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SUNUS

Ulagim aginin gelismigligi (lkelerin gelismishic seviyelerinin Gnemli kistaslanndan biridir.
Ancak dzellikle 1970 yilindan sonra gelismeyi; insani, sosyal, kiiltirel, cevresel ve
mekansal boyutlanyla tamimlama amaci tasiyan yeni yaklasimlar ortaya gikmishir.

Bilim ve teknolojinin geredini hayatiriza katan mihendiclerimizin dnemli bir yilkdmldlagl
de insan oncelikh projeleri hayata gegirmek ve bu ugurda yapilan yel, tinel vb. yapilann
gevre uyumunu ve ekolojik dengeye etkisini arastirarak, dodgayi ve Ulke gelecedini gbz
anunde bulunduran projelere imza atmakdir.

Ulagim kaynakl sorunlar hayat kalitesini dugiren anemili etkenlerden biridir, Diinya
nifusunun %50'sinden fazlas! kentsel alanlarda yasamaktadir. Bu da trafii giin gegtikce
daha da zorlu bir sUrece sokmakta, dolayisiyla da énemli maddi kayiplara ve verimli
kullanilabilecek zamanin kaybina yol agmakdadir, Kisacasi yasam kalitesi diigmektedir,
Bu nedenle de ulasimia ilgili planli calismalara siddetle ihtivag vardir, Iste bu anlamda
tiinelcilik tilkemizde de bily(yerek gelisen bir sektor olmustur,

Maden Mihendisligi meslegi yeralti yapilaninin ingasinda temel disiplinlerden biridir,
Madencilik yontemlerini ve gelismeleri tinelclik sektdrine taslyan meslektaslarimiz bu
konuda yetkin konumdadir.

Cdamizin temel gérevierinden biri de bilimsel galismalan ve deneysel yaklagimlan
kamuoyuna sunmak ve uyeleri ile paylasmak igin bilimsel toplantilar dizenlemektir, Bu
anlamda bu kez Tinelclik Demegi ile birikte yola ikarak 29-30 kasim 2013 tarihinde
Ulagimda Yeralt Kazilan Sempozyumu'nun liglincisind dizenleyecegimiz

Ulasimda Yeralti Kazilan Sempozyumu sektirin geldigi noktay ve hedeflerini
paylasmak agisindan blylk dnem tagimakladir, aynca calismanin yeni calismalara da
151k tutacagini umut etmekteyiz. Tunelciik Demedi ile sadlanan bidikielik, uyumiu
organizasyon ve fedakar paylagimlarla galismay daha da ileri tagidi.

Sempozyum hazilk sirecinde katki veren blim insanlanmiza, kamu ve dzel sektdrdeki
kuruluglara, Odamiz ve Tunelclik Demegi'nin degedi yonetim kurullanina, bilyik dzveride
bulunan Sempozyum Yiritme Kurulu'na ve bu yilksek tempolu siiregte sinirsiz katk
veren oda galiganlarimiza tegekkirnd borg biliriz

Saygilarimida

Maden Miihendisleri Odast Istanbul Subesi Yonetim Kurulu

Kasim 2013 / Istanbul
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ONSO2Z

28-30 Kasim 2013 tarihinde Uluslararasi Ulasimda Yeraltl Kazilan Sempozyumu ve
Sergisi'nin dglincisiinde buluguyoruz. lkinci sempozyumun lizerinden tam 6 yil gegti ve
sempozyumun {glinclisiinii bu kez TMMOB Maden Mihendisleri Odasi Istanbul Subesi,
Tunelcillk Demedi ile beraber gercekdestiriyor, Sektorun biimsel verilen ve birkimleri bu
sampozyimia kamunyuyla paylasihyor, Yiinitme kunili nlarak hizler da siireklilik
kazanan bu istikrarh ve mesakkatli caligmanin bileseni olmaktan onur duyuyoruz.

Uzun yillardir savundugumuz gibi, madenciik is kolu; kazisi, havalandirmasi, pasa nakli,
su atimi ve diger faaliyet alanlar ile birikte tim yerali kazilannda yer almaktadir. Bunun
sonucu olarak da her gegen gin maden mihendislerini tinelcilik alaninda daha fazla
galisir gériiyoruz. Mihendislerimizin gayretleriyle madencilik faaliyetierinde
gerceklestirlen gelismeler de hizli bir sekilde, bir ok alanda sirdiirilen yeralt
kazilarinda uygulanmaktadr.

Odgrencilik yilarimizda Tiirkiye'de ne kadar maden var ne kadar yok diye tartigirken
buglin artik gelisen madencilik faaliyetlerini sadece biz degil yabancilar da ilgiyle
iZliyordar, Tunelclik faaliyetleri de ayni sekilde hizla geligiyor. 2019 yilina kadar sadece
|stanbulda agilacak Metro Tiinel uzunlugunun 350 km'yi bulacad tahmin ediliyor, Su an
gerceklestirilmekte olan ve planlanan hidroelektrik projelerinin sayisi da 1700 ve bunlarin
en az yansinda tinel var. Gelecek birkag yilda Tirkiye'de Tinelcilik faaliyetlerine
aynlacak batgenin 35 Milyar Euro olacagini tahmin ediyoruz, Bu rakam Avrupa'da bu is
icin harcanacak paraninin nerdeyse ugte biri kadardir.

Madencilik ve tinelcilik faaliyetlerinin bu kadar i¢ ige olmasi ve son yillarda her iki
sekidrin de ¢ok hizh gelismesi Ulkemizde bir tinelcilik derneginin kurulmasini zoruniu
kilmigtir, Hizh bir érgltlenme ile kurulan dermek sektdr ile kucaklagmis ve uluslararasi
diizeyde taninma noktasina gelmistir. TMMOB Maden Miihendisleri Odast Istanbul
Subesi ve Tiinelcilik Dernedi'nin fedakarca galismalan ve sekiorde yer alan bilim
insanlarinin, kamu ve dzel kuruluslann destedi ile diizenlenen bu sempozyumun hem
madencilik is koluna hem de tinelciligimize biyiik yararar getirecedi inancindayz.
Umudumuz bilim ve teknolojinin hak ettidi yeri bulmasi ve devami gelecek
calismalanmizda sekiori tekrar bulugturarak gelisimine katki sunabilmekdir.

Saygilanmila,

Prof.Dr., Nuh BILGIN
Sempozyum Yiiriitme Kurulu Baskani

Kasim 2013 / Istanbul
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State of the Art and Current Design Approaches of Large
Diameter TBM Technology

M. Herrenknecht, K. Bippler

Herrenknecht AG, Schwanau, Germany

ABSTRACT The growing need for mobility demands for expansion of existing transport
infrastructure or even the design of new transport systems to be able to meet the future demand
of handling larger traffic and commuter volumes. This focuses not only on the long-term needs
of traffic applications such as road, rail or metro projects but on utilities such as water and
sewage systems. With focus on the current design of underground projects there is a visible
trend of larger tunnel designs.

The paper focuses on the state of the art and current design approaches of large diameter
tunnel boring machines that have been or are used to build mega projects with large diameters.
Project histories will be reviewed and new projects starting will be discussed with adapted
TBM technology, particular design and manufzcturing challenges mherent to larger diameters,

to handle the specific project demands.

1 INTRODUCTION

Shield tunnelling technology has captured the
attention of the public sector during the last
two decades as a good alternative to
conventional tunneling methods in terms of
safety, reliability and settlement control,
Today large tunnel profiles are already
considered during the pre-design stage of
underground structures. This to accommodate
dual tracks or double-stack railtracks and
road tunnels with triple lanes mstead of
double lanes or double-story road tunnels like
the Socatop road tunnel in France that has
two levels of traffic. Another innovative
application 1s the combined use of a tunnel
profile for both road and metro, like the
Silberwald tunnel in Moscow or the
multipurpose use of the Storm Water Road
and management (road/water storage) Tunnel

in Malaysia.

When one of the first largest TBMs
(Mixshield £14.2 m) was delivered for the
4" Elbe Road tunnel in Hamburg, Germany in
1997, it was proved that safe handling was
possible when tunneling using larger profiles.
It took then another 8 years to exceed the 15
m-diameter limit when an EPB Shield (&315.2
m) was supplied for use in a three-lane, inner-
city highway tunnel in Madrid followed by
two 1543 me-diameter Mixshields for river
crossings near Shanghai. To date, the EPB
Shield that started tunnelling in August 2011
on the Galleria Sparvo highway tunnel in Ttaly
has been the biggest machine with an
excavation diameter of 15.62 m.

This publication focuses on the state of the
art and current design approaches in large-
diameter TBM technology and the feasibility
of successful large-diameter TBM operations
with outstanding examples of applied

technical engineering.
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2 4™ TUBE ELBE RIVER TUNNEL
(1997)

In Hamburg a 2.6 km long road tunnel was
built using mechanized tunneling technology,
(Fig. 1). The main reason for choosing this
construction method was to ensure that there
was no disruption to the river traffic. The
tunnel was built to relieve the congested
traffic through the existing three parallel Elbe
River Tunnels with a total of 6 lanes and to

prepare for the future growth m traffic
volumes in Hamburg.

aruer  Lens
At ] A TIm

Lane 3
A Tam

Figure 1. Tunnel profile 4™ Elbe Tunrel

A Mixshield was used because of the
demanding geological conditions comprising
glacial layers including sand, marl, clay,
stones up to boulder size and debris fields, as
well as the technical challenges with high
water pressures of 4.2 bar in the midstream
section of the nwver and shallow cover of
approx. 7 m. A shield with a liquid-supported
tunnel face was chosen because this machineg
type provides good face support and responds
maore rapidly to changes in working pressures
and provides greater control over settlement.
This was particularly important in the
northern section of the tunnel drive, where the
machine passed beneath a residential area. A
Mixshield was seen as more suitable than an
EPB Shield to cope with mixed-face geology
rapidly changing to full face clay or sand
mixture with the probability of encountering
boulders up to 2 m in diameter.

A

The Mixshield had a diameter of 142 m.
The large profile was required to integrate
two traffic lanes and a hard shoulder. The
machine was at that time the largest shield
ever manufactured. It was equipped with
major techmcal mnovations which have
proven necessary for the completion of such a
demanding project. The machine was
equipped with an innovative seismic
prediction  system  providing  the machine
operators with advance warning in case of
possible boulder occurrence or any major
changes in the geology ahead of the shield.
The machine was also designed with forward-
facing ports around the shield to probe drill
the ground 20-25 m ahead of the shield, with
the option of also using these ports to inject
groul in front of the shield for ground
stabilization. One techmical feature that was
used for the first ume with the Mixshield for
Hamburg was the ability to change cutters
from within accessible main spokes of the
cutting wheel at atmospheric pressure without
lowering the suspension level in the chamber.
The main spokes are sealed against the water
pressure. The tools can be changed from
within cutting wheel spokes by means of a
special housing and powered closure gate.
This feature was proved to be invaluable
throughout the duration of the tunnel drive
due to very abrasive soil conditions. Man
entry into the spokes in free air and sealed
from the groundwater pressure outside was
more frequent than had been expected. This
technology offers a much safer working
environment for changing cutting tools and
also achieves a reduction in then time
necessary to change the cutters compared to
working m the actual face/excavation
chamber under compressed air, especially in
the case of higher hydrostatic pressures
where saturation diving techniques might be
necessary.

After completing the tunnel drive, the TBM
was transported back to the manufacturer in
Germany where it was refurbished and fitted
with a new cutting wheel adapted to the
subsurface conditions of its next application,
The machine was then sent to Moscow Lo
excavate and line the Lefortovo road tunnel.
The 142 m-diameter Mixshield was then
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used for the construction of two parallel
tunnels of 1.5 km cach for the Silberwald
road/metro project and finally for the
Zaryzmo road tunnel. The Silberwald

“transport” tunnel is already in operation as a
combined traffic tunnel arranged with 3 lanes
of road traffic on the upper level and trains
from the Stoguinsko-Mitinskaya metro hine on
the lower level, (Fig. 2).

Figure 2. Tunnel profile Silberwald combined
road/metro traffic tunnel

3 A86 EAST TUNNEL - SOCATOP,
(1998)

The tunnel application in France for the AB6
West project in Paris with two tunnels, the
East and West tunnels, mveolved an
interesting design of tunnel usage for the East
tunnel. This tunnel is exchisively for light
vehicles with 2 m clearance height and
features two road decks each with three
lanes. Each level is independent of the other,
watertight and with individual air ventilation
systems.

The twoestory 10.] kmelong motorway
tunnel was excavated by using a mult-mode
Mixshield with an excavation diameter of
11.536 m. The tunnel poes through
heterogeneous soil conditions. About 60% of
the subsurface soil conditions were ideal for
the utilization of an EPB Shield with earth
pressure or compressed air support and about
40% demanded slurry-supported tunnel face
as an opumum solution. The fact that
different machine types could be applied for
long stretches was the decisive factor in using
a machine that could be converted inside the
tunnel from open mode to closed slurry mode

to EPB mode and vice versa. With this
capability the machine can be used in
extremely heterogeneous soils with different
material transport systems. The design of the
cutting wheel and excavation chamber does
not require any compromises between the
operation modes. Conversion between the
operating modes was camed out m the
tunnel. The machine and back-up system
were equipped with different specific systems
for tunnel face support and transport of
excavated material. In slurry mode the
equipment included a jaw crusher in front of
the suction grid, a rake, slurry pumps,
bentonite nozzles, pipes and the typical
Mixshield submerged wall/bulkhead units. Tn
EPB mode the equipment is composed of a
screw  conveyor and a machine belt,
Additional equipment was also required for
the closure of the submerged wall or
bulkhead opening and for the
extension/retraction of individual
components. For the large diameter multi-
mode Mixshield both muck removal systems
could be arranged in parallel in the invert area
of the excavation chamber with few minor
functional compromuses, (Fig. 3).

Figur

e 3. Multi-mode Mixshield &11.56 m,
slurry mode (left) and EPB mode (right)

Although the Socatop project has remained
one of a kind to this day, it showed
conclusively that a complex combination of
different technologies can make sense if the
project circumstances are right.

4 LARGE DIAMETER EPB SHIELD
(15.2 M) FOR MADRID (2005)

The M30 highway tunnel project was part of
a major urban renewal project to provide a
solution for the previous heavy traffic
congestion and high accident rates, noise
pollution and the environmental impact on
residential areas caused by the existing M30
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molorway that was construcled during the
1960s and 1980s (Fig. 4). A twin tube tunnel
with a length of 3.6 km carrying three lanes
of traffic was constructed to take both cars
and heavy goods vehicles. The dimensions for
three lanes, hard shoulder and walkways
required an internal diameter of 13.45 m. The
circular profile also allows for two emergency
lanes below the road deck as well as
ventilation and other utilites.

Figure 4. Tunnel cross section M30 Madnd

The subsurface conditions in Madnid are well
suited to EPB technology which was already
well proven thanks to several completed
metro tunnelling projects in the capital of
Spain. Based on experience, the client
specified the use of two EPBs which - at
more than 15 m in diameter — were at that
time the biggest machines in the world. The
M30 project, in which the Herrenknecht EPB
Shield had an excavation diameter of 15.2m
shows that a diameter limit had not yet been
reached. It was overtaken in diameter by the
Shanghai machines with 15.43 m-diameter
and the 15.61 m-diameter TBM for Galleria
Sparvo. Both projects will be cited, too,
within this paper.

Two EPB Shields with very different
design  concepts were supplied by
Herrenknecht and Mitsubishi. The 15.2 m-
diameter EPB shield of Hermrenknecht
excavated and lined the north tunnel of the
south bypass on Madrid’s highway M30.

The tunnel alignment leads through a
densely populated area and crosses beneath
several structures like metro lines, rail tracks,
often with minimal cover.

With a diameter of 15.2 m and a torque of
125,000 kNm the EPB shicld broke all
dimensions achieved to date in the
mechanized shield tunnelling market. The

4

culting wheel design had a double cutting
wheel design to improve the excavation
process and soil conditioning. The material
excavation in the outer and inner area of the
tunnel face could mainly be carried out at an
optimized cutling tool speed.

The design of the outer cutting wheel area
facilitated the arrangement of various cutter
positions, which is normally not possible at
all in the mner area, as a favorable opening
ratio must be maintained. A great difference
in the cutter penetration depth between the
outer and the inner area can be avoided by a
higher rotational speed in the inner area,
which has also the effect of reducing wear on
the cutting tools, (Fig. 5).

Figure 5, Double cutting wheel design

The Herrenknecht TBM was manufactured
within 12 months and started boring in
November 2005, completing 3.6 km of tunnel
in just 8 months with average performances
from the start of tunnel boring of almost
100m per week. The Mitsubishi machine was
manufactured within 17 months and showed a
similarly outstanding performance.

5 15.43 M-DIAMETER MIXSHIELDS
FOR RIVER CROSSING IN SHANGHAI
(2006)

In 2006 the largest Mixshields with diameters
of 1543 m started tunnelling on the
Changjiang under River Tunnel project in
Shanghai. Two parallel 7.47 km long three-
lane highway tunnels were excavated at
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depths down to 65 meters connecting the
Changxing River Island with the mainland of
Pudong/Shanghai. An innovative feature on
the largest Mixshields was the accessible
cutting wheel (first used on the 4" Elbe
Tunnel Hamburg) that allowed the process of
cutting tool replacement in free air. The
cutting wheel was designed with six
accessible mam spokes and was sealed
againgt the water pressure of 6.5 bar, (Fig 6)

Figure 6. Accessible cutting wheel spokes in
free air for tool changes

A measure against possible clogging in the
clayey formations with shell debris was to
equip the center area of the cutting wheel
with its own slurry circuit. Large openings in
the cutting wheel guaranteed an optimized
material flow and reduced the risk of material
blockages in the center. Another installation
was the state-of-the-art wear detection
system. Reliable information about the
condition of soft ground tools and buckets,
especially in the loaded outer area of the
cutting wheel can be gained. Two buckets
and eight soft ground tools were equipped
with an electronic wear detection system.
Online data on the state of the selected
cutting tools enabled an early waming of
possible wear to be issued to the TBM staft,
This had the advantage of allowing better
maintenance planning and an optimization of
the service life of tools, thus minimizing
costly  chamber  interventions  under
compressed air.

Both machines performed at up to 142
meters per week and completed tunnelling 10
and 12 months earlier than scheduled.

Outstanding pioneering references such as
Shanghai (Mixshicld @15.43 m) and M30
Madrid (EPB-Shield ©915.20 m) support the
feasibility of the construction of very large
tunnels and compliance with the project
schedule. The performances that have been
achieved by the current largest tumnel boring
machimes also include an excellent logistical
concept which provides a good basis for
administrative authorities, project owners and
contractors  regarding  the  feasibility,
reliability, safety and speed of upcoming
large diameter projects.

6 15.62 M-DIAMETER EPB SHIELD
FOR GALLERIA SPARVO TUNNEL
(2011)

Today the largest machine to operate has a
diameter of 15.62 m. The large diameter EPB
shield started tunnelling m 2011 and
excavated two parallel 3-lane road tunnels of
2.5 km each. The tunnels are part of the Al
highway extension between Bologna and
Florence.

The EPB Shield was designed to cope with
the predicted geology consisting mainly of
clay, argillite, sandstone and limestone which
is highly fractured in paris. Rock clasts in a
fine gramned matrix or soil intercalations in
hard rock and also mixed face conditions
were predicted during tunnelling. Apart from
the large diameter, the specific project
conditions were complicated by the presence
of methane gas within the rock mass. The
machine was specially equipped to deal with
this condition and to prevent gas explosions.
Worker safety had to be guaranteed as well
as normal construction work processes.

During advance, the excavation chamber
was always completely filled preventing an
inflow of material in the working chamber in
case of instable face conditions, but this also
prevented the possible formation of a
combustion chamber due to potential gas
presence in the rock mass, The main TBM
design set out to counteract the prevailing risk
of gases and thus eliminate the risk of
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explosion. Therefore the design provided a
double-shelled enclosure for the back-up
conveyor belt starting at the screw conveyor
discharge gate to the transverse conveyor belt
on the back-up with permanent ventilation
mside and outside of this system (Fig. 7).
Inside the encapsulated double-shell an
overpressure was present which, in the case
of gas presence, avoided a leakage out of the
channel The transfer belt conveyor and the
loading chute to the tunnel belt were not
covered so that this area was fully equipped
with explosion-proof equipment and the air
quality and tightness of the system were
permanently monitored. This together with
the constant monitoring of the chamber and
the fact that the chamber was always full
allowed a controlled excavation process even
in sections with potential gas presence.

Figure 7. Interface — material handling from
the screw conveyor to encapsulated conveyor
belt

The machine was able 0 exceed the
performance rates that were guarantezd in the
contract on the first 2.5 km drive. The
machine had its breakthrough in the first
tunnel on July 27, 2012 with performances of
24 meters per day. The EPB Shield was then
moved and turned around to start tunnelling in
the opposite direction.

7 CONCLUSIONS

The projects cited show the successful large-
diameter TBM applications and the feasibility
of tunneling even in complex conditions with
large diameters,

]

The large diameter TBM technology is
dnven by more stringent demands on project
conditions and also by the innovative ideas of
clients and planners for a more advanced and
future-oriented design of nultiple tunnel
usage. The implementation of large diameter
TBMs exceeding the 14 m-diameter range not
only requires safe tummel face support, but
also further assessments of the weights of
machine components, increased  segment
loads (transport issues) and the overall
logistics to and from the jobsite,

Demand on TBM design is also mfluenced
by the jobsite location, accessibility of the
site, access routes, crane and power
capacities, etc. which also have an effect on
the performance of TBM assembly, tunnelling
and the overall project schedule. The projects
were all realized in demanding local geology
with high hydrostatic pressures and long
tunnel drives which demanded an innovative
concept for safe accessibility to the working
or excavation chamber for tool change
procedures.

The great efforts made during the design of
the machines by both the TBM manufacturer
and the contractor to achieve a well thoughi-
out concept for all workplaces and material
handling systems and logistics paid off and
resulted in successful, safe and reliable
tunnelling operations and this in adherence to
the project schedule, which was shown in the
successful completion of the projects
described above.
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The Sparvo Project: Innovative Technological Applications Using
the World’s Largest EPB-TBM

J. Classen, L.Scolavino, C. Acquista, G. Comin, A. D1 Cara, M. Pepino
TOTO Costruzioni Generali, “Variante di Valico” Al Milan-Naples (Sasso Marconi —
Barberino di Mugello, ltaly)

ABSTRACT The Sparvo tunnel is part of “Variante di Valico™ highway project, between
Bologna and Florence in Italy, This contract was acquired by TOTO Costruziom Generali
S.p.A for 190 Mio€. Here a mechanized method was applied by using the world's largest TBM
called “Martina”, supplied by German manufacturer Hemenknecht, with an exceptional
diameter of 15.62 m.

TOTO Costruzioni Generali has addressed this technical challenge purchasing the state-of-
the-art TBM (approx. 65 Mio€) and gathering leading experts in the TBM field considering that
the excavation was in a complex and heterogencous rock mass with high concentration of
methane gas. The boring time of the North tunnel (2400 m) amounted to 11 months. Using an
innovative system conceived by TOTO, designed and realized by Palmieri S.p. A, the TBM was
moved and turned 1807 in “huge modules™ n 15 days and reinserted into the South portal in
order to start the excavation of the South tunnel (2600 m), this last required only 8 months.

The Sparvo tunnel was completed on July 24, 2013 with the breakthrough of South tube
confirming high advance performances and guality standards regarding excavation, segment
lining and workers safety.

1 SPARVO PROJECT OVERVIEW “Argille a Palombini"(APA), clays

Sparvo Tunnel belongs to “Variante di
Valico” project, a new 65km highway link
between Sasso Marconi e Barberino di
Mugello designed to renew the existing Al
route, the most important one in Italy.

The renovation project is divided into 13
lots and, because its complexity, Sparvo
tunnel overall represents the main work, It's
composed by a 2.5km twin tunnel excavated
inside a complex geological context,
characterized by the presence of a series of
landslides, some of these active and
regionally important, called “Grande frana di
Sparvo”.

From a geological point of view, Sparvo
tunnel was excavated inside a heterogencous
rock mass:

charactenized by a squeezing behavior,
especially with an overburden over 50

meters,
e “Arenaric dello Scabiazza®(SCB),
sandstones and claystones with

bedding of marls and clays:

o “Brecce Argillose Poligeniche™(BAP),
high fractured clays and claystones;

e “Formazione di Montevenere”(MOV):
limestones and high fractured marls;

e “Trovanti Ofiolitici”™ (OFT): ophiolitic
boulders inside a clay matrix
charactenized by a high compressive
strength (over 300MPa) and high
abrasivity.

Moreover, the boring operations were

affected by the presence of methane gas
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{(grisou), naturally trapped inside the rock
IASS,

Following a careful assessment of all these
complex issues, the mam contractor TOTO
decided to change the excavation technique
from conventional to mechamize. The choice
of a tunnel boring machine contributes to
increase workers safety during excavation
and ring building, to industrialize the process
and, overall, to reduce the executon time (2
years less in comparison with conventional
excavation).

All preliminary works at the Sparvo site,
like access portals (Bologna and Florence
sides), were realized with the aim to excavate
in traditional way starting from a front
diaphragm wall composed of steel reinforced
piles, anchor bolls and load distribution
beams. Therr removals were needed to start
the excavation with the TBM. Besides it was
necessary to build up the concrete cradle for
its assembly (Fig. 1).

On March 2010 the manufacturing of the
biggest TBM Earth Pressure Balance type
was committed by TOTO to Herrenknecht
AG. The TBM, called “Martina”, is an EPB
shield with an exceptional diameter of
15.615m that has yet assured the realization
of the final lining of the new highway (three
lanes 3.75 wide).

Both tunnels, North and South, have a total
lengths of 2430m and 2600m respectively;
the inclination is 2.6% and the minimum
radius is 1400m. The internal diameter of the
concrete lining, equivalent to the final shape
of the tunnel, 1s 13.6m.

Martina was manufactured and pre-
assembled in Schwanau (Germany) where the
main factory of Herrenknecht AG is located.
After workshop acceptance the TBM was

divided into 260 packages and transported to
Sparvo jobsite located near Pian del Voglio
(Bologna, Italy). Some packages (30 items),
mcluding main drive, cutting head (central
part and its segments) and screw conveyor,
were delivered by barge from Kehl to
Rotterdam port (Fig. 2 route 2) along Rhine
river and from Rotterdam to Ravenna by
cargo ship (Fig. 2, route 3).

After arnving m Ravenna port, main
packages came to Sparvo site driving along
the highway using a special multi-axis truck,
in order to assure an uniform distribution of
the load on each road paving.

Site assembling operations started on
March 2011 and were completed in July
thanks to the painstaking work of 150
technicians from both TOTO and
Herrenknecht.

Figure 1. Assembly of the cutting head
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Figure 2. Transport plan of the main packages
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2 TECHNICAL CHARACTERISTICS
AND WORKING PHASES

TBM EPB 5-574 “Martina” 1s composed of a
conical shield 12,2 m long, and four back-up
gantries  where all  mechanical-electric-
hydraulically components are installed. Total
length of the machine is 130 m with a total
weight of approximately 4500to, 3000to
being represented by the shield and cutting
head alone, and the remaining weight for
gantries. (Tab. 1).

The TBM is equipped with 72 disc culters
(hard rock tools) and 216 scrapers (soil tools)
due to the heterogencous lithology along the
Sparvo tunnel alignment. It's of utmost
mmportance to underline an extreme
geological variability even different meter by
meter. Cutting tool wear management implies
a good schedule of the cutter head
maintenance based on an accurate daily
advance parameters analysis, Standstill chain
ages are preliminary defined with the aim to
identify a section with stable face and low
methane gas concentration in order to
perform each operation with norm banc
conditions assuring complete safety of
workers., During the excavation of the
extremely abrasive ophiolite Zone
maintenance intervals were approximately
300 m while being extended to 800 m when
the sandstone and clay stone formations were
encountered. A total of ten cutter-head
interventions were done and more than 300

disc cutters were replaced in the excavation
of the two tunnels of the Sparvo project.

The TBM is powered by two lines of
medium vohage 30 kV and 15 kV
respectively and the installed power is 16,800
kW. More than 2/3 of the installed power,
equal to 12,000 kW, supplies the 12 three-
phases motors required for the hydraulic
actuation of the cutting wheel. Due to ensure
this power at the TBM, a provisory link
connected directly with the high voltage line
of the Ttalian high speed railway network with
a voltage of 132 kV was established and
some laying of foundations of the pylons was
performed using helicopters due to the limited
access of some areas. On the job site a
transformer station 132/30 kV was installed.
The energy consumption of the TBM
necessary for the excavation has exceeded
25,000,000 k Wh.

In the control cabin, an operator controlled
the TBM checking and changing the main
parameters of the excavation as the
penetration, the rotation speed of the cutting
wheel, the pressure of the groups of the
cylinder thrust, the quantity of material
extracted by the screw conveyor and the
quantity of foam and/or water necessary to
the conditioning of the muck. The advance
time of a TBM depends mainly on the
lithology of the rock mass excavated; in the
Sparvo Tunnel the time necessary 10 excavate
2 m in length with a section of 191.4m
ranged from 50 min in clay to 90 min in
ophiolite with an average value of 80 mun.

Table 1. TBM technical characteristics

(Gear boxes N° [-] 50
MNominal torque [MNm] 04 8

Cutting wheel Dreak out torgque [MMNm] 125.3
Rotational speed [rpm] D—2.16
Max. working pressure [bar] 320
Thrust cylinders N* [-] 57

Thrust eylinders Max. thrust (standard condition) [N — bar] 315000 — 400
Break out thrust [kN = bar] 400000 - 500
Gear boxes N° [-] 4

Screw conveyor Length [m] 22.7
Internal diameter [mm] 1600
Maximum flow [t/h] 1990

0
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Each stroke of the TBM “Martina” is
realized by 57 thrust cylinders with an
available total maximum force of 320 MN
(with an oil pressure in the cylinder of 400
bar) while the cutting wheel rotation is
assured by a hydraulic drive consisting of 12
electric motors, 24 hydraulic pumps and 50
gearboxes which ensure a nominal torque of
95 MNm and a breakout torque of 125 MNm.
For the eonditioning of the 380 m? of muck
excavated in each advance, 19 foam and 6
water injection lines were installed  within
the cutting wheel and the excavation
chamber, mnjecting 115 m® of water and
1400 1 of foaming agent. The screw conveyor
with a length of 22.7 m and an internal
diameter of 1.6 m was equipped with 4
pearboxes with a total installed power of
2000 kW, to assure a maximum rotational
speed of 22.5 rpm and a torque of 693 kNm.
During each advance of 2m, it extracted 1000
tons of conditioned material, Using the serew
conveyor the pre-defined earth pressure,
which varied from 1.5 to 3,0bar in the crown,
was controlled and maintained throughout the
advance.

The time required for the ring build phase
in the Sparvo tunnel was 45 min, the erector
operators installing the 10 segments of a ring
in a safe way covered by the shield structure,
using a special joystick which moved the
thrust cylinders and the movement of the
erector. Lifting and handling of segments was
done by a vacuum system of the erector plate.
The cycle of excavation and ring build of 2m
of tunnel has ranged from 110 min to 130
miin.
The annular void between the precast
segments and the excavated section, due to
the overcut of the cutting wheel and the conic
shape of the shield, was constantly filled
during the advance of the machine, injecting a
bi-component mixture composed by basic
grout and an activator component, The
mixture was injected through 12 lines
incorporated in the tail skin structure, and
evenly distributed over the circumference of
the shigld. The theoretical volume of the
annular void was 30 m? per advance. Due to
the squeezing behavior of the clay (where the

radial convergences were estimated to be 5-6
cm), the mjected volume of the bi-component
ranged from 22 to 30n?. The quantity of the
bi-component imjected in the two tunnels was
more than 70,000m*. The gap between the
ring extrados and the intrados of the tail skin
was sealed using 3 rows of brass brushes and
an additional row of metal plates. The
volumes between the rows were constantly
filled with a special grease in order to
maintain a counter pressure which ensured
the seal.

The continuous conveyor belt system
adopted to handle the muck from the screw
conveyor to the area of chemical
characterization and temporary storage
consisted of various conveyors with a total
length of 7 km, able to transport 2000 th of
muck. The excavated material, conditioned
during the excavation with biodegradable
foaming agent, needed a physical-chemical
characterization that was done in the
temporary storage area on the jobsite. This
area had a surface of more than 22,000m?* and
was able to stock a volume of 112,000m’.
The total volume extracted from the Sparvo
Tunnels 1s more than 1,500,000m*.

3 DATA EVALUATION AND
MONITORING

All the parameters of the TBM are managed
and controlled by an internal PLC system.
The huge quantity of data, derived by more
than 1000 sensors installed inside the TBM,
was stored and managed by a custom made
software, developed by TOTO enginecers,
directly connected to the TBM PLC.

The “Tunnelling Analysis System” (TAS)
18 based on an external database were all the
information of the TBM status are stored.
(Fig. 3). In this way TAS permits the
evaluation of the status of each component of
the machine and its interaction with the
ground during the advancing operation,
ringbuild and standstill in real time. Moreover
in this way was possible to analyze a
previous condition of each sensor in every
moment.
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Figure 3. Screenshot of TAS software

TAS is composed of a series of modules
developed with the aim to manage the TBM
and all related components in the best way:

o TRM data evaluation - creation of
customized charts of each recorded
parameter;

Real time monitoring — visualization of
the most important parameter during the
operation of the maching;

Maintenance management — possibility o
relate each standstill of the TBM with its
maintenance n order to idennfy and
minimize the weak spots;

Note of rings — possibility to take notes of
the segments installation;

Consumptions anafysis — recording of the
TBM consumption of energy, backfilling,
water, scaling grease and extracted muck.
Curting ol maintenance — managing of
the change rate of cutting tools to allow to
forecast its wear, related to its nsage time,
and for planning the standstill time for its

replacement.
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Figure 4. Example of data evaluation
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An example of the usefulness of this
analyzing system could be the evaluation of
the squeezing behavior of the soil during the
standstill. The increase of the cutting head
contact force during a standstill, like the ring
build stage, is a common parameter of
control. Figure 4 above shows the contact
force (the blue line) related to the extension
of the thrust cylinder (red ling). At the end of
the advance slage, corresponding to the
maximum value reached by the red line, the
contact force increased during the ring build
stage under the action of the soil against the
cutting head from about 750kN to 1 500kN,

Another application of the data evaluation
module could be the analysis of the TBM
behavior during a defined number of cycles to
evaluate, for example, a geological transition,

TAS includes a specific module to
automatically alert, with email messages,
when a parameter overcomes a predefined
value. This utility is very usefulness for
example to control the pressure inside the
excavation chamber, the condition of the
wear sensors in the cutting head, or again to
control the behavior of each component of the
machine.

Finally the software is equipped with a
complete reporting module. The system
automatically sends reports at the end of
every advance stage and every complete
excavation cycle with general information
regarding main parameters.
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4 “MARTINA’S™ 180° TURN

At the end of the excavation of the North
tunnel, direction Florence versus Bologna, the
TBM “Martina” was moved and turned 180°
in order to be inserted into the start portal of
the second mnnel, direction Florence versus
Bologna using an innovative system instead
of being disassembled and reassembled: these
traditional operations usually require some
months. The innovative system used in the
Sparvo Tunnel Project is a technical solution
conceived by TOTO Costruziom Generali,
designed and realized by Palmieri S.p.A. Tt
consists of 10 special connectable steel
cradles with dimensions of 2.5 m x 5 m each,
equipped with ¥ special awr cushions
(Airmover) with a diameter of 1.2 m
produced by AERO-CASTER. The max
working pressure of cach cushion is 4.2 bar,
which cormresponds to a 43.5 tom lifting
capacity of each module. The air cushions
create an air layer of approx. Imm thickness,
enough to overcome the friction between the
sliding surface and the cradles in which they
are mounted: using this principle, the shield
and curting head (3000 ton) and each single
gantry of the biggest TBM in the world were
moved and translated using two loaded
dumpers and some forklift to control the drift.
The air cushion system required a special
shding surface that was designed and realized
by TOTO. The 2000m* of sliding surface was
a combination of a conerete slab 1 m thick
and a welded steel plate’s floor.

Figure 5. U-Turn of the shield

‘When the sliding surface was done, and the
hydraulic and clectrical connections between
the shield structure and the backup gantries
were disconnected, the U-turmm of the TBM
started (Fig. 5). In first phase of the TBM U-
turn operation the 10 cradles were assembled
in the “shield configuration™ a single
structure with dimensionof 10 mx 12.5m.

All the air cushions were activated at the
maximum working pressure supplied by 6
Atlas Copeo air compressor, resulting in a
lifting capacity of the 80 cushions of more
than 3,200 ton, enough to lift and move the
shield. After the U-Turn of the shield, the
cradles were assembled in a different
configuration, using special steel bars in
order to move the 4 gantries of the TBM that
are lighter (gantryl 550 ton, gantry2 360 ton
and gantry3 180 ton, gantry4 28t) but longer
than the shield. (Fig. 6).

Figure 6. U-tum of gantry one

The U-turn operation of the TBM in “huge
modules”, applied for the first time in the
world at the Sparvo Tunnel, was completed
successfully in 15 days without any damage
to the cushions or the TBM: in any case,
during design of the cradles by Palmieri
Group a special system was conceived to
change the cushions in case of failure, pulling
out the cradle with the damaged cushion
damaged even if the equipment to move and
rotate was already placed on the cradles.

5 PRECAST LINING SEGMENTS

The final segmental lining of the Sparvo
Tunnel 15 composed of nine elements plus a
key stone forming a universal ring with
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flexible position of the key stone., The ring is
T0cm thick and 2m long. The weight of cach
segment is over 16.5ton, while the key
segment weighs 8&tons, resulting in a total
weight of a complete ring of over 157 tons.

The structural stability of the segments
during the ring build stage is assured by
connecting the longitudinal and bolting the
radial joints, The longitudinal connection
between each segment and  the previous
assembled ring is achieved with the bi-block
system; each segment is connected with two
steel pins on each side, while the key stone
needs one on each side. The radial connection
is assured by a couple of steel bolts that
connects two consecutive segments,

Due to the variability of geomechanical
and geological conditions of the Sparvo
Tunnel, two different types of segments, in
terms of concrete strength and  steel
reinforcement were needed. The first type,
more heavy, had a concrete cubic strength
equal to 50MPa and a reinforcement ratio of
110 kg/m? of concrete. This configuration
was used in the APA formation where higher
loads were expected. The second
configuration type was less heavy and had a
concrete cubic strength equal to 45MPa with
a steel reinforcement ratio of 90kg/m® of
concrete.

The lining segment plant, designed,
realized and managed by TOTO, was located
2kmfrom southern portal of the Sparvo
Tunnel in a 6000m* wide area. TOTO has
performed the entire production process with
93 employees in order to ensure an average
daily production of 90 segments.

Despite to the high initial cost, in order to
ensure this daily production values and fulfill
the needs of “Martina™, a carousel system
was designed and realized, composed by four
groups of ten moulds (Fig. 7). The production
started with the assembly of the stecl
reinforcement cage. The reinforcement is later
placed inside a mould in the first position of
the carousel system that is divided into eight

stages:

e [ stape ~— installation of steel
reinforcement cage

* stage — general check, mould
tightening and lateral closing

13

. 3 stage — concrete casting stage
4™ stage — complete closing of the mould
5" stage — thermal cycle inside the steam
oven
6" stage — segment de-moulding with a
vacuum system grabs
7™ stage — cleaning and disarming
8™ stage — dimensional check of the
mould with a micrometer rod.
The thermal evele ingide the steam oven 1s
divided in thermal steps from 25°C to a
maximum of 60°C.

Figure 7. The carousel system

Each segment must be kept inside the oven
for nine hours. At the end of the cycle the
segments were removed from the mould and
temporarily placed inside the plant for 24
hours, before being equipped with the sealing
gaskets (EPDM) and stocked in a 20°000m*
wide area outside the plant. The transport of a
complete ring (ten segments) to the TBM for
its installation was performed by a special
vehicle. The Multi Service Vehicle (MSV) is
a particular multi axis truck assembled in
ATEX configuration able to carry the weight
of a complete ring (157 ton), (Fig. 8).
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Figure 8. MSV used for Sparvo Project

6 TBM AND METHANE GAS

A further challenge, affecting the TBM
advance along the entire alignment, was a
high presence of methane gas. The TBM
equipment had to be partly explosion proof,
and adequate procedures were applied
following detailed studies in order to ensure a
complete safety of workers inside the tunnel
during each operating phase.

On the basis of risk assessment, the TBM
was subdivided into three hazard zones A, B
and C. The TBM is completely equipped with
ATEX (anti-explosion) devices except for
zone A where the sealed conveyor belt
channel prevents any direct contact between
muck on the belt conveyor and fresh air flow
along the mmnnel. Methane sensors are
installed in each area, and all concentrations
are measured and monitored in real time
using integrated software in order to manage
all possible hazard situations, comparing
thresholds with measured wvalues. Hazard
situations are managed through power supply
shutdowns in different configurations,
depending on which area is contaminated by
a gas concentration exceeding set limits (Fig.
9). Regarding ventilation, the TBM is fitted
with two ventilation ducts which supply fresh
air inside the tunnel (directly in the shield
area zone A and then till zone C) and inside
the belt channel respectively, in order to
lower the gas concentration by adjusting the
air flow.

6.1 Hazardous Areas and Shutdowns

It's necessary to specify that in gassy grounds
the excavation chamber and screw conveyor
were constantly filled dunng the advance
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process in order to limit the presence of
cmpty  volumes  with  potentially  high
concentration of methane gas and so prevent
the rnisk of explosions (CLOSE MODE
configuration). The TBM is subdivided into 3
hazardous zones:

« ZONE A: from the bulkhead to
approximately 5 m before the end of the
belt conveyor channel; in this area gas
thresholds set into PLC were extremely
strict and did not allow any concentration
higher than 0,35 %vol. because all
equipment mounted nside the shield and on
gantriecs 1 and 2 had a standard power
supply. This electrical configuration was
possible because the gas-containing muck
from the screw conveyor was dumped in a
sealed environment onto a belt conveyor
placed mside a pressurized double-laver
channel to avoid a direct contact between
contaminated air inside the channel and
fresh/clean air in zome A. If gas
concentration m Lone A exceeded 0,15
%vol. the excavation was stopped to flush
the air. When gas concentration exceeded
0,35 %vol. the 30 kV line was deactivated,
resulting in a complete shutdown of the
TBM;

ZONE B (belt conveyor channel): from the
screw conveyor chute to 5 m before the end
of the belt conveyor channel; in this area,
due to the enclosed confinement higher gas
concentrations  are  allowable  during
excavation, Hers if pgas concentration
exceeds 3.0 %vol. (yellow alarm, waming
signal) the advance phase is stopped for
lushing, while if it exceeds 3,5 %vol. (red
alarm, evacuation signal), the 30 kV line
and all components inside zone B are
deactivated. During the advance phase, , all
gas measurements can be checked in the
control cabin in order to regulate the air
flow injected into the belt conveyor
channel, which can be as high as 40ms.
Other methods to limut the gas
concentration include the management of
the opening rate of the discharge gates
mstalled at the end of the screw conveyaor,
and regulation of the cutting wheel cleaning
hose (open/close) as direct link between the
excavation chamber and the belt channel.



B ULLISEARRRAS] LA A Dol YERALTY WARILAN SERPOE YL AL

[ETANRLL | 29-B0 Knsim Movember 3008
THE T INT STVE O UNDESGROUMND ENCAVATIONS FOR TRANSPOFTATION

o« ZONE C (class 2 tunnel according to
“Firedamp 3rd edition™): from 5 m before
the end of the belt conveyor channel to the
portal; in this area a higher gas
concentration is  allowable  during
excavation. Here 1f gas concentration
exceeds 0,70 %vol. (vellow alarm, warning
signal) the advance phase is stopped; while
it 1t overcomes 1,0 %wvol. (red alamm,
evacuation signal) the 30 kV line 1=
deactivated.

Zones B and C, unlike zone A, even have a
blue alarm set on a thresholds of 0,35 and
0,30 %vol. respectively; in this case gas is
detected but its concentration is not critical, |
addition if gas concentration is higher than
3.5 % inside zones A and C, also the 15 kV
ling will be deactivated.

The TBM is supplied by two separate
cables 15 kV and 30 kV directly connected to
an external transformer substation converting
132 kV (high voltage line) to 30/15 kV
(medium/low voltage ones):

e 30 kV line supplies 30 kV connected to
transformers 1 to 6 and here it's converted
to 690 V or 400 V reguired by main
components as three-phase asynchronous
electric motor (cutting wheel and screw
conveyor drive);

e 15 kV line supplies the explosion-proof
IM2 cabinet on the TBM, in case of gas
concentration upper than red alarm this line
supplies lighting, emergency lighting, probe
drilling and erector emergency pump (this
last to assure the completion of segment
erection if release happens during ring
building phase).

For better understanding Figure 9
illustrates all shutdowns as described:

e SDI1: 30 kV line is deactivated;

e 5D2: 15 kV line 15 deactivated;

o SD. Zone B: ATEX components inside the
belt channel are deactivated;

o Ex. Stop: main drive is stopped, screw
conveyor is stopped, screw conveyor
discharge gate is closing, belt conveyor is
stopped and thrust cylinder pumps
stopped.
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Figure 9. Threshold levels according to
methane gas concentration detected

The maximum allowed advance speed of the
TBM depends on the methane concentration
measured inside the belt conveyor channel
(see Fig. 10). The PLC of the TBM will
constantly compare the advance speed with
information received by two methane sensors
inside the belt channel. All personnel inside
the pilot cabin can monitored gas
concentrations on each area of the TBM
through a screen as shown in Figure 11, If the
actual speed of the TBM overcomes the
speed allowed at the actual gas concentration,
the advance stops immediately and
automatically. Neither SD1 nor SD2 will be
activated, but the cutting wheel pumps, screw
conveyors pumps, belt conveyor will stop and
screw conveyor discharge gates will close.

rpu abaan
wemil

i L
g i

{1 Wi Weamee S0 D! B rnimn ol 0,13 % vol. medrane

[ Wi STe0Es S0ad 8 i SF PUET b | 004 el RamatE Ded P
140 Mor gereamne apeen o pliweesd 3F pinin e LS sl seeifore oed R
i Mo advonce eed aicaed: 16 munienn for 2500 % s methare sed mos
B Han ziememscsad slewnn: §mmimee e 250 % vol, mvkane st nom
15 Etiad s "0 (3 T oF 3060 % il et s

I Shuidimen 1 oo snumewn of a8 BT gy w e bl coavero dhanme
odmicbonr dime Nj sl 190 B il inehans

4TC  Figure 10, Advance speed vs. methane gas

concentration



3 URLHLARARAS) LASIMEA YERALT) WABLAR SEMPOTLIMU

STANRUL / 2080 Kasmf Movember 3013
THE ¥ INT STRP ON UNDERGAGUND EXCAVATIONS FOR TRANSPOFTATION

é e

p——

T T

Figure 11. Screen of gas monitoring system
inside the pilot cabin

6.2 Ventilation (in the Tunnel and Inside
the Belt Channel)

To ensure the correct amount of fresh air in
all working areas, the TBM is equipped with
a recimdant double ventilation system.

Two incoming and independent ventilation
ducts, each fed by its own electric fans
installed at the portal, distribute fresh air flow
mside the TBM. Based on the geometry of
the tunnel, the ventilation system has been
designed to ensure an air speed along the
tunnel higher than 0.5 my/s during all advance
phase.

The wventilation system of the TBM,
consisting of the two independent lines
installed on the left and the right side of the
back-up system, has been designed to supply
each zone with the air volume required to
reduce the probability of formation of
potential hazardous atmospheres and fo
ensure a continuous air renewal. The lefi-
hand ventilation duct (seen in the direction of
advance) ensures an adequate ventilation in
the shield area and the front end of the gantry
1 and then along the tunncl (45 me's as
maximum air flow). The right-hand
ventilation duct is split on gantry | into three
different flows leading to the belt conveyor
channel, excavation chamber and shield.

Ventilation in zone A: i addition to the
ventilation through the lefi-hand ventilation
duct, the excavation chamber is, in standard
operation, additionally fed with fresh air via
the same wentilation duct used for the
entrance into the excavation chamber in
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atmospheric conditions. The exhaust air flow
passes through the open doors of the locks,
and is taken up by the main tunnel air flow.

Ventilation in the zone B: fresh air to the
belt channel is supplied via a bypass in the
right-hand ventilation duet. The volumetric
flow inside the bypass must be higher than 17
mefs, otherwise the excavation is stopped.
This value corresponds to an air speed of
approximately 2 m/s in the channel.

The gas-air muixture is transported through
the belt conveyor channel until zone C (class
2 tunnel). The air flow in the belt channel can
be modified via 2 valves. When an increased
of the gas concentration is detected, the
system can raise the air flow up to 26 me/s
equal to 3 m/s (FLUSHING MODE).

Ventilation in the zone C: this area is
defined as class 2 tunnel, the potential gas-air
mixture 15 taken up by the main flow along
the tunnel to the portal.

6.3 Gas Monitoring System (Miretti)

The Miretti gas monitoring system manages
the gas detection in an integrated manner both
on the TBM and along the tunnel (see Fig
13). Overall, the system is composed by:

¢ Computerized system’s supervisory station
which performs the following functions:
supervision of the entire gas detection
system (see Fig. 12); recording of all events
that occurred; export of the gas detection
and ventilation status and of some alarms
towards the TBM system; centralized
commands for the simultancous manual
command of all alarm signals relative to the
tunnel and the TBM and lock-off remote
enabling.

General panel, located in the control room,
which performs the following functions:
acquisition of the status signals and gas
values from the tummel and the TBM;
¢laboration of the data and alarms; release
of the lines entering the tunnel (complete
with relative lock-off selector to enable in
case of works on the connection lines, to
avoid sudden releases);

Warning light post, positioned at the
entrance of the tunnel, to signal the
excavation status. The light post is
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equipped with the following signals: 1 red
light = STOP, 1 yellow light = DANGER,

1 blue light = WARNING, | green light =

GREEN LIGHT, | high mtensity electro-
buzzer (110 dB (@ 1m), enabled when any
alarm threshold 15 reached;

» Multiple sound-luminous signals installed
along the tunnel at intervals of about 500 m
(equipped with same signals of the entrance
light post):

» Multiple sound-luminous signal with gas
detection units and sensors installed on the
TBM (equipped with same signals of the
entrance light post);

Each light post is activated when the
relative gas value is exceeded. The entire
system is based on four types of components:
e Gas detection sensors and control umils:
each zone (A, B and C) is equipped with a
gas unit (RGT) which s connected to a
series of gas sensors. This gas detection
system is redundant because each gas
sensor is combined to another one located
in the same position in order to get a real
time check of the measured data. Zone A is
fitted out with 7x2 gas sensors placed in
different areas in the shicld and along the
gantry | and 2, zone B with 2x2 gas
sensors inside the belt channel (one close to
the screw conveyor chute and the other at
the end of the belt channel) and zone C
with 3x2 gas sensors;

Light signaling groups to communicate the

actual status of the TBM in terms of gas

concentration;

Data transmission cables between TBM/

tunnel and control room;

Personal computer for data acquisition and

centralized elaboration;

Globally on the TBM n® 12x2 gas sensors

are nstalied subdivided mn n® 3 hazardous

zones, each zone is controlled by a single
gas unit that collected and transfer all
measured data.
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Figure 12. Screen of Miretti gas monitoring
system (status of all gas sensors)

Figure 13. Gas measuring system (left: gas
unit, right: gas sensor)

7 CONCLUSIONS

The Sparvo project is carried out by TOTO
Costruzioni Generali, all TOTO engineers
and TOTO specialized workers have assured
the excavation of the Sparvo twin tube
tunnels i 19 months. The TBM was
assembled from March 2011 to July 2011,
while the excavation of the first tunnel (North
one from Florence to Bologna) started on the
last days of August 2011 and was completed
at the end of July 2012, Then it was
necessary to move forward the TBM on a
series of concrete saddles in order to place it
on its final position. Contemporary, TOTO
persormel realized a concrete slab  as
foundation of a steel floor as sliding surface
from August 2012 to September 2012.
Between September and October 2012, in
approximately 15 days, the TBM was tumned
180° and reinserted into the second portal.
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During November 2012 all commissioning
works, hydraulical-clectrical connections and
operating tests were performed. The TBM
was ready to bore at the begimming of
December 2012 and the breakthrough of the
South tunnel happened on July 24, 2013 at 4
AM.
In terms of performances, the TBM was
able to advance in a complex and
heterogensous rock mass  (claystone,
sandstones and ophiolites) with high
concentration of methane gas, achieving a
maximum daily production of 24 m (12
rings), a maximum weekly production of 126
m (63 nngs) and a maximum monthly
production of 406 m (203 rings).

Total excavation times amounted to 11
months to complete the first tunnel (North
one, direction Florence to Bologna) and 8
months to excavate the second tunnel (South
one, in the opposite direction).

In these last 2 years TOTO Costruzioni
Generali was able to complete an outstanding
tunnelling work, expanding TBMs operating
technique to new dimensions.
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The chemical contribution to the challenge of the biggest
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ABSTRACT chemical conftribution to large diameter TBM tunneling BASF contributed to the
successful TBM tunnehing at Gallenia Sparvo by supplying superplasticizers and form release
agents for the segments production, foams and anti-clay agents for the EPB soil conditioning as
well as tail sealants for the secure sealing of the TBM tail shield. Due 1o the big TBM diameter
and mixed face conditions at the cutter head, especially the demands regarding the efficiency of
the so1l conditioners, regarding material flow and cutter head torque, were extremely high. This
article will describe in detail the challenges faced at this job site.

1 THE PROJECT AND TBM
FEATURES

1.1 Introduction

The TBM - EPB Shield (Tunnel Boring
Machine — Earth Pressure Balance Shield)
“*Martina” has been used in Variante di
Valico project (Lotto 6 and 7) to build the
twin-tube tunnel Sparvo (2.5 km long per
tube). The excavation of the tunnel was a
complicated prospect that presented several
difficulties, both in  geological and
geomechanical terms.

The overall project of Vanante di Valico,
part of the works to improve the Al highway,
included 63 km of roads to reduce travel
times hetween Bologna and Florence. Taotto 6
and 7 will be the last two to be concluded.
This stretch 1s 7.6 km long and it’s featured
by two bridges (i1 Molino di Setta and
Sparvo) and two natural tunncls (Val di
Sambro and Sparvo).

1.2 Sparvo Tunnel and “Martina®

As part of the Vanante di Valico project
(owner: Autostrade per ['Italia Spa) there 1s a

2.5 km long Sparvo tunnel that was the
biggest challenge.

The Sparvo tunnel was considered the most
difficult tunnel of the whole project. It's a
twin tube tunnel (red line and yellow line —
Fig. 1) between Bologna and Florence.

Figure 1. Overall project

Sparvo's geology was basically composed of
clay, sandstone and limestone (Fig. 2) with
several rock layers containing methane.
Because of its complicated geology and
geomechanical  difficulties, the company
which 15 building part of the project
(contractor: Toto Spa) decided to adopt a
mechanized excavation technology of a
TBM=EPB Shicld, which could increase
speed of excavation and levels of operational
safety. Moreover, with some techmical
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specifications and operating procedures, it
was also possible 1o use the TBM in areas

with gas.

Figure 2, The geology

“Martina” has been especially built, by
Herrenknechi, to fulfill the needs of the
Sparvo tunnel. The TBM has record figures:
- excavation diameter (world’s largest
TBM- EPB Shield): 15,62 m
- total length: 130 m
- total weight: 4500 t

Figure 3. TBM size compared to a car

*Martina” allowed the progress of excavation
up to 13 m/day (average 10 m/day) versus 10-
15 m/month with waditional methods of
excavation. This TBM also allowed the
tunnel excavation with top-security:

- the head of TBM worked in a
completely closed and sealed chamber,
this enabled the miners to work at the
head, inside the shield

- the conveyor belt has been
encapsulated to avoid a possible spread
of gas inside the work environment.
Furthermore, a network has been
predicted to detect any gas leakage,
both in the encapsulated area and
anywhere else in the TBM.
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THE CHALLenge

BASF provided some Master Builders
Solutions TBM products for soil
conditioning:

for the mainly clay areas, an anti-clay
polimer as MasterRoc ACP 143 has
been used. This is a liquid polymer that
creates a stable foam designed to
reduce the clogging and adhesion
potential of clayey soils. It also creates
a plastic soil material which can be
easily excavated and transported, it
avoids agglomeration of clay particles
to blocks, it reduces cutterhead torque
and increases TBM speed

where there was sand and soils
containmg low amounts of fine
particles and high amount of water,
MasterRoc SLF 41 has been used. This
is a polymer reinforced foaming agent,
especially designed to improve soil
plasticity. It is environmentally friendly
and it reduces permeability and
increases sealing of the face, creates
plastic deformation properties in the
soil which provides an even and
controlled support pressure, increasing
face stability, Furthermore, this
polymer leads to a lower inner friction
and a lower abrasiveness of the soil at
the cutter head as well as at the screw
conveyor, This reduces power
consumption, enables quick soil
extraction as well as reducing wear
where it was necessary to further
stabilize the anti-clogging feature of the
foam, the polymer MasterRoc ACP
211 was used. This is also a liquid
product designed to combat the
problematic effects of heavy clay soils
i soft ground (particularly 1in EPB). It
mproves and homogenizes soil
consistency, reduces stickiness of
difficult soils and it's an
environmentally-preferable  matenial.
Moreover, it reduces overall cutter
head torque, effectively reduces
blockages in cutter heads, working
chamber and muck transfer system, and
increases advance rate and lowers
mamtenance costs.
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As production data, “Martina” installed
1220 concrete rings (with 9+1 segments for
each ring), excavated 970.000 tons of soil and
used 11.000 MWh of power.

The finish line has been crossed in July
2013, when “Martina” excavated the last
meter of Sparvo tunnel.

1.3 Foams and Polymers

For the soil conditioning, TBM was equipped
with 20 injection lines. In every line there
was a foam generator and a dedicated line to
the polymer injection through a high-pressure
pump, In addition to injection lines, 6 water
lines were set up, in the middle part of the
excavation chamber. Below there is a
summary of injection lines (Table 1) and
excavation data (Table 2).

Table 1. Injection lines

n® Lincs Imjection points

1-14 Cutting head

15-18 Cuiting head’'Excavation chamber
17-18 Excavation chamber

19201 Excavation chamber/Screw conveyor

Table 2. Excavation data

Units Morth Tube  South Tube
Ce % 2-25 1.5-2
FER - 7-10 -8
FIR % 110-140 110130
Water  m'/segment  60=70 60=70

1.4 Tail Sealants

To seal the gap between the concrete
segments and the TBM shield, 3 lines of
brushes and 19 x 3 grease injection lines were
get up. Basf supplied ite MasierRoc TSG 6
(Fig. 5), that is a tail sealant for shielded
tunnel boring machines. It i1s formulated to
resist high water and ground pressures, and
has excellent pumping properties and
adhesion to all types of surfaces. Tt
cffectively seals the gap between the shield
and concrete segments to prevent the ingress
of water, grout and soil.
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Figure 4. Excavated soil conditioned on
conveyor belt

Figure 5. Suction of tail sealant MasterRoc
TSG 6

1.5 Concrete Segments

A total of 12.200 concrete segments were
made and installed. Two kinds of segments
were created, with two different mechanical
strengths: 45 MPa and 50 MPa. For the
production of segments a carousel system
plant was bult (Figz 6) and the concrete
segments was subjected 1o a thermal cyele of
2 hours at 25°C for pre-curing and 6 hours at
47/48°C for curing. The teatures of pre-cast
segment lining were:

n° of segments per ring: 9+1

outside ring diameter: 15 m

inside ring diameter: 13,6 m

segment thickness: 70 cm

segment length: 2 m

segment weight: 16,55t

key weight: 8,27 t

ring weight: 157,22 ¢
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Figure 6. Carousel system with four sats of
moulds

Inside the mix design of the concrete for
segments MasterGlenium ACE 40 was used.
MasterGlenium ACE 40 15 a polycarboxylic
ether based superplasticizer, it is especially
produced for hot climate conditions, enables
the optimization of the production of pre-cast
segments improving concrete’s early, final
and flexural strengths and the bonding to
steel; moreover, 1t improves also concrete’s
mechanic  properties like  carbonation,
resistance to chlorine ion attack, resistance to
aggressive chemicals, shrinkage and creeping.

In order to ease de-moulding concrete
segments (Fig. 7), once they were completely
cured, and to ensure the long-term usability of
the moulds, the application of a form release
agent by Basf, MasterFinish 216, was
constantly applied at the beginning of each
cycle of segments production.

2 CONCLUSIONS

Thanks to intensive cooperation with the
owner (Autostrade per I'Italia Spa) and the
contracior (Toto Spa) Basl has succeeded in
developing a soil conditioning taillor made,
allowing “Martina™ to advance with record
figures.

The daily average production was more
than 6 rings equal to 12 m of excavation, with
a maximum daily production for the north
tunnel of 11 rings. equal to 22 m excavated,
and for the south tunnel of 12 rings, equal to
24 m excavated. The maximum monthly
production for the north funnel was in March
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2012 with 203 rings, equal to 406 m
excavated, and for the south tunnel was in
June 2013 with 200 rings equal to 400 m
cxcavated.

That's why only under these open
cooperation conditions it was possible to
work in synergy, get the maximum result and
win the challenge of Sparvo tunnel (Fig. 8).

Figure 8. Sparvo tunnel completed
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ABSTRACT The main concern in using a shielded tunnel boring machine in deep rock tunnels
with high stress 1s the possibility of the machine seizure in squeezing ground. There are some
ground improvement methods that can be implemented to shielded TBM design in order to
further increase their capability to cope with squeezing ground conditions. In this study, to
realistically evaluate the possibility of machine seizure in squeezing grounds and the impact of
ground improvement to prevent such possibility or reduce the risks, 3D modeling of tunneling
by a double shield TBM (DS-TBM) was performed. The combined results allow for estimation
of the required thrust force to propel the machine forward in case of encountering squeezing
grounds. The model will also for implementation of ground improvement methods to examine
the possibility of avoiding machine jamming using such measures.

1 INTRODUCTION

In order to face particular adverse tunneling
conditions  especially tunneling  through
squeezing grounds, new DS-TBM design has
been developed in recent years. In new
generation of DS-TBMs, the machine is
cquipped with extra facilities to treat the
ground in front of the machine (through the
shields and through the cutter-head). In
addition, some ground improvement methods
that can be implemented to shielded TBM
design in order to further increase their
capability to cope with squeezing ground
conditions,

In this study, to realistically evaluate the
possibility of machine seizure in squeezing
grounds and the impact of ground
improvement to prevent such possibility or
reduce the risks, 3D finite difference
simulation of a double shield TBM in
squeezing ground by applying some
improvement methods was performed. The
results of the modeling include evaluation of
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ground improvement methods and lubrication
mechanism by comparing the numerical
results between the DS-TBM tunneling with
and without applying improvement methods.
Furthermore the combined results allow for
estimation of the required thrust force when it
was used different lubricant between rock and
shield to propel the machine forward in case
of encountering squeezing grounds. The
model will also allow for implementation of
ground improvement methods to examine the
possibility of avoiding machine jamming
using such measures. The results show the
ground improvement methods can be wvery
uscful for preventing of shield jamming when
shield is subjected to high stress from rock
mass.

2 NUMERICAL MODELING

2.1 Assumptions and Considerations

To analyze the stress-strain behavior of rock
mass in a tunnel excavation with a double
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shield TBM, a comprehensive 3D model has
been developed in FLAC3D so that all
properties of the main DS-TBM components
can be used as variables at each step of
analyses. The 3D block model and relevant
dimensions were selected and implemented,
as shown in Figure la. The inner diameter of
tunnel is specified to be 8.10 m refer to
studies from the Lyon-Turin Base Tunnel
(Barla et al, 2011).

Figure 1b shows the schematic modified
view of the assumed DS-TBM arrangement in
the case of squeezing rock. Additionally,
discretization of numerical model of DS-
TBM 15 shown in the discrete numerical
model in Figure 2. Table | shows the main
features of the DS-TBM to be considered in
the modeling. The shicld, segmental lining,
and annular gap backfill were considered to
behave as linear elastic material, with
pertinent properties listed in Table 2.
Excavation stages were cxactly simulated
with respect to a tunnel excavation by a DS-
TBM.

Figure 1. a) Geometric dimensions of the
numerical model of a DS-TBM b) Schematic
modified of DS-TBM arrangements in
squeezing rock (Zhao et al., 2012)

24

In this study, the presence of water pressure
and consolidation problems is not taken into
account in  the numerical modeling.
Moreover, the in situ state of stress is
assumed to vary linearly with depth and it
represents the conditions along the Base
Tunnel at depth of nearly 1000 m. The ratio
between the horizontal and vertical stress
components (a/e,) in the rock mass is
assumed ta be Kg=1 The rock mass
parameters are shown in Table 1. The rock
mass is assumed to follow a linear elastic and
perfectly plastic behavior according to Mohr-
Coulomb failure criterion.

The contact between cutter-head and rock
mass as well between shields and rock mass
has been modeled by using the interface
clements on  both tunnel and shield
boundaries by considering the gap between
them according to non-uniform overcut in the
shielded TBM. Cross section of a front shield
and the rear shield are illustrated in Figure 3.

The numerical formulation used in this
study is based on the large strain assumption.
In modeling of the shicld skin, the total
weight of the TBM was applied by normal
stress to the 457 invert area of shield which
was in contact with tunnel mvert (Ramoni and
Anagnostou, 2010). Thrust force of cutter on
the cufterhead is applied as normal stresses
to the excavation face.

2.2 Excavation Process

The excavation stages and the total number of
steps for the numerical model were simulated
based on the construction design of cutter-
head, fromt and rear shields for a double
shield TBM. The total number of the solving

steps depends on operation modes of the
TDM in squeczing ground and advance rate.

In this study, a total of 41 excavation steps
were simulated consisting of the 1 initial
undisturbed ground and 40 excavation steps.
Furthermore, the cxcavation stages for
simulated model are defined as follows:

I. In the first stage, initial in-situ stresses are
implemented and correet distribution of
stresses 15 applied to the rock mass
model.
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Table 1. Rock mass parameters and Geometric dimensions for DS-TBM components

DS-TBM components Rock mass parameters
Cutterhead length [m] | 0.75 | Elastic modulus, E GPa | 1.40
Front shicld length [m] 5 | Poisson's ratio, v - 0.25
Rear shield length [m] 6 | Cohesion, ¢ MPa | 0.60
Shield thickness [em] | 3 | Friction angle, o ‘ 28
Lining segment width [ ) 2
Lining segment thickness [em] | 45

Table 2. Mechanical properties of DS-TBM components

Material properties Unit Shield | Segmental lining | Soft backfill | Hard backfill
Elastic modulus [GPa] 200 36 0.5 1.0
Poisson's ratio - 0.3 0.2 0.3 0.3
Unit weight [kN/m'] 76 30 24 24

Figure 2. Numerical model of tunneling with DS-TBM a) complete model b) discretization of
model

1. In the second stage, tunnel boring starts,
solving time set up with respect to
advance rates, cutter-head 15 activated,
the thrust force and TBM weight are
applied to face and invert of tunnel
respectively and are maintained for all
stages of excavation. The contact analysis
between the cutter-head and rock mass 1s
performed in this stage. The maximum
cutter-head thrust force has been set to 17
MN for the given machine size based on

Figure 3. Cross section of a DS-TBM at the data from Lyon—Turin Base Tunnel.
front shield and the rear shield (Zhao et al., . In the third stage, front shield moves
2012) forward and is considered in the model.

MNumerical results are examined for
evaluation of probable contact between

25
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the rock mass and front shield. Also, the
cotrapment nisks are analyzed when
contact occurs between the walls and
shield.

In the fourth stage, rear shicld with
reduced diameter (compared to front
shield by considering the conical shape of
rear shield) 1s activated by considering the
length of rear shield. Analysis of
numerical results for thig stage 1g the same
as third stage.

In the fifth stage, installation of the
segmental limings is implemented inside
the rear shield.

In the sixth stage, the segmental ring is
subjected to ground loading on the
segments is assumed to start from the
third segment behind the machine,
Moreover, the injection of backfill into
the annular space between rock mass and
lining by using the soft grout is started.
This also allows for simulation of pea
gravel in other types of machine.

In the seventh stage, backfilling the
annular space by hard grout s
implemented.

The model 15 set up such that when a
segment ring is extruded from the tail shield,
the material property of the rear shield s
replaced by the material property of soft
filling for the annular space in the area of the
first two segmental rings. It should be noted
that in modeling of the lining, the joints
between segments and adjacent rings are not
considered.

Iv.

WII.

3 GROUND IMPROVEMENT

Some ground improvement methods that are

applied during tunnel excavation as well
numerical analysis of them arc grven. The

simulation results include evaluation of
applying probe drilling and rock bolts in long
deep tunnel. The results are compared with
outcomes from a DS-TBM tunneling without
applying improvement methods.

26

3.1 Grouting

Grouting involves the process of injecting a
material nto the ground with the following
two principal objectives:
- To reduce the permeability of the ground;
- To strengthen and stabilize the ground.

In soft ground this leads to an increase in
its ‘strength’ and in jointed rock in its
‘stiffness”.

Grouting operations can be carried out
either from the ground surface (or from within
an adjacent shaft to the tunnel operation) or
from within the wnnel construction itself.
They can also be applied to locally stabilize
the foundations of structures likely to be
affected by the tunneling works in the form of
settlements. For tunnel grouting, the grouting
holes are drilled ahead of the advancing
tunnel in a pattern of diverging holes at an
acute angle to the tunnel axis to form
overlapping cones of (reated ground
(Chapman et al., 2010).

For tunncling with TBMs the holes can be
drilled forward from the rear of the machine,
to avoid affecting the cutter wheel, but direct
grouting of the face through the cutter wheel
is also possible. Grouting using a shield TBM
can also be cammed out through the shicld,
both towards the face and also radially.
However, great care is needed as there is a
risk of grouting-in the machine. In addition,
grouting can be conducted radially through
the lining to fill any voids. In particular in the
case TBMs with a diameter of up to 4-5
meters, there will be limited space in the
machine area and it will be necessary to have
specially adapted drilling equipment. In the
case of larger machines, the space in the
machine area is better and adaptation of the
equipment simpler (NFF, 2011) Fignre 4
shows some examples of grouting during
tunnel construction.

The possibility of warying the hole
locations is different depending on the type of
machine and diameter used. Normally, it will
be easiest to adapt the drilling equipment in
an open maching. In shielded machines, the
space 15 smaller and it may be necessary to
draw the collaring of the grouting holes
slightly further back in the machine area. The
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retrofitting of equipment results in complex
and inexpedient solutions.

Long TBM tunnels sometimes pass through
the complex geological conditions particularly
in case of deep tunnel. Geological predictions
in deep tunnel are hard to make on the basis
of surface observations. If the site conditions
require, probe drll holes may be made at the
face of the tunnel for certain length. In
addition, 1t may often be necessary to dnll
probe holes in order to investigate the ground
conditions ahead of the machine. Tt will also
help in suggesting the strategy of tunneling.

The drilling of the injection holes for the
consolidation of the ground (probe drilling)
immediately in fromt of the cutter head can no
longer be done through the stator of the TBM

with machines of large diameter. The only
possibility is to dnll the holes for the imjection
lances in a close pattern out of the cutter head
itself. This requires small drills and drilling
equipment, which also functions as injection
lances. These represent nmo hindrance for
boring with the TBM after the injection
measures are complete, or catch up in the
cutter head, which would tear out the rock
again with the rotation. Very suitable toals for
this purpose are extension tubes made of
glass fiber reinforced plastic with a
throwaway drilling head (Fig. 5). These
extension tubes, only 50 cm long, can be
excavated by the cutter dises (Maidl et al.,
2008).
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Figure 4. Examples of grouting tunnels during construction, a) from within a tunnel, b) using an
adjacent tunnel [60], ¢) from the ground surfac:
to adjacent structu

Figure 5. Positioning the drilling equipment |
holes with a TBM |

2

2, d) from an adjacent shaft, or e) as protection

res (Baker, 1982)

'or ground investigation or for drilling injection
‘Maidl et al., 2008)

7
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Injections through the cutter head are best
carmied out with relatively rapidly hardening
artificial resins e.g. PU and Acrylic resins.
The cutter head does not stick in this and the
injected substances do not run down to the
mvert of the excavation area of the TBM. In
some cases large fault zones may be difficult
to drive through, and here one solution 15 to
pre-grout these zones so as to increase
stahility. In such conditions, it may be
necessary to use different grouts, depending
on the local conditions (Chapman et al,
2010).

3.2 Ground Reinforcement

There are three distinet types of ground
reinforcement methods (Woodward, 2005)
and (Whittaker et al., 1990): rock dowels,
rock bolts and rock anchors. Rock dowels are
reinforcing elements with no installed tension.
Rock bolts are reinforcing elements which are
tensioned during installation. Anchors are
reinforcing elements which are tensioned
following installation and are of higher
capacity and generally of greater length than
rock bolts.

There are four generally accepted
mechanisms by which rock reinforcement can
improve the stability of the ground
(Woodward, 2005).

a) By stabilizing individual blocks of
material that may detach due to gravity in
relatively competent and well-jointed
rocks, by using rock bolts with an
anchorage force capacity greater than the
weight of the block

b) By using tensioned or untensioned bolis
to maintain the shear strength of the
ground along discontinuities n weaker
fractured ground conditions

¢) By using fully grouted untensioned rock
bolts m laminated or stratified rocks to
preserve the inter-sirata shear strength

d) By using tensioned rock bolts installed
relatively quickly after excavation to
improve the degree of confinement or the
minor principal stress (this is normally
perpendicular to the tunnel wall) in
overstressed rocks,

28

Rock reinforcement alone is unlikely to be
approprate if (Woodward, 2005):
a) The support pressure required is greater
than 600 kN/m’;
b) The spacing of dominant discontinuities is
greater than 600 mm;
c) The rock strength is
anchorages;
d) The RQD is low or there are unfilled
joints ar high water flow

inadequate for

4 NUMERICAL RESULTS

Five reference points are selected on tunnel
circumference as well as on shield boundaries
for extracting the results of numerical analysis
(Fig. 6). Since it may not be practical to
present results for all of five points; therefore
numerical results will be given for crown and
spring-line of tunnel (points C and W).

In this study, over boring that so-called
overcut is defined as the gap between ground
and front shield. Moreover, the overcut
between ground and rear shield increases due
to conical shape of shields with respect to
shield thickness considered as 3 cm. The gap
between rock mass and cutterhead is a few
smaller than the front shield about 6 cm when
crown overcut is 20 cm.

Since the overcut is non-uniform for a
cross section between ground and shields,
hence we have different sizes of overcut at
tunnel sectional boundaries, so that the
overcut in the crown has the maximum value
and over boring in the invert is minimum.
Numerical analysis has been performed in
accordance to this non-uniform overcut on
TBM main components,

4.1 Effect of Probe Drilling

For  numerical analysis of ground
improvement by probe drilling method, it is
assumed that applying of method lead to
increase at cohesion of ground at a certain
radial distance around the tunnel. For this
purpose, application of 20 m holes with 10 m
overlap was integrated into simulated model
around tunnel. Furthermore, cohesion of rock
mass was increased to 4 MPa for zones
around probe drills with respect to length of
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holes (In the reference model, cohesion of
ground i1s equal to 2 MPa). The results of
analysis were compared with outcomes from
reference model (model without applying any
improvement method) to investigate how
application of probe drilling method affects
ground behavior around tunnel.

In order to evaluation efficiency of probe
drilling method in numerical investigations,

C

cw
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rirmimarsros /1'"""
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Tuirimnel -
circumierance

the plastic zone around tunnel has been
cxamined for two different conditions of
tunnel excavation. As can be seen in the
Figure 7, whereas the size of plastic zone is
smaller for probe drilling state, the shear zone
1s created m the past (brown zone) on shields
and with advancing of tunnel, the produced
new shear zones (pink zones) upon the
shields are neghgible.

b

Figure 6. Monitoring points on tunnel and shield circumference and relevant overcut

mizdel with applied probe drilling

Hlock Sinfe

reference model

T

cshaar-n shaar-p

ahvear-n shoaf-p tenson o
shear-p

shaar-p tension-p

Figure 7. Plastic zones created around tunnel for two different simulated models

Figure 8 shows the longitudinal displacement
of the ground at sidewall of tunnel for models
with and without applving probe drilling
method. In the case of model with applying
improvement method, there i1s no contact
between ground and shields at sidewall of
tunnel. This means that contact forces along
tunnel at sidewall of tunnel are =zero.

29

However closure of gap occurs between
ground and front shield as well as between
ground and rear shield when tunneling is
bored without any improvement method,
After closing the gaps, the ground starts to
load the shields at sidewall in the model
without applying grouting.














































































































































































































































































































































































































































































