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Abstract: The multi-discipline engineering design for the bridge replacement at Clyburn Brook in Ingonish, Nova Scotia, Canada, was driven to ensure a balance between design and the surrounding National Park environment.   The new 48.5 m long structure is laterally curved (150 m radius) with a 6% super-elevation, and large, non-radial end skews.  The superstructure is supported on semi-integral abutments. The 12 m wide deck supports two traffic lanes plus a sidewalk.  This state-of-the art bridge is supported by two laterally curved composite steel box (tub) girders on pot bearings, with structural cross-bracing for distribution of “V-Load” curvature loads. Due to curvature of moving truck paths, 3D Finite-Element Structural modeling was implemented to accurately determine component stresses, deflections and rotations for all load combinations and construction phases.  FEM analysis was performed for staged construction that included end-supported girder erection; composite concrete deck installation; superimposed dead load installation; and curved vehicle live load paths.  Modeling also included effects of seismic, wind, braking and centrifugal forces. The bridge features: High-Modulus Glass-Fibre Polymer Reinforcing Rods in the deck in lieu of rebar.  The bridge is in a park setting and thus features numerous aesthetic treatments.  Photo-realistic 3D modeling of the bridge and site was completed to demonstrate arrangement and aesthetics to client during design phases.  A golf-cart bridge was relocated onto new abutments during overnight hours to accommodate new construction while allowing continuous operation of adjacent Golf Course.  Client required hydraulic design to determine maximum stream width and clearances below bridge box girders for a 1:200 year return period. Realignment was required in order to utilize existing bridge for detour.
1 
INTRODUCTION
The Clyburn River system is located within the Highlands National Park, on the Eastern shore of Cape Breton, just east of the community of Ingonish Beach.  The river system generally flows from west to east, and crosses the Cabot Trail near the river’s confluence with the North Bay in the Atlantic Ocean.   In 1938 the Highland Links Golf Course was constructed around the outlet of the Clyburn river system, the path of which forms such an integral part of the layout and character of this world-class golf course that the design was modified during construction to suit this natural feature.  

The river runs around and parallel to approximately half of the course’s 18 holes, with its intersection with the Cabot Trail occurring between the sixth and seventh holes.  At this location, the river is traversed by two bridges; a structure that accommodates the course’s cart path, and a structure for the Cabot Trail vehicle traffic.  The paths of the two bridges meet at a signalized pedestrian and cart crossing located just south of the river.
SNC Lavalin Inc. was contracted by Public Services and Procurement Canada (PSPC) on behalf of Parks Canada Agency to design a replacement structure for the roadway bridge.  The original bridge structure had reached the end of its useful life.  Also, in recent years, the original bridge was becoming inundated with storm river flows blocked by ice at the mouth of the river that had, on several occasions reached higher than the soffit of the old bridge superstructure.  The primary goal of this project was to provide a new structure with safe and efficient traffic movements for both highway traffic and golf course patrons and to maintain the historic and iconic significance of the golf course, while providing a safe and cost effective bridge design.
To address the requirements of the project, a new bridge structure to the west of the existing roadway bridge was designed.  This had the advantage of mitigating the need for a temporary bridge during construction, but required the relocation of the existing golf cart bridge.  Due to the restricted site and the rolling alignment of the Cabot Trail, a laterally curved structure with a 150m radius was designed for the crossing.  In order to minimize the span length, and thus the overall structure depth, roadway elevation and project cost, the abutments were skewed to align with the river banks.  This presented some complexities in the design, which were carefully considered in design through development of 3D FEM modeling.  The modeling considered staged construction that included end-supported girder erection; composite concrete deck installation; superimposed dead load installation; and curved vehicle live load paths.  Modeling also included effects of seismic, wind, braking and centrifugal forces.  In addition to evaluating strength requirements and fatigue stress ranges, the model was used to validate vibration criteria for the bridge.
The new, single-span structure carries two lanes of traffic, complete with bike lanes in each direction.  The clear opening under the new structure is designed for 1:200 year return river flows due to concerns with the heavy recent flows at the site.  The raised roadway height at the bridge resulted in a need to relocate some day-use park features adjacent to the old bridge.  The park features – including picnic shelter, privy and trails, were relocated from the South bank of the river, to the North bank.
Refer to Figure 1 below illustrating the site as the project nears completion. Photo was provided by Public Services and Procurement Canada
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Figure 1: Aerial view of Clyburn Bridge Site in the autumn of 2017 as project nears completion.  Note: the top of the photo is South  
2 
BRIDGE STRUCTURE
The new laterally curved bridge superstructure spans 48.5m with two, concentric, laterally curved steel tub girders.  The two internally-braced tub girders are connected laterally at the end diaphragms as well as with bridging at two intermediate points along the span. Due to the curvature and abutment skews, integral abutments were not considered appropriate.  The abutments were thus constructed as semi-integral.  
The girders are supported on pot bearings.  One pot bearing is provided at each girder at each abutment for a total of four pot bearings.  Due to the curvature and skew of the bridge, control of thermal expansion and contraction of the bridge needed careful consideration.  The fixity and release of the pot bearings was established to allow the bridge to expand and contract freely, minimizing significant additional stresses in the bridge from thermal movements.  Refer to the figure below illustrating the fixity conditions for the four pot bearings.
[image: image1.png]


[image: image4.png]S o
o

s
el
TSNS NORTHEAST BEARING: SOUTHEAST BEARING: .
% FOLY Fxen uoeD ummam%
S o | |Fxeo
—_— ~ © GIRDER 1 B e FREE
¢ Row
SOUTHIEST BEARING:
NORTHWEST BEARING: B ~ B _ MULTDIRECTIONAL —
B — T

& —— & oRoR 2 — -
& \Rgg -





Figure 2: Bearing Geometry Plan showing fixity of each of the bridge bearings
The figure above shows that the Northeast bearing is fixed against lateral loads in all directions.  The Northwest and Southwest bearings are each free to translate in any direction along a horizontal plane.  The Southeast bearing is free to translate along the line between southeast and northeast bearings. It is fixed in the transverse direction.  This bearing configuration is designed to allow the bridge to expand and contract under temperature changes, while allowing the bridge to be supported transversely and longitudinally under wind and seismic loads.  The design team reviewed the expected lateral movements at the four corners of the bridge from expected thermal changes to ensure they were within tolerances for curb and railing alignment at the bridge expansion joints.
2.1  Setting Screed Elevations
Due to the curvature and non-radial skew of the bridge, the two concentric tub girders do not have the same deflection as each other under load.  The outer girder deflects more, particularly under the self-weight and non-composite dead loads prior to hardening of the concrete deck.  These differences in girder deflections required careful consideration during the girder erection and concrete deck pour phases.  For example, careful bookkeeping of the relative deflections under erection phases was essential to ensure good fit-up of the girders, diaphragms and transverse bracing.  It was important to predict to the greatest accuracy possible the relative shape, rotations and deflections in the girders so that field fit-up could proceed as smoothly as possible.
This consideration also extended to setting of the deck screed elevations.  Screed elevations were established to reflect the relative expected differential deflection between the outermost and innermost top flanges. The final top-of-concrete elevations for the deck were established based on a superelevation of 6% for the roadway around the curve.  Due to the skew of the bridge (and the fact that the outer girder deflects more than the inner girder under the weight of the deck concrete), the theoretical deflections from the wet concrete would be different at the four top flanges for any particular position of the deck screed machine.  This meant that the relative deflections of the girder top flanges (and at screed rail positions) needed to be carefully accounted for in the design (camber and haunch depths) to ensure the final top-of-concrete deck elevation met the required superelevation at the completion of the pour (leaving adequate residual camber for superimposed dead loads).  
In order to plan-for and validate the elevations for the deck pour, the design consultant provided expected girder elevations at each screed-point after erection and before formwork installation.  The contractor surveyed the bridge and provided the actual elevations for comparison.  This was to confirm that the four top flanges of the bridge were aligned properly and deflecting as expected under dead load.

The consultant also provided expected theoretical girder deflections (along each girder top flange) from the weight of the contractor’s formwork as shown on the contractor’s formwork shop drawings.  These were surveyed after formwork installation to compare to theoretical values.  
Refer to the figure below showing the concrete deck pour.  Note the screed machine travelling along rails at the two outer edges of the bridge.  
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Figure 3: Concrete Deck Pour as Viewed from the North East Corner of the Bridge 
2.2 Modelling and Design Approach

The design consultant used Graitec Advance Design America 2016 SP1 software to develop a 3D model of the structure.  The girders were modeled as plates, complete with the web stiffeners and connections.  The internal vertical cross-frames, internal top flange lateral bracing, external intermediate cross-frames (between girders) and steel-plate end diaphragms were modeled to match the final geometry of the bridge.  ULS, FLS and SLS plate stresses and member forces were calculated for each phase of construction, including: (1) Initial Girder Erection (connected to secured diapgragms at ends); (2) Connection of intermediate external braces between girders; (3) Installation of formwork, reinforcing and concrete deck; (4) Installation of Curbs, Traffic Barriers, Waterproofing and Asphalt (and removal of formwork); and (5) Full Live Load traffic.  The cumulative effects of the stresses and member forces were applied for each load combination at each stage, with the factored construction loads or live loads added as applicable, depending on the phase of construction.
For the live load analysis, CL-625 truck and lane loading was used per CSA S6-14 (R2016).  The truck paths were established to follow the curvature of the bridge, which is a capability of the software used.  Scenarios with one, two, and three truck lanes were used with various path offsets to develop the maximum possible factored SLS, FLS and ULS live load envelopes. 
The model was used to establish the first flexural frequency of the bridge (1.71 Hz) and evaluate the deflection limits for vibration (for a bridge with sidewalk and occasional pedestrian use).

Simplified methods were used to check the full 3D model results, such as 1D, 2D and 3D hand-checks and computer models.  These were used as order-of-magnitude checks to validate the results of the full 3D bridge model.  There are some limitations simplified 3D methods due to the non-radial skew of the bridge.
3 
DESIGN FOR DURABILITY AND NEW MATERIALS
The Clyburn Brook Bridge made use of high-modulus glass fiber reinforced polymer (GFRP) reinforcing rods in the deck superstructure.  The bars in the deck were generally straight, but bent bars were required at deck end thickenings, as well as at the bridge curbs.  These bent bars were designed to meet the bending requirements of the available GFRP manufacturers.  Salting of the roads is widely used in Northern Cape Breton due to the significant ice and snow conditions in winter.  The use of non-ferrous reinforcing rods in the deck is expected to have a positive impact on the long-term durability of the bridge deck. 
4 
CONSTRUCTION SCHEDULING
This project was not an accelerated bridge construction; however, there were significant schedule constraints.  The Client required significant restrictions on traffic control delays on the Cabot Trail during the peak tourist season (July and August).  The Clyburn Bridge construction was being undertaken simultaneously with other bridge and roadway improvement construction, so care was required to minimize disruption on the overall Cabot Trail route.  In addition to the Bridge construction, the Project also required relocation of an existing 40 m golf cart path bridge and relocation of some day-use park features such as a shelter, privy and trails.  The construction was thus carried out over two construction seasons.  The project had two scheduling challenges in particular that required careful planning for successful execution.  These included: (1) Relocation of the golf cart bridge during the overnight hours; and (2) Erection of the primary bridge girders during the winter months.
4.1  Golf Cart Bridge Superstructure Relocation

The existing 40 m long galvanized steel pony-truss Golf Cart Bridge carries golfer and course maintenance traffic from Holes Six to Seven at the Highlands Links Golf Course.  It is thus a necessary link for the operation of the popular golf resort.  The superstructure was originally fabricated by Eagle Bridge and first erected in 1999.  The Golf Cart Bridge superstructure was ready to be relocated onto its new abutments in August 2016.  To prepare for the move, the Contractor inspected the superstructure and developed a detailed hoisting and erection plan in consultation with the original bridge manufacturer.  Since the move would occur during summer, the golf course was in full operation.  In order to mitigate disruption to the golf course operations, the superstructure would be relocated during the evening hours after closure of the golf course for the night.  The bridge was hoisted onto its new abutments, inspected and recertified for operation all within one evening so that the bridge could be used in its new location by the Golf Course users starting first thing on the very next day.  The successful relocation did not interrupt the continuous operation of the golf course.
4.2  Winter Girder Erection

Due to the restricted timeline and scheduling constraints, the laterally-curved steel tub girders were erected during the winter months.  This presented several unique challenges as follows:
· Temporary bents or supports could not be used in the wintertime due to in-water works restrictions as well as ice conditions.
· Due to the locality in Northern Cape Breton, the potential for significant snow drift loading in the girders was high.  This needed to be compared to the non-composite girder capacity, which was designed for the weight of wet deck concrete, formwork and construction loads.
· Since the girders are laterally curved, they rely on the cross bridging between them for full stability.  Therefore, stability needed to be ensured throughout the various stages of erection until the system was completely erected.
Due to the overwintering of girders without deck installed, snow loads will need to be considered in addition to other loads.  Note that the Canadian Bridge Design Code (CSA S6-14) states in Section 3.1 that “...snow loads are not specified because in normal circumstances the occurrence of a considerable snow load will cause a compensating reduction in traffic load.”  However, this note applies to completed structures and this project involved overwintering a significant, non-completed structure.  Thus, the snow loads needed consideration during construction phase.  The particular site locality is far from any town or city with listed climatic data in either CSA S6-14 or NBCC 2010.  SNCL thus obtained site specific climate data from Environment Canada for snow and wind loads.  The loads used were as follows:
· Ground Snow Load, Snow Component Ss (50 years) = 4.1 kPa

· Ground Snow Load, Rain Component Sr (50 years) = 0.6 kPa

· Hourly Wind Pressure 1/10 years = 0.46 kPa

· Hourly Wind Pressure 1/50 years = 0.59 kPa

The snow load for this site is significantly higher than for any other tabulated locality in Nova Scotia as per NBCC 2010; this is due to the site’s proximity to mountainous terrain. As guidance on snow load is limited in CSA S6-14, Snow loads in/on girders was established based on guidance in NBCC 2010, Commentary G, using a snow density of 3kN/m3.  Consideration was required for the potential infilling of the insides of the girders by drift snow, due to locality and proximity to drift supply at the approaches. 
In terms of a load combination with snow and wind effects, the design team considered it appropriate to consider 0.75 * W + 1.3 * Snow (in addition to permanent loads, similar to ULS Combination 7 in Table 3.1 of CSA S6-14.

The Contractor developed a winter erection plan that took into account the phased erection of the girders and the load combinations including snow.  The load stages considered by the contractor’s Erection Engineer were:

· One girder erected and stabilized laterally at anchored end diaphragms;
· Second girder erected and stabilized laterally at anchored end diaphragms;

· Girders connected together with lateral bridging.

Each of these load stages was considered with limitations established for acceptable snow depths.
5 
BRIDGE AESTHETICS
The bridge setting within a National Park and in the middle of a golf course means that aesthetics were a significant consideration.  In order to give the Client a clear indication of the site layout and bridge aesthetics, the design team developed a 3D rendering of the site.  This rendering allowed the Client to clearly understand the aesthetic implications of the changes at the bridge site.  The rendering also provided the Client with a tool to illustrate the project to the various stakeholders in advance of construction.  See image below for a view of the rendering looking from the southwest.  
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Figure 4: View from Bridge Rendering Developed Prior to Construction
Additional aesthetic features were incorporated in the bridge as follows:  
· In order to comply with a uniform aesthetic for bridges in the Cape Breton Highlands National Park, railings and end crash blocks were used that matched other recent and concurrent bridge construction projects within the Park.  Concrete surfaces exposed to view (except tops of curbs) were coated to match other new bridges along the Cabot Trail.   
· The design team produced custom silhouette artwork for each of the two west wingwalls.  The contractor had custom form liners generated from the digital design file to create the recessed silhouette in the face of the abutment concrete.  These custom images are shown in Figure 5 below.
· The existing two-span bridge was removed following the opening of the new structure to traffic.  The existing bridge foundations (including centre pier foundation, which was enclosed in a sheet pile cofferdam up to riverbed elevation) were designed to be removed to 1.0m below the existing ground/riverbed surface.  This was done to mitigate the likelihood of any remnants of the existing bridge becoming exposed over time as the river shape and path evolve.
· Vertical recesses were provided in the edge of the bridge deck to line up with curb joints above (see Figure 5 below) to mitigate appearance of future potential staining from drips at the curb joints.
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Figure 5: Custom Recessed Image in Southwest Wingwall. (Northwest Wingwall inset)

6 CONCLUSION AND SUMMARY

Bridges with lateral curvature combined with non-radial end-skews present numerous, varied challenges for design, fabrication and erection that are not present with straight bridges.   It becomes important to consider and account for these challenges as part of the design development, and all through construction to ensure implementation of a successful project and a bridge that performs well for its intended lifespan.  Certain particular items that designers should consider and plan for at the early stages include: (1) This type of bridge (curved with non-radial skews) will typically require detailed 3D Modeling with curved live load paths and consideration of phased construction; (2) Bearing fixity will need to be considered along with a clear accounting of the relative lateral movements under temperature effects; (3) The relative top-flange deflections at screed-machine cross-sections requires careful attention when setting screed elevations; and (4) Non-composite bridge tub-girders left to over-winter in high-snow regions require engineering verification for wind and snow-load combinations in addition to standard construction loading.
The Clyburn Brook Bridge construction was successfully completed (substantial) in the fall of 2018 and is now open and fully operational.  The bridge’s position on the Cabot Trail, along with its proximity to a golf course and Park day-use area will allow it to be used and enjoyed from many vantage points for many years to come.
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