Geometric Constraints lead to an Innovative Precast Concrete Segmental Arch Tunnel – North Kiama Bypass
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ABSTRACT

The design of the TechSpan® Arch rail tunnel for the North Kiama Bypass required the construction of a unique skewed and splayed end detail to allow the structure to fit inside a very constricted site.  This presented many design and construction challenges, including:

· 3D modelling and analysis of a stepped irregular buried structure, with staged analysis to model the construction sequence.

· Design for highly asymmetric load conditions with minimal cover to the crown of the arch.

· Allowance for staged construction to minimise disruption to traffic flow, including the construction of a temporary wire facing Terratrel®  retaining wall.

· Specially manufactured wedge units at both ends of the tunnel to accommodate the site constraints.

· Construction methodology to allow the use of the railway siding on a regular basis.

This paper examines the innovative treatment of the arch units, the techniques used in 3D modelling of the splayed ends, and design and construction issues associated with working in a restricted site, describing how innovation in conceptual design, analysis, and in construction allowed the successful completion of a challenging project.

1.
INTRODUCTION

The North Kiama Bypass required the design of a complex geometric railway arch to allow the passage of a freight train which serves the nearby Bombo Quarry.
The original conceptual design and layout of the arch was carried out by Brian Bourne Bridge Engineer Pty Ltd on behalf of Hughes Trueman Pty Ltd.  Head Contractor, John Holland Pty Ltd, engaged The Reinforced Earth Company for the comprehensive detailed design and supply of the precast segmental arch tunnel and the associated reinforced soil retaining walls. The scope of work included footing design and foundation verification for the structures.  

RECO engaged Interactive Design Services Pty Ltd for the detailed analysis and design of the arch with independent verification by Cardno Ltd.
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Photo 1: Techspan® tunnel with TerraClass® reinforced earth retaining walls

2.
THE SITE

The Bombo Bypass is located in fill approximately 7m high supported by reinforced soil walls. At the site, the Bypass is on a –2.15% grade and 498 m  radius horizontal curve. The Techspan tunnel location is dictated by the existing railway track which is also on a horizontal curve.
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Figure 1: Site location

3.
CONSTRAINTS

The following constraints exist at the site.

a) Clearances: In accordance with the RIC track clearance diagram – a minimum vertical clearance of 4.80 m and horizontal clearances to the track centre line of 4.50 m south and 3.50 m north.
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Figure 2: Typical cross section

b) Foundation material: geotechnical investigation has revealed compressible sediments up to 15m deep at the site. The Geotechnical consultant has predicted post-construction settlements up to 100mm due to the weight of the 7.0 m high reinforced soil wall. Consequently, an additional 150mm vertical clearance is added to allow for predicted settlement

c) Provision for staging of works: The construction requires no disruption to traffic flows on the busy Princes Highway at any time. A temporary wire faced reinforced soil retaining wall was constructed at about the mid-point of the tunnel, to allow the work to be carried out in two stages.

Stage 1 – Construct the tunnel with temporary wire faced retaining wall to allow traffic flow on the existing Princes Highway.
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Photo 2: Stage 1 construction

Stage2 – Divert the traffic on Princes Highway onto completed Stage 1 work and proceed with installation of the balance of the arch units and associated earthworks and reinforced soil walls.
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Photo 3: Stage 2 construction

d) Geometry: At the ends of the tunnel, special wedge arch units forming a ‘lobster back’ shape are required to accommodate the severe skew without encroaching on the local road boundaries. Reinforced soil walls alignment resulted acute-angled corner with insufficient space for soil reinforcement. Consequently special treatment such as the use of insitu concrete and cement stabilised fill were used – refer to Figure 4.
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	Figure 3:  Tunnel Layout
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Figure 4: Section at the ends of the tunnel (wedge units)

4.
TUNNEL GEOMETRY

The layout of the tunnel is shown in Figure 3. In order to minimise the extent of the tunnel outside the retaining walls marking the boundaries of the Highway the end faces of the tunnel were aligned as closely as possible with the road alignment, requiring the precast tunnel units to be constructed on a tight radius on one side at both ends.  The curved end alignment, combined with the restricted volume of fill on the other side of the arch, resulted in extremely unbalanced loads on the end structures, requiring careful design and analysis to ensure the ability of the structure to withstand the applied soil loads and SM1600 live loading.  The design was further complicated by the minimal soil cover over the crown of the arch, and the need to construct the structure in two stages, due to traffic flow requirements.  

The end structure geometry was modelled independently in Autocad, and in the finite element analysis  program Strand7, to ensure that arch elements did not infringe the rail clearance envelope.

5.
ANALYSIS AND DESIGN OF THE END STRUCTURES

Preliminary design of the end structures, and final design of internal sections, was carried out using the Reinforced Earth Company in-house finite element analysis package “Aztech”.  This program carries out a 2D plain strain analysis of the arch and backfill, modelling the application of soil loads in layers to replicate the construction process.  The plane strain analysis effectively analyses a metre width of structure, and is well suited to typical tunnel applications, where there is limited variation in conditions perpendicular to the plane of the analysis. For preliminary analysis in the case of the end structures the variation in soil loading and effective width of the arch precast units was modelled by varying the stiffness and density of the plate elements across the width of the model.  For final design purposes it was decided that a 3D analysis was necessary to give sufficient confidence in the reliability of the analysis, especially for live loading, where dispersal of wheel loads through the fill was very difficult to model in a 2D analysis.

The layout of the end structures is shown in Figure 3.  They consist of 5 special tapered precast units, arranged on a tight radius, supported by two standard units.  The precast units are surrounded by an in-situ concrete collar to tie the units together, and provide additional strength.  A full width movement joint is provided at the interface with the standard arch units to accommodate their different deflection behaviour.  The end structures are backfilled with cement stabilised fill over the crown and the standard units, with select fill used over the tapered units.

The analysis of the end structures was carried out using the general purpose finite element package Strand7.  The main features of the analysis were:

· Due to significantly different geometry, a separate model was created out for each end.

· The arch footings, in-situ collar, and backfill were modelled with 20 node brick elements.

· The precast concrete arch panels were modelled with 4 node plate/shell elements.

· The arch plate elements, placed at the centroid of the arch section, were connected to the in-situ concrete with rigid links.

· Contact elements were provided at the interface between materials to allow slip between the concrete and the fill.

· The analysis was carried out in stages, with the in-situ concrete and fill being added in layers to model the construction sequence.

· The soil elements were modelled with linear-plastic Mohr-Coulomb properties.  Other materials were modelled as linear elastic.

· An elastic support was provided to the face of brick elements representing reinforced soil retaining walls.

· Internal faces of brick elements at the limits of the model were restrained in the horizontal direction perpendicular to the face.

· Soil elements at the base of the model were fixed in the vertical direction, and the base of the footing elements were fixed in all three directions.

Extensive use was made of the Strand7 API (Application Programming Interface) both for generation of the model, and for extraction of results.  The 3D coordinates of the centre-line of each arch panel was generated in an Excel spreadsheet, and a series of beam elements were created in the model using the API.  The beams were then extruded to form the plate/shell elements, and the plate nodes were extruded to form successively: offset beams, master/slave links, and frictional contact elements.  Having defined the position of the soil/structure interface the generated coordinates were read back into a spreadsheet using the API, where the remainder of the model was generated.  

The backfill was divided into eight layers, connected with master-slave links, so that the actual backfill sequence could be modelled in stages.  Each fill layer was allocated its own Freedom Case, with every node restrained against movement, so that the fill layers could be fixed in space until they were connected to the model.  The procedure to add each layer to the analysis was:

· Disable the Freedom Case restraining the nodes of the next layer.

· Add in master/slave links to connect the layer to the rest of the model.

· Run non-linear analysis using the re-start file from the previous layer.

· Run three load cases for each layer: 1) apply gravity loads; 2) add compaction loads; 3) remove compaction loads.

· Save re-start file for use as initial stresses for the next layer.

Finally design vehicle wheel loads were applied to the top surface of the fill, and the final arch and collar actions were extracted.  This process was controlled from an Excel spreadsheet, using the API, allowing what would otherwise have been a time consuming process to be carried out automatically.  Construction of the model is illustrated in Figures 5 to 8.

The fill and concrete stiffness parameters used were standard values used in the analyses of TechSpan structures, which have been calibrated against measured deflections of actual structures.  The stiffness of the elastic support to the retaining wall faces was selected by trial and error so that the deflections perpendicular to the wall agreed with those found in 2D analyses of the reinforced soil structures.
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	Figure 5:  Arch panels
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	Figure 6: In-situ collar
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	Figure 7: Arch fill
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	Figure 8: M1600 Load


The Strand7 API was used to extract the actions in the arch and collar from the analysis results, allowing the critical sections and load cases to be determined easily.   Deflections of the completed structure under M1600 loading, with 100 times magnification, are shown in Figure 9.  A typical design graph, showing ultimate design bending moments and design bending capacity, is shown in Figure 10.

As a result of the 3D analysis significant changes were made to the preliminary arch design:

· The insitu concrete fill between the standard arch panels and the outer retaining wall was extended up to the top of the arch.

· Ties were provided between the end structure footings, because the outer footings had insufficient vertical load to resist horizontal forces in friction.
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	Figure 9:  Deflections under M1600 load, 100 times magnification
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	Figure 10:  Combined arch and collar bending moments and capacity


5
Construction

Whilst overcoming the complex design issues, the constructability of the arch remained a priority during the design stage.

The concrete footing is a simple rectangular footing that is readily constructed using conventional formwork techniques and a recess is cast to allow the installation of the arch units.

The detailing and manufacturing of the arch units on a radius curve coupled with the ‘lobster back’ wedge units were a challenge for the Reinforced Earth Company’s  design and operations team. 3D drawings were created in order to determine whether the train would have a trouble free passage through the full length of the tunnel.
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Figure 11: 3D Model

The Techspan units are stacked vertically and fit neatly within the adjacent unit to minimise the storage space required. The unit is simply lifted from the vertical position and placed on the ground. The panel is then ready for installation and is rigged in its final position and installed. Several checks for location and level are made and the precast unit is re-adjusted to suit the design location whilst the crane maintains the load.

Due to the meticulous care in the detailing and manufacturing of the arch units, the complex ends of the North Kiama Bypass proved to be no more challenging to install than a typical precast unit.

Installation of the units was undertaken using an 80 ton mobile crane and a 50 ton mobile crane. The 80 ton crane was used to install one side of the arch and pass the precast units to the 50 ton crane for installation.

The installation of the arch units was conducted adjacent to the Princes Highway and many interested beach makers witnessed the creation of an arch from single precast units.

[image: image14.jpg]300mm SUB BASE COURSE — BLAST FURNACE
SLAG (UCS>4 MPa) — 7mm SEAL OVER
(DESIGNED & SUPPLIED BY OTHERS)

SOOmm SELECTED MATERIAL ZONE-MINIMUM CBR 15%

150mi
(DESIGNED &

m TO BE MODIFIED — 7mmPRIMER SEAL OVER
SUPPLIED BY OTHERS)

5 S
;”/{/{/{M/%/l WY,

REINFORCED CONCRETE
INSITU-ARCH STRUCTURE ~—_|
(SUPPLIED BY OTHERS)

5924

ZONE 3.

EXTENDS OVER FULL LENGTH
OF ARCH TO GROUND SURFACE
OR ROAD FORMATION LEVEL

ZONE 2.

SELECTED GRANULAR FILL
FULL LENGTH OF ARCH
IN ACCORDANCE WITH
REPL SPECIFICATION

SRR

T

4% CEMENT STABILISED
FILL (SUPPLIED BY OTHERS)

4 OF ARCH j

” NISHED ROAD LEVE

600
MIN,

TRAFFIC BARRIER
(DESIGNED & SUPPLIED
BY OTHERS)

FINISHED SURFACE
LEVEL

ZONE 1.

SELECTED GRANULAR FILL
OVER FULL LENGTH OF
ARCH. IN ACCORDANCE WITH
REPL SPECIFICATION

SUBSOIL
DRAINAGE SYSTEM

0 CROWN OF_ARCH
- o RL12.023
il 1%
: 1707 ~
| ¢ OF RAIL 0
I | z
! CLEARANCE | =
| VARIES | )
| 5600 RESTRICTIONS | =
I =]
[-—RIC CLEARANCE REINFORCED CONCRETE
ARGH SysTeM_ I & INSITU-ARCH STRUCTURE
| 3500 ! 4500 | & (REFER DETAILS ON SHT 08/09)
1=
S EARANEE | : g (SUPPLIED BY OTHERS)
RESTRICTIONS | | 2
I 4 MAX Rl 6.502 !
Y I BASE OF ARCH
— L T — RL 6.098
—‘ | |
28 2278 R.C. FOOTING

(DESIGNED BY REPL
SUPPLIED BY OTHERS)





The installation of the arch was brought to a complete stoppage (albeit a short one) when the quarry would advise that ballast trains were soon to exit. The installation of the arch units does not require any central propping during installation and made events like a passing train a simple occurrence to manage. The installation would cease to allow the train to pass and then re-commence immediately.

Following the installation of the arch units a pair of 40mm stress bars was required at either end of the arch to accommodate the complex end geometry. These were installed beneath the railway tracks and post tensioned prior to the commencement of backfill.

The backfill of the arch commenced and occurred simultaneously with the backfill of the adjacent reinforced soil walls. Particular care is taken with lighter equipment when backfilling the arch. The joints are protected with a waterproofing agent and once at the top, a longitudinal crown beam is cast to combine the precast units.

6
Conclusion

The design of and supply of the rail tunnel for the North Kiama By-pass project required an innovative approach to the use of standard precast structural elements to enable the structure to fit within the tight geometric constraints of the site. 

The use of advanced analysis techniques on this comparatively small project was made feasible by developments in computer hardware and software, which allowed the non-linear 3D analysis of an irregular segmental structure to be carried out in the short time allowed by the construction project.

The contractor, by engaging Reinforced Earth Company very early in the construction process, was able to fully utilise the design expertise and manufacturing know how to complete the project in a timely manner with minimal disruptions to traffic. The precast arch solution allowed the use of the railway siding on a regular basis. 
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