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Arbeiten in Uberdruck
Taucher- und Druckluftarbeiten im maschinellen Tunnelvortrieb

Ab einer Tiefe von 40 Metern (4,0 bar Uberdruck) kommt der Druckluftarbeiter in Bereiche wo es von der
Zeit her nicht mehinteressant ist Druckluftarbeiten auf herkdbmmliche Art auszufiihren. Da aber die nachste
Generation von Tunnelprojekten immer langer und immer tiefer gebaut wird war es nur eine Frage der Zeit
und Gelegenheit den Einsatz von Tauchern fiir die Arbeiten inddihek mit einzubeziehen.

Work under Hyperbaric Conditions
Diving and Compressed Air Work in TunnelBoring-Machines
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Below a depth of 40 metres (which equals 4.0 bars over pressure) workers enter a zone where it is no longer
effective to carry outompressed air work under conventional conditions. However, because the next
generation of tunnels will be longer and deeper than anything we have at present, it can only be a matter of
time and opportunity before divers start playing a key role in hygenark.

Trabajos en ambientes hiperbaricos
Trabajos de buceo bajo aire comprimido para la construccion mecanica de tineles

A partir de una profundidad de 40 metros (con una sobrepresion de 4,0 bar) comienzan los ambientes para
los trabajadores bapire comprimido, puesto que con el paso del tiempo ya no resulta interesante ejecutar

los trabajos en ambientes hiperbéaricos de modo tradicional. Dado que en la préxima generacién de proyectos
los taneles se construiran con una mayor longitud y a maghmuatidad, sélo era cuestién de tiempo y

ocasion para incluir el uso de buceadores en los trabajos bajo presion.
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Reference List for
Diving, Compressed Air, MixedGas and Maintenance

in Tunnel-Boring-Mac hi nes ( TBMG&6s)

1994

Europipe | and II, North SeaGermany
1997

Bewagtunnel, BerlinGermany
1997- 2000

S108 4™ tube of River Elbe, Hamburg-Germany

1998- 2002
S-137/38 Westerschelde Tunnel, Zeeland he Netherlands

1999

M-498 Mompas, San Sebastiatspain

2000- 2001
S152  Wesertunnel, NordenhamGermany
S-149  Airporttunnel, Zurich -Switzerland

S-140 Bahn 2000 Thalwil, Zirich -Switzerland

2000
S127  Socatop, ParisFrance
M-532 Crosswaytunnet4™ tube of River Elbe, Hamburg-Germany
S110 Fernbahntunnel, Berlin-Germany

2001
NevaCrossing, St. PetersburegRussia

2001- 2002

S-164 Lefortovo Tunnel, MoscowRussia

S150 Sophiaspoortunnel, RotterdamThe Netherlands
S-168 Pannerdenschkanaal, ArnhemThe Netherlands

2002

S-205 Peristeri Metro, Athens-Greece

M-518 TENP Los 4/5, Lorrach-Germany
S170 Deep Sewerage, Singapore

2002- 2003

S$192 CTRL-Thames Tunnel, LondorEngland
S175 Oenzbergtunnel,Switzerland
S200 Herrentunnel, Lubeck-Germany
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2003
S-209  Aanlegspoortunnel, AntwerpenBelgium
S185  Heathrow Airport Tunnel, London-England
S-187  Metrotunnel, Caracas-Venezuela

2003- 2007
S-250 Silberwald, MoscowRussia
S-290 Silberwald, MoscowRussia

2004
S127  Socatop, ParisFrance
S242  Metro Line 3, GuangzhouChina

2004- 2005
S-25253 Smart Tunnel, Kuala Lumpur -Malaysia
S238 Metro Line 1, Napoli-Italy
M-929 Kura West River Crossing, Azerbaijan

2004- 2007
S221  Metro Line 9, BarcelonaSpain

2004- 2006
S-255  Metrotren, Gijon -Spain

2005
M-000 Medientunnel Leipzig-Germany

2005- 2006
S258  Flughafen SBahn Hamburg-Germany
S302 Metro de Madrid -Spain

2006
M-675 La Malata, A Coruiia-Spain
S-327  Harbour Tunnel, Durban-South Africa
S320 Almatymetrohurylys, Alma Ata-Kasachstan
M-614 Chateau doéOl onne, France
S-324  Metrotunnel, Ankara-Turkey
S325  Metrotunnel, Istanbul -Turkey

200671 2007
S331  Fernwarmetunnel, CopenhagerDenmark
S314  Stadtbahn Kéln Los Nord, CologneGermany
S-321/22 Stadtbahn Kéln Los Siud, CologneGermany
S127  Socatop, ParisFrance
S$328  Metro Strogino, Moskau
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2007
S-317/18 Traffic Tunnel Shanghai-China
M-971 Wuhan, China
M-1016 Santander, Spain
S-264/65 Katzenbergtunnel, Germany

2006-2008
S260 Metrobus, Brescialtaly
S-326  City Tunnel Leipzig-Germany
S-340/41 Citytunnel, Malmo -Sweden

2007-2008
S-334  U-Bahn Linie 3, Munich-Germany
S-389  Thun, Switzerland
S-227/28 Metro Esfahan-Iran

2008
M-1198 Doha-Qatar, Persian Gulf
S407  Water Tunnel ShanghatChina
M-518M Pescanova Fishfarm, MiraPortugal
S358  Yellow River Tunnel, China

20072009
S352  H3-4 Minster / WiesingAustria
S381 HB8 JenbachAustria

20082009
S-349/50 Nanjing Yangtze River CrossingChina
M-1193 RS1H8 JenbachAustria
RS2H8 JenbachAustria
S-419/20 Finnetunnel, Erfurt -Germany
M-254M Sammler Ost, HamburgGermany

2009

S-307/08 Metro Tunnel Singapore

S408  Water Tunnel ShanghatChina
Emstunnel, EmdenGermany

NFM Railway Tunnel SchltichternGermany
RS3H8 JenbachAustria; RS4H8 JenbachAustria
RS5 H8 JenbackAustria; RS6 H8 JenbachAustria
RS16 H8 JenbackAustria; RS18 H8 JenbachAustria

S477 CREC Tunnel FoshanChina

S464  Diabolo Tunnel BrusselsBelgium

S354  Metro Line 4 BudapestHungary

20082010
S440 U4 HafenCity, Hamburg-Germany
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20092010
S-227/8 Metro Esfahan-Iran
S423  Metro Line 3, Cairo-Egypt
M-1061 Sea Outfall, Salvador de BahiaBrasil
M-907M Grol3rohrschirm Zirich -Schweiz
S221  Ute Gorg, BarcelonaSpain
S444  Ute Trinidad, Barcelona-Spain

2010
S-246  Hallandsas, Forslov-Sweden
S532  LocoBouw, Antwerpen-Belgium
M-1317 Sammlers Ost 2.BA, HamburgGermany
M-0000 Duker Brunsbuttel-Germany
M-518M Grof3rohrschirm Zirich -Switzerland
S362  Ute Ave Girona, Girona-Spain
M-1419 Opal Peene Querung AnklamGermany
M-0000 Maindiker Schweinfurt-Germany
S509 Metro Tunnel Wuhan-China
S525  Metro Tunnel Sofia-Bulgaria

20092011
S-227/28 Metro Esfahan-lran

20102011
S491  Wehrhahn-Linie, Dusseldori-Germany
S451  Tunnel Weinberg, Zurich -Schweiz
S547  Kaiser-Wilhelm-Tunnel, CochemGermany
M-1186 Sanitary Drainage Networks, JeddakSaudi Arabia
S452  ATUBO Biel-Schweiz
S551  Nuclear Tunnel Project Taishan-China

2011
S546  Metro B Lyon-France
M-0000 CFPP Kraftwerkstunnel W. -haven-Germany
S642  Wisla River Crossing, WarsawPoland
S550 Railway Tunnel ShenzherChina
S-597/98 Metro Hangzhou-China
S554  Metro B Rom-Italy
M1096 Zurich-Oerlikon-Schweiz

20102012
S-544/45 XFEL Tunnel, Hamburg -Germany
NFM Railway Tunnel, Beijing-China

20112012
S-630/31 Mei Lai Road to Hoi Ting Road TunnelHong Kong
S618 Wed Island Tunnel-Hong Kong
S502 Lake Mead, Las VegadJSA
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2011
CCCC Nanjing Weisan TunnelChina

DEEP SEA Tunnel Diving Helmet

Work under Hyperbaric Conditions
Diving and Compressed Air Work in TunnelBoring-Machines

Below a depth ofil0 metres (which equals 4.0 larerpressure) compressed air technicianter a

zone where it is no longer effective to carry out compressed air work under conventional cendition
However, because the next generation of tunnels will be longer and deeper than anything we have at
present, it can only be a matter of time and opportunity before dasalscompressed air
technicianstart playing a key role in hyperbaric work.

High groundwater head is a major challenge for tunneling in soft ground and weak rock. It has a
strong impact on design and operation of Tunnel Boring Machines (TBMs) in order to prevent
excessive groundwater inflow, to ensure face stability and to enables doctse cutterhead for
maintenance, which can lead to an increase of the required construction period and budget.
Designers should keep this in their mind when planning a tunnel alignment.
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Frequentinterventions for cutterhead maintenance were necessary d
presence of abrasive soils. Severe wear was axbenv excavation tools
and on the backside of the cutterhead which had to plough thr
accumulated spoil at the bottom of the excavation chambeus
intensive and time consuming repair works (6 weeks) were requ
under compressed air.

The 4" River Elbe Tunnel was a milestone iSlurryTBM tunneling
due to the large TBM diameter of 14% low cover of as small asni and
high graundwater pressure of up to 4.&rbThe southersection ofthe 2561
km long tunnel was excavated in glacial deposits conS|st|ng of sand, marl and
boulders, while more cohesive ground such as n —

and clay with sand lenses and boulders was pre
on the northern tunnel section.

At the deepest point of the river crossing, the crew had to enter the excavation chamber and work
under compressed aip to 4.5 lar.

In total 10,920 work hours were spent und
regular compresed air at pressures up to 4
bar during which 2,38 man interventions |
were performed, 237 of them at pressures ; 2
3.6 bar. In total 21 cases of decompress
illness were reported, all of them occurred
pressures < 3.6 bar.

The 4" River Elbe tunnel waghe
first project where aescuecould be

flange to the compressed &
of injured personnel unde
for pressurized transport th

necessary to use i

completed by connecting a NATO
lock on the TBM to enable transport
compressed air pressure to a shuttle
surface. Fortunately it was not

The 1.640km long twin tubeWesertunnel crosses the river Weser north

of Bremen, GermanyA Slurry-TBM (A 11.71m) was used to excavate the
tunnel in glacial deposits. The glacial soil consists of poorly graded and
partly very loosecohesion, lessand with hard granite boulders, and very
soft to soft clay and peat in shallow areas. Below the river, plastic clays were
found to have mainly stiff to hard consistency reaching shear strength values
of weak rock.

The t unn e Ipesipoim was #0onsbelowesea level. Due to tidal influence of the North Sea
the water level of the river was typically betweer2+ih above/below sea level and reached in
maximum +5.2n above sea level. Along the tunnel route, groundwater head encouatténedel
invert was typtally in a range of 2.5 to 4.Gaband reached a maximum of 4.5 laa storm tide.
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Maintenance under compressed air was performed at up to 4.5 bar air pressure for works at the
cutterhead andp to 5 far for works at the stonausher. Additionally divers were used to work
within the bentonite skry under pressure of up tab&r. Regular compressed air (no mixed gases)

and oxygen decompression were successfully used. In t0@ & of compressed air works and a

total of 1.400maninterventions were performed while 600 of them wander pressures exceeding

3.6 kar. Only 15 minor cases of decompression illness were reported, all of them under pressures
less than 3.64r.

The 6.6 km longNesterschelde Tunnels the first tinnel project where
saturation diving technique was used for excavation chamber interventions.
The twin tube tunnel was excavated by two SHIrBMs (& 11.33 m).
Ground conditions consist of medium to fine quaternary sands within shallow
sections and a msise formation of tertiary stiff clay on a length of approx.

2 km. Dense tertiary sands are found below the clay within the deepest tunnel
section.

At the deepest point the tunnel invert is at a depth of 60 m below sea level. The water level was
typically within a range of +/2.5 m above/below sea level and reached about +4.0 m in maximum.
The tunnel cover was in a range of 28 m to 40 m.

When Nordseetauch@mbH was asked to cooperate on thigject to build two tunnels under the
Westerschelde in the Netherlands, we didndt h
opportunity to put to use the skills and expertise we had gained durind’duwbé of the River

Elbe Crossingndthe WesertunnelGermanycontracts. However, the problems we could expect to

face were on a slightly different scale. In tf¢Zube of theRiver Elbe Tunnel we were working

under pressures of up to 4.5 pahile work in the Weserhinel was carried out at®bar The brief

for the two tunnels of the Westerschelde Tunnel Project called for us to work at pressures of up to
8.5 bar.

It is impossible to work at 8.5 bars pressure with compressed air, because the nitrogen contained in
breath causes narcosis.obdedingly, from the very start we planned to work using mixed gases.

For several decades, a number of methods and procedures have been tested and applied in
international commercial offshore diving which can also be used in maghusn tunnel
constrution projects carried out in hyperbapressure in excess of 5.0 bar

For instancethe use of mixed &pg. These gases are a mixture of oxygen and various inert gases,
blended according to the specific pressure spectrum to allow the divers to workd@ndlaweeks

under pressurised conditions (saturation method). At hyperbaricupgessf between 3.0 and 6.0
barcompressed air can be used as working gas with the saturation method, and may indeed be the
method of preference in future. In order to useadigases safely and successfully, meticulous
preparations to the tunnel boring machine and logistical processes are necessary.

Due to the relatively thin clearance above the tunnel it would have been dangerous to éower th
bentonite level in the cutteead chamberthe excavation chambefccordingly, specially trained

diving personnel were on hand to carry out inspections and tool changes in the event of repair and
maintenance work becoming necessary.

Nordsetaucher GmbH, Bramkampweg 922949 AmmersbekGermany; Tel. +49 4102 23180, Fax +49 4102 231820, Mobile +49 172 4300598
E-mail: inffo@nordseetaucher.diternet:www.nordseetaucher.de



NORDSEETAUCHER GmbH

Hyperbaric TunneConstruction an®iving®

In total, 6 excursions in saturation were performed with a total saturation time of 40 days. The
decompression time was 4 days each time. 10 inspection excursions with mixed gas were
performed, in addition to 1.652 hours with compressed air involvingriadbtinterventions5 cases

of decompression sickness occurred, all of which were successfully treated in thereasient
chamber.

Diving in Bentonite

Preparations
To allow manned interventions to be carried out in the bentof
specialflanged connd@ons were installed in the presswlls of
the tunnel boring machines. These lines supplied the divers
breathing air, reserve air, communication lines, lighting, video
data transmission, and water to flush the breathing regulators i
diving helmets.Those flange connectionseaalso perfect for the
new overpressure work helmet.

The Diving Helmets

Diving helmets normally used for offshore diving were
specially modified to allow them to be used diving in
bentonite. To make it easier for the diversbteathe in

the kentonite, which is a clay suspension, and to reduce
breathing resistance, the helmets were fitted with a water
flushing system for the air regulator. The constant
supply of fresh water also prevents the breathing
membranes from sticking together.

The Umbilical

As t he name indicat es, t he umbi |
consists of a variety of differently coloured tubes and cables, which pipe i
reserve air and fresh water, and also contain communication lines, light,
anddata transmission lines.

Diving and Working in Saturation Conditions

The Living Chamber
Saturation diving means living and working under hyperbg
conditions for long periods of time, i.e. anything up to 28 dg
although the limits have nevéreen fully tested. To enabl
divers and engineers to survive and work under th
conditions requires a pressurised living chamber consistin
a number of rooms outside of the tunnel zone. Up to 9 di
and engineers can live in this system, and it aiostall the
necessary facilities, from berths to showers and toilets.
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Due to technical and hygienic reasons, it is not as a rule feasible
to locate the saturation habitat in the tunnel zone and link it to the
tunnel machine.This makes it necessary to use a mobile
transportation systerh a shuttle. The shuttle collects the divers
from the habitat outside the tunnel zone and takes them to the
tunnel, where they dock on to the tunnel machine. Each
pressurised shuttle can take tgp 4 divers techniciansand
engineers. Once it docks on to the tunnel machine, the passengers
disembark and go to their stationsthe control room and the
excavationchamber to carry out all necessangpection,maintenance and repawork to the
cutterhead.

Hyperbaric Helmets

Unlike in the &' Tube of the River Elbe Tunnel and Weseriel
projects, where the pressurasvin excess of 4.5 and 5.0 bae were | |
unable to work with compressed air under the Westerschelde. Ins
we used mixed gasesonsisting of helium, nitrogen and oxygen. T
equipment used by the divers was identical to that used in the
tunnel projects. Partially submerged work under the Westersch
was carried out with the aid of a new, lightweight type of helmet
in the chemical industry.

These helmets, which are not available on the free market, were specially refitted and adapted for
the task. All tests and trial runs prior to the start of the project were carried out at the Belgian
Navyo6s Hyper beebrugge. Thie specialehelmen hasZtwo breathing regulators and a
controllable cooling system, the latter being essential, as temperatures in front of the tunnel face can
reach up to 50Celsius

This new helmet designof Composite Beat Engel,
Switzerlandis the construction ofin overpressure
helmet It has been realizeid close cooperation with
Nordseetaucher GmbHIhis type of helmet that
with an additional kit can be transformed within one
hour into a breathing otrolled helmet- is now
operational in extreme hazardous environmiéw
tunnel machinesand gives full satisfaction to the
user. Every helmet is provided with connections for
surface air/gas supply, an independent emergency
air/gas conneatn and communations equipment.
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The Nanjing Yangtze River Crossing Tunnelis a 2.990km long

twin tube crosses the river Yangtze in Nanjing, Chihao Slurry TBMs

(A 14.96m) are in use to excavate the tunnel in soft alluvium strata. The
strata arenainly silt and fine sand.

Thet unnel i nvert 6 sm betow peadevel. pueitontidal i s
influence the water level of the riversi typically between+/-15 m
above/below sea level.

On this project, welding in compressed air was the magi to
carry out. From our experience and research of welding in
compressed air and under water we knew that it is not a real
problem. But this time it was very extreme. The buckets of 6
arms of the TBM had to be renewed. Therefore we welded new
supportson the side arms of the cutterhead. The total time of
this work took more than 12 weeks, day and night. The pressure
was up to 5.4 bar overpressure in air. To keep the support
pressure stable we used bentonite with a special mixture of high
density and visosity.

Maintenance and repair under compressed a# peformed at up
to 5.4 bar air pressure for works at the cutterhead gmtb 6.5bar

for works at the stone crusher. Regular compressed air (no n
gases) andoxygen decompression successfullyin use In total
more than Q00 h of compressed air works amere tharf45total
man interventions are performed. Only 3minor cases fo
decompression illness areported.

For the welding operation we used the finste a new special designed compressed air helmet with
triple air supply, two regulators and one free flow, communication and an integrated welding shield
with sensors.
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The Esfahan Metro Tunnel is a 4.550km long twin tubebetween
Shohada Aquare and Azadi Aquare. The west and the east twossts the
river Zayandehrood in the south of Esfahan, Irdihe wo EPBT B M6 s
(A 6.96m) are in use to excavate the tunnel in soft alluvium stfaastrata
are mainly siltfine sam and gravel

Thetunn e | i nvert 6 s nibelewstesttevelpodirivet i s 20

Welding in compressed ais ithe major task to
carry out. But this timehe job is more=xtreme.
The 8 cutterheadarms of theTBM had to be
renewedmore or lesscompletely from the front
side and the cutterhead edge of both machines
from the back sideTherefore we welded new
vertical side plates and new cover platesthe
arms of the cutterhea@hd new hardox plates on
the cutterhead edgd@he total time of thisvork

will take more than 6 monlday and night. The
pressure is up to 2.Bar overpressure in air. To
keep the support pressure stable we used
bentonite with a special mixture of high density
and viscosity.

Maintenance ahrepair under compressed arperformed at
up to2.0bar air pressre for works at the cutterhead. Regul
compressed amnd oxygen decompressionsisccessfullyin

use In totalmore than D00 h of compressed air works ar
more than 375 man interventions until 31.03.2010 are
performed. No minor caseof decompression illness i
reported.
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Beijing Railway Tunnel ZJX T 2 Project
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