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3. Case Studies from Tunnelling in the UK (JLEP & CRL)

1. Background
2. Jubilee Line Extension Project (JLEP, xxx)

3. Crossrall Project (CRL, Elizabeth Line, Completed xxx)

0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore Gl



Ground Movements due to Tunnelling

Tunnel excavation causes potentially large ground movements

Settlement and horizontal strains are generated at the ground
surface, and in utilities and buildings

Protective measures are needed for assets where predicted
movements are above acceptable limits
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Volume loss (%) =

Volume settlement trough

Volume tunnel

Extent of

tzerland 31




Tunnelling Methods — Closed Face Earth
Pressure Balance (EPB) TBM

== =]
1 Cutter head 6 Lining erector arm
2 Drive motor 7 Soil discharge
3 TBM skin 8 Lining segments
4 Air lock 9 Belt conveyor

5 Screw conveyor



Tunnelling Methods — Slurry TBM

Compressed Air
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Boxes or Shafts (Stations, Portals, Launch
Chambers, etc) also Cause Settlement

Approx 1.0 - 2.5H

Props

P22

supporting walls



Damage Assessment Process
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e.g. Compensation
Grouting



Principle of compensation grouting
Observational Method (Peck, 1969)

Slight settlement with
compensation grouting
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Application of Compensation Grouting - Theory

Predicted settlement at

TAM Level
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Some Issues to Consider

Optimise TAM depth below assets - balance control vs responsiveness;
Maximise cover to tunnels;

Select target strata/ grouting horizons (ease of drilling, efficacy of grouting,
water, obstructions etc);

Design extent arrays - can be determined either by assets or tunnels
generating the movements

ldentify locations to install TAMs — surface / shaft / tunnel
Select maximum TAM spacing (e.g. end of arrays)
Select port spacing and no of layers to give adequate redundancy

Consider settlements due to shaft excavation and TAM installation (before
CG system is active);
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GROUTING EXCLUSION INFRONT OF SCL

Existing Ground Level

g Made Ground 8.1
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Case History #1 Jubilee Line Extension Project (JLEP),
London

Big Ben & Westminster Station -1999



#5a. Case Histories —

Palace of Westminster




Cross section through Big Ben Clock Tower
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Plan of compensation grouting arrays at JLE Westminster Station
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Big Ben - Grout Injection Locations
Episode 8

Control of tilt to
1:25,000




Tilt of Gock Toner (MSE)
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THURSDAY. 18 MAY. 1%y Mail, Friday, September 8, 2000

Tunnel may Leaning tc
give Big Ben of Big B
that Pisa tilt saved fro

THE TOWER of Big Ben may bc moved 2cm out of place by
Tube tunnelling work close to the Palace of Westminster,

according to engineers.

‘They fear the possible stresses on the ground supporting
tha foundations of the Parliament building and the

[33-year-old tower could
result in damage. Their fears
are revealed in leaked docu-
ments from.the major engi-
nesrin” consultant firms of
Ove Arup & Partners and
Alan Baxter Associates who
am helping to build the Jubl-
lee: Line Extension.

""wo tunnels — cach 23 feet
wide — have besn bored
pezr the buildings. The tun-
nels are so close to the
tower’s foundations than an
immense cage of steel tubes,
filled with coricrete, is baing
installed to shore up the
ground.

The problem is no one can
say for certain how much
stress the anclent bulldings

and alask tnurar can fals

by DICK MURRAY
Transport Correspondent

displacement (10-20mm?)
leaving the Palace of West-
minster behind. Perhaps we
could discuss this at our
next meeting”. )
Although there have been
fears before about the Big
Ben tower leaning these
have always been firmly
denied by LU. Also, the
amount of lean has always
been put in the region of
3mm-5mm which engineers
say is an annuel occurrence,
possibly as a result of the
effects of the tidal Thames

- and change in seasons,

By James Chapman .- VHY ‘
cience Correspondent - [LEANING... AND

R Wik * |HOW IT WAS FIXED |}
SMBIG Ben had to'be | &« =)
\ revented from disas-

g rously toppling

MEinto Parliament Square, -
’was revealed’ last
1ight :
' Engineers were called in
£0 stop the collapse of the
pfvorld’s most famous clock
e ower when tunnelling”
Ld .orkém a ?ew.Tube line
perlence: caused it to lean alarmingly.
Moving ¢ : Big Thousands of tons of con: 20 steel tubes are fed
may be put 2cm oot of frete were pumped under-: below tower
neath the structure - officially AeLiool comentE
called St Stephen’s Tower - He L tﬁg‘;",: ol
after scientists warned that it ' apnd fr:)rced oulgol holes
was teetering so badly it could ' | ey
collapse. ) This allows precise
| The British “engineer in : reinforcement at
charge of the project, Profes-" | BEEEHUENIIS
sor John Burland - who has 2
worked on stabilising the -
Leaning Tower of Pisa - said
Big Ben had been threatened

§ 3: From 40ft long tunnel,

#| 5:Laserbeamand
plumb line in tower
will monitor any further
movement

- ‘It could have .
3

been grave ficiently for us to bring in

protective

started to move as soon as

with ‘serious damage’ by sub:

sidence caused by the excava- - P9red: ‘

“Nna vrno anid Hhat AMDa haea

= caused the clock tower
L 2:With only 10ft of

. shoring was needed
to stabilise Big Ben

measures.. It f

the westbound tunnel was -

1: Excavations for new
Jubilee Line station ]

to lean by 25mm

foundations below
3201t tower, extra

MAIL Graphic: DAVID ACE & PAUL
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Case History #2 Jubilee Line Extension Project London

Waterloo Station -1999



Contract Limits for Settlement Control
Settlements at contract limit of 25mm during
construction.

After tunnelling, decommission CG facilities
when movement rate < 2mm/year.
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Observation of Compensation Grout in the Stiff
Clay (unpublished work, Menkiti et al, 2015)
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Mortar grout consisting of
6 sub-layers ~1cm each

Exit Characteristics at A TAM

Mortar grout fracturing sleeve Fluid grout fracturing sleeve
grout to exiting into soil grout to exiting into soil

Fluid grout 'consis?ing of
several sub-layers, each ~0.5 -
1mm thick

Mortar grout
exiting TAM

TAM sleeve
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Case History #3 Bologna High Speed Rail Tunnels,
Bologna, Italy - 1999



Bologna High Speed Rail Tunnels; Via Emilia Bridge
(Pigorini et al 2009)
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Bologna tunnels (Pigorini et al 2009)
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Some Recent Advances with Compensation Grouting

Improved TBM VL control — CG now unlikely to be required TBM running
tunnels; if used likely as a standby emergency response;

Directional drilling (curved TAMs, TAMs up to 90m, avoid use of shafts)

Improved quality — reduced redundancy in TAM layers from 3 to 2 and even 1
layer;

Drilling from below GWL with blow-out preventer; use of polymer support in
sands below water level.

Advances in monitoring, data processing and presentation.

Target differential settlement, not total settlements => total settlements can be
guite high at the end of construction

te 1ca
onsulting 3
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Caution —some important limitations

CG does not work in soft or n/c clays and loose silts/ clayey sands! (See Soga et
al 2004 & Shirlaw et al 2000.)

Not viable where movements from shaft & TAM installation are unacceptable

Not suitable for addressing horizontal movements.
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Crossrail Bond Street Station Box
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Safety, Heath and Environmental Information
Notes below are additional to hazards/risks
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If obstruction encountered

These notes are based on the use of experienced
‘and competent contracors carying out the work
using an approved safe method of working.

Contractor s 10 refer 10 the C410 risk
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Key Plan N Bored Tunnels (Alignment and Track)
Mol =>< B
Il | Ove Arup & Partners Limited
e
Crossrail General
Crossrall Umited | ™
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Close up view of WTH Box

Borehole Borehole Locatlon

Ref, Easting Northing | Ground Level R‘NG 160

BST28R 78821.34 35808.07 120.66

BST30R 78844.91 35806.93 119.85

BST31R 78873.24 35816.66 119.14

BST32 78840.57 35791.38 119.61

BST33R 78867.48 35801.44 118,70 ~
BST34 78846.30 35804.05 119.69 -
BST35R 78841.03 35805.34

BST28R

Notes
1. This sketch Is based on Informatlon Issued to GCG by Crossrall on 29 March 2011
[t T . e \ (“110328 WTH Dlaphragm Wall (2).pdf", “C132-WSP-A-DDA-C125-00200
t - . . . Coordinates Architect,pdf"and “110329 Plunge Column Coords (2).doc”) and

C132-WSP-5-DDL-C125-11170.pdf Rev:P15. This information comprises
1 coordinates of some piles, from which this sketch has been drawn.

RlNG 240 2, In accordance with Drawings C132-WSP-8-DDJ-C125-11171.pdf (Rev:P09) and
gl C132-WSP-S-DDJ-C125-11172.pdf (Rev:P04) the plunge column diameters

have been taken as 2400mm.
3. This sketch has been submitted to Crossrall (BOS Team) for checking and
verification against the Construction Contractors’proposals and the latest design.
The sketch should therefore only be considered as preliminary information in the interim.

) | L : 4. Ring locations from CRL Crown and Rail Survey (03/03/2010 Baseline).

P 5. Ring locations from CRL Grid Convergence Survey (25/10/2010 Baseline).
Geotechnical 6. The diaphragm wall panel outline and layout from C411-SKC-C-DWG-C125-50199 Rev:P05,|
— Consulting

7. Ring locations from OtB SoBS Layout Drawing received on 31/08/2011(JA email to various).
‘ Grou,
L 2 P

N
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Ground and Groundwater conditions
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Sand and water ingress began during demolition of existing building
at WTH location
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Grouting (voids up to 600mm deep)
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Assessment of Existing JL Tunnel Lining
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Proposed Mitigation Measures

FE Model — Tunnel details

— Northern Line Tunnel
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Prediction N/B JL vs. Observations

P
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Conclusions

* WTH completed without problems

» Mitigation measures worked — no gapping observed at
loosened bolts

* Observed movements about 1/3 predicted, even with very
sophisticated modelling

» Could we have completed without bolt loosening?
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Tunnelling in Perth Australia (2018)
Forrestfield — Airport Link,



Tunnelling Beneath Perth Airport in sands
and gravels with a high GW Table

Excavation Working Chamber Flushing box High density Bentonite

Slurry
Chamber with air bubble with drum crusher slurry feed line

discharge line
\ | ‘

Slurry pump
Screw conveyor

Figure 2 - The Variable Density TBM
y ’ \\l’\ |
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Risk of sinkhole formation under critical infrastructure

Critical airport infrastructure
such as runway

N
\ Settlement registered by a

horizontal inclinometer

Potential face
collapse/ sinkhole

formation TBM Constructed Tunnel
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10NS

| data of Ascot and Osborne Format

ICA

Geotechn

Tunnel position

A

A 4

Bassendean Sand

Guilford Formation

Ascot Formation - low to

Gnangara Sand

medium to low risk of clogging
Highly variable cementation

intermediate plasticity clay
and particle size

Ascot

Formation

Osborne
Formation (and
Mirrabooka —
shown as hatched)

Intermediate plasticity clays present

High clogging risk
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Airside Approach
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3(3) Warsaw Metro Line 2, Station C11, Poland

4

)

A|STALDI

G|ULERMAK
BDiM
Metro Polska
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* Euro 960M

* 10km of tunnels

e 7 Stations + 6 Vent Shafts

* 600m of tunnels under River Vistula.
* Connections to existing Line 1
 Contractor Astaldi, Gulermak BDim JV

 GCG Specialist Adviser brought in to assist with

solution to problems £ |AlSTALDI

£ A
W |G|ULERMAK
P/Boim

Metro Polska

@ ;; Geotechnical
\ Consulting i
Group 0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore Gl



budowalllinii

J/metra

f

Il linia projek

’@ Geotechnical
r — Consulting
K@g Group 0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore Gl



Case Study #2 Tunnel collapse and recovery -
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Case history #1: boiling and piping in a sand site

» Construction of Metro Line 2 in Warsaw in 2012

 Station C11 comprised a D-wall box to 24m final
depth, with D-walls to 32m depth.

* In Oct when excavation was down to 21m depth,
event occurred.

* Boiling, ingress of ~600m3 of sand and water into

the excavation, large sink hole
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Ground and groundwater conditions, C11

Geology

* Very complex, laterally very variable, highly glaciotectonised.

« Made ground over Pliocene Clay — stiff, highly plastic clay with
pockets of water bearing sand (semi-confined aquifer)

* On eastern side, 30m thick water bearing Quaternary sands
and gravels below 7m MG above Pliocene deposits;

« Station located at edge of an anticline in the Pliocene Clay
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From Section A-A (Geotest 2012, Zal 1 - north tunnel alignment) 5/10/2012 hydraulic failure event
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Sequence of strata indicated by colouration on an internal cavity wall — brown
colouration are sand bodies inclined at >45 degs and penetrating to depth
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Solution implemented

High rise buildings on shallow 1
" - 0] —_-__'_—___
foundations adjacent to excavation. —

Water stop in diaphragm wall
panel extends 2m below fina ¢
excavation base

Diaphragm wall toe extends
8m below excavation level

Final excavation base Jet grout columns
would be 24m below used to extend wall

ground level \ toe depth by 7m

« JG to seal D-wall joints, augmented by TAM grouting

« JG to extend toe of D-wall by 7m

« Deep wells to depressurize semi-confined and
unconfined water-bearing zones, augmented by and

vacuum wells in silty zones
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3(3) Warsaw Metro Line 2, Station C13, Poland
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Case Study #2 Tunnel collapse and recovery -
mixed ground site ,
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Initial design: in clay
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Updated design after probing start from west with beefed-up design
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Collapse event 14 Aug 2012 N/S
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Solution implemented

"7%0 | Frozen silty sand

Figure 1.

Jet grouting
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Figure 2.

Injection grouting
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High plasticity clay




Frozen silty sand

Jet grouting
columns in silty
sand

Injection grouting
mix that fractured
the soil

High plasticity clay
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Conclusions & Lessons Learned

 Serious ground risk missed because Gl in area below
Wislostrada Road Tunnel was not permitted (traffic disruption,
key Client Requirement);

* This area proved critical.

 Remedial measures involved diversion of Wislostrada, extensive
Gl within its footprint, and construction using; Ground Freezing,

Jet Grouting, Permeation Grouting and dewatering.
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Lessons Learned — Observational Method

1. How was agreement to use the Observational Method reached and how were the concerns (if there
were any) overcome? — driven D&B Contract (v punitive lane charges), contractor’s ambitious

requirements to avoid it, OM approach suggested & pushed by GCG, and detailed RA

2. What (if any) requirements (e.g., robustness, repeatability and reliability) were placed on the use of
Instrumentation and monitoring? — high repeatability & reliability, dedicated site monitoring team for

duration, educated on importance of their contribution.

3. How were the trigger values chosen? — geological triggers that could promote dissipation of
suction. Key monitoring parameter was horizontal displacement. PWP measured but is NOT

reliable as a trigger (increase or decrease in pwp is dangerous).

4. What contingencies were adopted? — fully nail slope, support berm, use of flash-set s/c
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Conclusions & Key Lessons
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Overall Conclusions -Successful Management of Ground
Risk

 Follow careful and exhaustive process of risk identification, elimination, minimisation, mitigation,
communication/ transfer and management.

 Clear benefits from high quality Gl and interpretative re

« Update and disseminate ground and groundwater moc

» Challenge key restriction — are they necessary? Carefi

* Problems usually from unrecognised risks or unwilling "%

« EXxperience, rigour and good imagination necessary to
interpretation essential.

* Good well-designed monitoring - to pick up problems € =z«

solutions;

SORRY, SON... THERES NO APP FOR THAT

« Contingency planning (including communication & edt....."_7,
» The observational method (Peck, 1969) can offer a helpful way out of difficult situations
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