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ABSTRACT: The New MetroRail City Project was desdrand constructed during the period Feb-
ruary 2004 to October 2007 in Perth, Western Aliatrdt formed the northern part of the Perth to
Mandurah Railway project. The project includedstanction of two underground tragtations, twir
bored rail tunnels of 1.5 km combined length, andamd cover tunnels and dive structures of ap-
proximately 1 km total length. It is the first majunderground construction project within the Rert
Central Business District. This paper provide®egrview of the project and describes the key fea-
tures of the undertaking from a risk managemergpestive.
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1 INTRODUCTION

The New MetroRail City (NMC) Project was compleied2007 in Perth, Western Australia and in-
volved a major upgrade and expansion of the ciiestrified rail network. The project formed the
northern part of the Perth to Mandurah SouthernughshRail (SSR), which in total doubled the
length of Perth’s railway system, included 11 néatisns, and added 93 new railcars onto the net-
work, involving a total capital works budget of radhan A$1.6 billion. The SSR linked the rapidly
growing South-West Corridor with the Perth CBD diiscexisting rail network.

The work was administered by the Public Transpartharity (PTA) on behalf of the Government of
Western Australia.

The NMC Project was constructed by Leighton Conitracunder a A$334 million design, construct,
and maintain contract with PTA. Leighton sub-canted the whole of these works to the Leighton
Kumagai Joint Venture (LKJV).

The NMC Project included construction of two undermd stations, twin bored tunnels, cut and
cover tunnels and dive structures. The City Prdpedlt approximately 2.7 km of new railway from
Roe Street to the Narrows Bridge, as shown in Eidur It was the first major underground construc-
tion project within the Perth CBD, apart from muétizel basements for high-rise structures.

The NMC Project permanent works were designed buridall-GHD with Independent Verification
of these designs by SKM-SMEC. Specialist advinethe development of geotechnical design pa-
rameters and seismic modelling was provided by &offTemporary works were designed by Geo-
consult (Singapore) and BG & E, with IndependentifiGation of these designs by Golder and Van
der Meer Group. Specialist design advice was nbthby PTA from WorleyParsons and Connell
Wagner.
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Figure 1: NMC Project Site Layout
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2 PROJECT BACKGROUND

As shown on Figure 1, the northern end of the rootemences within the Perth Railway Yard adja-
cent to Roe Street. It then extends eastward withénrail reserve and the adjacent Roe Street road
reserve before turning to the south in a 135m madiuve and passing beneath the existing rail $rack
and the heritage-listed Horseshoe Bridge thateskffilliam Street over the rail tracks. South oflWe
lington Street, the alignment is located initiaibythe east of the William Street road reserveamdl
that was purchased by the WA State governmentcibtéde project development, and has since been
on-sold to a private developer to develop as higghtowers above and adjacent to the William Street
underground station. The project alignment thesspa beneath the Murray Street mall and four city
buildings ranging from 2 to 5 storeys in heighgtthre supported on shallow footings, generallyr wit
one basement. The tunnels are then located betteattoad reserve until reaching Mounts Bay
Road. The alignment then turns to the west bertbathVilliam Street road overbridge (since demol-
ished) and passes through the Narrows Interchawards the Narrows Bridges. The route passes
beneath the southbound Kwinana Freeway carriagenweyapproaches the Swan River between the
two Narrows Bridges. Chainages along the routaefe¥enced to Chainage zero (Ch 0) in the centre
of the William Street Station, with increasing aeges to the south expressed as Perth to Mandurah
(eg Ch 850PM) and increasing chainages to the @artPerth to Butler (eg Ch 220PB).

The significant underground features of the projeciude:

« William Street Station, extending over a lengthl8®m and with rail level located ap-
proximately 17m below ground. The station is linkedhe existing central Perth Train
Station by an underground concourse beneath Wailin8treet. The station was formed
using diaphragm walls and top-down in-situ concostestruction methods.

« The Esplanade Station, extending over a length38friLand with rail level located ap-
proximately 9m below ground. This station was carged bottom-up using in-situ con-
crete constructed within temporary sheet pile walls

* Roe Street cut and cover tunnel and open divetsneicextending over a length of about
300m. At its deepest point, the rail level is apgimately 9 m below the ground surface.
The Roe Street structures were built of in-situccete inside temporary and permanent
sheet pile walls, generally using bottom up methotitsthe deeper, strutted section of
the Perth Yard Dive structure a semi-top down goictibn method was used.

e Twin bored tunnels extending from the eastern dnithe Roe Street cut and cover sec-
tion to the William Street Station and from thelneough to the northern end of the Es-
planade Station. Within the bored tunnels, thesrait between about 9 and 21 m below
ground surface. The total length of bored tunrekspproximately 1.5 km. The 6.16m in-
ternal diameter bored tunnels have a 275mm thigknsatal lining.

e Foreshore cut and cover tunnel, open box strucancedive structure, extending from
the southern end of The Esplanade Station untitaiid¢rack rises to ground surface be-
tween the two carriageways of the existing Kwin&maeway. These structures were
nearly all formed of in-situ concrete within temaor retaining walls.

Major components of the project were required talégsigned for a design life of 120 years. Particu-
lar durability requirements were specified in thiglGl Project Scope of Work and Technical Criteria.
Limits on long term seepage into the undergroundcsires were specified, requiring care with de-
sign and construction of waterproofing details.mits were specified on long term rail movements,
requiring substantial quantities of piles to resmttical loading (including compression due to @ng
ing ground subsidence in the reclamation), tenéiwoes (buoyancy forces on underground struc-
tures) and lateral loads (lateral movements ofaraation fills). Minimum monitoring requirements
were specified to measure movements of buildingBastructure and services, and ground and
groundwater levels. Limits were placed on changagaundwater levels.

Topography along the route ranges from ground $eaélabout 2 m above sea level in the foreshore
area to about 15 m above sea level in the CBD witerdored tunnels are at their deepest, to albut 1
m above sea level in Perth Rail Yard where thegutajejoins the existing rail network.
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3 HISTORICAL DEVELOPMENT ALONG THE ROUTE

European settlement of the Swan River Colony, wiéthr became the City of Perth, occurred pro-
gressively during the 1800’s. Several major develepts associated with the growth of the city had
the potential to impact on the project and are rilesd in this section.

3.1 Old Northbridge lake system

The extent of lakes in the vicinity of the northesection of the project alignment taken from a plan
dated 1838 is shown in Figure 3. Lake Kingsfordden to cover much of what is now the Perth Cen-
tral Train Station. In particular, a section of thew rail alignment adjacent to Roe Street is withie
original lake area, covered by Lakes Kingsford hg&dand and Irwin.
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Figure 2: Old lakes neaf project alignment

In some old lake areas thicknesses of 1 to 2 nigzroc peaty material formed. The organic materials
were generally at shallow depth (1 to 2 m maximemge the lakes were formed by groundwater ex-
posed in shallow interdunal swales. Filling of #ndskes to eliminate mosquito problems and create
more land for development in the mid 1800’s reslitevariable ground conditions. Subsequent land
use as railway yards for the past 150 years hasedaihe old lake infilling to generally compriseda
with traces of organic matter, occasional zonegeait and railway ballast, cinders and timber sleep-
ers.
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3.2 Foreshorereclamation area

Over a period of about 150 years, a substantidalgidhe Perth foreshore was reclaimed from a large
tidal estuary known as Perth Water. The Esplansat#o8 and foreshore cut and cover sections of the
project are located within this reclaimed area.lyJEdevelopment of this area during the mid to late
1800's included the construction of a filled cauagveading to a timber jetty. A channel was later
dredged and formed to improve navigation to thgy j&8y about 1900, filling of the Swan River had
extended out about 100 m south of the original elher and on both sides of the original causeway.
These features are shown in Figure 3. This areaused for a number of purposes, including for the
support of military aircraft during World War II.
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Figure 3: Historical development in foreshore area

In 1954, reclamation of an area of about 29 hestar@s commenced to enable construction of the
Narrows Bridge. Reclamation was carried out byiplg sand hydraulically behind a perimeter bund.
It is understood that the bund was formed by firstdging oyster shells as light weight fill andrthe
covering this with about 2 m of sand. This bundwabsequently penetrated by timber sheet piling
breastwork. This so-called “old” reclamation, wessentially completed by January 1958. A large
proportion of the hydraulically placed fill compeid estuarine mud capped by a layer of sand at about
RL 2.5 m.

A “new” reclamation of an additional 8 hectaresaafaellowed the “old” stage in order to accommo-
date the Narrows Interchange road works. The “neglamation continued until about 1970. To ac-
celerate the large settlements expected acrossirisfrom embankment loading, the compressible
foundation soils were surcharged. Some 43,000c&rsiand drains each of about 450mm diameter
were installed in 1964/1965 to accomplish this.

Parts of the original river bed were observed teehsettled up to 7 m under surcharge loads, con-
tributed by filling about 5 m above final desigrvdés. The total depth of fill including surcharge
since reclamation commenced, in some places, egdedim. Residual (secondary) settlements of up
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to 0.7 m or more were expected over a long perfddr@ following construction. This magnitude of
estimated settlement is consistent with the resiiltsibsequent settlement monitoring.

3.3 Old ground anchors

More than 150 ground anchors were known to exisebath William Street along the alignment of the
proposed bored tunnel. The anchors were instatletemporary support of basement retaining walls
for possibly 6 buildings. Anchors typically compats twisted strands of high tensile steel wire
grouted with cement (over fixed lengths of 6 toriPwithin holes of about 80 mm diameter and with
free lengths of about 8 to 10 m. More than one obanchors were employed on deeper excavations.
It was reported that the anchors were de-stresséddisement construction progressed, however, this
practice may not have been followed in all cases.
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4 SITE INVESTIGATIONS

The geological and geotechnical setting for the NRIGject works is complex, as may be seen from
only a brief consideration of the geological dgstion and history of the siteSix phases of site in-
vestigation were carried out for the project asmmanised in Table 1. Phases 1 to 4 were managed by
the PTA. Phases 2 and 3 involved input from temgeconsortia. Phases 5 and 6 were managed by
LKJV. A substantial Geotechnical Interpretive Rapeas prepared by LKJV at the completion of the
Phase 5 investigations, summarizing all findings @commendations for design at that stage.

Phase Timing Details
1 Prior to calling for expressions of in- Scoped and commissioned by PTA
terest
2 During Expression of Interest (EOI)  Scope proposed by five EOI participants and commis-
stage sioned by PTA
3 During the Tender design stage Scope propogéddProponents. Partial scope com-
missioned by PTA
4 During Tender evaluation stage Scoped in cteisoh with Preferred Proponent. Partial
scope commissioned by PTA
5 Immediately following award of con- Scoped and commissioned by LKJV
tract
6 During construction Scoped and commissionedkaV

Table 1: Phases of site investigation.

Separate investigations were conducted by envirateheonsultants into the occurrence and charac-
teristics of acid sulphate soils and contaminateatenmls and groundwater along the route.
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5 GEOLOGICAL MODEL

The historical borehole records, six phases ofisitestigation and construction boreholes resulied

a total of approximately 900 locations that werst {@tted, drilled or probed to provide geological,
geotechnical and/or hydrological information foe ghroject. This total figure includes approximatel

200 historical drill holes and CPT probes.

During the Phase 1 to 5 investigations the geoldgitodel of the site was subdivided into 6 to 8
units (depending on investigation phase). Theggnerring geology units with an assigned symbol
(eg SS, Spearwood Sand) were used throughout diecpfor design and construction purposes. An
example of a geological section produced duringptiogect is shown in Figure 4.

During the construction period several variatiomshe geological model were created in response to
observations made during excavation and for coatstru requirements. These later variants identi-
fied up to 18 separate geological units and intdgar several new geological systems. These later i
terpretations were developed from bored tunnelldpgs and observations made during excavation
of the TBM launch box.

The refined geological models were used for ba@tyais and predictive work. Refined geological

models were not continuous across the project sétarate models created for the Esplanade, bored
tunnels, William St Station and Perth Rail Yard.

| ESPLANADE STATION
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| |
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i
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Figure 4: Typical Geological Long—Sectioh prepapedr to construction, showirtg anticipated groundditions
around Esplanade Station.

Legend: MG - fill material (Made Ground) - commsssand with varying amounts of refuse and other
materials.
SS - Spearwood Sand - comprises a quartz aeahthat forms a ridge in the CBD with a
maximum thickness of approximately 8m with the leigthpoint between Hay and Murray Streets.
LSA - Lake System Alluvium - comprises thin layefdark brown to black, organic silty sand, clay
and silt.
SRA - Swan River Alluvium — comprises quartz samat tinderlay all the areas that was previously
part of the Swan River.
GFU - Guildford Formation Undifferentiated - conges a clayey upper section underlain by sandy
material.
Kngs Park Formation - comprises argillaceous sanéstvith rounded clear quartz sand in a dark
grey-brown shaly matrix, or dark grey to black,yelgto sandy siltstone.
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6 GEOTECHNICAL HAZARDS

A number of geotechnical hazards relating to uagety and unknowns were identified in the earlier
phases of investigations, which were not able tditectly quantified within the geotechnical rec-
ommendations. These were all managed by furthesiigations and analysis during construction,
and were subsequently encountered and managedawmstruction. Broadly they fell into the cate-
gories of unforeseen ground conditions or mategats unexpected variability in geotechnical or hy-
drogeological parameters. These included:

e Existing disused ground anchors in the William &tnead reserve that may be encountered
during tunnel boring. In the event, the verticatl drorizontal alignment of the bored tunnels
was successfully adjusted during the design protegass beneath these obstructions, and
the TBM tunnelled up William Street twice withoucident, but the William Street compen-
sation grout construction shaft encountered a nurobanchors in front of a building that
had not been previously identified as having basg¢raachors. Temporary sheet pile wall
construction was successfully completed for thisdgrap shaft.

e Ground movements due to excavation and dewatedualylhave potentially caused damage
to buildings and other infrastructure. Consideradffert was put into managing these risks.

« Ground conditions were expected to be variablelims of both material types and material
strengths, particularly in certain areas alongalignment. In the foreshore, paleochannels in-
cised into older formations were known to have sghently filled with younger sediments,
the more problematic infilling being the Swan Riydluvium (SRA) on the foreshore. De-
sign of foundation systems considered future l@emmt100 year settlements (up to 250mm)
and lateral movements (up to 70mm) in foreshoregadannels and overlying ground. Over
350 bored piles of 750mm diameter socketed intd<tRE were used to support Esplanade
Station, cut and cover and open dive tunnel strastthrough the foreshore reclamation.

e The highly variable Guildford Formation and Speavd/&ands were known to contain ce-
mented zones with strengths equivalent to veryttmiew strength rock although higher
strengths can also occur. Cemented zones are fgiesa than 1m thick and could have af-
fected diaphragm wall and sheet pile installatidocasional driving difficulties were experi-
enced with sheet piles. Preboring or predriving used to assist penetration in such condi-
tions.

« Damage to older buildings founded on relatively fho@ompacted ground or poorly con-
structed footings along or near the alignment cdwdde occurred due to vibrations induced
during construction or subsequent operation ofdlileray. Significant investigation, monitor-
ing and management of such risks was incorporatéuei project.

e The presence of old structures buried within thhegbore reclamation and possibly elsewhere
was identified. Buried structures included:

0 Sheet piles or other steel or concrete parts ofiéobuilding foundations and retain-
ing structures
0 Retaining structures associated with previous SRigar foreshore reclamations and
rubble used as reclamation material (also withikeLidingsford)
o Abandoned old wells
o Dirill rods from site investigations
Old timber jetty piles in the foreshore requirethowal during excavation of cut and cover
tunnel works, and a 24mm diameter steel bar wagusttered by the TBM in Perth Rail
Yard and had to be removed from the screw convejtbin the TBM.

- Difficulties were anticipated with grout takes aextent of permeation within variable or in-
terbedded soils. Grout set may be inhibited bytinedly small organic contents in the host
soil. Later laboratory trials indicated this wadikedy to be a concern and it did not eventuate
on site, during the considerable grouting and d®#pmixing activities undertaken.

« Variability in groundwater conditions was anticigdt It was considered that a number of
confined aquifers existed within the Guildford Fation. The continuity of these aquifers
could not be quantified with any certainty untihstruction dewatering commenced. This
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was further complicated by evidence that existiragrebd or pumped basements and irrigation
bores had an effect on the natural groundwateremvient. This variability meant that pre-
dictions of construction inflows and drawdownsyagl as long term groundwater levels con-
tained uncertainties.

« Discharge of pumped dewatering groundwater to s@wvetormwater system was required.
Discharge water quality may be a significant padtissue. Water treatment plants were es-
tablished around the site. Wherever possible, gteater was returned to aquifers as re-
charge, but on occasions excess groundwater welsadgged to sewer or stormwater systems
as appropriate.

* Previous slope failures and resulting disturbedglostrength ground zones around the edges
of the reclamation were identified, particularly evh deeper SRA deposits existed. Design
of temporary and permanent works considered thessilglities. No additional issues arose
during construction.

¢ Running sands below the water table in MG, GF aBdufiits were identified as a construc-
tion risk. Several sinkholes formed up to 2.5misnteter in sands at locations of ground loss
(eg minor breaches in sheet pile walls, joins betwdissimilar walling such as sheet piles
and grouted soil masses). No such events were ierped during TBM tunnelling. Sink-
holes were repaired by backfilling and cement gnout

* Contaminated materials and acid sulphate soils JA&8e identified on site. Significant con-
struction efforts were required to manage thesess
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7 BUILDING PROTECTION

The NMC Project tunnels and underground structwer® built in close proximity to and underneath
a wide range of city buildings, infrastructure amttlerground services. It was recognized that elimi-
nation of ground movements and damage to adjaeeilities was not possible. However, state-of-
the-art practices existed for design and constroctvhereby such ground movements and damage
could be minimised within tolerable limits that wdube acceptable to project stakeholders including
building, infrastructure and service owners, thé&RIhd the project insurers. A risk sharing apphoac
was adopted in the Project Deed, whereby a defmedevel of incremental building damage caused
by the project was allowed. Rigorous pre-and posistruction condition surveys of nearby facilities
were used to assess any incremental damage aricsrepee carried out to reinstate facilities toithe
pre-existing condition, with cost sharing for regabetween LKJV and PTA under certain circum-
stances. Monitoring and protection of vulneralaeilities as determined from pre-construction as-
sessments was required to manage the associdted ris

Building protection was undertaken as follows:

« Prepare schedules of all existing buildings, irtftafure and services within or partly within
predefined monitoring/assessment zones

« Estimate likely ground movements due to cut and&ecexcavations and bored tunnelling
« Estimate construction impacts on buildings, infnastiure and services

« Identify critical areas or structures where damagg exceed defined allowable levels

« Design and install required protective works toifidegree of damage in critical locations

« Design and install arrays of building, surface andsurface instrumentation and management
systems

« Manage a system of pre- and post-construction tiondsurveys on nearby facilities

¢ Undertake repairs to damaged buildings, infrastmecor services.
The management system required for building primtedhcluded the following documents:

e Geotechnical Interpretive Report

e Ground Settlement, Building Protection and RepknP
e Instrumentation and Monitoring Plan

e Building Protection Management Plan

e Property Condition Surveys

e Building Protection Assessments

* Various Method Statements and Safe Work Methods

7.1 Estimation of likely ground movements

Greenfield ground surface movements were estimatid) current theory for excavations and bored
tunnels. Analysis included the effects of substefeonditions, geometry of structure to be bujlbet

of excavation support, method and sequence of rartigtn and any ongoing background ground set-
tlements unrelated to the project works. Where@mate, superposition of construction effects was
used to determine overall likely ground movemenitkis included, for example, the construction of
the second bored tunnel adjacent to the first baredel, or at interfaces between bored tunnels and
open excavations.

The transverse surface settlement profile due tedbtunnelling was assumed to have the form of an
inverse Gaussian normal distribution curve (RJ Metial 1996, O'Reilly et al, 1982 and 1991, Peck
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1969). The maximum surface settlement that woatdipalong the tunnel centerline was assumed to
be directly related to volume loss and inverselgtesl to horizontal distance of the inflection pabh

the settlement trough from the tunnel centreliBased on the maximum surface settlement, the verti-
cal and horizontal ground movements at arbitraiptsan space were calculated using the methods
described by O'Reilly et al (1991). The longitudisettiement trough was assumed to correspond to a
cumulative probability curve as described by Atth&eWoodman (1982).

Volume loss parameters for design, volume lossirements for building protection, and additional
volume loss due to tunnel curved alignment weressed. These volume loss parameters were sup-
ported by the results of numerical analyses. Thaltg considered ground movement analysis for a
regular design case, a ground treatment casedas avhere building protection was required, and an
exceptional case which involved a large volume i@dse to allow for an accidental drop of TBM
face pressure to 50% of target pressure.

Excavations were supported by the following retagnivall systems:

« Temporary steel sheet pile walls with struts

« Combination of temporary steel sheet pile walldwsivldier piles and struts
«  SMW (soil mixed wall)

e Diaphragm walls

Numerical software packages (such as FLAC, PLAXV&\LLAP, SEEP/w and MODFlow) were

used for the assessment of wall deflections anglaggeanalyses associated with excavations and sup-
port systems. Where appropriate, undrained bebrawiosoils was considered in the analysis. Addi-
tional analyses took into consideration the effeftgroundwater dewatering and recharging meas-
ures.

The type and scale of excavations as undertakéeiproject, had not been carried out in Perth be-
fore and correlation of analytical studies to attaese studies was not readily available. A semi-
empirical approach was used to derive surfaceepetthts from numerically calculated deflections of
retaining walls. There are a variety of methodgpfedicting the magnitude and distribution of
ground movements caused by braced open cut exeasatilhe semi-empirical method adopted for
settlement analysis was mainly based on that peabbg Caspe (1966) and modified by Bowles
(1997). Using this approach, additional deformaidue to installation/removal of retaining walls
can also be considered. The analysis assumedvgaridhanship and early placement of strutting.
The approach included an allowance to increasedtiiement to model the extraction of sheet piles.

The likelihood of settlements exceeding predictatles was considered. Construction methods and
sequences have a significant influence on groumnideal settlements for both bored tunnels and cut
and cover excavations such as tunnels and statkorsexample, if construction methods or se-
quences change, wall deflections would probablyngbafrom the design estimates. The effects of
changed construction procedures were reviewed latioa to previously estimated ground move-
ments. The results of ground movement monitorimgenalso continuously reviewed in relation to
earlier estimates of ground movements due to cactstn. A hierarchy of management procedures
and emergency actions were put in place to managieantrol unexpected exceedances of predicted
ground movements by construction related changes.

7.2 Assessment of construction impacts

Construction impacts on road surfaces, footpatkskarb lines were assessed based on anticipated
surface settlements and related horizontal movesméerte project aimed to limit construction im-
pacts to within preset damage categories.

The assessment of potential damage to servicestiitids was based on calculated ground dis-
placements and, for rigid utilities such as piasthe sectional forces derived from the respective
greenfield settlement profile.
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The methodology for building damage assessmenbasead on limiting tensile strains using the ap-
proaches of Mair et al, (1996). For each propextguilding Protection Assessment was undertaken
that considered the summation of damage impaats fine:

« Initial damage category (taken from the Propertpdition Report (PCR)); plus
¢ Predicted maximum damage due to construction.

The result was the maximum damage category thadl deuexpected. Building protection was re-
quired if the “incremental” damage due to consinrcexceeded the following limits:

« For heritage structures — very slight (up to 1meckrwidth);
« For other structures — slight (up to 5mm crack fdt

« Wellington Building (see paper “Structural DesighSdations, Cut And Cover And Dive
Structures” in this seminar)

« Mitchell's Facade (sawn into 9 pieces and templyraeimoved and stored off site)

« Horseshoe Bridge (timber propping under brick asthe

e The four buildings under which the TBM passed - $ia, Hungry Jacks/KFC, HBF and
Friendlies Chemist

« Perth Station western concourse footbridge (péraahe knee joints temporarily released to
give rotational freedom)

« Claisebrook Main Sewer (new plastic lining inserédahg length considered potentially “at
risk”).

Despite the project damage performance criteriagobased on “incremental” damage, some build-
ings already had damage in the Severe categorgldE™, prior to the project works commencing.
In these cases the relevant property manager wided@nd remedial works recommended.

7.3 Post-Construction Condition Reports and Repairs

No major (catastrophic) problems were encounterik damage to buildings, infrastructure or ser-

vices due to the construction works. Ground andctire movements adjacent or above the works
were typically in the range 0 to 5mm, with someldings observed to move 5 to 20mm and several
structures were observed to move 20 to 30mm. Obddovilding damage due to the works ranged
generally negligible to slight in a few isolatedea.

Post-construction condition reports were conducteaver 30 buildings where either complaints of
alleged damage due to construction were made, worntiamage was known/suspected to have oc-
curred. At the time of writing, repairs were beungdertaken to several facilities and owner sigh-of
on post-construction reports was progressing.

It is considered that the building protection peogme on the project achieved its primary goals of
minimising the effects of construction on the CBivieonment, within reasonable bounds and apply-
ing best-practice.
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8 MAJOR TECHNICAL RISKS

Major technical risks were embedded in the NMC &bj These arose from:-

the complex, variable, saturated, unconsolidatedusistable ground conditions;

the possibility of excessive surface settlemenssilting from underground excavation, causing
damage to structures constructed above groundidimgj the retention, without damage, to his-
toric buildings and facades;

the uncertainties associated with specificatiothefvarious operational settings for the TBM in
order to achieve minimal ground loss and consegaanfiéice settlement;

the uncertainties associated with the requiren@enbdpe with obstructions in the ground, such as
buried ground anchors and undocumented undergroomstructions, while still maintaining an
acceptable rate of advance of the TBM. It is sigant that the locations of these obstructions
were generally unknown prior to the commencemengxafavation, adding to the uncertainty,
risk and complexity of dealing with them;

very close spacing of the rail tunnels and in patr the influence of excavation of the second
tunnel on the construction of already completedkspr

excavation through acid sulphate soils;

the control of water and the ingress of soil inkeavated voids during launching and arrival of
the TBM. The ingress of these soils carries thithér risk of causing ground subsidence and in
extreme cases the formation of sink holes withattiendant risk of damage to surface structures;

the very tight contract time frame. It was notathlat this required a construction period which
was significantly shorter than standards accepssiwere in the world;

The Guildford Formation through which much of therdd tunnel was constructed is a highly
variable unit with clay and sand regions. Thishhigriability could easily have led to steering
difficulties for the TBM, increased ground loss &hd imposition of uneven loading on the tun-
nel lining.

Coupled to the variability of the Guildford Fornati was the potential for and the reality of

variability in the groundwater conditions. Duriognstruction it was confirmed that a number of
confined aquifers exist within the Guildford Forioat It was not possible to confirm the conti-

nuity of these aquifers with any certainty untietbonstruction dewatering commenced. This
meant that the pumping and dewatering requirenggrhg project could not be known with cer-

tainty until the project was underway.
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9 PROJECT NARRATIVE

In designing and constructing the NMC Project wotleighton and its design team had to deal with a

range of ground conditions, from soft clayey maitstilargely in the paleo-channel and the intertluna

lake deposits, sandy soils of the remnant dunesystas well as encountering the harder Kings Park
Formation in some locations.

In addition to the different materials encounteaéahg the alignment, a complex system or ground-
water regimes also had to be dealt with. At mamagtlions excavation and tunnel construction had to
be carried out in saturated ground conditions.

This variability in natural materials and grounderategimes encountered along the alignment con-
tributed to both the complexity of the overall coostion task and the significant level of uncertgi
that had to be managed by Leighton during consoncf the project.

9.1 Foreshore and Esplanade Sation

The underground station at the Esplanade, andbtiestiore and Perth yard dive structures, were con-
structed using the ‘cut and cover’ method.

The major technical challenges in this sectiorhefpiroject included:

* The need to stabilise the very soft alluvial patbannel soils and fill in which open and cut
and cover sections of the rail tunnel were excalateng the foreshore;

* The use of deep soil mixing to stabilise soils gptti along the tunnel alignment which were
originally of variable strength, stiffness and dstency;

* The innovative use of low vibration techniquesristall sheet piling in the Perth Yard dive
structure;

« The resolution of difficulties arising from the me® construct a freeway underpass with a
large skew angle;

* The unexpected need to deal with highly variabletldeto rock while still ensuring adequate
toe resistance of the driven sheet piling use@taim soil beyond the excavated cut and cover
tunnels;

« The need to balance earth pressure forces actitigegoiBM launch box constructed adjacent
to the Esplanade station, and the general needstore stability of the ground in this general
area;

* The need to provide dewatering of the excavationidevat the same time minimising surface
settlements of the surrounding ground; and

* Recognition of the fact that for many of the perewanstructures the critical design loading
would probably occur at some interim stage duriogstruction, not necessarily at the end of
construction.

ACAA Technical Paper Page 16 of 23 AL
May 2008 V“@‘J R

yy4




Significant technical risk was associated with thieeshore works because of the need to deal with
difficult ground conditions during the cut and cowperations, including unstable sandy alluvium
and reclaimed ground, as well as the need to dewsdevorks during construction. It was also nec-
essary to provide adequate resistance to uplitiefmlcting on the floor slab of the tunnel struetur
due to groundwater pressures. These challenges metr by the use of a particular technique of cut
and cover construction that has had only very &ohiise, if at all, previously in Australia.

Deep mixing of cementitious materials with the willum and fill was conducted prior to construction
of the tunnel section in order to provide a strongaore stable layer beneath the excavated cut and
cover tunnel. While this technique was used geiiensively in the foreshore region, its use was
first trialled in the Perth Yard area as part af Hox structure constructed to receive the TBMat t
completion of its drilling of the tunnels.

A further source of technical risk in the foresharea was associated with the Kings Park Formation
(KPF), the hard rock layer that underlies thedilld the paleo-channel in this area. The varighitit

the depth to the KPF meant that at some locatiloaskheet piling driven to retain the cut and cover
excavation was prevented from being driven to tbsigh depth because of the high resistance pro-
vided by the KPF.

The underpass structure constructed beneath teerdiein the foreshore area is a boxed tube struc-
ture consisting of cast in place secant piles fogihe side abutments and cast in situ base and dec
slabs. A defining feature of this structure is thet that it is skewed in plan with respect to firee-
way. Indeed, the skew is so extreme it has reguti@ significant misalignment of the forces agtin
on the two sides of the box structure arising frbwm lateral earth pressures acting behind the abut-
ments. This misalignment would tend to rotatedtracture as a rigid body about a vertical axis and
would possibly tend to distort it as well.

This defining feature of the structure presenteshigue challenge for the designers of the underpass
and required them to conduct sophisticated two- tmele-dimensional finite element analyses to
demonstrate that the overall rotation of the stmectabout the vertical axis would be within accept-
able levels. A consequence of this particular stigation was a significant change to the original
concept design, most importantly identifying tHa tise of tie anchors to resist the rotational nmme
caused by the earth pressure loads was unnecesSaphisticated numerical analysis indicated that
friction between the abutment walls and the sofiibé the walls was capable of providing adequate
rotational resistance.

Another consequence of the skew of the underpasdivealarge torsional moment that had to be re-
sisted by the deck slab. Sufficient resistance pvasided in the design by the innovative use ef th
concrete barrier located at the freeway edge tp hedist this torsional moment. The barrier was
stiffened by using a much higher density of stegiforcement than would normally be the case.

Construction of the box excavation used to lautehTBM on its northbound journey towards the

William Street station also required the adoptibam innovative design solution. At the concept de

sign stage it was envisaged that the TBM launch dmk the Esplanade station would occupy the
same excavated cavity. However, for various reafiowas decided at the design development stage
that the main cavern of the station and the labwhfor the TBM would need to be separated. The
revised design of the cut and cover excavatiomeflaunch box generated additional complications,
which included the prospect of a major imbalancearth pressure forces acting on the driven sheet
pile retention system. Potentially this imbalamerild arise when excavation commenced in the cut
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and cover tunnel section between the launch boxtl@dNarrows Bridge. Much of the balancing
earth pressure force acting on the southern sideeofaunch box would be removed as the cut and
cover tunnel was excavated.

Leighton adopted a unique and ingenious solutidhitproblem, which carried some attendant tech-
nical risk. Research in the form of sophisticasedctural and geotechnical analysis was requived t
ensure that the earth pressures acting on theamarsiide of the launch box could be resisted lay fri
tion forces developed along a length of the cut@mnder tunnel. The launch box and the sections of
the sheet pile walls adjacent to the launch boxtbdee strengthened to allow adequate transmission
of the longitudinal force generated by this arrangaet.

It is also noted that problems were encounterethduhe driving of sheet piling used to support the
ground surrounding the launch box. At some locetithe surface of the hard Kings Park formation
was encountered up to 5 m above the level expéadinterpretation of geotechnical bore logs and
soundings. This presented a problem with enswateguate toe support for the sheet piles, so that
they did not “kick in” after the soil inside theulach box was excavated. This occurred despita-an i
tensive geotechnical investigation prior to conginn. This occurrence highlights the high techhic
risks that are often associated with major excawmatrorks of this type and the need to adopt aflexi
ble, adaptable approach to resolving the geoteahisisues.

9.2 Perth Yard

Design and construction of the dive structure imtiP&'ard also had associated with it significant
technical risks and posed challenges that requineddevelopment of innovative solutions. This
structure was constructed using a modified top dapproach combined with the novel installation of
the “temporary” earth support system. Sheet piliras used instead of the more usual diaphragm
walls to support the sides of the excavation, &edsheet pile sections were installed using a vibra
tion method (the ‘Giken’ silent piling system) rattthan the more usual method of pile driving,.isTh
method of installation was adopted because of #selto minimise noise and the dynamic effects of
pile driving on neighbouring buildings and the wiork railway system. Trials were conducted by
LKJV of both the Giken piling system and the useleép mixing techniques to strengthen and stabi-
lise the weak soils beneath the dive structuree fided for this testing provides further evidentce o
the significant technical risks associated witlsthevorks.

The sides of the excavation required to constrietdive structure were eventually supported by
permanent concrete walers and struts. A novelfeadf this structure is the use of the sheet @ites
permanent tension anchors to resist the uplifteferarising from the action of the groundwater pres-
sures on the floor of the dive structure. Thiansunusual use for sheet piles; they are normakylu
only to provide temporary support against latesallls. However, by adopting this approach Leighton
avoided the need to remove the driven pile sectamtsthe need to install a separate system of an-
chors to provide the required uplift resistance.

Construction of the dive structure within the véght constraints imposed by a working railway sys-
tem also called for unusual construction methodsm@oncedures. The use of the Giken system to in-
stall the sheet piling overcame the need to ugelpile driving equipment, which would have been
very difficult within the constraints of the Pettard site.

9.3 Tunnelling
Twin bored tunnels were constructed using a TuBwelng Machine (TBM) under the Perth CBD
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from Esplanade station to Perth Yard. The TBM weired to pass through saturated soils and
highly unstable ground beneath and close to nurseegisting structures. It was a specific require-
ment of the project to preserve these existingcttres and to minimise damage to them as a rekult o
the tunnelling works.

The twin tunnels are unique in several ways. Taeythe first twin tunnels to have been drilled
through soft, saturated and sandy ground condifiorAsistralia and, significantly, they are relatie
shallow and pass beneath numerous existing stag;tas previously mentioned. These unique fea-
tures have required Leighton to research and dp\eldhnical innovations to ensure the project could
meet all contractual requirements, particularlysthoelated to ensuring that surface structures are
minimally affected by the tunnelling.

The earth pressure balance (EPB) system was ussappiort the ground at the cutting face of the
TBM. In this method the pressure of the drillingdris used to control the stability of the grourd b
yond the tunnel face. While the EPB method has losed previously, the pressure setting adopted is
critical in controlling the effects of the advangitunnel excavation on the surrounding ground and
any surface or buried structures close to the atdrgrtunnel face. For example, if the pressureswer
too high, heave of the ground surface could resGibnversely, if the pressure is allowed to reduce
significantly below its target setting, excessiveund settlement could occur. In both cases there
would be significant consequential risk of caugiiagnage to surface structures.

The selection of an appropriate pressure in the ERBod is usually site specific. It is also impor
tant to note that the target pressure may not regw@istant throughout the tunnelling because ground
conditions can and usually do change along thediuslignment.

To ensure that an appropriate pressure is alwaysaiged requires the use of careful monitoring of
the ground movements, including surface movememtd,the adoption of a feedback loop to make
the necessary adjustments to the TBM operatiortithgse when required. Leighton adopted a very
comprehensive monitoring system that was innovative number of ways. It included monitoring
of both ground and building movements using a rasfgastruments. Sophisticated and very sensi-
tive instrumentation was deployed, so sensitivéaat that it was able to detect an Indonesian earth
quake of magnitude 7.6 that occurred in the Baraad® the 28January 2006.

In addition to careful management of the face pmesduring tunnelling with a TBM using the EPB

method, the material being excavated must reman workable condition, so that it can easily be
removed using the TBM’'s muck extraction system. vatious locations along the twin tunnels the
excavated soil had to be pre-conditioned to allowitls easy removal. This was achieved with the
use of foams and other substances including polyimeing injected into the ground at the face.

Behind the advancing TBM the ground is supported @ tunnel cross-section is maintained by
placement of segmental concrete ring structurdsesd rings also provide sufficient longitudinal re-
sistance to the TMB as it “pushes” its way forwakding the drilling operation. Placement of the
rings is also a critical operation in terms of e¢ohiing potential ground movements and thus it &ias
tendant risk. The concrete ring segments useti@ntwin tunnels were required to comply with a
strict specification with regard to size, strengthid other mechanical and hydraulic properties. So
tight was this specification with regard to watermeability (less than or equal to™f0n/sec) and
strength, that the manufacturer (Humes) was requoedevelop a special concrete mix for this pur-
pose.
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The use of the TBM technology requires the consitnf relatively large chambers in the ground

from which the TBM is launched and at which iteseived at the completion of drilling the required

length of tunnel. The launch and recovery (arjiwdlthe TBM were specific operations associated
with high technical risk, with consequent commdrasks. The major technical risks arose from the
need to prevent excessive ingress of groundwatersait into the launch and recovery chambers.
Excessive ingress of these materials would resuliround subsidence and the potentially damaging
consequences for surface structures.

Leighton managed these risks using a range of ath@/and technically advanced methods, some of
which, were used for the first time in Australimdaprobably elsewhere in the world. In the main,
Leighton adopted ground improvement techniqueshiisrpurpose, including the use of glass fibre re-
inforcement of the ground, the use of deep mixinth wementitious materials effectively to form
gravity retaining structures in the ground, andubke of rubber rings attached to the station bléaks
help form a seal at the launch and recovery chasnber

Another technical innovation in the tunnelling phagas the use of novel technology to “sense” the
presence of buried objects such as old ground aschells and undocumented services ahead of the
tunnel face. This technology has not been deplg@yesliously on a tunnelling project in Australia,
and quite probably elsewhere.

Compaction grouting was used at various locatiomsgathe route of the bored tunnels as a means to
control the settlement of surface structures. Tadhnique has been used previously in tunnelling
operations for a similar purpose in London during tonstruction of underground railway tunnels in
the vicinity of the Houses of Parliament. Howevers believed to be the first time this technglog
has been applied to a tunnelling operation in Aulistr

The boring of closely-spaced twin tunnels througft ground carries with it some significant techni-
cal risks. These are mostly associated with thgacnthe boring of the second tunnel may have upon
the tunnel already constructed. In principle, ¢heth pressures acting on the lining of the finsinel
should be reduced to a degree by the boring od¢kend tunnel. Depending on the magnitude of this
pressure reduction, the lining of the first tunoelld experience bending. In extreme cases such
bending could be detrimental to the integrity af #egmented lining, since it is designed primdaly
resist the earth pressure loads in ring compressidre uncertainty regarding the magnitude of this
interaction prior to construction of the tunneldgndicative of the technical risk encountered by th
designers and contractors of these twin tunnels.

In the section of Perth Yard north of Williams Sfrestation, the alignment of the twin tunnels in-

volved very tight curvature and shallow ground aove., approximately one-half of the tunnel di-

ameter at its shallowest. These design constramtsecessarily accompanied by high technical risk
Very careful control of the “steering” of the TBMrbugh the weak, saturated ground in this region
would have been required to manage these high risks

Tunnel excavation always carries with it the pdarib induce ground movements around the tunnel
and therefore the potential to induce movementsudtlings and structures located in the vicinity of
the tunnelling works. For this reason all buildirend structures within a pre-determined zone were
monitored during the advancement of the TBM andaeation of the station caverns. Similarly, the
major services located within the monitoring zorexevalso targeted for monitoring.

A comprehensive and sophisticated suite of instnismeas installed to allow this monitoring to pro-
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ceed. In the writer's experience this is one efitiost, if not the most extensive and sophisticated
strumentation programs set up to monitor the edfe€tsoft ground tunnelling in Australia. It would
rank with best practice anywhere in the world.

In the context of developing and using relativetywel technology during the tunnelling phase, it is
also worth noting that Leighton also made extenss& of monitoring technologies such as CCTV to
inspect services, including lined sewers, in adeasfdche TBM. Monitoring of existing services both

before and after tunnelling allows accurate assessof the effects of the TBM operations.

Overall, the successful execution of this tunngliphase of the project has required the development
of clear and effective communication strategiesvben the various contractor units working on the
project. For example, it is clear that good comitation was required between the crews monitoring
the performance of surface structures and thosesamanning and operating the TBM. It is doubtful

if LKJV would have been as successful as it wasaunsing minimal disruption and damage to the
surface structures had this effective communicationexisted. This in itself is considered to be a
major achievement that required the developmeappfopriate communication strategies.

9.4 William Street Sation

The construction of William Street station and thenel breakout zones required significant innova-
tion and the development of novel construction mamplies. This arose from the requirement to exca-
vate the deep station cavity and erect the staiarcture while at the same time retaining and pro-
tecting nearby heritage structures and buildingdas.

The station was constructed using a specially adiaform of the ‘top down’ construction method, in
which the upper-most elements of the final struetare constructed before excavation below them
and subsequent construction of the lower structelaments. For the William Street station this
process had to be achieved in soft, saturated astdlie ground conditions.

Construction of the station cavity required thetdhation of 30 m deep diaphragm walls in saturated
sands, the provision of horizontal and verticallvgapport, the provision of an anchoring system ef-
fectively to hold down the floor of the cavern aliag it to resist the upward ground water pressures
and the development of a system to provide permamaterproofing of the completed cavern. All of
this had to be achieved on a site with tight caists on working space and with minimal disturbance
to surrounding buildings, and in particular thegemation of the historically important Wellington
building.

The solution of these design and construction ehghs for the William Street station required a
number of important technical innovations. Someheke are identified in the following paragraphs.

The use of diaphragm wall technology to depthspreviously experienced in Perth (30 m) was a
unique feature of the project.

The use of barrettes as composite supports acagn compression to support the roof of the sta-
tion; and (b) in tension beneath the floor of tketien, where they provide anchorage for the floor,

was a unique aspect of the project. Both comprasand tension (pull out) testing was conducted on
these barrettes to prove their capacity. Normb#lyrettes are required to carry compressive loads
only, not both tension and compression.

A dewatering system was designed and used to nmaidtg working conditions inside the excava-
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tion, together with the provision for recharge bé tgroundwater beyond the excavation in order
minimise surface settlements of the surrounding.ai®hile the principle of dewatering of this na&ur
is not particularly novel, each project requires tlevelopment of site specific technology and uaiqu
solutions.

The use of novel telescopic excavators for excamath depths of 18 m is particularly notable. Exca
vators of this type are very useful in areas wihttaccess constraints.

A novel method was developed to underpin the Wgtitin building in order to support it while exca-
vation and construction of the William Street siatwas carried out beneath the building. This hove
method involved clamping the masonry walls of thédding, the installation of micro piles eventually
to support the building, and the construction dflab on the ground to transfer the weight of the
building to the piled raft composed of the slab #ramicro piles.

Preservation of the facade of the Mitchell buildimgs also an important requirement of the project.
The method adopted effectively involved cuttingthe facade into 9 sections, removing the sections
from the construction site only to be returned amerected after the construction of the William
Street station was completed.
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10 MAJOR PROJECT ACHIEVEMENTS

Numerous technical innovations were implementeth@mexecution of the NMC Project works. In
summary they included:

« the first road or rail tunnel of this scale in Pecbnstructed using a TBM. It is the deepest, and
also the shallowest, soft ground tunnel construtdethte in Western Australia;

« The achievement of very rapid construction for @jgut of this nature, significantly faster than
normally accepted practice elsewhere in the world;

e Execution of a project with an effective desige ldf 120 years, which is generally 20% greater
than previous practice in Australia;

« The development and use of novel ground stabiiratieasures such as foams, polymers and
bentonite for enhancing stability at the face & TBM;

* The development and installation of overhead tvactupports in the tunnels;
* The design and installation of novel tunnel vetitia and fire protection systems; and

« The design and installation of new noise and vibraisolation systems.
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