proposed Turcot Interchange

Innovative technical solutions implemented project wide include:

· a multitude of complex bridges, including some built in phases, such as long bridges with long spans, with curvatures, with very pronounced skews or with a S-shape horizontal curve. The bridges allow, amongst other things, to build structures in tight spaces, around existing infrastructure that remained in service; including architectural bridges for integration into the urban environment;

· use of prefabricated partial and full depth concrete deck panels including irregular forms for bridge decks to accelerate the construction of decks that are normally cast-in-place;

· use of approved walls (mechanically stabilized earth walls – MSE walls) for bridge abutments to accelerate the construction of the abutments which are normally cast-in-place;

· design of moment slabs as the shoulders of roads allowing barriers to absorb the impact loads of vehicles travelling at the top of walls; 

· design of an anchoring system for noise walls allowing them to be attached on concrete barrier which vehicle impact loads;

· activities of inspection, monitoring by instrumentation, reinforcing and stabilizing of existing structures to be modified or partially demolished for maintenance of traffic needs and controlled backfill activities on existing structures.

The concept development and construction methods also consider the management of infrastructure network (ex: drainage, utilities public and collectors), vibration, dust and noise.

For this, the bridge team worked within an integrated multidisciplinary team, including specialists in traffic maintenance, road geometry, geotechnics, public utilities, lighting, ITS system, environment (including acoustics and vibrations) and construction. 

Together, these elements enable this exceptional reconstruction project to be realized under an optimized budget and schedule.
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Figure 2: Aerial photos of the Turcot Interchange under reconstruction

The general concepts and solutions of the Turcot project were developed during the proposal phase providing the design and build team with the best initial technical concept by which to detail the reconstruction work of the Turcot Interchange. The proposed concept required the construction of technically challenging structures which required precise material specifications and 3D modelling of complex geometries. However, during the proposal phase, a great level of attention was given to detailing and analysis to define the technical solutions for the project at a very comprehensive level.  Consequently, in most cases, the proposal designs remained relatively unchanged until completion of the reconstruction work. Only small changes were made in the subsequent detailed project phase which minimized the level of additional works and contingencies. 
The following key elements were crucial to the development of the initial concept: 

· The roadway geometry, along with the construction phasing was established by close multidisciplinary collaboration, implicating a team of bridge, roadway and civil engineers, amongst others. The result was a reduction of the lengths, spans and deck areas of many structures in relation to the reference project.

· Elimination of major tunnels:
· Structures AB10(A) and AB10(B) were originally tunnels in the reference project. The proposed concept is a long span curved steel structure with a large skew;
· Structure A-3 was originally a tunnel under a multilane highway (A-lane for highway A720), with large concrete retaining walls. The proposed concept is a long span steel box-girder bridge with a complex double “S” curvature over the multi-lane highway.
· The CN spur in the Gadbois area was originally a rigid frame tunnel of more than a hundred meters in length. The proposed concept is a lengthening of the elevated structures located north of the CN spur in replacement of the tunnel which proved to be the economical option.

· The concept uses MSE walls as part of structure’s abutment. The concept presented in the reference project were cast-in-place cantilever walls which are commonly seen on the bridges in the area. However, this type of abutment requires large volumes of concrete, formwork and excavations for build their footings. The proposed concept is an abutment made of a pier cap mounted on large drilled shafts with a MSE wall as the facing. The results are substantial time savings during construction with no trade-off, as the MSE wall abutment can perform structurally and be architecturally integrated to the project with a multitude of possible textures and shapes;

· The structure design was optimized during the proposal by using refined analysis and design techniques and resulted in substantial quantity savings on construction steel and reinforcing steel tonnage and concrete volume, leading to a more efficient and economical solution;

· The symbolic bridge on the Lachine Canal was originally planned to be a cable-stayed bridge. The bridge is located over a National historic site, which is highly solicited by the citizens of Montreal and neighboring cities, therefore it is of pivotal importance in the project.

1.1 Architecture and urban integration

Architecture and urban integration of the structures play an important role in the Turcot Interchange project given its location at the heart of a dense urban environment. The large-scale engineering project is unique for the greater Montreal region and thus the use of colours, motifs and architectural detailing specific to each type of structure value the presence of the structures as well as their integration into the surrounding environment. 


[image: image5]
Figure 3: Owner architectural renderings St-Jacques Cliff (left), Designer architectural renderings for East Sector Bridge (right)

The architectural design and urban integration of the structures was established based on the important architectural vision imposed by the owner. Notably:

· Symbolic structures such as M7-1 and EF-0 (Lachine Canal bridge) mark the entrances of the interchange;

· Primary aerial bridge structures at the heart of the interchange comprised of painted steel box girders including rounded back barriers;

· Secondary bridge crossings in the periphery of the interchange comprised of colorfully painted steel “I” girder bridges including rounded barriers;

· Inclined abutment walls for certain structures in the centre sector;

· Red painted barrier railings in the centre sector of the interchange;
· Retaining walls and bridge abutment walls including specific patterns with horizontal lines and offsets, textures and colors based on their location in the interchange;

· Night illumination of certain structures to help accompany pedestrians walking along or under the structures as well as to highlight the structures themselves;

· Noise walls with alternating transparent and opaque panels at specific locations at the interchange; 
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Thus, the importance of the architectural vision imposed by the owner extended to specific details influencing the design of the structures, notably:

· Requirement of bridge superstructures to be built with steel box girders or steel “I” girders;

· Requirement of design of pier caps with triangular facets, deep insets, angles and additional bearing seat thicknesses. Also, requirement of pier columns to include very deep insets to integrate drainage conduits running down the sides of the columns.
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The architectural design of the structures was also closely coordinated with the landscape architecture of the project. Notable examples include arrangements under the center sector structures passing over Notre-Dame Street and Pullman Boulevard which included carefully planted trees and shrubs, specific architectural motifs and textures on the abutment walls and a roadway geometry integrating pedestrian sidewalks and bike paths. 

1.2 Foundation design and ground improvement

The Turcot Interchange site was characterized with a presence of rock and soil layers comprised of till, gravel and sand with traces of silt and clay. For the most part, deep foundations comprised of drilled shafts with rock sockets were selected for the bridge foundations. These drilled shafts offered several advantages compared to traditional driven pile foundations, notably with respect to their increased structural capacity, rapid time of construction and minimal work space requirements. 
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Figure 6: Drilled shaft installation (left), reinforcing steel cage installation in the drilled shaft (right)

Despite the adaptability of the drilled shafts for different geotechnical conditions, some soil conditions on the site still had to be subject to ground improvement techniques to accommodate the numerous structures to be built on the site. This was due to the presence of compressible soils layers, primarily in the center sector, with very low soil capacities. The following list outlines several techniques used to prepare the grounds of the site to welcome a diverse network of infrastructure, notably: excavation and ground replacement, surcharge backfill, soil mixing, expanded polystyrene fill (EPS), rapid impact compaction (RIC), controlled modulus columns (CMC), soil nailing.

The technique selected was based on the soil capacity requirements, the type of structures to be built, the time of construction available and the limits of excavations possible. For the bridge structures, the drilled shaft foundations were used in conjunction with various ground improvement techniques to adapt the existing ground conditions for construction. 

For most of the retaining walls, an excavation and ground replacement technique was adopted to remove all loose or compressible soils down to either a till or rock stratum with adequate capacity and replaced with granular materials with adequate capacity before constructing the wall above. 

1.3 Existing structures

Although a full reconstruction of the interchange was required, the existing interchange was to remain in place temporarily to maintain traffic until the completion of the new interchange. The heart of current interchange is comprised of more than a dozen ramps not including the peripheral ramps and highways. Most of the existing infrastructure is left in a very poor state.
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Figure 7: Existing Turcot Interchange structures alongside New Turcot Interchange structures

The new reconstruction work was to be performed over, under and across these existing structures while they supported traffic. The structures also had to maintain the same level of security and so required periodic inspection, damage reports and rehabilitation work as the ongoing proposed work was performed. 

Partial demolition of the existing infrastructure is also required if they must remain in service until new aerial structures and retaining walls are built and ready to accommodate traffic and to allow the sequencing of work and respect the global schedule of the project. The complexity caused by space, traffic, and schedule constraints of the projects was incorporated into the design.

Given the significant quantity of excavation works carried out on the site to remove compressible soils, contaminated soils, or simply by means of ground improvement techniques and the space constraints of the site, large quantities of backfill materials were required to be stored on the site. Often these materials were to be placed near existing or new infrastructure on the site. The height of the backfill could sometimes be between 10 to 13 m on and around existing infrastructure, notably in the Gadbois Sector just north of the Lachine Canal. Consequently, the settlement of footings due to the additional weight from the backfill had to be monitored and controlled to not negatively affect the existing structures.

The Turcot Interchange rests above ground to four (4) important existing collectors, notably: St-Pierre Collector (upper & lower level), St-Paul Collector, La Verendrye Collector, and Green Collector.

Each existing collector is several kilometers in length, in some instances, their dimensions change along their length based on their initial construction dating back to the early 1900s. Thus, the new construction work for the Turcot Interchange needed to take into consideration the presence of these collectors to not negatively affect their functioning. Given their age, a limited quantity of information was available to study the collectors such as incomplete existing drawings or outdated inspection reports of certain sections. 

Consequently, to adequately verify the influence of new construction on the existing collectors, a series of site investigations and studies were conducted based on the work to be performed in proximity. Based on the available data or capability to collect additional data and performed refined analysis, a series of different types of works are proposed to minimize the influence of the proposed works on the collector.

2 Bridge structure solutions

A total of 42 structures totalling approximately 50,000 m2 of deck surface and 65,000 m2 of retaining walls are needed to connect the major arteries of the Turcot complex. The construction schedule for the project is crucial to the success of the project as there are a high number of phases requiring bridge construction on the critical path of the project. As the Turcot interchange is the busiest interchange in the province, maintenance of traffic (MOT) during construction is one of the main driving factors of the project.

Most of the structures of the new interchange consist of steel girders made composite with a concrete deck. The substructure consists of concrete bents on large drilled shafts and the abutments are made of a concrete bent supported by drilled shaft with a MSE wall facing. The type of steel superstructure, either I-girder or steel box-girder is dictated by the owner’s architectural requirement. The bearings are mostly comprised of pot or elastomeric bearings. One of the advantages of using steel superstructure is its flexibility to adapt to the complex geometrical constraints imposed by the tight spaces which often include construction phases with temporary traffic on a partially finished structure. 

To obtain a uniform design throughout the structures, all designers had to adhere to the design criteria. Additionally, the calculations notes were subjected to rigorous quality control and assurance, independent certification for contract compliance and certain structures of strategic importance to the MTMDET were also subject to independent design verification. In most cases, the structures possess complex geometries warranting the use of 3-D finite element modelling software such as CSI Bridge and Advanced Design America. These models developed by the design team include the soil-structure interaction phenomenon, the live loads such as road traffic, the static loads such as structure self-weight and the dynamic loading analysis for seismic design. Such techniques allowed the bridge designers of the Turcot Interchange to design the structures with a high degree of understanding of the structural behaviour, load magnitudes and load paths of the bridge structures. The 3-D models were accurate enough to be provided to Turcot’s 3-D visual simulation team to be included in a global model that serves the purpose of simulating and rendering the Turcot Interchange. 

The following key facts comprise a gross summary of the structures of the Turcot Interchange:
· 34 Steel I girder bridges, including:
· AB10(A) and AB10-(B) structures supporting Highway 136 over the CN alignment. The total length is 289 m for the AB-10(A) and 287 m for the AB-10(B). The limited vertical clearance and the skew of the projected highway 136 with the CN alignment leads to a record skew of 75.5°. Structures J-1(ND), M-5, K-2 (ND) and L-2, amongst many others, which are long multi-span I-girder bridges with complex skew, small plan curvature or uneven span distribution.

· For crossings in the East, Center and South Sectors, there is a total of 15 single or twin span steel I-girder bridges. Each of those structures have received an architectural treatment depending on which street they cross. This treatment consists of a color (green, orange, yellow, gray) theme for the girders, and a texture for the retaining walls and abutments.
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Figure 8: Steel “I” girder bridges

· 6 twin-steel box girder bridges, including:
· The A-3 structure which inserts a lane between the two highways at the end of the project into a local artery. The plan geometry of the A-3 structure is a double curvature three span “S” shaped bridge.  With no clearance to build a pier cap, the pier cap is integrated into the diaphragm, with a single bearing for the two girders.
· The center sectors three curved long span box girder bridges. These structures, M3-M4, G-1 and H-1 each have main spans of 60 to 70 m and deck depths of over 2.2 m. The G-1 structure is a 336 m long bridge.
· The center sectors Highway A15 twin structures consist of structures E-1 and F-1, two twin-box- girder bridges. The two 9 spans structures carry highway A15 from Décarie highway to the Lachine Canal. The structures span over several main arteries of the Turcot interchange, and the CN corridor are approximately 500 m long and the largest spans for the two structures are 66 m. The width of the bridges varies, from 16 m to 12 m. With two box-girders, the central span of the slab can reach 5.1 m. 
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Figure 9: Steel box girder bridges

· The Lachine Canal Bridge, 

· Designed by Parsons, the structure is composed of two curved parallel decks, one for the E ramp and the other for the F ramp. Each deck is supported by steel box girders over five (5) spans. A steel cable stay tower is located between the two decks and is positioned on the south side of the canal. The bridge has a total length of more than 360 m with certain span lengths exceeding 85 m to reduce the quantity of piers in the rivers. The deck widths vary between 20 to 30 m and are composed of precast concrete deck panels.
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Figure 10: Lachine canal bridge

2.1 Retaining walls

The design for the new Turcot Interchange includes a reduction of approximately 69% of area of structures in relation to the existing interchange, the significant reduction in new structures to build translate to important maintenance savings which have been estimated at $18 millions annually by the MTMDET. However, the significant reduction in structures means a large part of the 145 km of roadway built in the scope of the project sits on fill or embankments supported by retaining walls. More than 65,000 m2 of retaining walls will be built to support the road infrastructure.

[image: image19] [image: image20.jpg]



Figure 11: Mechanically stabilized earth retaining walls (MSE walls)

Thus, the choice of retaining walls played an important role in the project. Many of these walls needed to be built in long stretches, in curves or with acute angles to match or accommodate the complex road geometry associated with the interchange. Although, most of the interchange was lowered, many roads supported by retaining walls remained at high elevations, thus some walls are required to be built more than 13 m high or subsequently stacked one on another to fit within the spatial constraints of the site. 

As with the bridge structures, many sections of the roadway infrastructure are phased to minimise the disruption to traffic, but also to allow an optimal construction sequencing that includes the construction of roads, bridge piers and decks, underground infrastructure, overhead and underground public utilities, electric work & drainage among others.  

2.1.1 Mechanically stabilized earth walls (MSE walls)

Given the list of constraints and challenges, mechanically stabilized earth walls (MSE walls) were selected to be used project wide as the primary type of retaining wall in replacement of traditional concrete retaining walls. The MSE walls consist of precast concrete panels assembled one over the other with reinforcing strips held in place by friction in a granular backfill material. The system acts as an interlocking gravity earth retaining wall offering several advantages:

· Simple and rapid construction methods which includes soil preparation, installation of precast concrete panels and inclusions and backfill;

· Optimized construction and maintenance costs and a proven track record;

· Prefabricated panels in fabrication in shops allow a control of the climate and environment for the concrete casting and curing;
· Smooth, aesthetic and uniform finish on the face of concrete panels;
· Great reductions in excavation work for construction of footings, installation of steel reinforcing and formwork in comparison to traditional concrete retaining walls. 
The MSE wall system was also used for bridge abutments. The bridge abutments consist of pier caps supported by drilled shafts located in the granular fill of the MSE walls. The MSE reinforcement configuration was adjusted to accommodate the drilled shafts, along with utilities, drain pipes and existing piers (e.g. Structures E-1, F-1 and H-1) that may be in the inclusion zone behind the wall. 
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Figure 12: Sketch of MSE abutment cross section (left), Sketch depicting avoidance of conflicts by deviating the inclusions (center), Photo of typical MSE abutment (right)
A concerted team effort was required which involved the builder, the project engineers, the wall supplier, the roadway engineers, the public utilities, maintenance of traffic, the architects and the geotechnical engineers, among others to assure the technical and urban integration of the MSE walls into the project. 
3 Summary
The Turcot Interchange reconstruction project includes an exceptional amount of new infrastructure, consisting of several new complex bridges and retaining walls, each of which was faced with technical challenges in their own rights, whether it may be for its foundation design, superstructure design or its general construction. 

Maintenance of the current level and fluidity of traffic is one of the main constraints of the project, along with the temporary maintenance and protection of existing structures. Thus, accelerated bridge construction techniques and various construction phases and staging techniques are used to mitigate the impacts on traffic and accelerate the construction work.

Several technical design solutions adopted project wide include the use of prefabricated deck slabs, the use of prefabricated steel girders and the use of MSE walls, for normal retaining wall and also for bridge abutments. Where the use of MSE wall was not possible, complex particular retaining walls, such as permanent soil nail walls, permanent soldier pile walls, and cast-in-place cantilever walls were used.

Specific geotechnical issues arose, including compressible soils, ground improvement requirements and collector protection. The presence of compressible soil layers required a technical expertise for its inclusion in the design. Several solutions were considered to protect the collectors, including the use of lightweight fill or structural protection slabs. Ground improvement techniques ranged from traditional soil replacement to use of controlled modulus columns (CMC). All in the objective of setting the groundwork for construction of new above ground structures. 

Close interdisciplinary collaboration between the design team and the construction team was required to achieve the design that is both economical, efficient in terms of constructability.  This was performed through constant discussion between both entities with frequent meetings and group work sessions, in order to elaborate the best conceptions and solutions in order respect the deadlines for internal design delivery and ultimately, construction delivery for the owner.

In total, a number of 42 bridges and 65,000 m2 of retaining walls will be built over the course of the 4 years for this megaproject. The design and reconstruction of this iconic and puzzling interchange will set a precedent for the rejuvenation of Quebec and Montreal’s aging infrastructure. 
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Figure � SEQ Figure \* ARABIC �4�: Designer renderings for Structure M7-1 during the day (left), Night illumination simulation for Structure M7-1 (right)





Figure � SEQ Figure \* ARABIC �5�: Examples of Designer renderings showing the urban integration of structures
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