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DESIGN AND ANALYSIS OF SHORT-SPAN UNBRACED FREESTANDING STEEL TIED ARCH BRIDGES
Choi, Han1, 2 and Sherlock, James1
1 WSP Canada Inc., Canada
2 corresponding_author_Han.Choi@wsp.com
Abstract: An unbraced freestanding steel tied arch bridge was designed to carry Argyle Street over the Grand River in Caledonia, Ontario. The structure consists of five identical 40 m simply-supported tied arch spans for a total length of 200 m. The simply supported spans were made continuous by means of a link slab in the deck over each pier. The arch ribs are unbraced above the deck for aesthetics purposes. Because the arch ribs are not laterally supported above the deck, global stability was a key design issue. This paper presents special design issues associated with the continuous unbraced tied arch bridges, emphasizing the importance of the global stability of the arch, structural redundancy of the tie members, and the measures for continuity of the arch spans. Three-dimensional Finite Element (FE) linear and nonlinear buckling analyses were performed to investigate the global stability of the arch including in-plane and out-of-plane buckling behaviour. Local FE analyses were also performed to investigate the effect of partial fracture of the tie girder and the localized yielding at the knuckle. Special consideration was also given to the link slab design to accommodate the girder end rotation due to live load and the high compression due to the arch thrust action as well. Finally, the “Jack-and-Slide” erection method is briefly discussed. 
1    INTRODUCTION

1.1 Background of Structures and Project
The existing Argyle Street Bridge, constructed in 1927, is a 200 m long structure comprised of nine (9) simply supported reinforced concrete bowstring arches with eight concrete piers located in the Grand River, and north and south abutments located on the river banks. Each span has a 250 mm thick concrete deck with an approximate length of 22.2 m and a width of 12.9 m. Between its arches the bridge is 7.0 m wide and accommodates two traffic lanes (each 3.5m wide in the north and south directions, respectively). The structure provides a crossing over the Grand River in Caledonia located in Haldimand County, approximately 25 km south of the City of Hamilton, Ontario, Canada. Figure 1 shows general views of the existing structures.
In 2002, the Ministry of Transportation, Ontario (MTO) retained Morrison Hershfield Ltd. to conduct a Preliminary Design and Environmental Assessment (EA) Study for either the rehabilitation or replacement of the Argyle Street Bridge, and to provide the preliminary design for the recommended alternative. A Preliminary Design Report was completed in 2010 that included a comprehensive investigation and comparison study of the feasible alternatives, and a final recommendation to replace the existing bridge with a 2-lane, 5-span, “signature” steel arch bridge.
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Figure 1: Existing concrete arch bridges – Left: General view, Right: Concrete arches and hangers
In 2013, the MTO retained MMM Group (now WSP Canada Inc.) to complete the detailed design for the replacement of the existing Argyle Street Bridge. As a part of the work, extensive analyses were performed to determine the type of steel arch, to optimize the shape of the arch and the member sizes, and to ensure the global stability of the arch structure. The recommended structure consisted of an unbraced freestanding steel tied arch bridge. 
In 2015, Dufferin Construction was selected as the general contractor for the Construction Manager/General Contractor (CM/GC) procurement method. In this role, Dufferin provided feedback on design details and the erection method. The original erection plan was to detour traffic onto a temporary modular bridge upstream of the current bridge location in order to replace the bridge on its existing alignment. However, Dufferin Construction proposed a “jack-and-slide” bridge replacement method where the new bridge is constructed adjacent to the existing bridge on a combination of new and temporary piers and slid to the final location utilizing a lateral jacking system. This replacement method eliminated the cost of the temporary detour bridge, provided a superior detour alignment and improved construction access as compared to the use of the temporary detour bridge. As a result, the “jack-and-slide” erection method was adopted. 

The total construction cost of the new bridge including removal of the existing structure was estimated to be $19 M including a 15 % contingency. The Construction is scheduled to start in the summer 2018 and to finish by the summer 2021. 
1.2 Unbraced Free-standing Steel Tied Arch
Typically a tied arch bridge utilizes lateral bracing members between the arch ribs above the deck to provide lateral stability to the arches and to control out-of-plane deformation. An unbraced or free-standing arch, eliminates the lateral bracings to provide a “wide-open” and aesthetically pleasing view. The arch ribs are only supported at the knuckle where the tie girder, the arch rib and the end floorbeam are connected at the support location. Lateral stability of this system depends on a combination of the rotational restraint provided at the knuckles by the end floor beams, and the stabilizing effect of the cable hangers which provide a restorative force to out of plane deflection as shown in Figure 2(a).  Additionally, the arch rib itself must have sufficient stiffness to prevent in-plane buckling and out-of-plane buckling between the knuckles. The complexity of this restraint mechanism requires three dimensional finite element modelling to ensure the entire bridge stability. Figure 2(b) shows an example of the unbraced arch bridge constructed in Germany in 2012 where three (3) unbraced arch ribs were utilized (Structurae 2018).
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Figure 2: (a) Cable restraint force (Thomas 2013)
  
(b) Riedbahnbrücke, Germany (Structurae 2018)
2    DESIGN GENERAL AND CONSIDERATIONS
2.1 Bridge Configuration
The new structure is five-span steel tied arch bridge with 40 m spans and a total length of 200 m. The new bridge is to be located at the same location and on the same alignment as the existing bridge. The substructure includes four in-water piers and abutments located on the banks of the river. The bridge will provide a 17.95 m clear width between the arches to accommodate two 3.5 m through lanes, one 3.25 m auxiliary lane (designed as a left-turn lane), two 1.0 m wide shoulders, 0.3 m wide traffic barriers (0.45 m wide at the light standards on the bridge), and 2.0 m wide sidewalks on both sides of the bridge. Pedestrian railings are provided along the outside of the sidewalks. The sidewalk is separated from vehicular traffic by a TL-4 crash tested parapet wall with railing. The typical cross section is shown in Figure 3.
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Figure 3: Typical cross section
Each arch consists of an arch rib, a tension tie, and cable hangers connecting the arch rib and the tie girder at each floor beam location. An elevation view of one arch span is shown in Figure 4. Typically, rise to span ratios for tied arch highway bridges are in the range of 4:1 to 6:1. A system within this range is expected to provide a reasonable balance between the magnitude of the arch thrust and the moments carried by both the rib and tie. As a result, the configuration should allow for optimization of the steel tonnage. A span-to-depth ratio of 5:1 was selected for the arches based on what was perceived as the optimum aesthetic configuration. Figure 5 shows the rendering of the final structures to be built at the site.
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Figure 4: Typical arch elevation
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Figure 5: Rendering of final arch structures

For the arch rib section, a welded box section was selected because of its high torsional rigidity for the unbraced arch. Figure 6 (Left) shows the typical section for the arch rib. The tie girder will consist of a built up box girder section of four plates joined using a bolted connection in each corner to provide a higher degree of internal redundancy. A box section also facilitates the connection of the tie girder at the knuckle to the box shape arch rib. A typical section for the tie girder is shown in Figure 6 (Right). Tie girder redundancy and consideration of a local fracture of a plate within the tie are discussed in Section 2.3.1.
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Figure 6: Typical sections – Left: Arch rib, Right: Tension tie

The arch rib will be unstiffened except where required at hanger locations and at the knuckle. Internal diaphragms and hanger plate were designed to connect the hangers to the arch rib. Figure 7 (Left) shows the details for the hanger connection to the arch rib. The hanger plates were designed for the maximum axial cable force and an out-of-plane load equal to the greater of the factored wind load acting on the cable or 2.5 % of the maximum unfactored static cable force. The arch rib will be completely sealed such that internal inspection of the rib is not required. The hanger connection to the tie girder is shown in Figure 7 (Right). The connection of the hanger to the tie girder consists of a threaded rod connected to the strand socket that passes through the tie girder, and is anchored to the bottom of the tie girder. Double nuts and a bearing plate are provided to accommodate cable stressing.
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Figure 6: Typical sections — Left: Arch rib, Right: Tension tie

The arch rib will be unstiffened except where required at hanger locations and at the knuckle. An interal
diaphragm and hanger plate was designed to connect the hangers to the arch rib. Connecting hanger
plate was designed for the minimum transverse factored wind load acting on the cable or 2.5% of the
maximum unfactored static cable force, whichever is greater, in addition to the maximum axial

1974

force.Figure 7 shows the ib to hanger connection details (Left). The arch rib will be completely sealed
such that the internal inspection of the rib is not required
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plate was designed for the minimum transverse factored wind load acting on the cable or 2.5% of the
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such that the internal inspection of the rib is not required
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Figure 7: Connection Details – Left: Rib to hanger connection, Right: Tie to hanger connection

2.2 Global Stability 
The lateral stability of the unbraced arch was investigated in considerable detail during detail design. Initially, linear buckling analyses were performed using commercially available Finite Element (FE) software SAP2000 (2014) to investigate the general buckling mode of the arch rib and the impact of the cables and the floor system on the buckling load. Linear buckling analysis predicts the theoretical buckling mode shape and strength of a structure which is idealized as elastic behaviour. Two-node beam elements were used for the modeling of the arch rib and the tie girder, and cable elements were used to model the hangers. The arch structure is simply supported in its plane. Lateral restraints were applied to the tie girder as shown in Figure 8 to simulate the unbraced tied arch structure where the tie girder only is laterally braced by the floor system and the arch rib is laterally free to move. Loads were uniformly applied to the tie girder. Figure 8 also shows the deformed shape at the primary buckling mode.
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Figure 8: Linear buckling analysis – Modeling and Deformed shape

Out-of-plane buckling was the primary buckling mode as shown in Figure 8. In-plane buckling was found to occur at a higher buckling mode and did not govern the design. The buckling load at the primary buckling mode was 2230 kN/m. This analysis established the Base Case for the performance of the arch for this comparative study. The model was then modified as follows. For Case 1 – the cable elements were removed from the Base Case model to investigate the impact of the cables on the buckling load. For Case 2 – the cable elements were retained but intermediate lateral restraints along the tie girder were removed from the Base Case to investigate the effect of removing the restraint provided to the tension tie at the hanger locations by the bridge floor system; lateral restraint at the supports was retained for structural stability. The governing buckling mode was unchanged for both cases but the buckling loads decreased to 1503 kN/m and 1544 kN/m for Case 1 and 2, respectively. For Case 1, the reduced buckling load reflects the elimination of the lateral component of the cable force, which contributes to restraining the lateral displacement of the arch rib (see Figure 2(a)). For Case 2, the reduced buckling load reflects the elimination of the lateral and rotational restraint to the tension tie provided by the intermediate floor beams and deck. In summary, the out-of-plane buckling is the governing buckling mode in the unbraced arch bridge and the hangers and the deck floor system significantly improve resistance to out-of-plane buckling.

Three-dimensional (3D) nonlinear buckling analyses were performed to more fully reflect the actual bridge configuration and stiffness, and the actual loading conditions. Two-node beam elements and four-node quadrilateral shell elements were used for the modeling of the steel floor system and the concrete deck, respectively. To incorporate the deck composite action into the model, the nodes were shared between the beam elements and the shell elements and a beam offset function was applied to locate the beams at their actual location below the deck. Construction sequence was also modelled utilizing the SAP construction stage analysis module where the stresses and deformations are preserved from the previous stages such that the change in the structural system can be considered. Figure 9 shows the 3D FE model and the deformed shape. 

[image: image16.png]Row  File  Edit ment  Markup
v

.17 2016* % 0 ocumen o 2014+1R 15, 2010 _May2011  FINAL TESR

e

e : .
| |- ysans 5 S sy

Ee) i 1sas

N 3 . ERaT

s

P )

Foxe o)

ity

et
o oj

i)

< < EEEXCH - 1| O

053aM [

EN® %L
I Se @ T




[image: image17.png]EHS 0 -

O rove | SRt DESiGN

New  User  Paste

= profile - < Format Painter
Template Settings Clipboard 5

Navigation %

Search document '

HEADINGS  PAGES  RESULTS

4 1lntroduction
1.1 Background of Structures and.
1.2 Unbraced Free-standing Steel.
4 2 Design Details
21 General Bridge Configuration
22 Global Stability
Since the arch rib

ot laterall

Linar buckiing analysis, also kno.

Buckiing mode and the effect of.

Itwas also found that the Out-of.

Nonlinear buckling analyses were.

The atio of the mayimum load i
As shown in Figure 10 the latera,
4 2.3 Design Details
231 Tie Girder Fracture Analy.
232 Knuckle Design and Detals
233 Link Slab Design and Det.
234 Special Considerations L.
Lateral deflection limit at arch cre.
24 Erection
Inthe preliminary design report (PD.

PAGELAYOUT  REFERENCES ~ MAIINGS ~ REVIEW  VIEW  ADDINS  BLUEBEAM  ENTERPRISECONNECT

Choi, Han ~
¢ A e w. A #iFind - D Create POF
Avial MM LS R ] R 2T | azscen: AQBDC AdBbC<De AsBCeDd AsBbCcD AABDC AwBbCeD¢ aBbCebe AafiCide AaBbCeDe 1 < | 85 roace | B Change et
- cReplace ange Settings
- 3 ¥-A- = - ‘mphasis ieadin jormal rong ubltitle tle o Spac... Subtle Em... Intense uote  Intense <
B I U-mx x Y-A-K = oo Emphasis _Heading1 | TNomal | Stong  Subtle Tl TNoSpac. SublleEm. InerseE.  Quote InenseQu [<| gt i guenpor
Font Paragraph 5 syies 5 edting Bluebean
m = 0 g f . B . s . ; B s xc f . B “ e e = =
CE eSS T SIS I T A TS SIS S TN oS S S TS T RSO ST VIS S S TS ST

force effect due to arch thrust action local 3D analysis was performed utilizing the solid elements for the
deck slab. Figure 13(a) shows the local modeling and the stresses under loading. High strength concrete
(50MPa) was used at the link slab to resist the high compression forces. Reinforcing bars were detailed to
accommodate the tension on the link slab as shown on Figure 13(b).

Figure 13: Typical Sections — Left: Arch Rib, Right: Tension Tie

2.3.4 Special Considerations Loads

o For the cable hanger system, a pair of cables at each hanger location will be provided to achieve load

path redundancy. Each of the two cables is to be fully capable of supporting the full in-service load in
N case the one cable is damaged under service load conditions. The entire arch structure will also be
designed to withstand the loss of both cables at any one hanger location without the occurrence of
structural instability under extreme limit state. Connection gusset plate will be designed for the minimum
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Figure 9: 3D nonlinear buckling analysis – Left: Modeling and applied load, Right: Deformed shape

Nonlinear buckling analysis utilizes a finite load increment at each step of the analysis where the stiffness and response of the structure are evaluated at each load increment; the analysis continues until no convergence is made (i.e. when a small change in load level causes a large change in displacement). Nonlinear buckling analysis provides greater accuracy compared to linear buckling analysis with the capacity to account for the geometry nonlinearity associated with large lateral displacements, incremental arch P-Delta effects, initial imperfections in the arch rib, and lateral load effects such as wind. The initial imperfection in the arch rib was modelled as a 10 mm lateral deviation at the crest of the arch (arch rise/750). A 50-year return period wind load was also considered. 

Figure 10 shows the relationship between the load intensity and the lateral displacement at the arch crest. The lateral displacement at the arch crest initially increases linearly as the load increases, shows nonlinear increase as the load level is higher, and finally exhibits a large increase with the small increment of the load where the maximum buckling load is obtained. 
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Figure 10: Load intensity and lateral displacement diagram

The ratio of the maximum buckling load intensity to the demand load intensity at the ultimate limit state (ULS) condition for the final bridge configuration was 6.5 which is greater than the selected target factor of safety of 3.0. A buckling analysis was also performed under the weight of the wet slab on the stringers and floor beams (i.e. prior to the deck becoming composite with the floor beams and stringers) to investigate the buckling resistance during construction. A factor of safety of 7.8 was obtained under this condition. These analyses also revealed that the assumed initial imperfection in the arch rib geometry and the lateral wind load both had a minor impact on the buckling load due to the large deformation exhibited prior to the final buckling in this system.
2.3 Design Details
2.3.1 Tie Girder Redundancy and Fracture
The tie girder is classified as a Fracture Critical Member (FCM) since the loss of this member would result in a catastrophic bridge failure. As such, redundancy needs to be built into the tie girder design. Redundancy can be implemented by one of the following ways: 1) Load path redundancy, 2) Structural redundancy and 3) Internal member redundancy (FHWA 2015). Load path redundancy can be achieved if an alternative and sufficient load path is implemented in the system. Structural redundancy can be achieved if its boundary conditions or supports are such that failure of the member merely changes the boundary or support conditions but does not lead to the collapse of the structure. Internal member redundancy can be achieved if alternative and sufficient load paths exist within the member itself. Typically, steel tied arch bridges depend on the use of the internal redundancy in the tension tie to mitigate the single load path issue. For the Argyle St Bridge, the 650 mm wide by 750 mm deep steel tied box girders are built up from four plates joined using connection plates in each corner so that facture propagation across the entire member cross section can be prevented. 
An evaluation of the effect of a failure in one of the plates in the tension tie was undertaken to ensure that the bolted tie girder actually provides the desired internal redundancy. A local FE model comprised of four-node quadrilateral shell elements was developed for a short length of the tension tie. This model was incorporated into the global model by locally inserting the shell model in place of beam elements currently modelling the tie. The location was selected to coincide with the point where load demand in the tie girder was greatest. The shell model was connected to the remaining portion of the tie girder at both ends with the rigid link elements. To simulate the partial tie girder fracture, a strip of 50mm wide shell elements was removed across the width of one side of the tie girder, leaving the remaining three (3) sides of the tie girder to carry the tension. Figure 11 shows the local modeling and stress distribution under the ULS condition. The live load factor was reduced from 1.7 to 1.4 for what is considered a special event load case. As shown in Figure 11 high localized stresses were observed at both ends of the fracture area.  The plates in the tie girder box section were sized to ensure that maximum stress under the partial fracture condition is less than the tensile strength of the member.  No material reduction factors were applied for the strength check.
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Figure 11: Local tie girder modeling and stress distributions under loading
Future inspection of the inside of the tie girder can be performed through hand holes made in the interior web and an inspection robot will be utilized for the full inspection. A white coating on the inside of the tie girder will be applied to make it easier to detect any imperfections including small micro-cracks. 
2.3.2 Knuckle Design and Details
The knuckle, where the tie girder, the arch rib and the end floor beam are connected at the bearing location, is a critical component of the arch because it transfers the arch thrust force from the arch rib to the tie girder and because rotational stiffness against out-of-plane buckling is provided though this component. A detailed 3D FE shell model was developed for the knuckle and incorporated into the global FE model of the bridge. Von Mises stresses were investigated to ensure yielding did not occur anywhere within the knuckle under ULS loading. During design, analyses revealed a localized yield zone in the web at the underside of the top flange. A stiffener plate was added on the inside of the web to reinforce this highly stressed area as shown in Figure 12(a). When the model was re-run with the stiffener plate modelled, the stresses had dropped to below yielding. Figure 12(b) shows the design details at the knuckle. The plate thicknesses within the knuckle were sized to ensure that all components classified as “compact” sections in order to eliminate local plate buckling.
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The knuckle is where the tie girder, arch rib and end floor beam are connected at the bearing location. It
is a critical component of the arch because it transfers the thrust forces from the arch rib to the tie girder,
and because it is the location where lateral (out-of-plane) restraint is provided to the arch by the end
floorbeam. Due to the complicated configuration and stress distribution expected at the knuckle, a local
three dimensional analysis utilizing four-node quadrilateral shell elements was performed. Von Mises
yield stresses were checked to ensure no yielding in the member under the ULS condition and the
compact section with the use of stiffener to eliminate any local buckling behaviour. Figure 12(a) shows
the von Mises stresses distribution on the elevation view where the stress at the top flange was locally
higher than the yield strength. A plate was added to strengthen the knuckle at that location to reduce
local high stresses as shown on Figure 12(a). Figure 12(b) shows the details at the knuckle.

Figure 12(a) Von Mises Stresses (b) Knuckle Details
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Figure 12(a) Von Mises stress distribution









(b) Knuckle details
2.3.3 Link Slab
Concrete Link slabs were used in the deck between adjacent arch spans to avoid the need for expansion joints over each pier. While the design methods for link slabs in standard slab on girder bridges are generally well established and relatively straightforward, the thrust of the arches at the outside edges of the bridge greatly complicated the design of the link slabs for the Argyle St. Bridge. Although the arches in each span are tied, live loads on the bridge still cause the arches to “spread” at the supports. This spreading action cause the knuckles in adjacent spans at each pier to move towards each other. If there was an expansion joint between the adjacent spans, the movement would be accommodated by a narrowing of the joint and no loads would be introduced into either span. By introducing a link slab between the spans, the thrust is now restrained by the continuity of the deck and large compression forces are introduced in the edges of the deck slab. Because the thrusting action is generated at the location of the arches at the outside edges of the deck slab, the compression force at the deck edge is highly concentrated and large.
A 3D FE analysis was performed utilizing solid elements for the deck slab and shell elements for the end floor beam to evaluate the forces generated in the link slab. Figure 13 (Left) shows the modeling and the stress distribution under loading. As described above, large compression stresses were developed in the link slab at the edges of the deck and small, self-equilibrating tension forces were developed throughout the middle portion of the link slab. The large compression forces required the use of high strength concrete (50 MPa) in the link slab to avoid localized crushing of the concrete. The self-equilibrating tension forces in the centre portion of the deck, combined with the need to control cracking in the link slab caused be rotation of the adjacent spans, required the use of 20M bars at 100 mm spacing top and bottom of the link slab, as shown in Figure 13 (Right).
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Figure 13: Link slab – Left: Link slab modeling and stress distribution, Right: Link slab details
2.3.4 Other Design Considerations and Details
Two cables were used at each hanger location to provide load path redundancy. Each of the cables is capable of supporting the full in-service load should one cable be damaged under service load conditions. In addition, the entire arch structure was also designed to withstand the loss of both cables at any one hanger location without the occurrence of structural instability at the extreme limit state.
The minimum lateral deflection at the crest of the arch due to live load and wind load at SLS was limited to 26mm (i.e. arch rise/300). Lateral deflection of the arches is mainly controlled by the stiffness of the end floorbeams. In the final design, the stiffness of the end floor beams was controlled by these deflection requirements rather than by the stiffness required to control global stability of the arch.  

The maximum vertical deflection in the tie girder due to live load and wind load at SLS was limited to 26mm (bridge span/1500). This requirement also met the superstructure vibration requirements for pedestrian comfort levels on the sidewalk as required in the Canadian Highway Bridge Design Code (CSA 2014).
2.4 Arch Erection
Replacement of the bridge was originally intended to be completed on the existing bridge alignment, while traffic was detoured on a temporary modular bridge immediately upstream of the site. As part of the CM/GC process, a “jack-and-slide” bridge replacement method was proposed by the Construction Manager (CM) in order to eliminate the cost of the 200 m long temporary detour bridge, and to improve the contractor’s access to the work, which would otherwise have been impeded by the temporary bridge.  The new bridge would be constructed immediately adjacent to the existing bridge on a combination of temporary piers and the west end of the permanent new piers. The new bridge would be constructed while traffic remained on the existing bridge and would serve as the detour bridge while the existing bridge was being demolished. When demolition of the existing bridge was complete, the new bridge would be slid on temporary sliding beams onto the permanent piers and abutments on the original bridge alignment. Review of the concept by the design team revealed that the new concept also greatly improved the temporary detour alignment and the concept was adopted for detail design. Figure 14 shows the new bridge constructed on the detour alignment. The new abutments and piers were detailed in discussion with the CM to accommodate the Contractor’s lifting and sliding systems.
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Figure 14: Jack-and-slide erection method

3    SUMMARY
This paper has reviewed a number of the key design issues related to continuous unbraced arch bridges with special emphasis on the issues of lateral stability, structural redundancy and continuity of the arch structures. Three-dimensional FE linear and nonlinear buckling analyses were performed to investigate the global stability including in-plane and out-of-plane buckling behaviour. Local FE analyses were also performed to investigate a partial failure in the tie girder and the complex interaction of stresses at the arch knuckle. Special consideration was also given to the design and detailing of the link slab connecting the simply supported arch spans. Finally, a brief description of the erection method utilizing the “Jack-and-slide” concept was provided. 
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