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Abstract: In 2017, the replacement of the Walterdale Bridge in Edmonton, Alberta was completed. This new bridge consists of two steel arches over the North Saskatchewan River. The traffic deck and shared use pathway are suspended from the arch from steel hanger cables. Throughout the installation of this bridge, a variety of types of structural analysis were required at various critical stages of construction. This document outlines the structural analysis used in the successful completion of this project.  This report has been submitted by the Erection Engineer as a companion report to article 305 which was submitted by the General Contractor.
1 INTRODUCTION
The City of Edmonton hired a General Contractor (GC) to complete the construction of the new Walterdale bridge. Upon award of this job, the GC contracted an Erection Engineer of (EE) Record for the project. A team of structural engineering specialists spent more than 26,000 hours developing more than 1,200 drawings and 10,000 pages of reports in order to develop the following important inputs to the construction process.
· The structural stability of all permanent and temporary structures and equipment at each stage of construction

· Ensuring that no undue stresses or forces were locked into the permanent structure at the end of construction

· Developing a construction sequence that resulted in the permanent structure meeting all contract requirements, namely final geometry and hanger cable tensions.

1.1 Structural Description
The Walterdale bridge consists of two steel arches extending across the North Saskatchewan River. The steel arches consist of square sections of varying size, and are inclined towards each other at an angle of 13.5 degrees (see Figure 1).  Top struts connect the two arches at 16 points across the span. The traffic deck is suspended between the two arches from a total of 32 steel hanger cables.  The deck also bears on two deck support beams, which run between the arches just below the deck.  There are also bearings at the two abutments, which are located beyond the ends of the arches, a total of 260 m apart.  A shared use pathway is located adjacent to the arch and traffic deck, and is suspended from the East arch by an additional 8 cables.
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Figure 1: General Arangement of the Bridge
(a) Elevation View
(b) Plan View
1.2 Installation Procedure
The construction of the steel superstructure of this bridge is divided into four main parts.  The first stage is the installation of the steel arches.  An innovative solution was used for the construction of the arch.  An 86m section of the center of the arches was fully assembled down river from the final bridge alignment (see Figure 2).  Once it was complete, the 1000 tonne assembly was skidded into the river onto barges and pulled upstream into location by a system of winches.  At its final location, it was lifted 20 m to form a second midspan. At this height, the first assembly was spliced to adjacent segments which were already connected on berms extending into the river.  The second midspan had a total weight of 2000 tonnes, and was lifted 20 meters.  At that height, the full length of the arch was aligned, and all final connections were completed.  
The next construction stage was the installation of the traffic deck.  Over the berms in the river, the North and South thirds of the steel deck were installed atop temporary towers at its target elevation.  Once the portion of the steel substructure of the deck over the berms was completed, it was lifted using jacks atop the tower to connect the hangers in that vicinity. Once the hangers were installed, the support tower elevations were lowered, and the deck was suspended from the arch.  From that point forward, pieces of the deck were installed in cantilever condition beyond the construction fronts using cranes located on the berms.  Due to the deflected shape of the cantilevered deck beyond the construction front, subsequent hangers needed to be stressed before installation. Stressing equipment provided by Freyssinet pulled the deck up towards the hangers. When the steel substructure of the deck was complete, the concrete composite deck was cast.
Upon completion of the traffic deck, the Shared Use Pathway (SUP), a pedestrian and cyclist crossing, was installed, representing the fourth phase of construction.  The segmental fabrication and subsequent installation of the SUP was quite challenging due to the number of connections required to install each segment. Installation of the SUP segments proceeded from either abutment, until the final, key segment was installed at the midspan.
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Figure 2: Transfer center arch segment on the barges
Finally, once all permanent components were installed, the hanger fine tuning procedure was completed.  In this stage, the geometry of the entire permanent structure was measured by survey. Additionally, the tension in each of the cables was measured by lift-off.  Once the full shape of the structure, along with the distribution of weight between all hangers was fully defined, a set of adjustments was made to the lengths of the hanger cables which brought the permanent structure into a condition that was acceptable to both the owner and the designer. 
2 ARCH INSTALLATION
As with all of the construction phases of this bridge, a substantial amount of structural analysis was required at each stage of construction. In order to ensure that the engineering team was provided with all requisite information and to provide timely responses to questions from the construction team, an EE representative was present on site throughout all important construction stages.  This representative recorded movements of the permanent structure in critical stages, as well as loads in jacks which performed all of the critical movements and lifts. 
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Figure 3: Heavy lift setup

2.1 Stability By Stage
The first and most important responsibility of the Erection Engineer of Record is to ensure the safety and stability of the structure in each construction stage. To carry this out, each construction stage was investigated in detail far in advance. The complete analysis of each construction stage included two main parts.  The first is the analysis of all loads in each construction stage.  The second is the completion of sensitivity analysis related to all key variables in the procedure.
To start, during each construction stage, each and every load which the permanent and temporary structures would experience needed to be considered.  These loads were divided into two main groups.  Firstly, incidental loads included a number of different loads which the structure would experience due to the nature of the procedure itself.  Friction during sliding, ice impact during navigation, and uneven lifting during the heavy lifts (see Figure 3) could all be considered as incidental loads. Secondly, environmental loads including wind, snow, ice, and temperature needed to be assessed.  In the procedure which had been developed here, the consideration of temperature was particularly important.  In Edmonton Alberta, the temperature range which the structure could experience includes temperatures from -41ºC to +28ºC.  With the scale of the steel structure which was installed, this implied large thermal movements.  For example, the centre of the completed steel arch would have a vertical movement of approximately 25mm with every 10ºC of temperature change.  
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Figure 4: Bow string tension transfer
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Figure 5: First arch lift stage (1000 tonnes)
In addition to the external loads which were considered, a variety of sensitivity analyses were necessary in order to confirm that the operations would be safe.  For example, during the heavy lifts, and skidding operations (see Figures 4 & 5), the weight of the structure as a whole could have a substantial impact on the stresses in both temporary and permanent structures. Thus sensitivity analyses for every critical stage were carried out with +/-5% of the weight of the structure.  During the heavy lifts, of as much a 2000 tonnes, eccentricities which needed to be considered included not only the as built shape of the permanent structure, but also is location before lifting, and the geometries of the temporary structures. Also, during the splicing after the heavy lifts, it was important to understand the impacts of misalignment between adjacent segments.  Far in advance of the heavy lifts, limits to the forces used to align the major splices were assessed in order to provide guidelines to the construction team. This complex detailed analysis was required for each of the 28 stages of arch installation, in addition to the 23 stages of deck and SUP installation.

2.2 Target Geometry
An important part of the project was the attainment of the target geometry at the end of construction.  The design drawings detailing the geometry of the permanent structure established a clear target for the final shape of the steel arches.  The geometry outlined in the drawings was accompanied by a tolerance of +/-25mm on the centreline of the arch in any direction.  

With regards to the geometry, the EE's first responsibility was to prove to the owner that the procedure for arch installation which was developed would result in a permanent structure which was within the established tolerances.  This involved modelling the construction sequence in detail from start to finish and proving through analysis that the procedure was sound.  Critically, the engineering team needed to provide the required location of each segment at its initial spliced location in order for it to end up with the right alignment at the end of construction (see Figure 6).
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Figure 6: Arch splice aligment
(left) 3-Dimensional Alignment of Splices

(right) – Structural System of Arch During Splicing
As construction proceeded, it was important for The EE, the construction team, as well as the owner to understand how the measured geometry at any given stage would affect the final geometry of the structure.  For the understanding of all parties involved, The EE provided geometry confirmation tables for each and every arch installation stage.  Due to the changing support conditions of the structure, the arch deflected substantially from one stage to the next.  In addition, thermal expansion had a huge impact on the geometry in general.  By providing the anticipated geometry of a set of agreed survey points, along with thermal correction factors, the construction team was able to confirm for the Engineer of Record, as well as the owner that construction was proceeding as expected, and that the structure would comply with all contract requirements. 
2.3 Locked In Stresses
As with the installation of any structure, fabrication errors were anticipated in this construction sequence.  After each of the first and second heavy lifts, four splices of the arch were required to be completed.  Due to the fabrication error inherent in the structure, some manipulation was required to complete the splices. With the limited degrees of freedom of the structure in these construction stages, the application of external loads in order to complete the splices meant that forces and stresses were locked into the structure during installation.  These stresses would imply a loss of capacity of the permanent structure as a whole, at the end of construction. The nature of these locked in stresses meant that it was critical that the engineer of record was fully aware of any and all operations completed on site.  For that reason, The EE had a representative on site at all times to record and track all jack loads, lifting loads, and deflections experienced by the structure.  
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Date 4/12/2016

East West Key for Reading Splicing Map

kN kN East West

South Lifting Strand Jacks 4832 4596 4% -7% Fully completed Splice

Bowstring 4883 4805 0% 0%

North Lifting Strand Jacks 4342 4528 -11% -1% Partially Completed Splice

Notes:Final Tensions after heavy lift

System Loading Change 4

Date 4/13/2016

East West

kN kN East West

South Lifting Strand Jacks 4832 4596 0% 0%

Bowstring 4800 4750 -2% -1%

North Lifting Strand Jacks 4342 4528 0% 0%

Notes:Ambient Temperature change

Steps Between Stages

AS19 West Completed Central AS19W Joint Assessment Report

System Loading Change 5

Date 4/18/2016

East West

kN kN East West

South Lifting Strand Jacks 4676 4594 -3% 0%

Bowstring 4753 4539 -1% -5%

North Lifting Strand Jacks 4496 4751 3% 5%

Notes:

Steps Between Stages

AS19E bolted only at bottom west, east web and 50% of bottom east

Twist at AS19 East

System Loading Change 6

Date 4/22/2016

East West

kN kN East West

South Lifting Strand Jacks 4716 4611 1% 0% AS19E

Bowstring 4824 4574 1% 1% F1 = F2 = 70 Tonnes

North Lifting Strand Jacks 4289 4200 -5% -13% F3 = F4 = 0 Tonnes

Notes:
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Figure 7: Image of site record during arch lifting
As construction proceeded, these operations were analyzed (see Figure 7) in order to fully understand their impact.  The EE was able to advise the construction team as to the allowable forces to apply at any given stage in order to keep the locked in stresses in the structure within a reasonable limit.  Additionally, the erection engineer of record was able to inform the owner at any given stage what the magnitude of stresses in the permanent structure would be at the end of construction. This analysis and advice was critical to the completion of the permanent structure within stress limits acceptable to the designer. 

3 DECK AND SUP INSTALLATION AND HANGER TUNING
Throughout the installation of the Deck and SUP, the Erection Engineer of record maintained the same set of responsibilities as throughout the arch installation.  Because no navigation or heavy lifting was required for this installation, the assessment of the structural stability of the system was less complicated. However, in this procedure, the intricacies associated to the installation of a cable suspended structure were introduced.  

As with the arch, the design drawings establish a clear geometry for the final deck and SUP.  In addition, the design drawings establish the anticipated tensions in the hanger cables at the end of construction.  The contract documents between the owner and the contractor stipulated that the tolerance on deck and SUP geometry was +/- 25mm, and that the tensions in the cables must be within 5% of those shown in the design.  

The design of the permanent structure specified hanger cables which included turnbuckles. These turnbuckles allowed for an adjustability of +/-50mm in the total length of the hanger cables. These turnbuckles were intended to be used by the construction team in order to bring the final structure within tolerance.  An increase in any given cable length would have the effect of reducing the tension in that cable, while also lower the deck in the adjacent area.  The geometry of the finished deck and the final hanger cable tensions are inextricably linked.  For the successful completion of the project it was critical that the construction team fully understood this relationship. In the development of the installation procedure, the Erection Engineer was first responsible to prove to the owner and the designer that the procedure proposed would result in a final structure meeting all contractual requirements. 
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Figure 8: Calculated deck deflection during construction
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Figure 9: Casting bridge deck
3.1 Target Geometry and Tensions
Similar to during the arch installation procedure, The EE provided target geometries for the deck at each and every construction stage.  This allowed the construction team to confirm that the alignment of each splice through construction matched the expected geometry.  Figure 8 shows the profile of the deck as the structural system changes throughout construction.  Vertical movements of the deck as large as 300mm were anticipated as construction proceeded.  There were two critical moments to confirm the geometry of the deck steel.  The first was immediately prior to casting the concrete deck.  Only once the geometry of the steel substructure was confirmed could the concrete deck be cast as shown in Figure 9.  This ensured that any adjustments to the concrete deck elevation at the end of construction would not lock any undue stresses or forces into the concrete deck. 

The second critical geometry stage during deck installation was at the end of construction.  Upon the completion of SUP installation (see Figure 10), all permanent structural members were in place.  At this time, it was possible for the construction team and erection engineer of record to assess the completed structure for its compliance with the contract documents.

In advance of this assessment, an influence table was developed.  This influence table showed how the adjustment of the length of any given cable would impact its tension, as well as the adjacent hanger cable tensions.  It also showed how the geometry would be impacted by any such adjustment.  At this time, a full survey of the structure was completed.  In some small areas of the structure, the deck and SUP were found to be outside of the tolerance limited. A set of hanger cable adjustments were specified which would bring the geometry and hanger cable tensions into tolerance.  Until this point, none of the hanger cable tensions had been measured.  Once the specified adjustments were carried out, a number of hanger cable tensions were found to be out of tolerance.  Upon discovery of this fact, the Erection Engineers of record, along with the designer, developed a set of hanger cable tension adjustments which would bring the structure into a condition which was acceptable at the end of construction. 
[image: image12.jpg]



Figure 10: SUP final erection stage
4 CONCLUSION
At the end of construction, the installation procedure was successful.  Throughout the installation of the arch and the deck, the behaviour of the permanent structure closely tracked that anticipated by the structural analysis performed in the development of the procedure.  The construction team together with the Erection Engineering team used their experience in the field to complete a procedure which what efficient and effective.  Throughout the 4 year duration of the project, clear and effective communication between the engineering and construction teams was critical to the successful completion of the project.  The successfully completed bridge is now an iconic landmark in Edmonton, functioning as an effective component of the city’s transportation network.
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