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

1. Background

2. Jubilee Line Extension Project (JLEP, xxx)

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



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

1 Cutter head

2 Drive motor

3 TBM skin

4 Air lock

5 Screw conveyor

6 Lining erector arm
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9 Belt conveyor
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Tunnelling Methods – Slurry TBM



Tunnelling Methods –                  
Sprayed Concrete Lining



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

supporting walls

H

Approx 1.0 - 2.5H

smax

props



Damage Assessment Process

Ground Movements

Damage Assessment

Assets / Structures

Mitigation/Monitoring
e.g. Compensation 

Grouting



Principle of compensation grouting

Grout injection
Slight settlement with 

compensation grouting

Severe settlement 

without 

compensation 

grouting

Tunnel

Compensation grouting zone

Tube a manchette (TAM)

Excavated shaft

Observational Method (Peck, 1969)



Application of Compensation Grouting - Theory

TAM Level

ShaftTunnel

1
2
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2 1345

Grout blocks, 

each 20%

Injected grout vol (%)
0

100%

Predicted settlement at 

TAM Level
Foundation Level

Tunnel

Grout injections

Predicted settlement at 

TAM level

TAM with ports 

at 0.5 to 1m



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 

• Identify 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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Case History #1 Jubilee Line Extension Project (JLEP), 

London

Big Ben & Westminster Station -1999
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Cross section through Big Ben Clock Tower

~650 kPa



Plan of compensation grouting arrays at JLE Westminster Station

Statue
Statue

SQUARE

PARLIA MENT

Ward Bdy

CR

10

6.4m

LB

Speaker's Green

Statue

P
O

TCB's

TCB

Pol ice

Station

F
B

BM 7.47m

1
3

1
43

9
4
1

3
8

4
7

3
4

 to
 3

6
3
7

4
3

4
2

High Tower

(site of)

Palace Yard

Gate

(site of)

(site of)

Gateway

New Palace Yard

Gateway

(site of)

Westminster

Stairs

(site of)

8.2m

S
u

b
w

a
y

Clock Tower

(site of)

BRIDGE STREET

Woolstaple

(site of)

12 11

5.5m

Subway

Navigation Light

(fixed red)

Nor man Shaw

Bui lding

South

C
A

N
N

O
N

 R
O

W

P
A

R
L
IA

M
E

N
T

 S
T

R
E

E
T

BM 5.93m

PH

Founta in

(site of)

Subway

S
lo

p
i n

g
 m

a
s
o
n

ry

BM 9.12m

1
3
2

0
0
E

4/1

4/3 4/4

4/6

4/7

c:\gcg\papers\icewest\figure3x.srf [75%]

0m 50m 100m



S peaker 's Green

73

73

73

73

70

73

73

73

73

73

75

73

73

73

73

73
73

73

73

73

73 73

73

73
73

26

73

73

73
73

73

73
73

73

73

73
73

73
73

73

73

32

73

73

73
73

73

73

73

73

73

73

73

73

73

73

73

73

73
73

73

73

73

73

N

0m 5m 10m

Big Ben - Grout Injection Locations
Episode 8

Control of tilt to 

1:25,000



-10 

0 

10 

20 

30 

40 

Ti
lt 

of
 C

lo
ck

 T
ow

er
 (m

m
/5

5m
)

Aug-94 Feb-95 Aug-95 Feb-96 Aug-96 Feb-97 Aug-97 Feb-98 

Grouting Episodes

9 13 16 22 25 31 35 39

WB EB WB EB

Tunnel Progress:
Pilots Enlargements

Start of
Grouting

Box Excavation
Progress [m depth]:

Construction Control

Range

Construction Red PCL 1:2000

Construction Amber PCL

Construction Red PCL 1:4000

Optical Plumb

Control of Clock Tower Tilt using Compensation Grouting





Grout shafts
River Thames

Big Ben



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.

Grouting Array for 
Waterloo Station



Proven experts in a geotechnical world

Observation of Compensation Grout in the Stiff 
Clay (unpublished work, Menkiti et al, 2015)



Proven experts in a geotechnical world

Hole 43, 
sleeve 22

Photo 8
Photo 

15

Photo 
12

Photo 
10

Photo 
9

Photo 
8

Hole 41, 
sleeve 16

Hole 41, 
sleeve 20Claystones

Grout from single injection seen to 

travel up to 5.5m from exit TAM
Grout Distribution In-situ

Top Heading
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Grout Distribution In-situ



Case History #3 Bologna High Speed Rail Tunnels, 

Bologna, Italy - 1999
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Bologna High Speed Rail Tunnels; Via Emilia Bridge  
(Pigorini et al 2009) 

 (mm)

 (radians)

Full
utilisation

Moderate 
utilisation

Low utilisation

30

14x10
-4

-14x10
-4





- Curved TAM

- Sands & Gravels



0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore GI 32

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 

quite high at the end of construction
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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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Close up view of WTH Box
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23.7m

4.6m

4.1m dia existing Jubilee Line Tunnels
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Existing JL 
Tunnels

Ground and Groundwater conditions

Excavation Face in London Clay at 

Bond Street Station (Central London)
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Sand and water ingress began during demolition of existing building 
at WTH location

5L/min?
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Grouting (voids up to 600mm deep)
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3D FE Analyses of Crossrail box and tunnels

Small strain stiffness included

Effect of heave reducing piles included

Existing JL tunnels not modelled; ground movements 
of soil at position of JL tunnels used instead

Assessment of Existing JL Tunnel Lining

-10

0

10

20

30

40

50

1000 1025 1050 1075 1100 1125 1150 1175 1200 1225 1250

V
e
rt

ic
a
l 
d

is
p

la
c
e
m

e
n

t 
(m

m
)

Chainage - TT410N (m)

Box exc. to 117.0mATD Box exc. to 113.4mATD Box exc. to 108.3mATD Box exc. to 107.0mATD

Box exc. to 102.2mATD Box exc. to 96.6mATD Base Slab install.

North side D-wallSouth side D-wall

42-37mm



0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore GI 43

 Loosen circumferential bolts in crown area to 
facilitate articulation (1 in 5 rings)

Dewatering to prevent sand ingress

Close monitoring and inspection

Proposed Mitigation Measures
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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?



Tunnelling in Perth Australia (2018)

Forrestfield – Airport Link, 
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Tunnelling Beneath Perth Airport in sands 
and gravels with a high GW Table

47
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Risk of sinkhole formation under critical infrastructure 

48

Constructed TunnelTBM

Potential face 
collapse/ sinkhole 
formation

Settlement registered by a 
horizontal inclinometer

Critical airport infrastructure 
such as runway
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Geotechnical data of Ascot and Osborne Formations

Ascot 
Formation

D10 max = 
2mm

Osborne 
Formation

D10 max = 0.1mm

Highly 
variable.

Osborne Formation – High and 
Intermediate plasticity clays present
• High clogging risk

Ascot Formation - low to 
intermediate plasticity clay  
• medium to low risk of clogging
• Highly variable cementation 

and particle size

Tunnel position

Bassendean Sand

Guilford Formation

Gnangara Sand

Ascot 
Formation

Osborne 
Formation (and 

Mirrabooka – 
shown as hatched)
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EPM Slurry Mode

%
 P

as
si

n
g

Size (mm) 50

Extension of the range for slurry machine using High 
Density Slurry  and High Viscosity Slurry

Ascot Formation 
grading curves; two 
coarsest samples 
highlighted and 
plotted below
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Airside Approach

8.5mm

17.5mm

8mm

GWL incr from 17to 
17.6mADH7.5mm
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Airside

Settlements well controlled (<5mm)
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3(3) Warsaw Metro Line 2, Station C11, Poland
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• Euro 960M

• 10km of tunnels

• 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

54
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55
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Geological Section

Made Ground

Quaternary Sands

Stiff to hard Pliocene Clay
Pockets of silt and fine sand in 

the Pliocene Clay
56

Case Study #2 Tunnel collapse and recovery – 
mixed ground site
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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

57
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58

Video

Video

C11/video-2012-10-05-04-16-01.mp4
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59

GWL +24m



0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore GI 60

60

~7m
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Location

61

Station C11 

(new alignment)

© Google
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Ground and groundwater conditions, C11

62

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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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

64

Corner effects worsen 
boiling/ piping risk

• 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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Pockets of silt and fine sand in 

the Pliocene Clay

Case Study #2 Tunnel collapse and recovery – 
mixed ground site
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67

Vistula River
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Initial design: in clay

68

Wislostrada Road Tunnel

~9m

~38m
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69

Updated design after probing start from west with beefed-up design
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Collapse event 14 Aug 2012 N/S

70
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Water ingress commenced 13/8/2012 23:52 

during rib installation

Muck placed against face 14/8/2012 00:24 

(picture above)

Ingress of sand and water partly 

fills stub tunnel 14/8/2012 01:35

05:25 to 05:26
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73

• JG curtain to enclose treatment area

• Void and permeation grouting to fill voids, reduce 

permeability and improve strength

• Deep wells to depressurize water-bearing zones.

• Ground freezing to provide stable canopy for tunneling

Solution implemented
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Solution implemented

74

• JG curtain to enclose treatment area

• Void and permeation grouting to fill voids, reduce 

permeability and improve strength

• Deep wells to depressurize water-bearing zones.

• Ground freezing to provide stable canopy for tunneling
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Conclusions & Lessons Learned

• Serious ground risk missed because GI 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 

GI within its footprint, and construction using; Ground Freezing, 

Jet Grouting, Permeation Grouting and dewatering.

75
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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

76



0927\10011: Sizewell C - Independent Review of Preliminary 2024 Offshore GI 77

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 GI and interpretative reporting.

• Update and disseminate ground and groundwater model to relevant parties.

• Challenge key restriction – are they necessary? Carefully study the risks and implications?

• Problems usually from unrecognised risks or unwillingness to accept low likelihood high impact events. 

• Experience, rigour and good imagination necessary to avoid problems;  high quality GI and 

interpretation essential.

• Good well-designed monitoring - to pick up problems early (foreseen and unforeseen) and to inform 

solutions;

• Contingency planning (including communication & education)

• The observational method (Peck, 1969) can offer a helpful way out of difficult situations
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