*

Precast segmental liner design and
construction for some of the world’s
most challenging tunnels

_

Jon Hurt
Colorado School of Mines
9/14/2016

ARUP


Presenter
Presentation Notes
Useful General References:
1. AFTES Guidelines - http://www.aftes.asso.fr/ - “The design, sizing and construction of precast concrete segments
installed at the rear of a tunnel boring machine (TBM)”
2. British Tunneling Society – Tunnel Design Guide
3. ITA – “Guidelines for the Design of Shield Tunnel Lining”
4. NAT 2008 - Recent Developments in North America in the Design of Precast Concrete tunnel Linings 




Jon Hurt PE, CEng, MICE
Principal
Tunnels Skills Leader

" |eader of Arup’s Tunnel Practice in the Americas
" global leader for the Tunnel Skills Network

" a project manager and tunnel engineer, wide range experience in management,
design and construction of major tunneling projects

" experience includes underground construction projects on five continents
including High Speed 1 in UK and NYC's 2"d Ave Subway

= currently PM for DOE’s Long Baseline Neutrino Facility Far Site project

" Coordinator for Arup’s philanthropic program in the Americas

ARUP


Presenter
Presentation Notes
Poseidon has recently finished constructing the largest seawater desalination facility in the Americas in Carlsbad, CA and is developing additional facilities in California, Texas and Florida.
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Arup has come a long way since the firm was founded,
yet we stay true to Ove Arup’s original values
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Introduction to Segmental Linings
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Intake No0.3 Project Overview

Proposed Intake No. 3,
Tunnel and Pumping
Station

Existing :|JSaddIe Island
Treatment

Facility M

Hoover Dam
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Profile of Proposed Intake System

—Pumping Station and Access Shafts

Saddle Island

1096 feet amsl Lake Mead

Old Las Vegas Wash Channel

| Intake Shaft (860 feet)

Tunnel (approx. 3 miles,
4.8 km)
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Presentation Notes
Lining consists of a number of rectangular (ordinary) segments, top left and top right segments adjacent to the key and (typically) a wedge shaped key.  Except for expanded linings, segments are bolted or dowelled together.

Joint terminology – joint between two rings is ‘circumferencial’ or ‘circle’ joint.  Joint between segments is ‘longintudinal’ or ‘radial’ joint.


>
Rectangular Lining
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Segments need to be sized to work with the TBM configuration in both width and arc length.  Key size and angle needs to be carefully designed to suit the TBM shove ram (key has to be slid in from the side).
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Trapezoidal Lining
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In its simplest configuration (with dowels used to connect across the circumferential joint) all segments are identical.
Leads to “universal ring” concept where a single reversible ring can be used.
Need to consider the angle of the joint required to allow key to be inserted for the allowable retraction shove ram (note that extremely skewed joints introduce torsion into the ring)


>
Rhomboidal Lining

DIRECTION OF TBM ADVANCE
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Key type segment Reverse key type segment
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Segments are numbered in accordance with their order of placement
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Presentation Notes
Rhomboidal arrangement allows segments to be placed without the gasket rubbing as much as it would in a rectangular arrangement.  It also allows the TBM shove rams to help with gasket compression, rather than relying on the segment erector.
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Expanded Lining

DIRECTION OF TBM ADVANCE

ﬁ Key segment
Standard segment Counter segment l
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Segments are numbered in accordance with their order of placement
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Expanded Linings
Segments erected directly against excavated ground, and expanded into place.  
There are no connections between segments, the ring is held in place by being exanded against the ground.  In the US, the lining has often been expanded using screw jacks.  A “wedgeblock” lining uses one or two concrete wedge shaped keys which are pushed in to expand the lining using the TBM shove rams
Sometimes calls “junk” segments, although have been used for permanent linings in transportation tunnels where ground conditions are suitable.
Lining is erected behind the shield/TBM
Requires a competent ground with good stand up time (eg stiff clays).  
Not possible to waterproof so needs to be used in ground with relatively low permeability.
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Expanded (Wedgeblock) Lining
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Image from Heathrow baggage tunnel, London, UK (expanded lining is 6” steel fiber reinforced concrete).
Note wedge is a shorter length than the segment ring and the gap is filled with mortar.
Another potential configuration is two keys in the ‘knees’ of the tunnel
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Hexagonal (Honeycomb) Lining
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Presentation Notes
Not easy to add gaskets – has been tried with limited success
Can’t be used with taper and not suitable for sharp radius bends.
Typically used in competent ground and supported initially with pea gravel, then grouted.
Very fast method of tunnel lining.  Allows continuous use of shove rams so mining can be carried out continuously – see papers
RETC 2001 – Yellow River Diversion, China (up to 100m/day)
RETC 2001 -  Manila Aqueduct, Phillippines (up to 58m/day)
World Tunneling – Trasvases Manabi, Equador (up to 67m/day)


>
Hexagonal (Honeycomb) Lining
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Image from RETC 2001 Chapter 21


>
Tapered Linings

= Taper can be applied to any lining geometry that
allows rotation of rings

= Limits need for packing between segments on
curves
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When selecting the taper, need to consider:
 - required radius (need to provide more than just the tightest designed curve to allow for local alignment adjustments)
 - balance between segment width and size of taper (on a tight curve radius with a long segment, the required taper will be so big that lining may bind with TBM tailskin
 - number of connection holes between segments – the more holes, the finer the adjustment of the alignment can be
 - undesirable rotations from one ring to another – for gasket performance, cruciform joints should not be allowed.  On some segment configurations (eg rectangular) this limits the number of positions that one ring can be rotated relative to the previous one.


Joint Geometries




Concrete
Typically require:

- dense, Impermeable, durable mix

- high early strength




®
Reinforced Concrete

= Typically prefabricated welded cages
= Durability
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Durability – depending on design life and exposure conditions, consider
 - concrete cover
 - concrete mix design
 - epoxy coated rebar
 


»
Steel Fiber Reinforced Concrete

= SFRC provides increased durability, simpler
manufacturing and cost savings

= Surface Finish — Smooth, no exposed fibers

= Repalirs — no corrosion protection required
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Cost savings (US/Europe) typically around 10% on segment cost
Image from Singapore N-S Line, Soluble salts drawn into the lining by capillary action, causing corrosion to conventional rebar

Relevant References:
 - RILEM. TC 162-TDF, 2003, Final recommendations of TC 162-TDF, Test and design methods for steel fibre reinforced concrete, s-e design method, Materials and Structures, Vol. 36, pp. 560–565. 
 - Waal, RGA; 1999: Steel fibre reinforced tunnel segments
 - RETC 2005 Chapter 73 - The Design and Use of Steel Fiber Reinforced Concrete Segments
 - RETC 2005 Chapter 74 - Steel Fiber Reinforced Tunnel Linings
 - RETC 2007 Chapter  97 – Design, Testing and Production of Steel-Fiber Reinforced Concrete Segmental tunnel Lining for the East Side combined Sewer Overflow Tunnel 
 - RETC 2007 Chpater 
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Polypropylene Fibers
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Polypropylene fibers can be added to limit the vulnerability of linings to fire.

Useful Reference
FIRE PROTECTION OF CONCRETE TUNNEL LININGS, Peter Shuttleworth, Proceedings of the 3rd International Conference on Tunnel Fires and Escape From Tunnels 


®
Fire Damage
Channel Tunnel

Storebelt
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Examples of fire damage in traditionally reinforced tunnels (no polypropylene fibers)


‘Normal’ Concrete

TR

1y

HEAT

1. Moisture moves away from heat
front

2. Vapour pressure increases as
heat front advances

3. Vapour pressure > tensile
strength of concrete and
explosive spalling occurs

With Polypropylene Fibers

2. Fibres melt at 160° C form
Interconnecting passages for
vapour pressure to escape
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From Channel Tunnel Rail Link project, UK – fire testing of plain concrete (left) and concrete with polypropylene fibers (right).  See RETC 2003 Paper 22


>
Steel/SGI Linings

= Suitable for high load locations — eg openings.

= Steel — fabricated; Spheroidal Graphite Iron -
cast
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Images show a block of SGI segments used for an opening frame during tunnel construction and after cross passage construction.  An example of an alternantive configuration for a steel segment to provide an identical shape to a concrete segment is also shown.
Complete rings of SGI or steel (liner plates) are also an option.
Typically the choice between steel fabrication and SGI casting is determined by the number of segments required.
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Fixings and Appurtenances

EPDM/ Hydrophilic
Gaskets

Bolts and Bolt Inserts

Alignment Dowels

Alignment Balls
Guide Rods

Lifting Sockets
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Presentation Notes
Selection of bolts vs dowels – dowels can allow faster construction but allow some flexibilty and cannot provide the same joint closure (coordinate with watertightness requirements).
Guide rods allow for good alignment of the radial joint.
Alignment balls allow for good alignment of the circumferential bolt
Lifting sockets often double as grout holes.


»
EPDM Gasket

= Gaskets compressed against each
other when lining Is erected and
provide sealing against water ingress

= Design for range of segment offsets
and gaps
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In specifying/selecting gaskets, need to consider:
 - ground and groundwater conditions – some are aggressive to EPBM, eg hydrocarbons – use coasted EPDM or alternative material
 - coordination of gap/offset requirements with allowable build tolerances
 - consequences of water ingress – single or double system required.


2
EPDM Gasket Testing
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Gaskets are typically tested in a T configuration (corners are potentially the weakest parts of the system) with specified gaps and offsets.  Normally the test pressure is double the maximum expected pressure (over the life of the gasket, relaxation will cause some relaxation of sealing capacity).
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Ring Design
= Continuum Analysis Model

= Bedded beam-spring
= Distortion Ratio

= Numerical Analysis
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Presentation Notes
Continuum Analysis – also referred to as closed-form solution – models for circular tunnels only are based on excavation and lining of a hole in a stressed continuum.  Models include Duddeck and Erdmann; Muir Wood, modified by Curtis; and Einstein and Swartz.  Quick and easy to use, good for determining lining sizes and carrying out sensitivity studies.  In high cover cases (>2.5 to 3D) reduction in ground loading should be considered (ground arching). 
Duddeck, H. and Erdmann, J. (1985) On structural design models for tunnels in soft soil.Underground Space, Vol. 9, Pergamon Journals Ltd, USA, pp 246-259.
Muir Wood, A.M. (1975). The circular tunnel in elastic ground. Geotechnique 25, Issue 1., Thomas Telford, London, pp 115-127.
Curtis, D.J. (1976). Discussions on Muir Wood: The circular tunnel in elastic ground. Geotechnique 26, Issue 1. Thomas Telford, London, pp 231-237.
Einstein, H. and Schwartz, W. (1979). Simplified analysis for tunnel supports. Journal of Geotechnical Engineers, ASCE, USA, pp 499-518.
Bedded Beam-Spring Models – represent the tunnel as a series of beams connected to the ground by a series of radial (and sometimes tangential) springs.  Radial springs should work in compression only.  Models tend to underestimate the contribution of soil-structure interaction. A number of relationships for spring stiffness exist which give a range of values for stiffness (including Vesic(1961), Muir Wood(1975), Curtis(1976), and US Army Corps of Engineers (1997). Engineering Manual EM 1110-2-2901: Engineering and Design – Tunnels and Shafts in Rock. Directorate of Civil Works – Engineering and Construction (CECW-E), Washington DC).
Distortion Ratio – simple verification method. (Schmidt, B. (1984). Tunnel lining design – do the theories work? 4th Australia – New Zealand Conf. On Geomechanics, IEAust, pp 682 –693).  Different imposed ovalization values used for different ground conditions, and for circular tunnels methods such as Morgan can be used to calculate the resulting imposed moment, which should be checked against capacity in combination with the hoop thrust (Morgan, H.D. (1961). A contribution to the analysis of stress in a circular tunnel. Geotechnique 11, Issue 1. Thomas Telford, London, pp 37-46)
Numerical Analysis – 2D or 3D analysis. In 2D analysis the key issue to consider the relaxation ahead of the tunnel face 

Other relevant papers:
 - NAT 2002 – Structural Design and Testing of a Bolted and Gasketed Pre-Cast Concrete Segmental Lining for High External Pressure




Segment Designh — Manufacture and Handling

= Consider all load cases
from initial stripping of

~ - the concrete form to

erection In the tunnel
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Segment Designh — Manufacture and Handling

W Ny

1. Segment is cast, and 2. Segment stripped from
left in the form until the mold — design condition
specified stripping depends on strength and

strength is reached lifting device
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Presentation Notes
Typical handling process shown – varies from factory to factory.  Important to get a clear definition of anticipated loads for each handling stage.


Segment Designh — Manufacture and Handling

|l

3. Segments are then 4. Segments are
rotated 180 degrees transported out to
the stockpile yard
using a forklift or

gantry crane.




Segment Design — Manufacture and Handling

B —c

5. Segments are 6. The segments /. The erector on
stacked are lifted onto the the TBM picks up
train and the segment &
transported into the rotates it into
tunnel place.
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Methods of stacking/transporting can impose loads on segments if support systems are not well positioned


Joint Design uuﬂm

= Consider the impacts of
poor build — not all joint
surface may be in
contact

= Design for bursting
stresses (arrangement
similar to a tensioned
anchorage)

= Consider hoop loads and
thrust loads from the
shove rams
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Joint testing can be carried out to validate design


®
Manufacture

= Plant Types
- Stationary
- Carousel

= Plant Location
- Jobsite
- Precast factory

=  Molds
- Horizontal
- Vertical

ARUP
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Type and location depends on estimated speed of tunneling and size of project (fixes required production rate).  Carousel systems are more complex/expensive but have a higher output.  On or off site location is impacted by available space on site; desire/experience to self-perform casting operation; economics of purchase off-site and delivery vs. on-site production etc.

Molds are specialist pieces of equipment; typically horizontal but vertical have some advantages.

Relevant papers
RETC 2003 Chapter 61 – The Design and Manufacture of the Arrowhead Tunnels Project Precast Concrete Lining
RETC 2003 Chapter 63 – Segment Design for Tunnel Productivity
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Stationary Plant
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Plant consists of molds in fixed location.  Crews move from mold to mold striking, cleaning, placing reinforcement and inserts, placing concrete and finishing.  Crews perform multiple operations.  Concrete can either be delivered from an on-site batching plant via hopper/belt or as a direct feed from a concrete truck.


®
Carousel Plant
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Molds are mounted onto a movable base which runs around a fixed track.  Workers are assigned to a “station” where the repeat the same tasks on a regular cycle as the segment molds move around the track – ie one station for striking the form, another for cleaning etc. Concrete is typically batched for each segment, placed in the mold and the mold vibrated in a soundproofed room inside the factory.


®
Concrete

= Vibration
- Internal pneumatic
- External pneumatic/electric

= Curing
- Steam

- Insulation
- Cloth
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Presentation Notes
Good vibration of the concrete essential – typically fixed to form.
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Annular Grouting

= As TBM is advanced, void behind segment needs
to be filled (overcut plus TBM skin thickness)

= In soft ground, essential to fill void quickly and
completely to minimize settlement, and support
segments

= In rock, need to support segments — but more
difficult to grout

= If shunt flows are present, need to pay attention
to avoid wash out.

= Secondary grouting to ensure all voids are full

ARUP
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Presentation Notes
Key Points per Slide
The higher the water pressure the greater the number of brushes.
Grease between brushes to ensure watertight seal.

Detailed Notes:
- Analysis of the Performance of Two Component Back-filling Grout in Tunnel Boring Machines
- Operating under Face Pressure – S.Pelliza et al, ITA 2010
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Segment Damage
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Segment Damage
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Damage Repair
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Presentation Notes
Which damage can be repaired should be clearly laid out in specifications; and repair methods should be planned in advance.
Damage that impacts the effectiveness of the gasket groove or the bearing surface typically should not be repaired (unless very tight tolerances can be obtained in repairs).  Gaskets require tight tolerances to be effective, and if the bearing surfaces have a high point that attracts all the load, the repaired section will suffer damage.
Damage that is superficial (intrados/extrados) can be/should be repaired, provided integrity of reinforcement (if present) is not compromised.
Useful reference
RETC 2001 – Chapter 79 - SINGLE-SHELL TUNNEL LINING WITH REINFORCED CONCRETE RINGS: CRITICAL LOADS AND DAMAGE PREVENTION
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Example repair criteria
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Presentation Notes
Good reference from SME … Concrete for Underground Structures (2011).
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