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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



B ULLISEARRRAS] LA A Dol YERALTY WARILAN SERPOE YL AL

ISTAMALIL § 29-30 Kawm) Nowember 3033
THE T TNT TP O WA RS ROLIND FXEA A TIONE FOR TRANSPORTATION

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.
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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.
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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.

18



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

23

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)
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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)
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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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E
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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
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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.
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Figure 8. Radial displacement of the ground at the tunnel spring-wall and contact forces for two
numerical models

Sectional contact pressure profile between
ground and front shield as well as between
ground and rear shield are extracted from
numerical analysis results as shown in Figure
9. According to the Figure, the required thrust
force to overcome frictional forces on
machine main components for probe drilling
model is smaller than reference model. The
maximum required thrust force that is
calculated on the front shield is 107.7 MN for
model with applying ground improvement
whereas this value was obtained 134.1 MN
tor reterence model. The maximum total
thrust force by the auxiliary thrust cylinders
for probe drilling model is computed 124.7

rather than 151.1 MN for reference model.
This means that for a DS-TBM, if maximum
applied auxiliary thrust forces be 140 MN,
machme will be seizure if probe drilling
method 1s not used.

Figare 10 shows the redistribution of
ground pressure around segmental lining for
both reference and grouted models. It is
clearly seen from the Figure that grouting in
the form of probe drilling results in a uniform
distribution of ground pressures at boundary
of lining. Moreover, pressures around lining
in the model with applying probe drilling will
be smaller than reference model.
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Figure 10. Ground pressure around segmental lining at different positions
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4.2 Impact of Applying Rock Bolts

Although rock bolts may be applied for
mmprovement  of ground, however the
application of rock bolts in squeezing ground
and in weak rocks for long deep tunnels with
high in sitn stress may not be effective.
Before deciding on the use of reinforcement
methods, rock mass properties and
applicability of reinforcement in such grounds
should be carefully evaluared by using lab or
n situ tests,

Evaluation impact of applying rock bolis
for preventing of shield jamming and
reduction of the ground pressure exerted on
the segmental lining have been mvestigated
by means of numerical studies. For this
purpose, application of 10 m long rock bolts
is simulated (Fig. 11). It should be noted that
the rock bolt length is selected by considering
plastic zone radius and about 2 times longer
than it. Bolts spacing are | and 2.5 m in the
longitudinal and cross sectional respectively
and applied in the form of staggered manner.

The main idea for application of rock bolts
15 to help the surrounding rock mass to
support itself. According to Figure 12, use of
rock holts for supporting of rock mass around
shields are not effective. However, impact of
rock bolts for decreasing the ground pressure
around segmental linings is evident. It is
supposed that the rock bolts can be installed
from inside of rear shield by creating holes in
the shield skin.

Figure 11. Application of 10 m long rock
bolts to the simulated model
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Figure 12. Sectional a) contact pressure on
rear shield and b) ground pressure around
segmental lining

4.3 Impact of Lubricatnts

The high advance speeds attainable with a
double shicld TDM can be considercd
favorable if squeezing rock is expected. This
advantage naturally only exists if the machine
is constantly moving forward and not
standing. The double shield TBM 1s, due to
the machine concept with its long shield, in
danger of jamming if it encounters squeezing
rock. Lubrication systems on the shields can
provide a low friction medium during the
sttoke as well as when pulling up the grnipper
shield.
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In this study, for assessment of lubrication
mechanism due to mteraction between shield
and ground, two stages of excavations
including ongoing excavation and restart after
a standstill are considered in the calculations.
Skin fricion coefficient for ongoing
excavation stage is smaller than for restart
after a standstill stage. During the excavation,
TBM has to overcome sliding instead of static
friction. In high contact pressures when shield
is jamming, applying a pressurized lubricant
such as bentonit, when shield is subjected to
ground convergence pressure can reduce the
friction and allow the shield to move forward,
It is noted that skin friction coefficient during
ongoing excavation so called sliding friction
was taken to be u = 0.15-0.30. Also skin
friction coefficient during restart after a
standstill named static friction 1s assumed that
7] 0.250.45 where the lower friction
coefficient values aim to illustrate the positive
effects of lubrication of the shield extrados by
bentonit or other lubricants.

Numerical analysis has been performed for
determination of required thrust force, F; as a
function of skin friction coefficient during
ongoing excavation as well as for restarting
TBM after a standstill. The result of analysis
is illustrated in Figure 13.
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Figure 13. Required thrust forces versus
friction coefficient for two stages of
excavation

Relating to rock mass properties, in-situ
stresses and machine components, one or
some of ground improvement methods with
applying appropnate lubricant can be useful
for preventing of TBM entrapments.
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5 CONCLUSIONS

The main emphasis of this study is on
numerical analysis to allow for modeling the
detailed configuration of the machine and its
interaction with the intruding ground in & true
3D simulation. The simulation results have
been examined at five reference points on the
tunnel circumference along the tunnel or
longitudinal displacement profile (LDP) as
well as contact force profiles (LFP) on both
front and rear shields. Also, maximum thrust
force required to overcome friction and drive
TBM forward is calculated.

A comprehensive 3D modeling of
excavation of tunnel by considering the DS-
TBM mam components was developed to
allow for assessment of the ground shield
interaction at various points along the shield.
The numerical analysis was based on the
fimte difference method and FLAC3D
commercial software was used to simulate the
ground movements, tunnel convergence, the
contact forces and ground pressures between
the tunnel walls and the shields and between
ground and segmental lining. To accurately
model the ground behavior in this application,
a full 3D model was created to account for
the comrect geometry of tunnel excavation
relative to shield dimensions together with
incorporating all stages of tunneling process.
Moreover, the developed 3D maodel is
capable of applying proper material and
geometric characteristics to represent the
shield, annular space, soft and hard backfill
behind the segments, and segmental lining,

The impact of ground improvement
methods mchuding probe drilling and ground
improvement by using grouting techniques
were simulated to see if such measures could
reduce  the magnitude of the gronnd
convergence. Hence entrapment nisks of
TBM in potentially squeezing grounds could
be reduced and machine jamming be
prevented. The results proved that applying
ground improvements in squeezing ground,
where there is shield jamming nisks, will
significantly be effective in reducing the
convergence, shicld loading, and hence the
required thrust for propelling the machine
forward. The use of rock bolts for this
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purpose is not going to be effective since the
reinforcement mechanisms of the rock bolts
are appropriate for squeezing ground where
large plastic deformation is anticipated.
However, impact of rock bolts for decreasing
the ground pressure around segmental linings
on a temporary basis is evident.

The use of lubricants to decrease the
required thrust force as a function of skin
friction coefficient during ongaing excavation
and restarting machine after a standstill were
examined in the simulation by using reduced
shield-ground friction factors. The results
show that the lubrication is very effective in
preventing and overcoming shield jamming,
Therefore it is recommended that a special
emphasis should be given to incorporate a
more cfficient lubrication system on TBM
shields.
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Numerical Modeling of Tunneling by a Single Shield TBM

R. Hasanpour
Department of Mining Engineering, Hacettepe University

J. Rostami
Department of Energy and Mineral Engineering Pennsylvania State University, US4

ABSTRACT This paper discusses the construction of a 13.77 m diameter tunnel by a single
shield TBM in weak rock under adverse ground conditions. 3D fimite difference modeling of
the machine and ground was performed by using FLAC3D. The model allows for realistic
evaluation of ground pressure which has caused failure of segments and jamming of the
machine back-up system. The results are including the calculated ground pressure, loading of
the shield, frictional forces and required thrust to move the machine and displacement of the
walls. The estimated loading of the segments from numerical analysis are in good agreement
with field observations and measurements. The results also proved that numerical analyses can
successfully be used for prediction of loads on the shield during excavation to assess risks of
machine entrapment. Furthermore, ground load on the lining can be determined to evaluate the
possibility of failure of segmental ining,

1 INTRODUCTION falling, and to create a safe area within

The use of shiclded TBM allows the machine achine back-up. This is a time consuming,
to pass through weak grounds and tunnel costly, unsafe, sluw_, and labor intensive w‘urk
through adverse geological conditions. ﬂ;at Sﬁmidb; "’T“'dfﬂinﬂégm“ch as possible
Meanwhile, presence the shield limits access ( i‘:"ﬂ' Ihad Los Elt;ﬂ, ): i -

to the walls for observation of ground ULk Oeoiai Y mechanized funncling in
conditions and the excessive convergence of such conditions, the cumplr:x‘ ARG
the weak ground under high in-situ stresses between the rock mass, the tunneling machine
imposes high levels of load on the shield. and its system components, and the tunnel

This makes the machine susceptible to SUPPOrt has to be analyzed in detail. Three
entrapment or seizure in weak rocks dimensional models including all these

especially under high cover and sometimes COMPOnENts are hetter guited 0 orrecly
failure u};' segmentsgh can occur nder high 2TWake (e mbseplny and avoid T eroe

nressures. Shield i ng is very ntroduced by assumption of planc strain
sgeriuus problem and while it pushes the conditions (Cantieni and Anagnostou, 2009).
machine its structural and operational limits, This, gty deseribes 3, compreenaivs 31

it can cause major delays and impose a heavy modeling for simulation of the single shield
and expensive burden on the tunneling TBM used for excavation of 126 tunnel

operation. Releasing a shielded TBM that is through graphitic schist rock masses that

jammed in complicated geological structures Ext}."h:'tﬂ squeezmgi behavior. The énu“del
requires manual excavation and reinstalling ©"™MaeS unnel  convergence k]

thon ot i : excavation and predicts the loads on the
additional supports to prevent segments from shiisld - and sepmental linings, B iy the

35



B ULLISEARRRAS] LA A Dol YERALTY WARILAN SERPOE YL AL

ISTAMALIL § 29-30 Kawm) Nowember 3033
THE T TNT TP O WA RS ROLIND FXEA A TIONE FOR TRANSPORTATION

results of the numerical analysis, maximum
loads applied to scgmental rings can be
calculated and utilized for design of segments
al the rest of tunnel excavation. Also, the
result of modeling will be compared with
observed behavior of the ground in the held
for verification and for adjustment of the
material properties as needed through back
analysis of field measurements.

2 PROJECT DESCRIPTION

The T26 tunnel is part of phase 2 of the
Ankara-Istanbul high speed railway project,
between the cities Bilecik and Boziiyiikk in
Turkey. The tunnel ranges from km 216+260
to km 2224360 and covers a total length of
6,100 meters. The tunnel excavation 18
performed by a single shield TBM with 13.40
m external and 12.95 m internal diameter.
The nominal excavation diameter is 13.77 m.
The segment thickness is 0.45 m. and each
segment has a 33 mm rubber gasket at the
extrados side of the segments for
waterproofing.

The first three hundred meters of the new
alignment were excavated using NATM.
However, due to larger deformations, the
contractor decided to utilize a single shields
hard rock TBM instead. Due to the fact that
the tunnel was located directly in the active
sliding area, severe stability problems have
been encountered and the tunnel was
abandoned after roughly 30 meters of

excavation (Fig. 1).

S
o “
| IS o

- -
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i
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Figure 1. Abandoned NATM Tunnel prior to
alignment change

3 ENGINEERING GEOLOGY

The rock types along tunnel alignment are
divided into three major categories including
graphite schist, alluvium and chlorite schist.
Site investigations of the 6100 meter-long
railway tunnel between km 2164260 to km
222+360 show that the tunncl alignment is
beneath several landslide areas. Ground
movements are seen on the slopes of
surrounding valleys, and the mnnel entrance
15 also highly affected by these movements.
There are also many faults and fracture planes
cutting the tunnel route. The maximum
overburden is approximately 226 meters
around chainage 218+200.

4 ENCOUNTERING PROBLEMS

Tunnel excavation process has experienced
some unforeseen problems such as failure of
segments and back-up jamming. These
problems have forced the contractor to stop
the mining operation and excavation of tunnel
because of safety problems and lining
maintenance,

The Eastern slopes in the field area are
prone to sliding and the wnnel entrance portal
goes through the landslide zone. During the
TBM drive through this zone, excessive
amount of material has been removed from
TBM face, which caused the ground above to
move and created three sinkholes. The largest
sinkhole is approximately 25-30 meters deep
and has an average diameter of roughly 30 to
40 meters. According to site observations, a
direct subtraction of material into the bottom
of the sinkhole could be observed during
excavation. It appears that no arching or
bridging effect was encountered, although the
overburden is around 105 meters at this
location, Trees, bushes, and other indicators
of surface matenal were observed inside the
TBM. Assuming the depth of the sinkhole,
the surface material must have gone through a
70 meters long hole in the rock. In
conjunction with the simkhole, large and wide
open cracks widely spread around the
sinkhole can be observed (GZ, 2012).

The single shield TBM was used in open
mode up to approximately 770 m of tunnel.
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However due to the three sinkholes that were
created, the Contractor decided to transform
the TBM from an open face single shield hard
rock TBM into a closed face Earth Pressure
Balanced Machine (EPB). Roughly 250 m
have curmrently been excavated with the
modified machine. After utilizing an active
face support with the EPB machine, no
further sinkholes have been produced.

In the T26 tunnel, concrete segments have
experienced severe damage and deformation
during excavation (Fig. 2a). In the area where
the segments were damaged, contractor
decided to increase the strength of the
concrete and reinforcements in the segments.
The damaged segments show significant
deflections of the crown. According to
contractor, the majority of cracks occur in the
centerline of the tunnel m the tunnel crown
(12 o’clock position). Cracking follows the
TBM at a certain distance, but is not time
dependent.

Some cracks have been observed between
10 and 2 o'clock. However, never any
damages have been observed in the sidewall
areas (Fig. 2b). For measuring of deformation
in the segmental rings, monitoring largets
have been mstalled in the tunnel crown, The
horizontal and vertical crown movements are
monitored in the plane of the cross section.

In the area where the segment damages
have occurred, a C40/50 concrete with 65
kg/m® reinforcement (10/@12) plus 25 kg/m’
fibers was used. Recently, the contractor has
increased the concrete strength of the
segments to a C60/70, The reinforcement was
also increased as well to 125 kg/m’ and then
to 225 kg/m’. The steel diameter was
increased from @12 to ©24. The enhanced
clements have just recently been ntroduced
show a few crack damages in the crown (GZ,
2012).

To ensure the overall integrity and stability
of the tunnel ring and in an attempt to stop the
deformations, steel beams were installed (Fig.
2c). In some areas, an additional layer of wire
mesh was placed on top of the I-beams and
the wire mesh were a 35 cm thick layer of
fiber reinforced shotcrete was installed as
additional reinforcement. The steel beams are
tolled according to the mtrados radms of
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tunnels and are bolted onto the segments (Fig.
2d). In addition, in some arcas, the crown
section is strengthened by steel framework
(Fig. 2e). In spite of using of steel beams to
stop deformations, plastic failures of I-beams
have been observed in the crown (Fig. 2f).

Several segments were equipped with
embedded deformation and load monitoring
devices (Fig. 2g). A systematic review of the
data in of relative to the construchion progress
is preformed to evaluate the stress regime in
the segments and around the tunnel. While
there was no damage observed on the
segments in the invert of tunnel, after an
earthquake near the site, severe failures of
segments were sighted (Fig. 2h).

Some load measurements around some
rings show signs of a concrete tensile failure
in the crown, possibly caused excessive
loading of the segments. It appears that the
loading is primarily form sidewalls and the
invert and not from the crown. This may be
because of over excavation leads to creation
of cavities in the crown above of tunnel.
Therefore the segments are subject to high
axial loading shear, and bending stresses in
the crown without the ground to contain or
limit the buckling displacements. This loading
condition causes tensile failure i the crown
segments.

The question that could arise is, how much
load is necessary to cause the segment failure
and where is it coming from. 3D numerical
simulation can offer some answers about
loading mechanism and reasons for damages
of the segments.

5 NUMERICAL ANALYSIS

5.1 Numerical Modeling

To analyze the ground pressure around shield
and segmental lining in the excavation of T26
tunnel with a single shield TBM, a
comprehensive 3D model has been developed
in FLAC™ so that all properties of the main
single shield TBEM components can be
simulated in detail. Figure 3 shows the
schematic view of the used single shield
TBM arrangement in the case of squeezing
rock in T26 tunnel. Additionally, the 3D
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block model and relevant dimensions were  of numerical model of SS-TBM is shown in
selected and implemented according to  Figure 4.
machine used in T26 tunnel and discretization

(g

Figure 2. a) Observed some damages in the segmental linings b) A damaged segment in the
crown c) Steel beam haunches d) Additional stecl-beam with wire mesh and fiber reinforcement
shoterete support ¢) Steel framework in the crown 1) Plastic deformations of I-beams g) A
segment with the load monitoring devices h) Segment failures in the tunnel invert
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Figure 3. Schematic of single shield TBM
arrangements used in T26 tunnel

In this study, the in situ state of stress is
assumed 1o vary linearly with depth (yH) and
it represents the conditions along the T26 at
depth of nearly 120 m. (At the curremt
location of the TBM an overburden above
crown is about 120 m and ¥ = 2340 kg/m’).
The ratio between the horizontal and vertical
stress components (eoy/a,) in the rock mass is
assumed to be Ky = 0.8 based on measured
normal stress, The rock mass parameters used
in the modecling were obtained from the
geotechnical subsurface investigation (SIAL,
2010) and are summanzed in Table 1. The
rock mass is assumed to follow a linear
glastic and perfectly plastic behavior
according to Mohr-Coulomb failure criterion.
This criterion is used based on the available
constitutive models in FLAC*™ and suitability
of the criteria for this application.

Table 1 also shows the main features of the
S55-TBM to be considered in the modeling.
The shield, lining and annular gap backfill
were considered to behave as linear elastic
material, with pertinent properties listed in
Table 2.

In modeling of the shicld skin, the Lotal
weight of the TBM was applied by normal
stress to the 45° invert area of shield which
was in contact with tunnel invert. Thrust force
of cutter on the cutter-head is applied non-
uniformly as normal stresses to  the
excavation face. The pressure profile at the
face was selected to be similar to the
ascending pressure from crown to invert,
similar to the pressure profile of an EPB
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machine. Furthermore, the contact between
shield and rock mass has been modeled by
using the interface elements on both tunnel
and shield boundaries by considering the gap
between them according to non-uniform
overcut in the shielded TBM.

28 m

Figure 4. a) Numerical model of tunneling
with SS-TBM b) Geometric dimensions of
the numerical model of a S§5-TBM
(discretization of model)

The excavation stages and the total number of
steps for the numerical models were
simulated based on the construction design of
cutter-head and shield for a single shield
TBM. The total number of the solving steps
depends on operation modes of the TBM and
advance rate. In this study, a total of 41
excavation steps were simulated consisting of
the | initial undisturbed ground.
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Table 1. Geometne dimension for S5-TBM cor
Tunnel used for m

nponents and Rock mass parameters from 126
imerical modeling

55-TBM components Fock mass parameters

Cutterhead length [m] 0.75 | Elastic modulus, E [GPa] 0.36
Shield length [m] 11 Pomsson’s ratio, v - 0.24
Shield thickness [cm] 6 Cohesion, ¢ [MPa] | 0.10
Lining segment width [m] 2 Friction angle, O '] 15
Lining segment thickness [em] 45

Table 2. Mechanical properties of 88

-TBM components used in modeling

Material properties | Unit Shield | Lming Soft backfilling | Hard backfilling
Elastic modulus [GPa] 200 i2 0.5 1.0
Poisson’s ratio - 0.3 0.2 0.3 0.3
Unit weight [kgmr'] | 7680 1600 2400 2400

5.2 Numerical Results

For evaluation of interaction between the
shield, segmental linings, and rock mass, and
resulting load between these components, a
preliminary numerical analysis have been
performed with excavated tunnel with no
support.  Obviously, under the given
conditions, the amount of convergence is
significant and tunnel closure continues with
time. Then, the mstallation of the segmental
lining was included in the model and the
results show excessive loading of the support
to the point of failure of support as it was
observed m the field with the yielding of the
segments in the crown and invert area. One
of the remedies for the failing segmental
lining in the field has been the installation of
the additional support, This measure was also
added to the simulation by including
additional support such as steel beams with
wire mesh and shotcrete, as well as
installation of long rock bolts. To evaluate the
impact of each additional support measure in
containing the excessive ground movement

4

and related ground pressure and loading, they
are individually added to the model (Fig. 5).

After 45 m of tunnel excavation, failure
zones are created at crown and imnvert of
tunnel as shown in Figure 6. Mechanism of
failures in the segments with advancing of
tunnel resulted from numerical analysis isina
pood agreement with observed failures in the
tunnel,

Eight reterence points were selected on the
tunnel circumference as well as on the shield
and on lining boundaries for monitoring the
results of numerical analysis along the tunnel
(Fig. 7). Due to limitation in presenting the
results for all of eight points, the ground
pressure around segmental linings are
cxtracted for pomt’'s Neo. 1, 2, J and 4.
Therefore, to compare the result of numerical
analysis with measured values of tunnel wall
displacement, numerical results are listed for
points including No.1, No.2 and No.3 (results
for No 2 and 4 are identical due to

symmetry).

0
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Figure 5. Sectional view of T26 excavation a) Original excavation with normal ground support
including segmental lining b) Excavation with installation of steel beams, wire mesh and
shoterete on top of the standard lining ¢) Excavation with addition of long rock bolts besides
all the previous support types (selected section between 28 and 30th m of tunnel excavation)
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Figure 6. Failure zones created around tunnel as well as in the segmental linings
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Figure 7. Monitoring points around tunnel,
shield and lining circumference

The result of numerical analysis was used to
develop longitudinal displacement profile
(LDP) for the given points on the walls to
evaluate contact pressures between rock and
shield at these points, Using the graphs such
LDP allows for verification of the results of
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numerical analysis, since maximum ground
displacements at each point on tunnel wall are
predetermined and 1s equal to overcut at that
point. This is because the maximum amount
of displacement is limited by the convergence
equal to the overcut at any given point since
ground movement 15 programmed to stop at
the shield, as discussed betore.

Figure & is the LDP and contact pressure
profile for the crown of tunnel (point No.1) at
the contact points between rock mass and
machine components. Where the gap is not
fully closed the load is assumed to be zero.
As shown in this figure, the closure of overcut
between the cutter-head and ground as well
as between the shield and ground occurs right
after excavation and ground exerts maximum
1.64 MPa contact pressure to the shield. This
value is about 1.46 MPa around segmental
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lining and gradually rises to 1.63 MPa with
time and movement of the wunnel face.

The analysis results for side wall and invert
of tunnel at points No.2 and No.3 are shown
in Figure 9. The LDP and contact pressure
profile at tunnel wall or spring-line level
(point No.2) on the cutter-head and on the
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Figure 8. LDP and longitudinal contact pressure
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shield is calculated and ground exerts 1.62
MPa pressure to shield. Ground pressure
around segmental lining is calculated 1.56
MPa but in this case, 11 decreases to 1.50
MPa with advancing of tunnel face. This
reduction i1s due to failures in the crown
segments as observed in the field.
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Figure 9. LDP and longitudinal contact pressure profile along point No.2 (tunnel side wall)

Since  the overcut  around  tunnel
circumference is not uniform and because of
smaller overcut around the shield at the invert
of tunnel. This provides larger contact
pressures between ground and shield than
other points and relaxation of stress in these
points are lower than the points with larger
overcut, In this case, ground applies 2.47
MPa to shield in the invert of tunnel (Fig. 10).
Also ground pressure around lining has been
calculated about 1.87 MPa after shield
passing through and increases up to 2.85 MPa
with tunne!l advancing. The difference in the
ground pressure at this level is due to increase
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in-situ stress at the invert level and perhaps
the weight of the machine.

Sectional ground pressure profiles between
ground and shield as well as at boundary of
the segmental linings for three different
positions along the tinnel are extracted from
numerical analysis results as shown in Figure
11. According two Figure 1la, maximum
ground pressures around shield is 2.47 MPa
in the invert. This is due to minimum overcut
in this point lead to immediate closure of gap
and supporting of the shield weight.
Therefore contact pressure in this point is
higher than other points.
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Figure 10. LDP and longitudinal contact pressure profile along point No.3 (tunnel invert)

Figure 11b show the ground pressure
redistribution right after passing through
shield and when first segmental ring s
subjected to contact with backfill and ground,
As can be seen in the Figure, Maximum
ground pressure is calculated to be 1.87 MPa
at the invert. Ground pressure values around
lining increase with advancing of tunmnel so
that it reaches to 2.50 MPa in invert of tunnel
and about 2 MPa at upper parts of the mnnel
above spring line (Fig. 11c). This high value
of pressure causes to failure of the segment at
the crown of tunnel. Mechanism of failure is
such that due to larger overcut as well as
cavities at crown of fmnnel due to over
breaks, tensile cracks are created and
propagated at outer surface of segment in the
crown. This is followed by increasing of the
axial thrust loading of the segment which
causes cracks to propagate towards inner
surface of segments. With the movement of
the stress and gradual failure of the segment,
high deformation occurs within the internal
envelope of the tunnel. After progressive
faillure at crown, ground stresses around
lining is redistributed as presented in Figure
11d.

Numerical analysis of installing additional
supports such as steel beam, with wire mesh,
and shotcrete, as well as installation of long
rock bolts were also performed to evaluate
their 1mpact on tunnel stability. During
excavation of T26 tunnel and after damages
to the segments, the main objective of
applying additional supports was to control
deformations and prevent segment failures.
On the other hand, use of rock bolts was used
to strengthen the ground; hence prevent
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transferring of high ground pressure to
segmental rings.

Figure 12a shows ground pressures
obtained from numercal analysis for T26
tunnel without installation of any additional
supports. After the segments failures, the
cifiect of installing additional supports such as
steel beams with wire mesh and shotcrete as
well as installation of long rock bolts are
tllustrated in Figures 12b and 12¢. Figure 12b
show the impact of mstalling steel beams with
wire mesh and shotcrete. The loading
diagrams indicate that the addition of steel
beans is not effective at control of ground
pressure, but it can stop deformations in the
segments and prevent segment failures.
However, application of rock bolts with steel
beams and wire mesh as well as shoterete has
reduced the ground pressure around lining
and prevented the transfer of loading and
failures of the segments. On the other hand,
the application of such supports is not very
helpful to the crown segment of tunnel. Other
ground support measures, perhaps ground
improvement and strengthening methods such
as grouting could reduce the deformation and
ground pressure that results in segment
failures.

6 COMPARTION OF RESULTS

In order to measure ground pressure and
strains within the concrete segmental linings,
load cells and strain gauges were mstalled on
the outer surface of the segmental ring No.
477 (2174212 chainage). The sensors were
mstalled n the crown, invert and side wall of
tunnel to measure stresses on the segments
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with respect to time and distance from the
face. Positions of load cells and strain gauges
on the segments of ring 477 are shown in
Figure 13.

Measured stresses versus time on the
crown, wnvert and side walls of tunnel are
given in Figure 14. Stress measurements
clearly reveal the charactenstics of stress
redistribution around Ring 477, Stress at the
crown reaches up to 2.3 MPa whereas
stresses at the invert and side walls are 3.4
MPa and 1.5 MPa, respectively. Figure 22
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shows that there are remarkable stress levels
that have caused some damages in the
segments.

According to Figure 14, stress at the crown
and upper shoulder of segmental lining
increases and failure takes place as the
ground continues to move and stresses is
redistributed. After failure of the segment,
deformation causes some stress relief at the
crown. On the other hand, stress at the floar
keeps increasing, leading to a complete
failure at the floor of the tunnel.
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Figure |1. Distribution of ground pressure at the shield and boundary of the segmental linings

for three different locations along the tunnel
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Figure 12. Ground pressure around segmental lining for excavation a) without installing any
additional supports b) with installing stecl beams with wire mesh and shotcrete ¢) with
installing steel beams with wire mesh and shotcrete as well as applying long rock bolts

As Figure 14 reveals the amount of stress at
the floor of the tunnel at the time of failure,
which was measured at 2.6 MPa. Comparison
of measured stress wvalues with numerical
results shows that there is a good agreement
between results for the pomts on the side
walls and invert of tunnel,

The calculated magnitude of ground
pressure by numerical analysis is about 1.50
MPa, which is smaller than value measured at
point No.1 of about 2.3 MPa. As mentioned

before, there is massive overbreak in the
crown during tunnel excavation which creates

a large void above the tunnel that m some
incidents has extended to the ground surface.
The presence of the void above the crown of
segments causes lack of support at the crown
and allows for additional deformation of the
ground to fill the void, thus increase ground
pressure around shield and segmental lining.
The phenomenon is similar to creation of a
chimney above the tunnel that in some cases
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extends to the surface and imposes a pressure
equal to the weight of the entire column of
rock against the lining. Meanwhile, the
broken ground that fills the void does not
have any strength to react to the lateral forces
cause by the honzonial stresses, thus it can
lead to the excessive loading in the segments
in the crown and by extension, at the invert.

Figure 13. Load cell and strain gauges placed
on the outer surface of segmental ring No.477
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Figure 14. Measured siresses at Ring No.477

Furthermore, it should be noted that FLAC™
15 not able to model phenomenon leading to
excessive loading of the crown due to over
excavation, Therefore the calculated pressure
by numerical analysis is smaller than
measured pressure at where there i1s over
excavation. This can only be mitigated by
changing the matenal properties at the crown
to mimic the presence of weak broken rock in
a column that extend several diameters above
the tunnel. Also, the presence of localized
high horizontal stresses cannot be ruled out
since the observed phenomenon in the crown
and invert of the tunnel can also be attributed
to high horizontal stresses.

T CONCLUSIONS

The main focus of this study was on
numerical modeling of T26 tunnel to evaluate
the impacts of configuration of the maching
and its interaction with the squeezing ground
in a true 3D simulation. For this purpose, a
3D numerical model of T26 tunnel where a
single shield TBM is used for tunneling was
developed to explain the observed segment
fatlures in potentially squeezing ground.

The model estimates tunnel convergence
during excavation and predicts the loads on
the shield and segmental linings. By using the
results of numerical analysis, maximum loads

46

applied to segmental rings were calculated
and utilized for design of segments to avid
segment failures for the rest of tunnel. The
modeling also included the simulation of the
segmental [ining as well as installing
additional supports such as steel beams with
wire mesh and shoterete as well as applying
long rock bolts.

The results are in good agreement with the
observations at the site and the measured
displacement and ground pressure data. The
results also show that the additional support
is somewhat effective in reducing the amount
of displacement and convergence of the lining
but not helpful in reducing the ground
pressure. The comparison of the measured
and estimated stresses within the segmental
lining shows that the models are reliable for
estimation of the stresses in the invert and
sidewalls but not the crown. The lack of
ability of the numerical modeling to
accurately predict the stresses in the crown
can be due to the large volume of overbreak
in the roof or higher than anticipated
horizontal stresses. Additional numerical
analysis and back analysis of the observed
failures is necessary to facilitate accurate
prediction of the ground behavior for rest of
tunnel.
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Prediction of Pressure on TBM through Squeezing Rocks
Sikistiran Kayalarda TBM e Gelen Basincin Tahmini

0. Aydan
Tokai University, Shizuoka, Japan

M. Genis
Biilent Ecevit University, Mining Engineering Dept., Zonguldak, Turkey

R. Hasanpour
Hacettepe University, Mining Engineering Depl., Ankara, Turkey

ABSTRACT In this study, the authors present a theoretical model for predicting the ground
pressure on TBM shields through squeezing rocks for single and double shield types using the
approach of Aydan et al. (1993, 1996). Examples of simulations for Uluabat tunnel excavated
by a single shield TBM and suffered severe entrapment problems are given and discussed.
Furthermore the results of a preliminary analysis of T26 tunnel for the high=speed railway
project of Turkey that is excavated by a smglr.: shicld TBM are given. The computations
indicate that the TBM may suffer great pressures resulting in entrapment problems for this
tunnel, provided that the reported ground conditions are really representative of actual
conditions.

OZET Bu ¢alismada yazarlar Aydan vd. (1993, 1996)'nin dnerdigi yaklasim esas alarak
sikigtran  kayalarda tek ve ¢ift kalkan tiiri tinel agma makinalarna (TBM) gelebilecek
basinglarin tahmini igin bir kuramsal yontem onermekiedir. Onerilen kuramsal yontem
kullamlarak degisik durumlar igin sayisal omekler sunulmus ve gegmiste benzer ortamlarda
biiyilk sorunlarn yasandifn Uluabat tinelinin durumunu da incelenmistir, Uygulamalardan
biride su anda insa edilmekte olan hizh tren yvolu giirzergahi boyunca ki T26 tiinelidir. Eger siz
konusu jeolojik yapi gegerli olmasi halinde, yapilan sayisal anahzler TBM lzenne gelecck
basmglar ve iliskili yiiklerin oldukga biiyiik olacagin giistermistir,

1 INTRODUCTION and Algan, 2012) and simular problems were
also observed m 10 km long Hida roadway

Tunnel excavation by Tunnel Boring tunnel (Aydan et al. 2001)

Machines (TBM) has been more widespread
in recent years as TBMs have become more
flexible to response various ground
conditions. Nevertheless, the squeezing or
rock bursting of surrounding rock is still a
major issue. Particularly jamming of TBMs
becomes a major problem as it reduces the
advance rate or a total abandonment of the
excavation by TBM as it happened in
Pingling tunnel in Taiwan (Figure 1), It is
known that the jamming of TBM in Uluabat - T
Tunnel in Turkey was quite severe (Bilgin Figure |. Entrapped TBM in Pinglin tunnel
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The prediction of possible squeezing
locations and subsequent pressure on TBMs
and its intensity is very important issue for
efficient tunmel excavation and
implementation of couniermeasures
beforehand. To encounter adverse squeezing
conditions, single and double shield types of
TBMs are introduced.

It 15 known that a classical TBM
excavation involves step-wise gaps between
the machine and surrounding ground (Fig. 2).
The head cutter has overcut picks, which
produces the first gap between the machine
and the tunnel surface. If a single shield
machine were used, the second gap would be
caused between tunnel segments and
surrounding rock surface. If a telescopic
double-shield machine were used, another
gap would be introduced as illustrated in

Figure 2.

{b)

Figure 2. Nlustration of TBM types; (1) Single
shield, (b) Double shield (modified from
Ramoni and Anagnostou, 201(0)

At a given tunnel section, the pressure on
the shields would be caused if the ground
deforms in such a way that it fills the gaps.
After each passage of shiclds and the
installation of subsequent segmented lining,
there would be a kind of unloading process in
the pressure response while the ground would
continue to deform. Although the modelling
of the response of shields and segmented
concrete linmg would be quite simple, 1t
would be quite cumbersome to model the
interaction with surrounding ground in
relation to the advance of the TBM that is
more complicated.

2 ESTIMATION OF SQUEEZING
LEVELS

Aydan et al., (1993) proposed a method for
predicting the level of squeezing during
tunneling through squeezing rocks, They
derived some analytical solutions for circular
tunnels in squeezing rocks by considering axi-
symmetric hydrostatic in-situ stress field for
practical purposes and illustrating the
fundamental concepts. The method was based
on an elasto-plastic constitutive model with
possible three zones around the tunnel as
illustrated in Figure 3. The tangential strain
for each squeezing level can be estimated
from the following relations as given below:

S s gl
r e 3 i |,r. }/f P;m".- *

e :_--‘\q\ Reslchzl Plaatic Tone ':*=-33§-'." +
W Perfenily Flast Tope
= Elastie Tane -4
LN ] 'Y . & i

Figure 3. Illustration of conceptual zones
around a tunnel in squeezing rock
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Elastic State
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Elastic-Perfectly Plastic State
.*w _ ll{q ]]+Q‘] } I'q-l.l g
g £, {[]‘H:']'[ -1)8+a] (2a)
Ry [(q-1)+e] o]
T e (2)

Elastic perfectly plastic & brittle plastic state

sl
(5]

a I]'+n=| i___ﬁ &
f__ ‘lh}]q i) bn, S oS {3a)
&
g-1)se], yi_a o |5
", lw Ak (3b)
ﬁ_q'l—l
where =Pl g=", Et‘-=ﬂ_—':; o IR,
Iﬂ Py By P . I=sing
=|+sin|p5'
1—sing’
It 15 known that the tunnels are three-
dimensional structures, This three

dimensional effect must be considered in
relation to the face advance (Aydan 2011),
There are several approaches how to model
it. Avdan et al. (1992) proposed a procedure
for evaluating the effect of face advance on
the deformation behavior of circular tunnels
using the equivalent excavation pressure
concept similar to those used m 2D finite
element analyses to simulate the face effect in
tunneling.

Pr . e—ﬁ'll“
g 1/B+e™? )
where x is distance from tunnel face and the
values for coctlicients & and & suggested by
Aydan et al, (1992) are 2.33 and 1.7,
respectively. However, it should be noted that
there would be a certain radial displacement
occurred at the face of the tunnel, which may
be called as initial displacement, For
example, if surrounding rock mass behaves
elastically at the position of face arrival, the
radial displacement would be given as
I T+v

M, =—

=g g Bl ()

3 ESTIMATION OF PRESSURES ON
THE SHIELD OF TBM

3.1 Mechanical Modelling of the Shield

The shield of a tunnel-boring machine (TBM)
can be envisaged as a thin cylindrical shell.
Although the stress-strain state of the shield
can be modeled as a thick-wall cylindrical
body, it can be simplified to the thin
cylindrical body by the wvirtuc of 1tz large
diameter (D=2a) of the shell with respect to
its thickness (f). Thus, the pressure (p,) on the
shield can be related to the radial deformation
( Aw ) of surrounding rock as follow:

E
=— LA =k, Au

_I-v. & a (6)

where E,, v and &, are the elastic modulus,
Poisson’s ratio and stiffness of the shield,
respectively. The tangential stress (o, ) in the
shield can also be related to the ground
pressure on the shicld as follows:

or p,

_«
a‘ﬂ __.pl

; (7)

Tt should be noted that the shields are stff
and surrounding rocks are soft so that they
can easily vield either by compressive failure
or buckling. Pressure at the buckling limit of
shields can be derived as (i.e. Von Misses,
1914: Timoshenko and Gere, 1961):

E, {tY

“Fi-Ble) ®
It is most likely that the shield would

buckle rather than fail by compressive

vielding under normal circumstances in view

of the ratio of shield radius to its thickness.

P._-r

3.2 Estimation of Gravitational Pressure
on the Shield

The gravitalivoal [urce due w dead weight ol
rock mass in the residual plastic region may
exert additional force act on the TBM. Such a

pressure can be estimated from the following
relation (see i.e. Aydan (1989, 1994):

2] 1

As it 1s noted from the above equation, the
gravitational pressure of the rock mass under
residual plastic state may be of great value if
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the friction angle becomes less tham 30
degrees.

It should be also pointed out that the loose
rock mass may also cause great loads on the
shield of TBMs, which may result in the
enirapment of TBMs. However, this is a
different i1ssue having an entirely different
mechanism and it is nothing to do with
squeezing conditions of surrounding rocks,
Nevertheless, it 18 aften the case these two
different situations are mixed up and cause
confusions in practice. It should be clearly
stated that when squeezing condition prevails,
surrounding rock mass would deform into the
tunnel from its entire perimeter and it is not
only from the roof.

3.3 Modelling Interaction between TBEM
Shields and Surrounding Ground

As explained and illustrated in Figure 2, there
are several gaps between the TBM shield/s
and surrounding ground depending upon the
tvpe of the TBM. If it is a single shield, the
gap between the shield and surrounding
ground due to the TBM excavation is
A, while it would be consists of two gaps
(A, +4A,) when telescopic shields are used.
When the interaction between the shield and
surrounding ground is simulated, the initial
displacement given by Eq. (5) should be
added to these gaps. The anticipated pressure
responses depending upon single and double
shield type TBM are illustrated in Figure 4,
As noted from the figure, when ground
behaves elastically, depending upon depth of
overcuts, there may be no pressure acting on
the shield.

However, the pressure may be quite high
when ground starts to behave particularly in
brittle plastic manner. Tor cxample, the
pressure on the double shield TBM would
like a saw-tooth-like during the advance of
the tunnel. If the contribution of the dead
weight of the plastic zone becomes great, the
final load on tunnel segments is expected to
be very large.

3.4 Estimation of Thrust Force on the
Shield of TBMs

The thrust force on the shield of a TBM
depends upon the skin friction between
surrounding rock and the metallic shield and
rock pressure acting on the shield. Under
general  circumstances, the  skin-friction
coeflicient { ») is about 0.4-0.5 and 1t can be
reduced to 0.2-0.3 by lubrication. The thrust
force can be obtained using the following
equation

T=1m?#¥=.{-§}d§

where L. is the length of the shield in contact

with surrounding rock,

(10)

{a) Single Shisld

u,: inilial displacement
A shigld gap
Al displagement after contact

GROUND PRESSURE (p./p.)

iy Bl
RADIAL DISPLACEMENT

(k) Dcuble Shield

w: imtial displacement

Ay first shield gap

a0 second shield gap

AR Gisplacement after contact

GROUMD FRESEURE (p.fp.)

A

P N au

s 3
RADIAL DISPLACEMENT

Figure 4. Illustrations of ground reaction
responses of TBM in squeezing rock; (a)
Single shield, (b) Double shield
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3.5 Effect of Time-dependency

It 1s known that every geomaterials has time-
dependent characteristics and time-dependent
deformation would occur. This issue in
tunneling through squeezing rocks was
addressed by several researchers (i.e. Aydan
et al. 1996, Barla 1995, 2002; Barla and
Pelizza, 2002; Gioda and Cividini, 1996;
Malan, 2002; Sterpi and Gioda 2009). Time
dependent deformation of tunnels due to
creep characteristics are observed for a
certain period of time, say, in weeks, months
and years (i.e. Aydan et al., 1995, 1996).
There are also some tme-dependency
issues caused by water migration in the rock
mass. Such issues may be initial contraction
and subsequent swelling of rocks having
minerals susceptible to volumetric changes
and variations of geomechanical properties of
surrounding rock in relation to saturation (i.e.
Colback and Wiid, 1965; Aydan 2003, Aydan
and Ulusay 2003) as well as effective stress
changes (Ramoni and Anagnostou, 2010). As
excavation creates a free surface so that
ground water moves towards the tunnel
resulting in the increase of effective stress
and loss of water, which will induce the
volumetric contraction of rock mass (Le.
Aydan et al. 2009). Both actions have
positive effects on tunnel stability. However,
the flow of ground water towards the tunnel
may wash away soff matenals causing the
lbosening of rock mass and also resulting in
seepage-induced failure of rock mass above
the tunnel roof and sidewalls. Nevertheless,
these issues are often mixed up with
squeezing and it is nothing to do with
squeezing phenomenon of rock masses.

4 EXAMPLES OF APPLICATIONS

In this section, several examples of
applications of the approach proposed in the
previous section are given. The first

applications involve the applications of the
approach to jamming problems observed in
the Uluabat power tunnel, which are
described in details by Bilgin and Algan
(2012).,  Then, the application of the
approach to T26 tunnel within the high-speed
railway project in Bilecik province of Turkey

is given to illustrate how to predict possible
jamming locations as well as high-pressure

problems beforehand.

4.1 Uluabat Power Tunnel

Uluabat power tunnel is 11.465 km long in
Bursa province of Turkey and having a
diameter of 505 m  The maximum
overburden is about 300 m and it passes
through Karakaya formation, which consist of
meta-mudstone, meta-sandstone,  meta-
siltstone and graphitic schist, and Akgakoyun
limestone  formation.  Severe  squeezing
problems were encountered during the
excavation in Karakaya formation when
overburden exceeded 100 m. The squeezing
phenomenon was quite heavy when it crossed
through fault zones of thrust type. However
no squeezing was observed during tunneling
through Akeakoyun limestone formation.
Karakaya formation was classified into I11, TV
and V classes in RMR classification system.
The authors also attempted to classify rock
mass conditions at Uluabat power tunnel
using a new classification system called Rock
Mass Quality Rating (RMQR), which is
proposed by Aydan et al. (2013). Table 1
gives RMOR rock classes and their values
together with the classification reported by
Bilgin and Algan (2012) including borehole
core logs and their descrptions in their
article.

Table 1. Rock classifications

EMR BEMRE Value EMOR EMOR
I 4] = RMR = 60 v dd-52{48)
v 21 = RMRE =40 v 26=34{30)
V RMR < 21 Vi 0-13(11)

Using the average values of RMQRK and
intact rock properties and the approach
proposed Aydan et al. (2013), one can easily
obtain the following  geomechanical
properties of rock mass for each rock class as
given in Table 2.

We utilize the procedure initially proposed
by Aydan and Dalgig (1998) to estimate
squeezing potential of the Uluabat tunnel
using rock classifications as the original
approach of Aydan et al. (1993,
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Table 2. Estimated geomechanical properties

Property [V v Vi
o, (MPa) 6.67 333 1.0
E_(MPa) 2660 1334 400
o 0.27 0.33 0.41
g, (") 388 3Ll 23.0
¢, (MPa) 0.865 0.433 0.130
o, (MPa 0.433 0.217 0.065

1996) 1s based on P-wave velocity of rock
masses, A single shicld used in the Uluabat
power tunnel, whose length is 12 m and
overcut gap is 3 cm. For computations for
three rock classes, overburden depths were
selected as 125 m and 265 m. Figure 5 shows
the ground reaction curve and respomse of
pressure on the shield. If mnnels continue to
deform, the pressure on the shield would
gradually decrease with the advance of
tunnel. If deformation were fully encountered
by the shicld, the pressure would then
continue to remain the same.

o}

(&)
H=125m

=
fo

=
o

o
o

DVERBURDEN PRESSURE (p.
=
L

TANGENTIAL STRAIN {9)

1.0 i
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E 0.4 ll'a

E il \ W

ui Q.64

E \ \(,. ] B0 =030
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& g "3 = A
TANGENTIAL STRAIMN {3

Figure 5. Ground response curves and
response of pressure on the shield for
overburden depths of 125 m (a) and 265 m
(b), respectively

It is interesting to note heavy squeezing
occurs in rock class VI and the pressure
normalized by the overburden is about 0.25.
However, if the overburden depth is 265 m,
the pressure on the shield is 0.39 times the
overburden pressure. Furthermore, Rock
Class V also exhibits squeezing behavior and
the pressure 13 0.03 times the overburden
pressure. When rock mass behaves elastically
or elastic-perfectly  plastic  manner, ho
pressure acts on the shield of the TBM.

Bilgin and Algan (2012) reported that time
dependent behavior was observed at Uluabat
power tunnel and the closure reached to | m
at some sections. It was also reported that
time dependent behavior continued for about
11 months. Although there is no data on time
dependent  characteristics  of  surrounding
rock, the authors have attempted to back-
analyze the response reported by Bilgin and
Algan (2012) and computed possible time-
dependent pressure on the concrete lining
mstalled after the passage of the shield. The
retardation time of surrounding rock was
found to be 50 days and the long-term
strength of rock mass was 50% of the short-
term  strength.  Aydan et al.  (1996)
incorporated the time dependency
characteristics of squeezing rocks into their
approach utilizing the conceptual model
proposed by Ladanyi (1974, 1993).

The length of the shield was 12 m and it
was assumed that the total gap associated
with excavations and installation of conerete
linings was 6 cm. This corresponds to a initial
strain of 2.4% before the mstallaton of
segments of the concrete lining. The lining
was modeled as a thin-walled cylindrical shell
and its support reaction was computed as
shown in Figure 6(a) using the Eq. (6). As
expected, the pressure would increase as time
goes by. Additional computation was carmmied
out for the displacement response of the
tunnel wall for various support pressure as
shown in Figure 6(b). The maximum support
pressure of the concrete lining was expected
to be more than 1 MPa. The computed results
indicate the displacement of the tunnel wall
would be leveled off after 6-8 months
provided that support pressure can be
maintamned as assumed.
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Figure 6. Time dependent response of
Uluabat power tunnel (a) time-dependent
ground reaction curves, (b) tunnel-wall
displacement for different support pressure.

4.2 T26 Tunnel

A rapid train railway line project connecting
Istanbul to Ankara i1s under construction and
the route of the raillway line passes through
some mountainous areas particularly in the
Bilecik province of Turkey. One of the
longest tunnel is known as T26 and passes
through weak graphitic schistose rock with a
maximum overburden of 233 m. & borings
were done along the tunnel alignment. Some
laboratory experiments were carried out on
the rock samples and they are summarized in
Table 3.

The RMQR value along the wmnnel
alignment 1s 25 and it belongs to the Rock
Class V. The estimated geomechanical
properties of rock mass are given in Table 4
for average properties of intact rock.

Table 3. Geomechanical
laboratory tests

properiies from

Property Min Max Average
¥ {l:NIm*} 224 28.1 25.0

o (MPa) 12.8 5T.8 25.0

& {GPa) 1.5 284 12.0

L 0.17 0.30 0.24
(") 27.0 380 33.0

o (MPa) 39 14.0 0.5

o, (MPa ] 10.0 b0

Table 4. Estimated geomechanical properties

Property RMQRE=25
o (MPa) 1.32
£ (MPa) 628
V. 0.41
(") 15.67
_c, (MPa) 0.497
7. (MPa 0.314
The geomechamical mvestigations on

swrounding rock are actually quite limited
and very few boring data is available. Based
on the approach of Aydan and Dalgic (1998)
and Aydan et al., (2000, 2001, 2013) together
with replacement of RMR by EMOQR, the
authors estimated geomechamcal properties
of surrounding rock wusing some rock
classification data together with those for
mtact rock. RMQR values (Aydan et al.
2013) are estimated from the geotechnical
reports and RMR values of surrounding rock.

Using the methodology described in
previous sections, the squeezing levels and
pressure on the shield of TBM can be
computed to predict the possible problematic
locations along the tumnel alignment. This
could be of great value for engineers to deal
oas ilxle i abillems duri 1g the tunincl
excavation. Although it is needless to say, the
evaluation of rock conditions along the tunnel
alignment 1s very important.

A series of computation carried out to
estimate squeezing levels defined by Aydan
et al. (1993) and pressure on a single shield
TBM and the results are shown in Figure 7.
As noted from the figure, the tunnel would be
subjected to heavy squeezing problems for a
great length and the entrapment of the TBM
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would be major issue during the excavation.
Furthermore, the pressure on shield may be
very high up to 0.48 times the overburden
pressure. The estimations indicate that the
TBM would suffer great pressures resulting in
entrapment problems of TBM for this tunnel.
However these results are only wvalid if
reported characteristics of swrrounding rock
are basically similar to those of actual
characteristics

i

280 o ]
" |Cﬂm\ﬂlﬂ'\el ¥t
E =] L S
i | X
7. | &
%1_3':- [ B
] | m
% | :j %

| 2@
| I'1

0 o0 2000 oS00 ADOO 5000
DS TAKECE (m)
(b}
251 T2 ME
£
|
g Sy
= Lo |
@ I F\ o
&I H'\{M|m\dm Q
e o3
A s ~m ) A\ |2
: g o E
1] 1000 200K 000 Pl oy
CIETANCE m)

Figure 7. Estimation of squeezing levels and
pressure on the TBM shield along T26 tunnel.

As the maximum overburden is about 233 m,
computations are carried out for RMQR value
of 25 and results are shown in Figure 8. The
results clearly indicate that the TBM shield
would experience very high ground pressures,
Another important conclusion 15 that the
pressure on the TBM would develop very
rapidly.
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Figure 8. Ground response curves and
response of pressure on the shield for
overburden depths of 233 m.

5 CONCLUSIONS

In this article, the authors presented an
analytical procedure based on the approach of
Avdan et al. (1993, 1996) for modelling
pressures acting on the shields of TBM
during excavation through squeezing rock
mass. The theoretical model can be used 1o
predict the ground pressure on TBM through
squeezing rocks for single and double shield
type TBMs. Several examples of applications
of the procedure to Uluabat power tunnel,
which experienced wvery heavy squeezing
problems and entrapment of the TBM for
typical overburdens, are presented. These
results clearly showed that the entrapment
problem should have been expected during
the excavation in Karakaya formation
beforehand. However, such predictions
undoubtedly require a detailed geotechnical
investigation before the commencement of the
excavation. Nevertheless, the computations
based on the actual ground conditions are of
great value for engineers, who might be
dealing with similar problems in the future.
Next, T26 tunnel in the Bilecik province of
Turkey in association with a rapid train
railway project connecting Istanbul to Ankara
under construction was analyzed using the
procedure described in this article. The first
analysis was to identify the potential locations
where heavy squeezing problems and
entrapment of the TBM might occur before
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the commencement of the excavation. The
results mdicated that for a great length of the
tunnel, heavy sgqueezing problem together
with the entrapment of the TBM should have
been expected. For the section where the
overburden is highest, a ground reaction
curve together with the response of the tunnel
shield 1s computed. The results indicate that
the pressure on the shield of the TBM could
be very high up to 048 times the overburden
pressure. This value clearly indicates that the
feasibility of the excavation of the mnnel by
TBM is quite questionable for the given
conditions. Such conditions may even imply
the re-evaluation of the alignment of the
railway project as a whole.

Another major issue with the T26 tunnel is
the insufficiency of the geological and
geotechnical investigations. The awvailable
data indicates that the tunnel should not be
feasible to be excavated by the TBM and the
decision makers must be severely criticized.
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Kesicilerin Camurla Tikanmasimin Tiinel A¢ma Makinasi (TBM)
Performansina Etkisi

Effect of Cutter Clogging on Performance of Tunnel Boring
Machine (TBM)

N. Ilei, M. Temel, S. Sezgin
Hci Holding, fici Ingaat, Ankara

C. Polat, N. Bilgin
Istanbul Teknik Universitesi, Maden Mihendisligi Boliimu

OZET Surug tiineli 17 km uzunlugu ile Tiirkivedeki en uzun su tiinelidir, Tiinelde bir adet gift
kalkanh, 7.88 m ¢apinda TBM kullanilmaktadir, Jeoloji genel olarak killi kiregtagi ve mamn
icermektedir. Tiinel insaat1 sirasinda karsilagsilan killi yapilann su ile etkilesimi sonucu kesici
kafada bulunan kesici diskleri sikistirmast, TBM in performansini oldukca olumsuz yonde
etkilemektedir. Ik olarak kazi sirasinda kayit edilen verilerden TBM in performans
incelenmis ve sikismanin etkisi tork, baski kuvveti, spesifik enerji, kesme derinligi, net kaz
miktan tizerinde agiklanmustir,

ABSTRACT 5Suruc tunnel 1s the longest water tunnel excavated in Turkey. In Suruc a double
shield TBM of 7.88 m diameter i1s used by the contractor. Geological formation 15 mainly
clayey limestone and marn. Clayey minerals with the effect of water cause clogging of the
cutterhead decreasing TBM performance dramatically. Data recorded during the construction
was analyzed carefully and 1t is shown that the effect of clogging shows negative impact on
torque, thrust, and specific energy, depth of cut and instantaneous cutting rate.

1 GIRIS Feinendegen ve arkadaslarmmm da (2011)
pasa basingh TBM lerde killerin sikisma
davras: lizerinde calismalan bulunmaktadir.

Suru¢g tineli 17185 metre uzunlogu ile
Tiirkiyedeki en uzun su tinelidir. Bu
projenin  amac: 90 m*/sn suyu 95000
hektarhk tarm arazisine tagimaktir. 7.8%
metre gapinda sert kaya TBM i halen tiinelde
kullanilmaktadir. Bu  galismada  killi
minerallerin su ile etkilesimleri sirasinda
varathifn sikismanmm TBM  performansina
olan etkisi incelenmigtir. Sekil 1'de projenin
Tiirkiyedeki yeri gosteriimektedir.

Thewes vd (2004, 2013) ilk olarak camur
basingh TBM lerde ve sonrasinda biitiin
kalkanli TBM lerde killi minerallerin TBM 1
sikigtirma etkilerini incelemistir. Zumsteg vd
(2012) killerin  yapisma  davramslanm
laboratuvar deneylerile ortaya koymuslardur. Sekil 1. Projenin yeri ve konumu
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2 JEOLOJI

Jeoloji genel olarak 3 ana kisimda
incelenmektedir. Gaziantep formasyonunu
olugturan yapular ise killi kiregtas:, tebegirli
kiregtas) ve kiltas1 olarak adlandirilmaktadir,
Fiziksel ve mckanik ozellikleri arasinda ise

i

1-12 GPa arasinda Elastik modili ve 2-44
MPa aras basing dayamnm ig¢eren kayaglar
bulunmaktadir. Ayrica tiinelin son [ yilda
gegtigi glizergih ve bu galismada incelenen
bilge Sekil 2 de posterilmistir.

]
i

-___‘I

Sekil 2. Incelenen verilerin jeolojik kesit lizerindeki yeri

3 MAKINA OZELLIKLERI

Makina dzellikleri Cizelge 1'de verilmigtir.
Ayrnica, Sekil 3'de kesici kafa goriiniimi
verilmigtir.

Cizelge 1. Makina dzellikleri

Makina model ve tipi Seli, Cift Kalkanh
Cap (m) 7.88

Criig (kW) 4500

Maks. Torque (kKNm) 4000

Maks. Baski (kN) 20000

Maks. Kesici Kafa Dénils 5 rpm

Disk Sayisi 52

Disk Boyutu (ing) 17

zunluk (m) 152

Sekil 3. Surug Tiineli'nde kullamlan TBM

4 TBM GENEL PERFORMANSI

7 Temmuz 2013 tarhine Surug tinelinde
yvapilan kazi 15 499.501 metredir. Kaziya
baslama tanhi 16 Ekim 2010 dur. Bu sure
boyunca yasanan uzun siireli aksakliklar 60
giin main bearing in degistirilmesi, 15 giin
makinamn sikigmas: ve 44 giin tinel agzim
su basmasicdhr. Bu aksakliklar dihil giinliik
ilerleme miktan ortalama 15.57 metredir. Bu
aksakhklar gikarildiginda ise ginliik ilerleme
18.54 metreyi bulmaktadir. Sekil 4 e
Hagziran 2012 vilindan bu zamana kadar ayhk
ilerlemeler verilmistir.  Tiinelin bu zamana
kadar vaptig en ivi ilerlemeler séyledir,

* Eniyi giin: 38.4 metre
= En iyi hafta: 206.8 metre

o Eniyiay: 757.1 metre

-25E8882%

Aylik ilerlemeler m
. bod Lad e LN

Sekil 4. Ayhk ilerlemeler
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5 KESKi TIKANMASININ TBM
PERFORMANA ETKIiSi

Yapilan X-ray diffraction Analysis (XRD)
dencyleri sonucunda tikanmaya sebep olan
kil minerallerin  1llit ve kaoln oldugu
gizlemlenmigtir (Polat C, 2013).
Feinendegen vd. (2010) yapismaya uygun kil
mineralleri su ile karsilastginda c¢elik
vizeylere, kesicilere veya fagima sisteming
yapigup  bhauna  yamataluleccguu  vraya
koymustur. Bu da yiiksek kesme enerjisi
gereksinimine kesicilerin Ve tasima
ckipmanlarmin tikanmasina vol agmaktadir.
llei vd. (2013) bu sikisma spesifik enerjiyi 6
kat arttirabilmektedir.

3000

2500

Tork, Bask Kuwwetl

Sekil 5-7'de  kilden etkilenmeme
durumunda TBM de tork ve bask: kuvveti
degisimi, spesifik enerji, keski dennliginin
ilerleme iizerindeki etkisi ve aynca anhk kax
miktarmin degigimi gosterilmistir, Sekil 8-10
da kesici kafanm kil etkisi ile tikanmas:
durumunda tork wve baski kuvvetindeki
degisim, spesifik enerji ve keski derinliginin
davramisi ve anhk kaz miktanmn degisimi
verilmistir. Graﬁklerqﬂn de anlasilacag pibi
ortalama 2«4 kWh/m" olan spesifik enerji kil
etkist ile 10-16 le*u“mLc, tork degeri se
yaklasik 3 katina cikmaktadir. Anhik kaz
miktar1 ise 250 m'sa iken 150 m’fsa’e
diismiistiir.

—— Tors [kNm)

< Bask Kuvvetl (k)

Harlemem

40 a0

Sekil 5. Kilden etkilenmeme durumunda tork ve baski kuvvetinin degisimi
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Sekil 6. Kilden etkilenmeme durumunda spesifik eneri (SE) ve kesme derinliginin degisimi
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Sekil 7. Kilden etkilenmeme durumunda net kazi hizimin ilerlemeye gore degigimi
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Sekil 8. Kilden etkilenme durumunda tork ve bask: kuvvetinin degisimi
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Sekil 9. Kilden etkilenme durumunda spesifik enerji (SE) ve keski derinliginin degisimi
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Sekil 10. Kilden etkilenme durumunda anhk kaz hizimin ilerleme ile degisimi
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Predicting the Performance of Roadheaders from Indirect Tests

S. Kahraman
Hacettepe University, Ankara, TR

E. Kahraman
Cayirhan Park Thermic Corp., Ankara, TR

ABSTRACT This study presents the development of a performance prediction model for
roadheaders by using the indirect testing methods such as Brazilian tensile strength, point load
strength, block punch strength, ulirasonic velocity, density, and porosity. Dosco Mk-2B
roadheader was observed during roadway drivages in a lignite mine located in Cayirhan town
(Ankara) and the instantaneous cutting rates (JCR) were calculated. Physico-mechanical tests
were carried out on the rock samples collected from the each observation location. Simple
regression analysis showed that the physico-mechanical rock properties were not correlated
with the JCR values. Stepwise multiple regression analysis was also carried out and the best
model to predict the JCR of roadheader was selected by the software used. The best model with
a high correlation coefficient (r = 0.89) includes Brazilian tensile strength porosity. Concluding
remark 1s that the derived model can be practically used for the estimation of the ICR of
roadheaders.

1 INTRODUCTION 2 PREVIOUS STUDIES

Roadheaders have been widely used in the Specific energy (SE) is an important
excavation of soft to medium strength rocks  parameter in the mechanical rock excavation.
in tunnelling and mine developments for 50 It can be simply used for the quick
vears, High advancing rates, flexibility, performance prediction of roadheaders
safety, less labour and the less disturbance of (Rostami et al., 1994):

strata are the main advantages compared to

classical excavation. Having some prior P

knowledge of the potential performance of a ICR = kS_F (1)
selected roadheader i1s very important for the i

lanning and cost estimation purposes in rock : : .
excavation projects. Scveral rescarchers have e 1CR is the instantaneous cuting rate
suggested performance prediction models for i # P
roadheaders. These models generally include
direct testing methods. This study is aimed to
evaluate the performance prediction of
roadheaders by using the mdirect testing
methods such as Brazilian tensile strength,
point load strength, block punch strength,
ultrasonic velocity, density, and porosity.

HP). & is the energy transfer ratio usually
assumed as (1.8 for roadheaders (Balci et al.,
2004), SE is the specific energy (kWh/m™).

Gehring (1989) presented a performance
prediction model based on the performance of
a roadheader with a 250 kW transverse type
cutterhead:
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719

078
a,

ICR =

(2)

where JCR is the instantaneous cutting rate of
roadheaders (m’/h) and o, is the uniaxial
compressive strength (MPa).

Gehring (1989) also presented a
performance prediction model based on the
performance of a roadheader with a 230 kW
axial type cutterhead:

(3)

Based on the in situ observation of many
tunneling and mining projects, Bilgin et al,
(1990) suggested a performance prediction
model for axial type roadheaders;

ICR = 0.28 P(0.974) ™ (4)
2%
RMCT =g:(@] (5)
100

where, JCR is the instantaneous cutting rate
of roadheaders (m’fh), P is the power of
cutting head (HP), RMCI is the rock mass
cuttability index, a. 18 the umaxial
compressive strength (MPa) and ROD is the
rock quality designation (%).

Copur et al. (1998) suggested following
model based on extensive field data collected
from different roadheader applications m a
variety of geologic formations.

TCR=27.511""""

rer =%

o

&

(6)
(7)

where, JCR is the instantaneous cutting rate
of roadheaders (m’/h), RP/I is the roadheader
penetration index (kWxton/MPa), P 1s the
power of cutting head (kW), W is the
roadheader weight (ton), o, 15 the uniaxial
compressive strength (MPa).

66

Thuro and Plinninger (1999) derived a
prediction model based on the performance of
a 132 kW transverse type roadheader:
ICR=757-143Ino, (8)
where ICR is the instantaneous cutting rate of
roadheaders (m’/h) and o, is the uniaxial
compressive strength (MPa).

Tumac et al. (2007) investigated the
relations between the instantaneous cutting
rate of a roadheader and Shore hardness and
uniaxial  compressive  strength.  They
established following equations:

ICR=81.21SH™" (™

ICR=109.25¢ """ (10)

where, JCR is the instantaneous cutting rate
[mgfh}, SH 15 the Shore hardness, and .15 the
uniaxial compressive strength (MPa).

Ocak and Bilgin (2010) found a good
relation between the UCS and the JCR of a
roadheader wsed in Kadikow—Kartal metro
line stations. The equation of the relation is
given below:

ICR=510588¢ """
(1)

where, JCR is the mstantanecous cutting rate
(m*/h) and @, is the uniaxial compressive
strength (MPa).

Ebrahimabadi et al. (2011) defined a rock
mass brittleness ndex (RMBN and found a
good relation between /CR and RMBI for
roadheaders. The relaled equations are given
following:

_ %) (RODY

where, RMBI i1s the rock mass brttleness
index, o, is the uniaxial compressive strength



3. URLIEAARARAS) LMASIMEA YIRALT WABLARI SIMPOTYLIMU

[STAMGRLIL  20-30 Kot Nowsmber 2613
T ™ T PP B AR SR LI A VA THEWE PO THRA ALV TA THOW

(MPa), o, is the Brazilian tensile strength
(MPa), ROD is the rock quality designation
of rock mass in per cent and JCR is the
instantaneous cutting rate of roadheaders
(m’/h).

Abdolreza et al. (2013) investigated the
predictability of performance of roadheaders
from intact and mass properties of rocks and
suggested following equation:

ICR=1.79 +0.501z + 0.636R0D-

4,839, —22.127 (14)
where, fCR 5 the instantaneous cutting rate
(m*/h) o is the uniaxial compressive strength
{MPa), « 15 angle between tunnel axis and the
planes of weakness, RQD is the rock quality
designation of rock mass(%), o, is the
Brazilian tensile strength (MFPa).

3 STUDY AREA AND GEOLOGY

The study was carried out in Cayirhan Lignite
Mime located in Cayirthan Town of Nallihan
County, 122 km west of Ankara. Figure 1
shows the location map of the

Cayirhan Underground Lignite Mine. The
ming 15 operated by Cmer Group and
approximately 5-5.5 milyon tons of lignite is
produced per year. The produced coal 1s
supplied to Cayirhan Power Plant, which has
a 620 MW electricity production capacity.

Cayirhan coal basin i1s formed by old
Miocene seres called M1, M2, M3, and M4
and Pliocene formation, Coal seams are
located 1 M1 formation, which i1¢ some four
kilometres wide, and approximately 25 km
long clongated in a south-west to north-gast
direction. There i1s a light brown coloured
limestone layer of 5-6 m over the coal seams
and 7-8 m green coloured clay-stone layer
below the seams. Under clay-stone there is a
15-20 m thick laver of volcanic breccia.

Also a third coal seam 15 found 140-160 m
below the workable seams. M2 formation
consists of clay and marl at a thickness of 80-
120 m. There are two bituminous schist
layers of 20 m at the top and bottom. M3 is
the hardest formation composed of beige
coloured zone in the field. Many cavities and
fractures at the bottom levels are enabling
collection.

N

*

Figure 1. Location map of Cayirhan Underground Lignite Mine
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of water. Majority of the area is covered with
M4 formation composed of grey. red, green
and beige tuffs. Despite their hard structure,
they are going to break into parts when
subjected to water. Therefore, 15-20 em of
clastic portions covers the surface. The
thickness of this formation is about 80 meters
and consists of silica of 3-10 cm at the
bottom lavers. The two main normal faults,
Davutoglan fault and North fault, in north-
west and south-east direction are almost
parallel and about 1.5-2 km apart from each
other (Haciosmanoglu, 2004),

4 FIELD STUDIES

Dosco Mk-2B roadheader was observed
during roadway drivages in rock. The
machine has a cutter head diameter of about
600 mm, power of 112 kW and fitted with 24
point attack picks.

The cutting times of the machine were
recorded at eight different locations. The
volume of the material cut for each location
was calculated by using the sectional area of
cut and the depth of cut. Then, the FCR values
were calculated by dividing the volume of the
material cut by cutting time (Table 1).

Large block samples of rock were also
collected from the each test location for
experimental studies. Each block sample was
mspeeted for macroscopic defects so that it
would provide test specimens free from
fractures, partings or alteration zones.

5 LABORATORY STUDIES

Core samples were prepared from the block
samples collected from the site. Brazilian
tensile strength, point load strength, block
punch strength, ultrasonic veloeity, density,
and porosity tests were carried out according
to the ISRM standards. The summaries of the
test results are given in Table 1.

5.1 Brazilian Tensile Strength Test

Brazilian tensile strength tests were
performed on core samples having a diameter
of 38 mm and a height to diameter ratio of
0.5-1.0. A tensile loading rate of 200 N/s was
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applied until failure occurred. Al least six
samples were tested for each rock type and
the results were averaged as Brazilian tensile
strength (BTS).

5.2 Point Load Strength Test

The samples cored perpendicular to any
visible weakness plane and the samples
having weakness plane were discarded. The
axial point load tests were carried out on the
cores having a diameter of 38 mm and a
thickness of 15 mm. The results were
corrected to a specimen diameter of 50 mm,
The tests were repeated at least seven times
for each rock type. and the average value was
recorded as the point load strength (7,).

5.3 Block Punch Strength Test

42 mm-diameter core samples having
thicknesses between 6 and 10 mm were used
in the block punch strength tests. The load
was gradually applied to the specimens at a
constant rate such that failure occurs within
10-60 5. The tests were repeated at least four
times for each rock type and the average
value was taken as the block punch mndex
(BFI) value.

5.4 Ultrasomic Velocity Test

P-wave velocities were measured on the
samples having a diameter of 38 mm and a
length of approximately 40 mm. End surfaces
of the core  samples were  polished
sufficiently smooth to provide good coupling.
In the tests, the PUNDIT 6 mstrument and
two transducers (a transmitter and a receiver)
having a frequency of 1 MHz were used. A
good acoustic coupling between transducer
faces and sample surface is necessary for the
accuracy of transit time measurement, Stifler
grease was used as a coupling agent in this
study. Transducers were pressed to either end
of the sample and the pulse transit time was
recorded. The tests were repeated three times
for each rock type and the average value was
taken as the P-wave velocity (¥p) value.
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Table 1. Instantaneous cutting rates and the average results of tests

Observation and Sampling ICR BTS L Fu BPI o n
Locations (m'h) _ (MPa)  (MPa)  (km/s) (MPa) (glem’) (%)
G 4007-2.1 Main incline, m.356 125 1.67 0.8 1.69 301 220 205
D 110 Tailgate, m.512 129 292 136 222 591 211 168
D 110 Tailgate, m.80 86 1085 338 2.52 921 222 120
D 110 Tailgate, m.538 103 294 090 2.02 401 169 254
D 110 Tailgate, m.570 65 201 069 1.81 255 170 272
D 110 Tailgate, m.525 105 205 062 2.01 452 201 243
D 110 Tailgate, m.548 126 939 2.6l 268 1052 233 7.6
D 110 Tailgate, m.323 109 622 210 2.59 637 222 168

5.5 Density Test

Trimmed core samples were used in the
determination of density. The specimen
volume was calculated from the average of
several calliper readings. The weight of air
dried specimen was determined by a balance,
capable of weighing to an accuracy of (.01 of
the sample weight. The density (p) values
were obtained from the ratio of the specimen
weight to the specimen volume. At least three
samples were tested for each rock type and
the results were averaged.

5.5 Porosity Test

Porosity values were determined using the
saturation and calliper techniques. Pore
volumes were calculated from the dry and
saturated weights, and sample volumes were
obtained from calliper readings. The porosity
(n) values were obtained from the ratio of the
pore volumes to the specimen volume. The
test was repeated at least three times for each
rock type and the results were averaged.

6 EVALUATION OF THE RESULTS

As shown in Table 1, the BTS values range
from 1.67 MPa to 10.85 MPa. The [, values
range from 0.62 MPa 1o 3.38 MPa. The Vp
values range from 1.69 km/s to 2.68 km/s,
The BFI values range from 2.55 MPa to
10.52 MPa. The p values range from 1.69
glem® to 2.33 glem’. The n values range from
7.6 %t027.2 %.
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6.1 Simple Regression Analysis

The ICR values measured in the field and
rock properties were analyzed using the
method of least squares regression. 8BTS, [,
Ve, BPI p, and n values were correlated with
the JCR wvalues. Linear, logarithmic,
exponential and power curve fitting
approximations were exccuted to check if
there are some correlations between the fCR
values and rock properties. Significant
correlations could not be found between the
ICR vahloes and rock properties. The lack of
correlation is probably due to the fact that
ICR does not depend on only one rock

property.

6.2 Stepwise Multiple Regression Analysis

Stepwise multiple regression analysis was
carried out for the derivation of the best
model to predict the JCR of roadheader. The
BTS and porosity values were included to the
best model selected by the software used.
The best model with a high correlation
coefficient (r = 0.89) is given following:
ICR=-0.88BTS-0.551425.08 (15)

where, ICR is the instantaneous cutling rate
of roadheaders (m’/h), BTS is the uniaxial
compressive strength (MPa), and » 1s porosity
(%a).
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6.3 Validation of the Derived Model

As shown above, the correlation coefficient
of the derived model is strong, but It does not
necessarily identify wvalid model. The
validation of the Eq. (15) was checked by the
t—test, the F-test, and the plot of measured
versus predicted JCR values.

The significance of correlation coefficient
(r) values can be determined by the #test,
assuming thar both wvariables are normally
distributed and observations are chosen
randomly. The test compares computed
value with tabulated t-value using the null
hypothesis. In this test, a 95 % level of
confidence was chosen. If the computed -
value is greater than tabulated r-value, the
null hypothesis is rejected. This means that r
is significant. If the computed t-value is less

than tabulated f-value, the null hypothesis 1s
not rejected. In this case, r 1s not significant.
As seen in Table 2, the computed r-values are
greater than tabulated r-value for Eq. (15).
Therefore it can be said that Eq. (15) is valid
according to the ¢ -test.

The significance of regressions was
determined by the analysis of vanance. In this
test, a 95 % level of confidence was chosen.
If the computed Fevalue is greater than
tabulated F-value, the null hypothesis is
rejected that there is a real relation between
the dependent and independent wvariables.
Since the computed F-value is greater than
the tabulated F-value for Eq. (15), the null
hypothesis is rejected (Table 2). Therefore, it
is concluded that the Eg. (15) is wvalid
according to the F-test,

Table 2. ¢ and F-test results

Equation Independent Computed =  Tabulated -+ Computed F- Tabulated F-
no variables value vahie value value
15 BIS -3.0- £2.44 8.91 5.99
n -4.22

Tn order to see the prediction capability of the
derived equation, the graph of measured
versus predicled /OR was plotied. As shown
in Figure 2, the points are scattered uniformly
about the diagonal line, suggesting that the
maodel is reasonable.

(=
)

Eattmared 1CK (i)
B

10

3 15
Measured ICE 1m*h)

mh

Fig. 2. The relation between measured and
estimated JCR values
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7 CONCLUSIONS

The performance prediction of roadheaders
was evaluated by using the indirect testing
methods such as Brazilian tensile strength,
point load strength, block punch strength,
ultrasonic  velocity, density, and porosity.
Simple regression analysis indicated that the
physico-mechanical rock properties were not
correlated with the JCR values. A significant
model including BTS and n was developed by
using stepwise multiple regression analysis to
predict the /CR of roadheaders.

Concluding remark is that the derived

model is valid according to the statistical tests
and can be practically used for the estimation

of the /CR of roadhecaders.
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Performance and its Impact on the Lining of a Large Diameter HR
TBM: The Martignano Tunnel

S. Fuoco
SWS Engineering SPA, Trento, ltaly

E. Chimenti
Independent Consultant, Bassano Del Grappa, Vicenza, Italy

ABSTRACT In this paper the performances in terms of productions obtained during the
realization of the “*Martignano Tunnel” and their impact on the lining, in terms of damages and
cracking, are summarized. The Tunnel is a twin tube road tunnel excavated near Trento in ltaly.
It was realized by a 12.11 m diameter HR (Hard Rock) TBM (Tunnel Boring Machine), in two
different stages with the same machine.

The expenience acquired during the excavation of the first tube was used for improving the
gystem before the execution of the second tube, both in terms of devices for the lining and
operational method for excavation. This improvement led to have a better result for the final
lining, which was subjected, in the second tube, to less “out of shape” (but some more
“damages™), but a much higher average productions. The main aspects learned from this
experience are illustrated in the following.

1 INTRODUCTION The excavation has been performed using a

T—hc HMEﬂigﬂmﬂﬂ Tlmntlll i’-'i- a lWiﬂ tl.lbﬂ Tcl-adﬁ E-illlﬂidEd TBM Wiih da dllﬂl-ﬂﬂtﬂ'f ﬂ'f 12.11 1.

tunnels located near Trento, This tunnel is the 10 _final lining is constituted by precast
main art work of a road which connects the ~Segmented concrete ring crected directly
Trento's north ring road with the Trento- inside the shield and extruded outside afier its

Padova frecway. assembling, i
The latter is an urban freeway, which As usual for this kind of works, all the

interfered with a very populated Trento's Pparameters of the maChf"E recorded during

district called Martignano (Figure 1). the excavation, in terms of thrust, torque,
To solve this imterference, the local ?d“"c‘?mmffpe':d' S0 Ware _ﬂgmd‘ R.Eg”l;;

authority decided to build a tunnel which 1Spections Irom existing windows in |

underpasses the district, The Tunnel's cover Shield and in the cutter-head, permitted to
in this area ranges from 40 to 60 meters. mdentfy the quality of the cxeavated rork

Mainly for this reason, it was chosen to use mass along the alignment. .
i peduitied sMem skl of 3 Moreover, at the end of the excavations a

Eonventional saellicd oF Exsavition. B Sk punctual listing of the visible damages of each

either the noise and/or vibration problems SOnCreic ring was performed.
generated by drill and blast system or a All these data were analyzed to search a

hydraulic hea hammer, would create mutual interactif:m. o
prygbif:ms for mvgmtaining a suitable level of In the following, after a general description
production. of the project and a short list of the

performances recorded for the TBM, the main
results of this analysis are illustrated.
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2 THE DESIGN

2.1 General Characteristic of the Work

The Martignano's Tunnel is the main art work
of a road project connecting the Northern part
of the Trento's ring road, to the freeway for
Padova, in Ifaly. The overall length of the
designed connection road is about 4295 m. It
runs for the most part in tunnel, below the hill
located north cast of Trento, on whick seamnd
the most populated districts called
"Marti " and "Cognola”. (Fig.1).
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Figure 1. Tunnel plan

The Tunnel, that is the object of the present
study, concerns the construction of a twin
roads tunnels located at a variable distance
from each other of almost 18 m to almost 30
m (axe to axe, that means to have a central
pillar about 6 m to 18 m thick), The
excavation has been performed using a
shielded TBM with a diameter of excavation
of 12.11 m. The lining was constituted by
precast segmented concrete ring. The inner
diameter of the ring is 11.00 m, its thickness
is 40 cm.

The length of each tunnel is about 2750 m,

The maximum coverage stood at around 120
m with an average cover of about 70 m. The

slope of the tunnel is about 5% for the first 2
km, and nearly 0.1 % for the rest of the

alignment.

2.2 The Geology and the Geotechnics

For the whole length, the excavation
encountered sedimentary geological
formations, except for the last 100 m, in the
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East portal area, where morenic sediments
were encountered.

In particular, the excavation has been
performed inside three main different kind of
limestone formations variously fractured:
Jurassic Carbonatic Limestone (Grey
Limestone);

* Jurassic Nodules Carbonatic formation
(called " red ammonite"),

= Cretaceous Marly Limestone very thinly
layered.

Figure 2 shows the encountered geological

profile.

e

.
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Distwisce froi the North postal [in]

Figure 2. Geological profile

The quality of the rock mass estimated during
the design stage, substantially confirmed by
the surveys carried out during the excavation,
leads to affirm that the majority (nearly 60 %)
of the encountered rock mass can be defined
as a class III, according to Bieniawski
classification (1989). The remaining 40% of
the rock mass 15 divided (roughly) in equal
parts between the class II and class IV.
Nevertheless, the rating for the latter classes
is always closed to the upper and lower limits
of the class [11.

The “slightly” difference between rock
mass classes is always due to a relatively
greater uniaxial resistance of the intact rock
and 1o a different degree of fracturing. The
presence of water was negligible.

The already mentioned Figure 2 shows the
distribution of the rock mass classes
estimated along the alignment of the tunnel.

The uniaxial resistance compressive
strength varies from about 20 MPa to more
than 100 MPa. Figure 3 (from Baldi et al.,
2007) shows the distribution of the uniaxial
resistance measured for the intact rocks of
each main formation.
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Figure 3. Uniaxsal compressive strength

Finally, it could be interesting to point ot
that a lne of seismic investigation was
performed in the first kilometer of the tunnel,
starting from the northem portal The
obtained field data have been interpreted with
tomographic methodology, thus defining the
model represented by a seismic section
shown in Figure 4, which illustrates the
variahility of the measured compression
velocity inside the rock mass of that area.
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Figure 4, Seismic velocity

This seismic section was a good indicator of
the mechanical characteristics of the rocks
and can explain some variation of the
operational parameter of the TBM in these
arcas.

2.3 The Geometry of the Excavation

Figure 5 shows a typical cross section of the
single tunnel, To the 12.11 m diameter of
excavation corresponds an internal tunnel
diameter of 11 m. The precast segmented
concrete lining has a thickness of 40 cm that
means an external ring diameter of 11.8 m.

Figure 5. Typical cross section

The gap between the perimeter of the
excavation and the external diameter of the
lining was filled with pea gravel.

As mentioned before, the distance, axe to
axe, of the two twin wbes is variable from
almost 18 m to almost 30 m.

Between the two twin tubes, a series of
cross passages every 250 m have been
realized.

2.4 The Excavation System

The main component of the excavation
system was the HR shielded TBM having the
characteristics summarized in Table 1.

Table 1. Main characteristics of the TBM

TBM Ref Characteristics Vahe
Boring [Mameter 12.11m
Length 1920 mm
Weight 2630 kN
Cutter Head  Single Cutters 62 nr
Double Cutters fi nr
Cutter Diameter e
Buckets & nr
Power 3600 kKW
oo Max Rot. speed 4.5 rpm
Capabllity  pqy Turqr; 13300 kNim
Max | hrust A38M) EN
Ext. diameter 12,0035 m
Shield Length H.53m
Erector power 200 kW
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The TBM has been supplied with a back up
system where all the TBM utilities were
placed. The back up system had a total length
of 110 m. Figure 6 shows a general view of
the TBM during its assembling.
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Figure 6. General view of the TBM

The excavated material was evacuated by a
conveyor belt. The latter transported the
material directly outside the tunnel except for
the first 100 m were the excavated materal
was evacuated by trucks, as was not possible
to assemble the conveyor belt system. It must
be noted that the change of the evacuation
system, as expected, led immediately to a
significant increase of the production of the
TBM.

3 PERFORMANCES

3.1 Productions

The daily advancement is summarized in
Figure 7. Excluding both best and worst
values, for the North tunnel, this value ranges
from 5 m per day to 20 m per day depending
of the period. The best registered valoe has
been 36 m.
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Figure 7. Daily advancement

It must be noted that the first two months, the
production was strongly conditioned by the
system for evacuating the excavated material,

Le. in this period was not possible to
asscmble the conveyor belt and the transport
of this material was provided by trucks. For
the South tunnel these values range from 12
to 25 m per day.

As the rock mass was the same, this
improvement it to be assigned only to the
merease of the efficiency of the system,
which includes the experience of the team,
the use aof itnals with hefter  features,
maintenances, elc.

The global advance rate is shown in the
Figure 8. The averapge production has been
8.4 m per calendar day for the North tunnel,
while for the South tunnel was a little more
than double, i.e. about 17,0 m per calendar
day.
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Figure 8. Global advancement

The slope of cach part of the two curves
range from 6,9 m to 13,5 m per day for the
North tunnel (not included the first two
months for the reasons mentioned above), and
8.5 to 20 m per day for the South tunnel,

3.2 Main Excavation Parameters

321 Genoral

The most interesting factors to be analyzed,
related to the excavation process, are: Thrust,
Torgue, Penetration Rate and rotational
speed.

With these factors it is possible to evaluate
the Specific Energy needed for the excavation
and try to correlate it to the occurred damages
on the segmented lining,
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3.2.2 Thrust

Figure 9 shows the values registered for the
thrust during the excavation of the two tubes.
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Figure 9. Applied thrust

This figure shows that the thrust used to
excavate the first tube was similar to that
used for the first part of the second tbe, up
to chainage 800 m from the North portal.

After this chamage, for excavating the
second tube, a greater Thrust of about 15-20
% has been used. It was intentionally done to
mncrease advance rate, based on the
experience of the first excavation.

From chainage 800 m to 1100 m, the thrust
increased significantly, since a layer of
relatively less fractured rock mass, with a
very high uniaxial compressive strength (up to
120 MPa, close to the maximum of the
measured range) has been encountered.

The need for a greater thrust between these
chainages corresponds very well to the result
obtained from the geophysical test (Figure 4)
which shows in this area a relatively stronger
layer of rock mass.

Figure 9@ shows that the total thrust used to
excavate the first tunnel ranges from about 20
to 25 MN, while the wvalue registered to
excavate the second tube ranges from about
25 to 30 MN.

3.2.3 Torgue

The applied torque (Figure 10) follows, as a
trend, the same path of the thrust, That means
that until chainage 800 the applied torque was
similar for the two tubes, after the two values
change, and in particular the torque used for
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the second Tunnel was 20-25 % grealer that
he one used for the first tube.

The torque used for the first tunnel ranges
from about 6 to 8 MNm, while the wvalue
registered to excavale the second tube is
more constant ant it ranges from about 8 to 9

Figure 10, Applied torque

3.2.4 Penetration rate and rotational speed

The registered speed of advancement is
shown in the Figure 11.
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Figure 11. Penetration rate

Speed ranges from 20 to 40 mm per minute
and from 30 to 45 mm per minute, for the
North and the South tube, respectively, until
chainage 1100 (as expected). After this zone
this two speeds increase for both tubes up to
40-45 mm per minute with some peaks up to
more than 30 mm per minute.

These advancements have been obtained
using the rotational speeds showed in the
Figure 12, which, of course, are lower than
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the maximal admissible revolution for the
cutter-head (4.5 rpm).
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Figure 12. Rotational speed

3.3 The Specific Energy

As known, the concept of the specific encrgy
ol excavation (Es) i1s defined as the relation
between the energy mvolved dunng the
process of excavation and the volume of
excavated rock mass. Usually it is expressed
in Mega Joule (MI), Tts value depends on
rock mass condition and on the excavation
Process.

The specific energy can be conveniently
calculated using the following formulation
(Teale 1965):

£ _£+2-Jr-m-T ;
A Au )
Where:

Es = specific energy of drilling (kJ/m*);
F = total thrust (kN);

A = area of drilled (m®);

@ = rotational speed (rev/sec),

T = applied torgue (kNm);

u = drilling advance rate (m/sec).

The first part of the eguation above
corresponds to the energy proportional to the
used thrust, while the second part is the
energy necessary for the  rotational
components.

It can be easily demonstrated that, in the
case of large diameter drilling, the thrust
component 15 negligible (more o less it
corresponds to one percent of the total energy
used in normal conditions).

78

The values of Es calculated for the two
tubes of the "Martignano” tunnel are
summarized in Figure 13
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Figure 13. The specific energy

Approximately from chain age 500 to 1100, it
can be seen that the specific energy increased
significantly, because of a presence of a
relatively more compelent rock mass.

Both the specific energy for north tube and
south tube has comparable values (20-50
MI/mr).,

To these comparable Es values, correspond
different  advancement speeds, which are
higher in the South tube, due to a generally
higher thrust and a lower rotational speed to
which correspond a higher value of the
measured torque.

This improvement of the management of
the TBM (lesson learned from the excavation
of the North Tube) together with a general
mprovement of the excavation system, led to
more than a double production with respect to
the North Tube.

4 DAMAGES ON THE LINING

4.1 The Lining

The lining of the tunnel consists of precast
reinforced concrete segmented lining, so
called "universal type" as it permits to be
placed in horizontal and vertical curves of the
alignment without special picces.

According to European Code the class of
resistance of the concrete, was C40/30.

The thickness of the elements was 40 cm
and their longitudinal length was 1.5 m. The
entire ring was constitited by 6 single
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elements plus & key element. Their
circumferential length was about 5.6 m for the
ordinary segment and about 2 m for the key
element. Each segment weighted about 90 kN
{except the key element).

In the first tube, the sepments were
connected  both longitudinally and
circumferentially, by steel bolts.

For the second tube, the longitudinal steel
bolts were replaced with plastic special
connectors with a steel core.

This replacement permitted a better
placement of the single segment and a better
configuration of the geometry of the ring,

As normal for a single shielded TBM, the
reinforced concrete ring, once located in its
final position, is used for contrasting the
thrust required to break the rock mass.

The annular space hetween excavation and
the external surface of the ring was filled with
pea gravel, except for the lower part of the
ring, where mortar was injeclted to give an
immediate support to the ring after its
cxtrusion from rcar shicld.

4.2 Classification of the Damages

Due to single shiclded TBM excavation
procedure the segments of the lining can be
easily damaged during the excavation.

It must be noted that these damages may
also occur for construction defects, mcorrect
operations during the storage, and also during
the transport and positioning into the
conveyor of the erector, and not only for the
excavation procedure. Moreover, also the
operations for the injections of pea gravel and
cement mortar, may create damages, if not
carefully camed out.

However, if these operations are cammied
out with care, the damages described above
are not very relevant and almost always
visible before assembly the ring.

The situation is different for the damages
occurred during the ordinary process of
excavation. In fact, if the pressure deriving
from the thrust of the TBM is not uniformly
distributed and at the same time the
excavation requires a high thrust, some
breakages occur, mainly concentrated on the
corners and edges of the segments.
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Moreover, in these conditions, different
longitudinal micro-fractures may occur.

In the case of "Martignano" tunnel, all
these kind of breakages have been registered.

With reference 1o Figure 14, these
breakages have been classified as explained
below.

Scheme of the segment and type of hireakage

[Topei] [Typez]
— LY
|l Mooy
5 . i
[}
Teped

Figure 4. Classification of damages

To these typologies of damages, the rupture
of the gasket should be added. The latter is
easily recogmzable as some humdity flows
inside the tunnel during the injection of the
pea gravel or mortar.

The breakages type |, 4 refer to the rupture
of the comers. An example is illustrated in the
Figure 15.

Figure 15, Breaks type 1 (left) and 4 (right)

The breakages type 2, 3 and 5 refer,
respectively, to the rupture of the edges and
longitudinal micro-fractures. An example is
illustrated in the Figures 16.

Figure 16. Breaks type2 (left) - 3,5 (right)
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It has been noted that the percentage of all
type of damages increases when:
= the advancement speed is relatively higher;

* crossing strong geological formations;
* trajectories are not perfectly linear.

About the above mentioned breakages,
some considerations are required:

* It is possible that one type of damage 1s
caused by more than one of the factors
previously mentioned;

* The same typology of damage, in different
points, can be due to different factors;

* Segments can have structural lacks due to
some approximations in their design;

* Constructional errors and damages during
the transportation of the segments, even if in
general are more controllable, can contribute
to the damages;

» It is also possible that there are not
mentioned damages not codified,

For these reasons, a general relationship
between the registered damages and the
TBM's advancement factors can have a not
negligible approximation in its concept.

Nevertheless, this study can give a sort of
indication both in the management of the
TBM advancements and for the measures that
can be useful to adopt to improve the quality
of the reinforced concrete segment.

4.3 Breakages vs. Advancement Factors

Taking into account all the considerations on
the damages mentioned before, it can be tred
to find a relationship between the wvisible
damages and the main advancement factors.

To this purpose along the two tubes a
detailed examination of the damages occurred
in each concrete ring, has been done.

This examination consisted in counting and
classifying the damages according to the

before mentioned classification.

It must be noted that damages type 3 and 5
even if they interested the rings wvery
frequently, due to their muicro dimensions,
their visibility was clear only with presence of
humidity along the surface of the segments.

The very high frequency of these micro-
fractures can lead to suppose that they were
due to tensile stresses generated by the thrust
on the rings, and the concrete was not

properly reinforced to support such kind of
slresscs.

In fact the structural reinforcement can not
be suitable to avoid superficial tensile
fractures especially if they are limited to the
thickness of the reinforcement cover. Increase
the structural reinforcement can be useless
due to the fact these micro-facture are
generate applying a longitudinal pressure and
not by hending stresses.

Based on some experience for other
tunnels in similar condition, the most efficient
reinforcement to mimmize this kind of
damage 15 to have a secondary reinforcement
made, for example, by steel fiber. Recent
studies demonstrate that steel fibers can also
permit to optimize the ordinary structural
reinforcement.

In summary, the general presence of
damages type 3 and 5 did not permit to do a
realistic census for having an adequate base
for trying to find a rclationship with the
advancement parameters.

For these reasons, it appears reasonable to
focus attention on the damage type 1, 2, 4.

These damapes were collected, counted
and cataloged each 20 rings, that means each
30 m of the tunnel.

The number of breakages each 20 rings is
shown i Figure 17 for both North and South
tube, as a function of the chainage from the
north portal. The rock mass classes
encountered during the excavation are also

compared. From this figure on can see that
the number of damages detected in the south

tube is higher than north tube.
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Figure 17. Number of Breakages Type 1-2-4
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The comparison between the number of
breakapes and the applied thrust and the
specific energy are shown the following
figures. In particular, Figure 18 shows a
comparison between the observed damages
and the thrust for the North tube.

Similarly, Figure 19 shows the same a
comparison for the South wbe.
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Figure 18, North Tube: Breakages-Thrust

& 5 dsime

!“ o

im-

B |
; e

P {
T

3" 5

Em- e
S0

£

B W

B

i e e i M Perial

Figure 19, South Tube; Breakages-Thrust

The number of damages seems to be related
to the applied thrust.

Following, Figures 20 and 21 show a
comparison between the observed damages
and specific energy, respectively for North
and South tubes.

Also, the specific energy fits well the
number of damages.

As mentioned before, it could be that other
important factors can contribute to create the
damages not only the stress applied by the
machine, but, in general, two factors, which
are related each other, influence the
breakages:

» first, the quality of the rock mass. In fact, it
imposes to regulate the parameter of the
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TBM for having a relatively constam

production of the excavation:
= second, the production, Higher production
means higher energy to transfers to the nings.

For example, Figure 17 shows that where
the rock mass has a better quality, the number
of breakages tends to increase.

The same situation is noted from Figures
20 and 21, where Es is compared with the
number of breakages. In these cases to higher
Es wvalues correspond to a tendency to
increase the damages.
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Figure 20). North Tube: Breakages-Es
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Figure 21. South Tube: Breakages-Es
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5 CONCLUSIONS

From the experience of "Martignanc” tunnel
some conclusions can be underlined.

First, the excavation of two parallel tubes
in the rock mass and with the same
excavation team using the same machine,
increase the global capability of the system in
terms of production and, in general, of the
efficiency of the excavation system.

This is mainly due to the fact that in the
second tube, the production does not have a
significantly "learning" part. The excavation
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procedure follows a constani improvement,
and tends to reach the maximum capability of
the excavation system, which is related to the
minimum time required for the single stroke
and for assembling the ring.

That means that, in this condition, the trend
of the production is very similar to that of the
excavation of a single tube. Of course, in the
case of two tubes, the tme required to
disassemble, transport and reassemble  the
TBM, can not be avoided and it will be part
of the total time for the execution of the
complete tunnel.

The above consideration is confirmed by
looking at the average productions obtained
during the excavation for both tube. For the
North tube these productions have been
comrelated to a penetration speed varying
from 2 (including the first part of the learning
curve) to 13,5 m'd, while for South tube these
speeds range from 8,5 to 20 m/d.

The global speed, included the
disassembling, the ftransport and the
reassembling times, was 8,5 m/d that is only
1% lower than the average speed of the first
tube, and 51% lower than the relative for the
second tube.

About the recorded damages, type 3 and 5
(longitudinal tensile micro-fractures), they
were very commonly present on the lining, (it
was not realistically possible to count them)
and s0 it suggests that this phenomena is
related to the system of excavation and lining,
related to the guality of the rock mass. For
this, if it 15 considered important, to minimize
this kind of damages, an appropriate study of
the typology and quantity of the
reinforcement is suggested (steel fiber and/or
secondary steel mesh reinforcement).

For damages type 1,2 and 4, that are
typically encountered in the segmented lining
for tunnel excavated with a large diameter
shielded TBM, the obtained results indicate
that the number of damages seems to be
related to the quality of the encountered rock
mass, to the applied thrust and to the global
encrigy used for excavating the unit volume of
rock mass,

Also, for minimizing these kind of damages
without affecting too much the production, a
supplementary not structural reinforcement 1s
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suggested. This means to have an additional
diffuse rcinforcement, like a siecel fiber
reinforcement, or supplementary steel mesh
positioned on the edge and on the comer of
the segments.
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Kayaclarin Mekanik Ozellikleri ile Keski Kuvvetleri Arasindaki
[liskilerin Incelenmesi

Investigation on Relations between Tool Forces and Mechanical
Characteristics of Rocks

S. Yasar, A. O. Yilmaz, M. Capik
Karadeniz Teknik Universitesi, Maden Mighendisligi Doliimi, Trabzon

OZET Keski kuvvetleri, kazi makinesinin segiminde dnemli bir vere sahiptir. Kazi sirasinda iig
boyutta keski kuvvetleri olugmaktadwr, Bunlar; kesme kuvveti, normal kuvvet ve yanal
kuvvettir. Laboratuvarda yapilan kesme deneylerinde ( tam boyutlu kesme denevi ve kiiglik
boyutlu kesme deneyi) keski kuvvetlen dinamometre yardimu ile dlgtilmektedir, Bu kuvvetlerin,
kazilan kayacin mekanik dzelliklen ile nasil degistigi dnemli bir husustur.

Bu gabsmada farkh mekanik Gzelliklere sahip bes kayag o6rnefi kiigik boyutlu kesme
dencymme tabi tutulmus ve 1ki boyuttaki keski kuvvetlen (kesme kuvveti ve normal kuvvet)
kaydedilmistir. Ayrica bu &Smekler fizerine tek eksenli basing dayanum, dolayh gekme
dayanmm, nokta yitk dayaninu ve laboratuvarda Schmidt ¢ekici deneyleri uygulannustir,

Verilerin degerlendirilmesinin sonucunda kesme kuvvetinin ve normal kuvvetin, tek eksenli
basme dayammu, dolayh ¢ekme dayamm, nokia yiik dayamim ve Semidt ¢ekiei geri sigrama
degen ile lineer olarak arttif gozlemlenmistir.

ABSTRACT Tool forces have an important mle in selection of excavation machine. During
rock excavation forces in three dimensions are bemg occurred, These forces are; cutting force,
normal force and sideway forces. Tool forces are being measured by dynmamometers in
laboratory rock cutting tests (full scale rock cuiting test and small scale rock cutting test). This
is an important concern how tool forces change with the mechanical characteristics of rocks.

In this study, five different rock samples which have different mechanical characteristics
have been subjected to small scale rock cutting test and forces in two dimensions (cutting force
and normal force) occurred during rock cutting have been measured and recorded. Furthermore
uniaxial compressive strength, point load strength, indirect tensile strength and laboratory
Schmidt hammer tests have been applied to these rock samples.

As a result of evaluation of experimental data, cutting and normal force is found to be
increased linearly by uniaxial compressive strength; point load strength, indirect tensile strength
and Schmidt hammer rebound value.

1 GIRIS kaziya uygun olup olmadi@  kaziya
baslanmadan dnce belirlenmelidir. Bu tasanm

Mekanize kaz ingaat ve maden yapilarnmn ad K d i
i i g - o ; $E"E5| E}"ﬂ'l; 47151 sirasinda mﬂy
imalinde sik¢a bagvurulan bir yontemdir. Bu  gojocek  keski' kuvvetleri belirlenmektedir.

vapilann agilacad formasyonlann makine ile
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Kazi swasmda keski lizerine etkiyen ig
boyuttaki kuvvetler Sckil 1'de verilmstir. Bu
kuvvetler; kesme kuvveti, normal kuvvet ve
vanal kuvvettir. Kesme kuvveti kazi hattina
paralel, normal ve yanal kuvvet ise kam

hattma dik etkiven kuvvetlerdir. Kesk
kuvvetleri, pratik wve teorik olarak
bulunabilmektedir. Pratik olarak
laboratuvarda  buluinan  kesme  setleri

yardimivla, teorik olarak ise kavae ve keska

fizelliklerinden faydalamlarak
bulunabilmektedir.
.ﬁ:i"f‘:ﬂ Waaiad

Sekil 1, Keskiye etkiyen iig boyuttaki
kuvvetler

Laboratuvarda keski kuvvetlerinin
bulunabilmesi igin gehstirilen deney setlen
tam boyutlu ve kiigiik boyutlu kazi setlendir.
Laboratuvar kesme deneylerinde, numune
gercek ya da dzelligi bilinen bir keski ile
kazilmakta wve bu smada olusan  keski
kuvvetlen dinamometreler yardumu
kaydedilmektedir (Feridunoglu ve Bilgin,
2010).

Tam boyutlu kaz denecyinde gergek
keskiler ve bilyiik kaya pargalar ( 70 cm x 50
ecm X 50 em ) kullamlabilmektedir. Kazi
makinelerinde keski kuvvetlerinin
bulunmasinda en kesin yontem tam boyutlu
kazi denevinde kesme vapmaktir. Bu kaz
setinde farkh tipte keskilerde
kullanilabilmektedir, Keskilere gelen kesme
kuvveti, normal kuvvet ve yanal kuvvet
dinamometre vasitasiyla dlgiilerek bilgisayara
gonderilmektedir (Feridunoglu ve Bilgin,
2010). Sekil 2’de tam boyutlu kazi setinin
sematik goriinimil goriilmektedir. En kesin
sonucu vermesine kargin tam boyutlu kazi
deneyinin baz dezavantajlan bulunmaktadir,
Bu dezavantajlara maliyetli bir deney olmasa,
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az sayida arastirma merkezinde bulunmasi ve
deneyin  vapihsinda deneyimli  personele
ihtivag duyulmas: drnek gosterilebilir (Goktan
ve Giines, 2005).

Foesiie deriuk g avan

.
icin hadrolik silindir ""f!rj:ﬂ'-l- T
3 Bovatin . — 4
dinamarned e
Reskavelkaks 4 | _I_—?ﬂ
tiinm divenesl & =
Yiwa| Hareket = ::%\'I.—-
Hidmolk Silnrehei —1 L= |

liie Hadrohk
Salodin =

Sekil 2. Tam boyutly kazi setimin gemaftik

Kiigik boyutlu kam seti bir kayacin
kazlabilirlik tayininin dogrudan yapilaiblmesi
icin gelistirilomstir. Deney Uluslararas: Kaya
Mekanigi Cemuyeti (ISRM) tarafindan
standart deney vintenn olarak Gnerilmistr
Deneyde 76 mm veya daha kiigiik caph karot
mumunelert veya 20 em x 10 em x 10 em
boyutlarinda blok numune kesilebilmektedr. |
Sekil 3’te Istanbul Teknik Universitesi Kaz
Teknolojileri wve  Maden  Makineleri
Laboratuvan'nda bulunan kigiik boyutlu kaz
seti girilmektedir.

Sekil 3. Kiiglik boyuthu kazi seti
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Numune sabitlendikten sonra kesme agis1 =
5%, temizleme acis1 5% ve genishign 12,7 mm
olan kama uglu keski ile 5mm kesme
derinlifinden kaz yamlmaktadir (McFeat-
Smith ve Fowell, 1977 den alintilayan, Bilgin
ve Shahrnar, 1988). Kesme swasmda olusan

kuvvetler  gerilimélger ile  donatilms
dinamometre ile bilgisayara kayit edihir
Kesme kuvvetinin teorik olarak

bulunobilmesi igin orogtirmaocilar tarafindan
kesme teorileri énerilmistir. 1Tk metal kesme
teorisi Merchant tarafindan onerilmistir
(Merchant, 1945). Ilk kaya kesme teorisi
Evans tarafindan ortaya atloustir (Evans,
1962). Bu teoriye gore, kesme iglemi
malzemenin ¢ekme dayanimimn  venilmesi
sonucunda  olugmaktadir. Daha  sonraki
caligmalar neticesinde bu teorinin kémiir ve
orta sert kayaglarda daha dogru sonuglar
verdifi  bildirilmigtir  (Roxborough, 1973).
Evans kalem uglu keskiler (1) ve kama uglu
keskiler (2) ig¢in Onerdigi formiller su
sekildedir:

d g1
- CEne (1)
cos (¢ 2y,
FO= Iﬂ‘,:fnjsinﬂf- i) 2)
1—sini(§-a)
Burada FC' kesme kuvveti, d kesme

derinligi, w keski genisligi, o kesme agisi, o,
cekme dayamm, o, basing dayamm ve [ ug
acisichr,

Nishimatsu'nun teorisi Merchant’in metal
kesme teorisine dayanmaktadir ve kesme
lemmin - kesme  dayamminin - venilmesi
sonucu  olugtufunu  ortaya  koymusgtur.
Mishusls o’ oun Onondigl nstenmtiksel foomil

dayanmm yiksek kavaglarda gergege yakin

sonuclar vermektedir (Nishimatsu, 1972).
Kama uglu keskiler igin dnerilen formiil:
FC= 2z, dwcos(y — o jcose 3)

(4 D)1 =sin(p +p —a)]

Burada denklem 1 ve 2’ye ilave olarak, o,
kesme dayammu, ¢ kayacin igsel siirtiinme
acis1, y kayac ile keski arasindaki stirtiinme
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agisl, n stres faktSriidir ve formild su
sekildedir:

a
n=12 3 (4)
Goktan, Evans’in kalem uglu keskiler igin
onerdigi matematiksel denklemindeki
eskiklikleri  gidermek adma  denklemi

modifive etmistir. Goktan’a gore denklemin
bashca iki eksikligi bulunmaktadir. Oncelikle
ug agist sifir oldugunda kesme kuvveti de safir
olmasi  gerektigi  halde formile gore
olmamaktadir. Ayrica formiile gore kesme
kuvveti ile kayacin basing dayammm ters
orantilidhr ki pratikte bu ihgki miimkiin
aorinmemektedir (Goktan, 1997). Goktan'in
onerdigl formiil:

R |
F(',“=4W‘d sin (@ + )
cos(gh+ )

(5)

Keski kuvvetlerinin pratik ve teorik olarak
bulunmasmdan bahsedildikten sonra
kayaclann mekamk OGzelliklen ile  keski
kuvvetlen arasndaki iligkilere deginilecektir,
Kayaglarin  mekanik oGzellikleri ile keski
kuvvetler1 arasindaki iliskilere ik Gmek
olarak Evans’in kesme teorisi gosterilebilir,
Bu teoriye gére kayacin ¢ekme dayammu ile
kesme kuvveti dogru orantibdir (Ewvans,
1962). Nishimatsu ise kesme teorisinde ise
kesme kuvvetinin kayacin kesme dayammi ile
lineer olarak arttigm  iddia  etmigtir
(Nishimatsu, 1972). Fowell vd. ddrt farkh
kayag numunesi lzennde gergeklestirdiklen
mekanik wve kesme deneylenn sonucunda
kesme kuvveti ile kavacin tek eksenli basing
dayamm ve Young Modili arasmda hncer
iligkiler elde etrmglerdir (Fowell vd., 1992).
Copur vd. yapu@ deneysel ¢aligmamn ham
verileri degerlendirildiginde kesme kuvveti ve
normal kuvvetin tek eksenli basing dayammui
ve dolayh gekme dayammu ile lineer olarak
artiin  pozlemlenmigtic (Copur vd., 2001).

Kel'in  doktora calismasi  kapsaminda
gerceklestirdigi tam boyutlu kesme deneyleri
ile mekanik deneylerin sonuglari
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incelendiginde kesme kuvveti ile tek eksenli
basing dayvanmmi ve dolayh cekme dayamimu
arasinda lineer iligkilere ulasiimistir (Kel,
2003). Tiryaki ve Dikmen'in 6 farkh kumtas:
iizerinde gerceklestirdikleri mekanik ve kiieiik
boyutlu kesme deneylerinin  sonuglan
degerlendirildiginde kesme kuvvetinin  tek
eksenli basm¢ dayammu wve dolayh g¢ekme
davamm ile lineer olarak  artti
gozlemlenmistir (Tirvaki ve Dikmen, 2006).

2 DENEYSEL CALISMALAR

Deneysel gahgmada kullamlan drmekler Dogu
Karadeniz Bolgesi'nin ¢egitli illerinden temin
edilmistir. Caligma siiresince 5 farkh kayag
numunest kullamimustir. Kayac orneklerinin
adlan ve temin edildikleri yerler Cizelge 1'de
gosterilmigti. Numune temininin ardindan
karot alma, tek ecksenli basm¢ dayamm,
dolayh ¢ekme dayanmm, nokta viik dayammu,
laboratuvarda Schmidt gekici deneyi ve kiigiik
boyutlu kesme deneylen gergeklestiriimistir.

(Cizelge 1. Kayag numunelerinin adlan ve
alindiklan yerler

Numune Ad1 _ Alindifi Yer
Kiregtasi 1 Glimiishane
Bazall Giimiishane
Kumiaz Giimiishane
Kiregtasi 11 Trabzon
Tif Bayburi

2.1 Tek Eksenli Basing Dayamimu Deneyi

Tek eksenli basing dayamim deneyleri 54 mm
capa sahip karot pumuneleri iizerinde
gerceklestirilmistir. Boy/cap oram 2 olacak
sekilde  karot  numuneleri kesilerek
diizeltilmistir, Yiikleme hiz1 1kN/sn olarak
ayarlanmistir,

2.2 Dolayh Cekme Dayamm Deneyi

Dolayh ¢ekme dayammm deneyleri 54 mm’lik
karol numunelerine uygulanmustr,
Numunelerin - boyigap oram  1:2  olarak

B6

alimmistir ve deney swrasindaki yikleme hizi
(0,2 kIN/sn olarak sabitlenmuistir.

2.3 Nokta Yik Dayammm Deneyi

Nokia yik dayammu denevinde (¢ tiir
vikleme vontermi  bulunmaktadir. Bunlar;
capsal, eksenel wve blok wve diizensiz
numunelere  uygulanan yontemlerdir. Bu
galismada  eksenel  yikleme — yontemi
kullamilmuistir. Deneyde boy:icap oram 1:2

olan numuneler kullamlmustir.

2.4 Laboratuvarda Schmidt Cekici Deneyi

Deneyde L tipi klasik Schmidt ¢ekici ve V
tipt numune begig kullanilmgtir. Vuruglar 54
mm’lik karot numuneleri lizerine yapilmugtir,
Her bir numunenin  dizerine 10 wvurug
vapilmgtir. Kaydedilen wvuruglar biiyikten
kiigiige smalanrms ve ilk bes wurusun
ortalamasi alinnustir.

2.5 Kiigiik Boyutlu Kesme Deneyi

Kiigik boyutlu dogrusal kesme denevi
[stanbul  Teknik  Universitesi Maden
Miihendisligi Boliimi Kazi Teknolojileri ve
Maden Makinalan Laboratuvari’nda
gergeklestirilagtir, Deney sartlan su sekilde
belirlenmistir:

Kesme derinligi * 5 mim,
Kesme agist e
Temizleme acist : 5°,
Keski genighigi 12,7 mm,

Keski ucu : Tungsten karbid, %o 10 koball.

Deney 54 mm’lik karot omeklen iizerinde
gerceklestirilmigtir. Karot omekleri numune
kutusuna verlestirilmis Ve deney
baslatilmustir. Ardindan kazi sirasinda keskiye
gelen i boyuttaki kuvvetler dmamometre
vasitasiyla elektrik yiikiine doniigtiirilmiigtiir,
Arabirimler savesinde elektrik  yiikiine
gevrilen kuvvet kgl cinsinden bilgisayara
saniyede 2000 veri hzyla kaydedilmigtir,
Sekil 4’te Tif numunesinin kazisi sirasinda
olusan kuvvetlerm kaydedilmesiyle olusan
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kuvvet-zaman grafii ginilmektedir. Bu
cabhgmada yalmzca kesme kuvveti ve normal
kuvvete yer verilmigtir, yanal kuvvet ihmal
edilmistir.

L el IT..I.I—'- bl g
£y ) — s
i=h ,u
;: [ ] Il -'I.lI
{. L ﬁ "ul'| 'ﬂfk J."-j"l__l
=g 2 o T
S W D
t s |'|.1 815 n#
i -
Zamen faniyy) | Time ooy

Sekil 4. Tof numunesinin kuvvet-zaman
grafigi

3 BULGULAR

Keski kuvvetleri ile kavaglarm mekanik
dzelliklern arasindaki iligkiler incelenirken
istatistiksel olarak belrli bir yontem
kullamilmugtir, Bu yonteme gore parametreler
arasindaki iliskiler incelenirken aralarndaki
korelasyon katsayilan  goz dntinde
tutulmustur. Korelasyon katsayisi (r), iki
defigken arasindaki dogrusal iliski ve iliskinin
giicti hakkinda bilg veren katsayidir ve -1 ile
+1 arasmda degerler almaktadir (Kalayc,
2008). Istatistiksel analize gegmeden d@nce
yvapilan deneylerin toplu somuglan Cizelge 2
ve 3'te  verilmistit. Kesme deneyleri
gergeklestirilirtken  teknik  zorunluluklardan
dolay1 farkli kesme derinliklerinde deneyler
gergeklestirilmigtir. Kesme kuvveti ve normal
kovvet derinligi bagh olarak lincer wolarak
arimaktadir (Roxborough we Rispin, 1973,
Roxborough ve Pedroncelli, 1982, Bilgin,
1977 , Roxborough, 1985 ve Bilgin vd.,
2006). Bundan dolayi kesme kuvveti ve
normla kuvvet deninlife bblinerek normalize

edilmistir.

Cizelge 2. Kiigiik boyutlu kesme deneyinin
sonuglan

MNumune FC/d, FM/d,
Adh kgfmm  kgffmm
Kiregtas | 76,53 238,21
Bazalt 9382 110,62
Kumtag: 43,61 82,35
Kiregtagt I 33,80 17,11
_Tiif 3190 2049

Cizelge 3. Mekanik deneylerin toplu
sonuglan

Murmung O i, | T8 R
Ad MPa MPa MPa
Kiregtasi I 88,51 1044 680 42
Bazalt 120,07 10,21 646 43
Kumtas 62,83 5,31 247 30
Kiregtasa 1T SOB8 3,66 2,28 i6
Tiif 6371 873 423 18
Burada FC/d npormalize edilmis kesme
kuvveti, FN/d normalize edilmis normal

kuvvet, o, tek eksenli basing dayammi, o
dolayli gekme dayanum, 1sp 50 mm gapa gore
diizeltilmig nokta yilk davanmm ve R Schmidt
gekici geri sigrama degeridir. Kesme kuvveti
ve normmal kuvvet ile mekanik parametreler
arasindaki korelasyon katsayilarim gdsteren
tablo agagida verilmigtir.

Cizelge 4. Korelasyon katsayilan matrisi

- a7} Lsg R
FCid 0,960 0716 0 H3E 0,960
FMNid 0,956 0,745 0,860 0,969

87

Korelasyon katsayilan matrisi incelendiginde
tim parametreler ile kesme kuvveti ve normal
kuvvet arasinda lineer iliskilerin oldugu
goriilmektedir. Bu iliskiler karsilastimldifinda
asagida verilen grafikler olusturulmustur.
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Sekil 5. Tek eksenli basing dayammu ile
kesme kuvveti arasindaki iliski
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Sekil 6. Dolayh gekme dayamm ile kesme
kuvwveti arasindaki iligki
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Sekil 7. Diizeltilmis nokta yilk dayanmu ile

kesme kuvveti arasindaki iliski
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Sekil 8. Schmidt ¢ekici gen sigrama degeni ile
kesme kuvveti arasidaki iliski
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Sekil 9. Tek eksenli basing dayammu ile
normal kuvvet arasindaki iliski
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Sekil 10. Dolayh gekme dayanimu ile normal
kuvvet arasindaki iliski
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Sekil 11, Diizeltilmis nokta yitk dayammu ile
normal kuvvet arasindaki iligki
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Sekil 12. Schmdt gekici gen sigrama degen
ile normal kuvvet arasindaki ilighki
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Sekil 5-12°deki grafikler incelendifinde su
saptamalar vapilabilir;

e Kesme kuvveu ile tek eksenli basing
dayanimu  ve Schmidt ¢ekici geri
sigrama degeri arasinda ¢ok kuvvethi
lineer iliskiler bulunmaktadir,

Kesme kuvveti ile dolayh c¢ekme
dayamim ve diizeltilmis nokta yilk
dayanimu  arasinda  lineer  iliski
bulunmaktadar.

e Normal kuvvet ile tek eksenli basing
dayanmu wve Schmidt cekici gen
sigrama degeri arasinda ¢ok kuvvetli
hineer iliskiler bulunmaktadir,

Kesme kuvveti ile dolayh g¢ekme
dayanimu wve dizeltilmis nokta yik
dayanimi  arasinda  lineer  iliski
bulunmaktadir.

45

4 SONUCLAR

Keski kuvvetleri mekanize kazi agisindan
onemli bir yer teskil etmektedir, Keski
kuvvetlerinin  kazmlacak kayacim mekanik
ozelliklen ile degisimi dnemli bir husustur,
(alisma boyunca tek eksenli basmng dayanumu,
dolayh gekme dayamnu, nokta yiik dayaninu,
laboratuvarda Schrudt ¢ekici deneyi ve kiigiik
boyutlu kesme deneyleri gerceklestirilmis ve
elde edilen veriler kargilagtiriimustr.

Sonug  olarak daha Once  yapilan
calismalara paralel olarak keski kuvvetlerinin
mekanik parametrelerin artisi  ile  farkh
hassasiyetlerde olmak iizere arttigi sonucuna
ulagilmugtir. Bu bilgilere ek olarak daha kesin
genellemeler yapabilmek igin ¢ok daha fazla
numuneyle deneyler gergeklestirilmelidir,
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Kollu Tiinel Agma Makinelerinin Performans Tahmini I¢in
Ampirik ve Yapay Sinir Ag1 Modellerinin Karsilagtirilmas:

Comparison of the Empirical and Artificial Neural Network
Models to Estimate Performance of Roadheaders

D. Tumag, E. Avunduk
Istanbul Teknik Universitesi, Maden Mithendisligi Boliimi, 34469 Maslak-Istanbul

OZET Kollu tiinel agma makineleri (Roadheaders) madencilik ve insaat sektérlerinde tiinel ve
galern agmak igcin kullamulan makinelerdir biridir, Formasyonlann jeolojik ve geoteknmik
dzelliklernn bu makinelerin kullanmmm Gnemli dlgiide simirlanmaktir. Bu makinelerin segim
kriterleri timel kazsinm verimhilifi i¢in ¢ok Snemlidir. Omegin; secilen makine gecilecek
formasyon igin uygun degilse, giinltik ilerleme huzlan aniden diiger ve boylelikle biitiin tiinelcilik
[aaliyetlenn olumsuz olarak etkilenir. Bu olumsuz faktorler birgok aragtirmacryr makine segimi
ve hizh kazi sistemlerinde performansin Onceden tahmin edilebilmesi igin bilimsel ¢alismalar
uygulamaya sevk etmistir. Arastirmacilar aynea kollu tiinel agma makinelerinin performans
tahminine yonelik model gelistirme ¢alismalanina da odaklanmigtir.

Bu ¢alisma kapsamunda, STFA firmasi tarafindan insas:1 yvapilan Kiigitksu atiksu tinelinde
kullanilan kollu tiinel agma makinesinin performans: incelenmistir. Bu atiksu tiineli [stanbul'un
Avrupa yakasmnda Kiigliksu'dan Hekimbasina kadar uzanmaktadwr. Caligmamin amacina
ulagabilmek igin ilk dnce; gegilen formasyonlann jeolojik ve geoteknik dzellikleri tayin edilmig
ve tiinel glizergal boyunca kollu tiinel agma makinesinin performans: kayit edilmigtir. Daha
sonra ise; kollu tiinel agma makmeler i¢in gelistinlois olan bazi ampirik performans tahmin
modelleri test edilmigtir. Bu amag i¢in basing dayanm (UCS) ve kaya kalite gdstergesi (RQD)
degerlert bu modellerde girdi verisi olarak kullamlmustir. Gegilen formasyon igin arazide
dleiilen ile ampirik modellerden tahmin edilen anhk kazi izt (ICR) degerleri kargilagtirilmgtir,
(Calismanmn sonunda, UCS, RQD ve arazi ICR degerlerini igeren bir veri seti olusturulmus ve
kollu tiinel agma makinelerimn anbk kazi hzlanmn tahmin igin yapay smur aglan (YSA)
kullanilmugtir, Elde edilen sonuglar daha énceden gelistirilmis olan ampirik modeller ile
irdelenmigtir. Bu gahgma; performans tahmini igin Y SA nin ampirik modellerden daha iyi sonug
verdigini gdstermistir,

ABSTRACT Roadheaders are one of the main cutting machines for rapid and efficient tunnel
and roadway drivages. On the other hand, the applications of these machines are limited to the
geology and geotechnical properties of rock formations. The selection criteria of roadheaders is
vital for tunnelling activities, For example, if the selected roadheader is not proper for the rock
formations, daily advance rates which affect the whole wmnnelling facilities decrease
dramatically. These facts lead many researchers to carry out scientific research programs in
order to increase the performance of the rapid excavations systems. During the last decades,
researchers have also focused on developing performance prediction models for roadheaders.
The performance of a roadheader used for excavation of Kucuksu sewerage tunnel
constructed by STFA was mvestigated. Kucuksu sewerage tunnel driven from Kucuksu to
Hekimbasi is located in Anatolian part of Istanbul, In order to achieve the main objective of this
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study, firstly, the geomechanical properties of intact rock and rock mass properties of the tunnel
zones are found out, then, the in-situ performance data of roadheader are recorded. Secondly,
the uniaxial compressive strength (UCS) and rock quality designation (RQD) are used as input
parameters in the previously developed empirical models in order to understand the efficiency
of these models. The relationships between measured and predicted instantaneous cutting rate
(ICR) are determined for different encountered geological formations. Finally, a data set
including UCS, ROQD, and measured ICR are established. Artificial Neural Network (ANN)
technique is used for predicting of the ICR of the roadheader. Three different empincal models
are compared to the ANN model. Mean squared errors and coefficients of determination of
these three methods are recorded and compared with thoge abtained with ANN_ It 15 concluded
that the artificial neural network designed in this study draws a better performance than the
empirical models. This paper demonstrated promising results in predicting the achieved
instantaneous net cutting rate (ICR) for the case study in question.

1 GIRIS Bu ¢alisma kollu tiinel agma makinelerinin

- . . . performans tahmini igin yapay sinir aglarmin
Bayt sehilrdekd hsh 1l i yor sl D L o vy S o
Biylelikle, izl kazi teknolojilerine olan talep :
ise gittikge artmaktadir. Kollu tinel agma 2 KOLLU TUNEL ACMA
makineleri ilk yatiim maliyeti avantajlarindan  MAKINELERININ PERFORMANS
otiirdl yumugak ve orta sert formasyonlarn TAHMINI ICIN GELISTIRILMIS BAZI
kazisindaki kullammlan gittikge artmaktader MODELLER
(Copur et al. 1598). , . . Kollu tiinel agma makinelerinin performans

Kollu tlinel agma makinelerinin basarih b tahmininde genel olarak iki ana ydntem
$-Gkﬂdf3 kullammm formasyona uygun makine  pulunmaktadic.  Birinci yontem; laboratuar
segimi, keski tiketimi ve tretim iz tahmini 00000 performans tahmini icin kiigiik
ile dogru orantihdw. Bu makinelerin - you, biiyiikc dlgekli kazi deneyleridir. ikinci
performansi “anlik kazi hizi (ICR)” tahmini  y5hc0m fse; arazide toplanan formasyon ve
olarak adlandinlir ve m'h birimi ile ifade ;1500 performans  verileri  kullanilarak
edilmektedir. ICR; ~kaya parametreleri,  gejigiiriimig olan ampirik modellerdir,
makine dzellikler ve isletme parametrelen ile Literatiirde en cok kabul géren performans
d,ﬂémdﬁﬂ iliskﬂidir (Rostami |‘?94}~ Kollu  tahmin yintemlerinden biri Rostami  vd.
linel agma makineleri igin literatlirde bugiine (1994) tarafindan gelistirilmistir. Bu modelde
kadar bir gok ampirik performans tahmin b hacimdeki kayact kesmek icin harcanan
maodeli gellgt:n!;ms_tlr fakat bu modeller spesifik enerji (SE) miktar, kollu timel agma
gergek arazi verileriyle ya zayif ya da o2 makinesinin kesici kafa giiciinil (P) ve enerji
dereceh 'hﬁ,klllar Eennektedir. ... transfer katsayisim (k) lullamimaktadir

Yapay sinir aglannin (YSA) madencilik (Esitlik 1)
ve tineleilik  sektérlerindeki  prohlemlerin |

goziimid igin  kullammu  gin  gegtikge P
artmaktadir. Singh vd. (2001), Khandelwal [CR=kx (1)
vd.(2004), Bilgin vd. (2006), Kahraman vd. SE,,

(2006), Yilmaz ve Yuksek (2008), Tiryaki

(2009), Dehghan vd.(2010), Manouchehrian burada; ICR: anlik kaz hizi (m*/h), P: kesici

vd. (2010), Ceryan vd. (2012), Ocak ve Seker kafa gicii (kW), SE: spesifik enerji

(2012), Enayatollahi vd. (2013) yapay sinir (kWh/m®), k: enerji transfer katsayisi (0,45).

aglanm  bu  ama¢  igin  kullanan Copur vd. (2001) tam boyutlu dogrusal kazi

arastirmacilardan sadece bir kacidir, deneylerinde optimum kosullarda elde edilen
spesifik enerji degerlerinin kayaglarm basing

92
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ve c¢ekme dayamm  dederlerleri  ile
iligkilerinin oldugu vurgulanuglardr. Aynica,
bu deney diizene@inin performans tahmini igin
en giivenilir yontem oldugunu belirtmiglerdir.

Ampirik  performans tahmin - modelleri
ozellikle gegmis tecriibelere ve araziden vern
toplama ile vyamlan istatistiksel calismalar
dayanmaktachr. Modellerin glivenilirhim ven
toplama kalitesine, veri gesitliligine ve veri
coklugina dayanmaktadir. Bilgin wd. (1988,
1990, 1996, 1997, 2004) kollu tinel agma
makineleri i¢in en yayin olarak kullamilan

ampirik  performans  tahmin  modelini
gelistirmislerdir (Esitlik 2-3),

ICR=028x Px(0.974)"¢ (2)
RMCI=UCS=(ROD/100)** (3)
burada; ICR: anlik kazi iz (m*/h), P: kesici
kafa giici (HP), RMCIL: kaya kitle
kesilebilirlik  indeksi, UCS: kayacin tek

eksenli basing dayammm (MPa), RQD: kava
kiitle indeksi (%). Gehring (1989) kollu tiinel
agma makinelerinin performans tahmini igin
kayaclarin tek eksenli basing dayamnu
degerleri ile arazi performans verilerini
istatistiksel olarak analiz etmistir, Aksiyel tip
makineler igin Esithk (4)', transvers tip
makineler igin ise Esitlik (5)"1 dnermistir.

719
ICR = eeom (4)
ICR=— 22 (5)

burada; ICR: anhk kaz hzi (m’/h), UCS:
kayacm tek eksenli basing dayammm (MPa).
Copur wvd. (1997, 1998) cesitlh jeolojik
formasyonlarda calisan farkh kollu tiinel
agma makinelerinin performanslarim
incelemiglerdir. Bu makinelerin performans
tahmini i¢in kayaglann basing dayaniminin
vani sira makine agirhiklannm ve kesici kafa
giiglerinin de 6n planda tutulmas: gerektigi
SONUCUNa varmmslardur, Incelemelerin
sonucunda transvers tip kollu timel agma
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makinelerinin performans tahmini igin Esitlik
(6) ve (7) y1 Onermuslerdir.
JICR=27511""
RPI =PxW /UCS

(6)
(7)

burada; ICR: anlik kazi hizi (m*/h), RPI: kollu
timel acma makines: ilerleme indeksi, P:
kesici kafa giicii (kW), W: makine agirhd
(ton), UCS: Kkayacin tek eksenli basing
dayanmmu (MPa). Thuro ve Plinninger (1999)
kollu tinel agma makinelerinin anhk 1lerleme
hzlan ile kayaglann basing davammlarim
karsilastirarak Esitlik (8)1 onermislerdir.

ICR =175.7—14.3xIn(UCS) (8)

burada; ICR anhk kaz him (m'/h), UCS:
kayacin tek eksenli basing dayaninu (MPa).
Balei vd. (2004) performans tahmini igin
gelistirdikleri modelde kayacin tek ecksenli
basing dayanimi ve makinenin kesiei kafa
giiciniin yam siwra, enerjl transter katsayisim
da goz Oninde twtmuslardir. Transvers tip
kollu tiinel agma makineleri igin Esitlik (9)'u
axial tip makineler icim ise Esitlik (10)'u
onermislerdir,

ICR = k% £ - (9)
0.37xUCS™
F
IR = e 8

burada; ICR; anlik kazi iz (m’/h), P; kesici
kafa giicii (kW), UCS: kayacmn tek eksenli
basing dayvanimi (MPa), k: enerji transfer
katsayisi.

3 YAPAY SINIR AGLARI

Yapay sinir aglan sistem tamimada ve lineer

olmayan sistemlerin modellenmesinde
kullamlmak iizere biyolojik néronlardan
esinlenerck gelistirilmis karmagik

matematiksel modellerdir. Bir yapay sinir af
genellikle girig katmam, ara katman ya da
katmanlar ve ¢ikis katmamindan olusur. Her
katman c¢ok sayida néron igerir ve ndron
says1 kullanier tarafindan problemin dlgegine
gore belirlenir. Biyolojik sinir  sistemine
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benzer olarak tim néronlar birbirlerine
baghdir (Ostem, 2006).

Bir yapay sinir agi sistemle ilgili herhangi
bir fiziksel bilgi icermez, ancak sistemin giris
ve gikis verilerine gdre egitilerek bu wveriler
arasinda bir iliski kurabilir. Bu amagla yapay
sinir ag1 ornek bir veri kiimesi kullamlarak
eftilmehdir. Basarnth bir yapay smir afh
egitme, dogrulama ve test olmak fizere ig
agama sonucunda elde edilir Bu nedenle
fmek verni kimesi rastgele ¢ alt kiimeye
aynghnlir.  Genellikle bunlardan  birinin
(e@itim igin kullamlacak olamn) eleman sayvisi
digerlerinden daha faziadir. Diger iki kiime
ise dogrulama ve test igin kullambr, Sekil
I'de bir niron detayh olarak wvenlmugtir
(Graupe 1997; Ostem 2006).

—

3] —"l'l:.lln' L\\

K2

i
y ——l “_4;,

Sekil 1. Bir ndron akigiun detayh gonintimi

Oncelikle yapay sinir afi egitmek igin
efitim verisi kullanubir. Her girigin agirhk
katsayist igin rastgele sawilar atanir. Daha
sonra siireg ilk giris verleri ve gikis verisi igin
baglar. Her girig kendizine karsihk gelen
agirlik katsavistyla garpibr ve bunlar Esitlik
11" deki gibi toplamr,

i{;.'Il',:l‘_-Il'IL'|+.-l.‘I'WI+.I.|'I-'|-'-. - ..-—;*-w,{l”

Agurlikcl loplam bar aktrvasyon
fonksiyonuna uygulanir. Pek cok durumda
aktivasyon fonksivomu olarak Esitlik 12'de
verilen sigmoid fonksivonu kullamlir,

]

l+&™

flx)= (12)

Aktivasyon fonksiyonunun ¢ikisi ashinda
nironun da ¢ikisidir. Cikigin gercek degeri ile
tahmin defen arasindaki hata hesaplanarak
bir Ggrenme algoritmasi yardum ile geri
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yayilir. Bovle yapay sinir aglanna ileri yonli
(ger yayilmali) vapay sinir afn denir. Agirhik
katsayilan belirlenen Ggrenme algoritmasina
giire giincellenir. Ofrenme algoritmas: gergek
¢ikis degeri ile tahmin edilen gikig degeri
arasindaki hatayr minimize etmeye galigir.
Ogrenme algoritmasi olarak azalan gradyan
yomtemleri yaygm olarak kullamhr. Bu
yontemler arasinda gofunlukla Levenberg-
Marquardt algoritmasi hizh  ve  giivenihir
olmasi nedeniyle kullanihr. Hata icin de dzel
bir dlgiit belirlenebilir ancak yapay sinir
agmin egitilmesinde sikhkla toplam karesel
hata  kullamlw,  Apwhk  katsayilarinin
giincellenmesinden sonra sireg bir sonraki
girig-cikis veri grubu igin tekrarlanir. Tiim
veri kiimesinin bir dfrenme cevrimine devir
(epoch) adh verilir,

Pek gok uygulamada yapay sinir ag bir
veya daha fazla ara katman ve her katmanda
birden fazla néron igcerir. Bu durumda geri
yaytlma algoritmasi biitin mimariye niifuz
ederek biitlin katmanlardaki biitin néronlar
arasindaki  afirhk  katsayilanm  giinceller.
Omek bir yapay sinir ag  Sekil 2'de
verilmistir,

sekil 2. Ornek bir yapay sinir af

Ikinei onemli adim; vapay sinir agim
genellestirmek tizere uvgulanan dogrulama
adimdir. Yapay sinir agina egitim verisinden
farkh bir veri uygulamr. Egitim verisinin
biivilk olgekli olmas1 veya devir sayisinin
yilksek olmas: ezberlemeye vol acabilir.
Yapay sinir agmu  genellestirebilmek igin
dogrulama adim mutlaka uygulanmahdir.
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Uglincii adim; yapay sinir agma egitim ve
dogrulama verilerinden farkh bir verinin
uygulandig test adimdir. Bu adim dogrulama
adima ile bir farkhhk disinda benzerlik
gosterir. Dogrulama admu egitim adwmm
durdurma olgiitlerinden bindir. Diger yvandan
test adimu egitilmis ve dogrulanmus bir yapay
simir agmn  performansim  dlgmek  {izere
uygulamr,

Son olarak gunu da belirtmek gerelar ka,
ggitim siireci  bir  dlgiite bagh  olarak
durdurulmalidir. Bu Glgiit, devir sayisi, hata,
hata gradyam veya dogrulama sayis1 olabilir,
Bu degiskenler de ara katman sayisi veya her
katmandaki noron sayisi gibi  kullamc
tarafindan belirlenen degerlerdir ve en iyi
degigkenleri belirlemek cofunlukla deneme-
yanlma yontemine dayahidir,

4 PROJENIN TANITILMASI

Istanbul'un  Asya  yakasmdaki  anksu
tiinellerinin bir pargas: olan ve Kiigiiksu'dan
Hekimbasina uzanan 1073 m uzunlugundaki
tiinel bu ¢alisma kapsaminda incelenmistir.
Bu projede 90 kW kesici kafa giiciine ve 224
kW kurulu giice sahip axial tip Herrenknecht
matrka kollu tinel agma  makines:
kullamlmgtir. Tiinel hath boyunca gegilen
formasyonlar wve deellikleri su  sekilde
dzetlenebilir:  timel uzunlugunun  %72°si
basing dayanirm 982 ile 174,6 MPa ve RQD
degeri 30 ile 90 %  arasinda dedisen
kiregtagindan; %16°s1 basing dayammu 77 ile
163,8 MPa ve RQD degeri 80 ile 90 %
arasinda degisen andezit ve diyabaz
dayklarindan; %12’si ise basm¢ dayanum
55,7 ile 92,4 MPa ve RQD degen 80 ile 90 %
arasinda degisen silttagt ve kumtasindan
olusmaktadir. Bolge jeolojisinin ve tiinel
gizergahmmn detayl tanumma Tumac {2006)
ve Tumac vd. (2007)"den bakilabilir.

Arazide kayit altima aliman kollu tiinel agma
makinesinin performans verileri Cizelge 1'de
ozetlenmuistir,
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Cizelge 1. Orijinal veri kiimesi i¢in temel
l.am:rﬁaynm istatistik

ROD p ucs ICR
(%) (kW)  (MPa) (m'/h)
Minimum 30,00 55,70 2,68
Maksimum 90,00 174,60 7,16
Ortalama 79,58 102,75 4,60
Medyan 90,00 90 96,95 4,36
Standard
sapma 18,23 3298 1,32
Varyans 318,58 1042.47 1,67

Toplam veri savas 24: ROD: keva kalite gosterzesi: P kesicd
kafn ghiclh; UHCS: kavacin basing dayamum; ICR: anbik kar
bz,

5 MODEL ANALIZI VE TARTISMA

Bu galismada ilk énce, daha dnceden kollu
tiimel agcma makinelerinin anhk kaz iz
tahimini igin gelistiritbmig olan bazi ampirik
modellerden elde edilen kaz lhizlan ile
Kiiglksu tiinellerinden elde edilen gercek kaz
hzlar karsilastimimustir.  Gehring  (1989)
tarafindan gelistirilen ampirik model (Egt. 4)
kazi lnzi tahmim igin kullamlmug ve araziden
elde edilen kam hiz ile 0,25 korelasyon
katsayihk bir yakinsakhk elde edilmigtir.
Gergeklesen ve tahmin edilen anlik kazi

hizlaninm  karsilastrmas:  Sekil  3'de
goriilmektedir.
o
i yu | 0% =1 TES
. Brafid +4
£ HE
v
E oo
; -.':I-1
T 1
'
% 64
g | -y
E 41
B
=2 31
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1] - | Ll fi B ig i3 [F] 1] 1E |-
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Sekil 3. Gergek ve tahmin edilen (Gehring,
1989) anhk kazi liz1 karsilagtirmasi
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Thuro wve Plinninger (1999) tarafindan
geligtirilen ampirik model (Est. 8) kaz hizi
tahmini icin kullamldiginda gergek kazi hizi
ile 0,18 korelasyon katsayilik bir yakmsakhk
elde edilmistir. Gergeklesen ve tahmin edilen
anhk kaz hizlannn karsilastrmas: Sekil 4'te
goriilmektedir.

y=14Fm-1220
=0l ..

t

Ammpkcmodeldea tahmmn cdden TCE ')

L] i 1] i 14 14 Ik ki |

Arazide gazlemlen=n 1CE {m¥h)

Sekil 4. Gergek ve tahmin edilen (Thuro ve
Plinninger, 1999) anhk kam |z
karsilastirmas:

Ugiincii ve son karglastirma ise Balei wvd,
(2004) tarafindan gelistirilen ampirik model
(Est. 10) kullamlarak yapilmugtir,  Bu
modelden elde edilen anhk kizi hizlan ile
arazide gergeklesen anhk kaz hzlan arasmda
0,22 korelasyon katsayisma sahip bir iliski
bulunmustur. Gergeklesen ve tahmin edilen
anlik kaz1 hizlannin kargilastirmasi Sekal 5°de
gorillmektedir.

Sekil 3-5"ten de anlagilacag tizere ampirik
modellerden yapilan tahminler gergeklesen
kaz1 performanslarnindan daha ylksck degerler
vermektedir ve korelasyon katsayilan ise
oldukca diisiiktir,

Bu g¢algmanmn ikinci agsamasinda, yapay
sinir aglan kullamlarak kollu tinel agma
makinelerin  anhk kaz hizlan  tahmin
edilmistir. Program girdilen ve c¢iktilan
arasindaki iligkilerin  kurulabilmesi igin
MATLAB da “Neural Network Fitting Tool”
kullamlmistir, Kollu tinel agma makinesinin
kesici kafa giicii sabit oldugundan G&tiiri,
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program girdisi olarak kayaglarin basing
dayammu ve kava kalite indeks degerlen
kullamImgtir. Program giktisi olarak ise anlik
kaz1 hiz1 (ICR) kullamlmugtir. Yapay sinir af
bir ara katmandan olusmaktadir. Yapay sinir
ag, gizli olan katmanda ¢ok sayida néron

kullanilarak  test edilmistir. Her bir
simillasyonda, verilerm 181 efitim, 4°i
dogrulama ve 2°'si ise test amagh

kullanilmugtir, Yapay sindr aglarmin egitim
icin Levenberg-Marquardt peri  besleme
algoritmas) kullamimistir, Her bir simiilasyon
icin kullamlan egitim, dogrulama wve test
verilerin  karesel hatalan  hesaplanmusgtr,
Cizelge 2'de toplam karesel hatalar ile her bir
egitim i¢in dogruluk katsayilan performans
indeksi olarak verilmistir,

T

yu Quiif = 331
Rr=p2l

o 8

Aurpink trvoddiden talmun edilon 10H {m 0

9 Aliaa
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] ] o i
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& 54

Sekil 5. Gercek ve tahmin edilen (Balei vd.,
2004) anhk kazi luzi karsilagtirmas

Cizelge 2'den  gorildigu  Gzere; gizh
katmanda artan ndron savisi ile yapay sinir
agin performansimu artrmaldadir. Sekil 6'da
vapay sinir af kullanilarak elde edilen anlik
kazi iz tahminlen ile kollu tinel agma

makinesinin gercek anhk kazi hizlan
verilmistir. Bu iki karsilastirma arasinda
(,99°Tuk bir korelasyon katsawvisy
bulunmustur.

Bu calyma, vapay sinr aglanmin kollu
tinel agma  makinelerin  performans

tahmininde yilksek dogruluk katsawilan ile
kullamlabilecegini gostermektedir.
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Cizelge 2. Performans indeksi

HL MSE MSE MEE MBE  Korelasyon
ndren  efiim  dogrulEm  test toplam
a

1 0308 (608 0034 0343 0598
2 0,137 (464 D161 0,194 0943
2 0,148 0,078 0080 0,131 0,950
4 0076 0,117 0470 0,015 0,959
5 0,056 0,167 0115 0080 097
& 0051 (006 D040 (0SS 0083
7 0,042 0,086 0,122 0056 0984
R D017 0,138 0,155 0,048 0987
9 0020 0,043 0098 0031 0,992
11 [LETH (40 b0a7 0024 04993

HL: gizli kamman: MSE: ortalama karess] hata
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Sckil 6. Gergek ve yapay sinir  ag

kullamlarak elde edilen anbk kazm him
kargilagtirmasi

6 SONUCLAR

Bu g¢ahsmanm amaci; kollu tinel agma
makinelerinin performans tahmininde yapay
simir aglanmin etkin @ olarak  nasil
kullamlabileceginmi gostermektir. Elde edilen
sonuglar su sekilde dzetlenebilir:

s Kollu tiinel agma makinelerinin anhk kazi
hiz1 tahmini igin yapay sinir afn kullanilnugtir,
Yapay sinir agmn tasarmminda RQD ve UCS
degerlert model girdileri olarak tamitilmugtir,
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Veriler egitim, dogrulama ve test olmak iizere
ug farkh gruba ayrilomstir.

e (iizli katmanda | nérondan 10 norona
kadar egitim yapumlmgtur. 1 gizli katmann
kullanilmasimin  performans tahmini igin
veterli oldugu belirlenmistir. Noron sayisiin
ise 10" a kadar yiikseltildiginde korelasyonun
arttfn ve bu niron saymm vyeterhi oldugu
kanaatine vanlnustir.

e Ll¢ farkl ampirik model kullanilarak kollu
tiimel agma makinesinin net kaz hizi tahmini
yvapimigtir. Ampirik modellerin performans
tahmini igin givenilir sonuglar vermedigi
gozlemlenmigtir, Yapay sinir agi kullamlarak
vapilan performans tahminin ise arazideki

makine  performansma  %99'luk  bir
korelasyonla vaklaghg gosterilmisgtir,
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The project TEO “Tunnel Emisor Oriente” in Mexico City

E. Dal Negro, A. Altuna, S. Acarkan

MAPE! Underground Technology Team International, Milan, ftaly

ABSTRACT The paper gives firstly a general presentation about the project TEQ, currently
under excavation in Mexico City. Secondly, the tunnel Section included between the Shafts 5
and 6 15 approached more in details. In particular, the TBM excavating such a section mcludes
the extraction of the muck with the use of a solid matter pump. The pump works properly and
with acceptable pressures only when high amounts of water are added to the muck. In order to
avoid so high consumptions of water (that lead to several problems from economic and social
points of view), a solution was found with the injection of a high-lubricating polymer, diluted

in water at very low concentration before its use.

1 INTRODUCTION

The project TEO (Tunnel Emisor Oriente) 1s
currently one of the greatest projects
worldwide, The TEO is under construction in
Mexico City and deals with the construction
of a new underground hydraulic channel
(7.00 meter diameter with sheathing) , which
will be used to collect the wastewaters in the
Mexican megalopolis and to bring them to a
treatment plant located out of the town.

Once completed, this tunnel will play an
important role in order to solve some of the
worst problems of Mexico City: manage of
wastewaters, risks of flooding (that
periodically hit the town) and soil
subsidence. The safety and quality of life of
people living in Mexico City and its suburbs
(more than 20 millions) will therefore be
significantly improved.

CONAGUA (Comision Nacional del
Agua, the Mexican Commission responsible
for the water management) assigned the
construction of the project TEO to the Joint
Venture COMISSA, consisiing of the
Mexican contractors: ICA, Carso, Coirisa,
Lombardo and Estrella.
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The whole project is divided in several
conlracts:

- Section 1; originally it was between the
Shaft 0, located in the north-east of Mexico
City, and the Shaft 5, for a total of approx.
10 km. An inundation hit the working shaft
and damaged the TBM seriously, thus
stopping it for a rather long period. For this
reason, another TBM was launched from the
Shaft 5 in order to accelerate the completion
of this first Section. It is currently excavating
towards the Shaft named 3A.

- Section 2: from the Shaft 5 to the Shaft
10, for a total of 11.5 km.

- Section 3: from the Shaft 10 to the Shaft
13

- Section 4: from the Shaft 17 to the Shaft
13.

- Section 5: from the Shaft 20 to the Shaft
17.

- Section 6: from the Exit Portal to the
Shaft 20.

The Joint Venture COMISSA is
excavating the 62km long tunnel with a total
of 6 TBM, 3 manufactured by the German
Herrenknecht and 3 by American Robbins.
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The geology found by the 6 TBM during
the 62 km of tunnel is very heterogeneous, as
casily predictable for such a long tunnel. For
this reason, the TBM have a flexible
configuration of the cutter head that allows
to change the excavation tools according to
the geological variations of the ground.

The soil conditions include: mainly clay
and silts (especially in the first sections),
limestone and sandstones, intercalated with
basaltic rocks.

Underground water is normally not a
significant problem relating to the control of
EPB pressures. Up to now, only in the
Section 6 very high pressures of water were
found due to the high overburdens, up to 6.5-
7.0 bars, thus representing an important
problem for the TBM advance and the tunnel
waterproofing. A TBM could advance
extremely slowly for several weeks because
of such water pressures, Finally the injection
of a super-absorbing polymer was able to
solve the problem and to allow the control of
the EPB pressures and the extraction of
muck through the screw conveyor.

2 SECTION 1, SHAFT 5- SHAFT 6

The Shaft 5 is located in the suburbs of
Mexico City and from this position two
TBM were assembled and driven by the
Mexican Contractor ICA:

- A Hemenknecht EPB, excavating from
the Shaft 5 to the Shaft 6

- A Robbins EPB, excavating from the
Shaft 5 to the Shaft 3A

In particular, the | 4km-long section
between Shatts 5 and 6 will be considered in
the following part of the paper.

Several soil cores were extracted before
the TRM launch. Their analysis allowed tn
draw the geological profile below, that can
be summarized as following;

- The first part of the tunnel 15 mainly
includes a high percentage of fine material,
in particular clay with intercalation of silt
and fine sand

- In the second part the geology switches
to a higher percentage of fine and medium-

coarse sand.

2.1 Ground Conditioning

As already known, the conditioning of the
soil to be excavated with EPB represents one
of the most imporiant aspects in order o
achieve successful TBM productions.

Therefore the proper choice of the
produets (foaming agents and/or polymers)
and their parameters has to be carefully
analyzed by the Contractor.

The impoitant steps o be considercd o
getting good results regarding the soil
conditioning are:

- Prior to the TBM launch:
- to accumulate mmformation about the
tunnel  geology:  geological  profile,

geotechnical characterization, other tunnels
excavated nearby, etc.

- to collect a representative sample of
soil and to carry out tests in the laboratory.

- During the TBM advance:

- to optimize the whole ground
conditioning system according to the local
situation: TBM size, disinbution of the
injection lines, variations of the geological
conditions, elc.

Regarding the tunnel section between
Shafts 5 and 6, before the TBM launch some
samples of soil were collected from the TEO
project and sent to the MAPEI Laboratory
located at the Technical University of Turin.
Such a laboratory is fully dedicated to tests
for ground conditioning.

The samples showed quite high
charactenistics of stickiness that can
represent a problem during the TBM

advance. For this reason it is necessary to
add a rather high amount of liquid foam.

The tests proved that a foaming agent in
combination with a lubricating polymer
(POLYFOAMER FP/CC) gives better results
than the use of a foaming agent combined
with a dispersing agent (sometimes defined
as “anti=clay” agent). This because the
lubricating polymer is able to “encapsulate™
the clay particles and stop their water
absomption. This effect 15 much more
immediate than the dispersing effect given
by the other type of polymer (Fig. 1).
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Figure 1. Same sample of soil before and
after the addition of foam

The use of such a foaming agent in the TBM
confirmed its compatibility with the types of
soil excavated.

The average parameters for ground
conditioning were as follows in table 1.

Table 1. Average parameters for ground
conditioning

FER FIR
2=3 40=50%

Concentration
1.5 =2.0%

Parameter /
Average Value

The aspects considered by the Contractor to
check the suitability of ground conditioning
WETE:

1. Acceptable value of the cutter head
torque (generally less than 70% of the alarm
value depending on the cutter head rotation
speed)

2. Acceptable
conveyor torque

3. Advance speed (the average values has
been between 30 and 35 mm/min)

4. Absence of big lumps of clay or other
materials dry and not conditioned

value of the screw

2.2 The Solid Matter Pump

The TBM are configured with a particular
design that allows the extraction of the
excavated soil in two ways:

- With a belt conveyor discharging in a
train wagon

- With a solid matter pump

The two systems are exchangeable, thus
making the TBM more flexible depending on
the punctual geological conditions, but the
pump is the system generally used by the
Contractor to extract the soil from the tunnel.

The ground conditioning parameters found
with the laboratory tests had to be controlled
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and optimized during the TBM advance. In
particular, the exwaction of muck made with
the solid matter pump influenced
significantly the ground conditioning system
and represents a factor which could notl be
simulated with the traditional laboratory tests
(Fig. 2).

il S
Figure 2. Schwing pumps TAP-140 used in
the Herrenknecht TEM

The solid matter pump is placed immediately
after the screw conveyor and is especially
designed for pumping cohesive soil with a
high water content, It is therefore needed to
add a significant amount of liquid in the soil
in order to facilitate its pumping operations
until the tunnel exit. In several rings, the
amount of water added was almost 100% of
the volume of soi1l excavated.

This important addition of pure water
leads to two problems:

- The excavated soil stocked at site has to
be transported away by trucks. The number
of trucks needed increase significantly if so
many liters of water are injected per advance,
thus making the total costs for the Contractor
higher.

= In the area of Mexico City, water is a
precious resource and cannot be constantly
used in so huge amounts for tunnel
constructions.

For these reasons, it was necessary to find
another way how to facilitate the soil
pumping.

The solution found is to combine the use
of a foaming agent with the injection of the
lubricating polymer MAPEDRILL M1, This
polymer is diluted in water at very low
concentration before use and then injected
into the excavation chamber and at the end of
the screw conveyor through a dedicated line.

Its use allows to lubricate the clay
superficially: clay and silt are therefore
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facilitated to “slide” onto the metallic pipes
between the pump and the tunnel exit. In this
way, the pumping pressures are reduced and
at the same time it can be decreased the total
amount of water added for pumping the soil.

The polymer MAPEDRILL M1 was used
with continuity in approx. 450 rings during
the drilling in clay. The average amount of
polymer injected per ring was around 10 kg,
The injection of fluid decreased f-:;gmﬁ::antly
down to 5000 = 10000 liters per ring, that
means in average half than before without
the addition of the lubricating polymer.

The amount of polymer and fluid used per
ring was varying according to:

- The geological variations

- The pumping distance

The soil was pumped from the TBM to the
Shaft 5 for the first 450 rings that means 675
m. After this progressive, an exit for the
pumping lines was created from the tunnel
crown to the surface.

3 CONCLUSIONS

The TEO represents one of the most
challenging underground projects in  the
world, with its more than 60 km length and
the extremely varving geological conditions.

In particular, the section between the
Shafts 5 and 6 was excavated with an EPB
shield and used an innovative way to extract
the soil out of the tunnel that means with a
solid matter pump.

In order to allow the pumping of different
types of soil for long distances (up to 675 m)
and without achiwing too high and
dangerous pumping pressures, firstly huge
amounts of water were injected per advance.
This was creating problems in the muck
remaval from the jnb=site (several trucks had
to be used, with consequent increases of
costs and logistic problems) and in water
supplying to the job-site.

A solution was found by creating a
lubricating solution injected into the
excavation chamber and the screw conveyor.
Such a solution was generated by adding a
polymer fo the pure water, able to lubricate
the clay particles superficially and to help
their flow inside the pumping line. This

solution helped solve the two main problems
that arise from the use of the solid matter
pump that means to decrease sigmificantly
the amount of water needed per advance and
to avoid too high pumping pressure.

The solid matter pump certainly represents
a solution alternative to the more classic belt
conveyor, useful for example where the lack
of space in the TBM starting station or shaft
avoids the installation of a belt conveyor. In
such a case, the pump is able to ensure
higher production than the use of muck
removal cars and trains, because it 15 a faster
and more constant Bystem.

The use of a pump represents an important
factor which has to be considered while
cvaluating the most suitable products and
parameters for ground conditioning. Specific
site tests need to be carried out in order to
find the optimal solution,

As the TEO project in Mexico City
proves, the choice of the right product helps
significantly solve some of the problems
which can be related to the use of such a
technology for the muck remowval.
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Bir Atiksu Tiinelinde TBM Kaynakl: Yeryiizii Titresimlerinin
Olciimii ve Analizi

Measurement and Analysis of Surface Vibrations Induced by
IT'BM on A Wastewater Tunnel
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OZET Diinyada genel niifus artisina paralel olarak sehirlesme hizla artmakta, bunun sonucunda
da kentlerde ulagim problemlen ortava ¢ikmektadir, Yeralu vapilarin artmasiyla ulagimin
hizlanaca@ asikardir. Biyiik nifuslu sehir merkezlennde veralt yapilanmn yapmu patlatmal
kazi yaminda mekanize kaz sistemlerini de teknik ve ekonomik yinden dnemli konuma
getirmistir. Minimum diizeyde olsa bile, patlatmali kazida oldugu gibi mekanize kazimin da
gevreye verecegi etki soz konusudur,

Bu ¢aligmada, tam cephe tinel agma makinesi ile yapilan bir tiinel kazisimn yerviiziinde
olugturdugu titresim etkileri incelenmistir. Patlatma kaynakl titresim &lgiimii igin de kullanilan
uygun bir titregim élelim cihaz kullaminug ve enine, boyuna ve diisey hilesenler olmak iizere ii¢
bilesenli kayitlar degerlendirilmistir. Yatay mesafeye bagh olarak yizeydeki maksimum
pargacik hizi ile kesici kafa torku arasindaki ihigki incelenmistir,

ABSTRACT Urbanization in the world have been increasing rapidly in parallel with the
ncreasing general population and as a result of this, transport problems in urban arise.
Transportation will accelerate with the increasing of underground structures. The construction
of underground structures in overpopulated cily center using mechanized excavation system
besides blasting excavation brought importance position technically and economically. Even
though a minimum level, there is the environmental impact of mechanized excavation like the
blasting excavation.

In this study, the impact on the earth of a wnnel excavation made with a full face wunnel
horing machine (TBM) was examined. A suitable vibration measurement device used for
measuring the vibration from blasting was used and the three-component recordings including
transverse, lengthwise, and vertical component were evaluated. The relation between maximum
particle velocity on the surface and cutter head torque depending on the horizontal distance was

examined.
1 TAM CEPHE TUNEL ACMA onem giin gegtikge artmaktadir. Yerlesim
MAKINESI (TBM) merkezlerinde agilan tiinellerin ag-kapa gibi

Madencilik ve insaat sektiriiniin teknolojik maliyetin az fakat gevresel etkinin fazla
gelisimiyle birlikte yer alt yapilarina verilen  oldugu yontemler kullamlarak degil de ilk
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vatirim maliveti yiiksek fakat cevresel etkinin
az oldugu yvontemlerle yapilmasimn gereklilig
aciktir. [lk yatnm maliyeti yitksek olmasma
ragmen tam cephe tiinel agma makineler
(TBM) tasman gibi istenmeyen vyeralt
hareketlermin  Onlenmesi, daha sessiz,
titresimsiz ve hizh ¢alismas) nedeniyle tercih
edilen kaz makineleri haline gelmistir. Sert,
orta sert, yarmusak ve akici formasyonlar icin
kullamlacak kafa dizaynlan ve keski tipleri,
makineyi dengeleme sistemleri, tahkimat
sistemleri, ¢ikarilan pasayl tasima sistemleri
cesitli yonlerden farkhihiklar gostermektedir,
Bu nedenle, agilacak yeralt boglugu boyunca
gecilecek formasyonlarin  tespit  edilmesi,
kullanilacak makinenin segiminde Gnemli bir
etmendir (Cmar ve Feridunoglu, 2002).

Timel agma makinelenn agilacak olan
zeminin Gzelliklerine (kayag Ozelliklerine
veya zeminin su igerigine), kazi performansi
gibi degisik parametrelere gore asagdaki gibi
sintflandirihir,

e Kollu Galeri Agma Makinelen
(Roadheader)

e Zirhh Kollu Galeri Agma Makineleri
(Roadheader Shield)

o Zirhsiz Kollu Galen Agma Makinelen
(Roadheader Open)

o Tam Cephe Timel A¢ma Makineleri
(Full Face)

e Tam Cephe Tek Zirhli (Full Face Single
Shield)

e Tam Cephe Cift Zuhh (Full Face
Double Shield)

s Siv1 lgerikle Calisan Tiinel Agma
Makineleri (Slury Shield)

* Yeryiizii Basmmcim Dengeleyerek Kazi
Yapan Tiinel A¢gma Makineleri (Earth
Pressur Balance EPB)

e Boru Itme Sistemiyle Cabsan Tinel
Agma Makinelert (Pipe Jacking)
(Muarat, 2004).

Tam cephe tiinel agma makineleri (TBM)
teknolojik gelismeler parelelinde her tiirld
zemin ve kaya sartlannda kazimin
vapilabilecegi duruma gelmigtic,. Tam cephe
timel agma makineleri aynawi keskileri ile
tamamen kavrayarak kaz vapar, Kesici kafa
aynaya dogru itilir ve bu itilme sirasinda
kafanin donmesi kaz olayum gergeklestirir,

Avnadan kazlan malzeme kesici kafa
uzerinde bulunan kanatgiklarla kesici kafa
arkasindaki boliime aktanlir. Burada bulunan
konveydr vasiasiyla ¢ikan pasamn naklivat
yapihr.  Aynamin  kesici kafa tarafindan
tamamen kapatilmas:i aynaya gecilmesini
engelledifi  igin  keskilerin  degistiriimesi
zordur. Bu gibi durumlarda tiinel acma
makinesinin parelelinde kesici kafanin oniine
dagru galeri acilarak keskiler kontral edebibr
(Cmar ve Feridunoglu, 2002).

2 TITRESIM OLUSUMU VE OLCUMU

Kayacin igmnde ilerleyen mekanize kaxz
makinelerinin ve patlatmah kazimn yarattf
sismik dalgalar; kaya ortaminda bir noktadan
bir noktaya ulasan enerji transferim temsil
etmektedir. Ilk basta ortama yeni giren enerji,
ortamdaki denge konumunu bozarak yer
degistirmeye neden olmaktadir. Eger, ortam
veni  gelen  enerjive  elastik  dzellik
gbstermezse, enerji soniimlemekte ve sadece
titresimi  azalmus dalgalar yansimaktadir,
Elastik ozellik gdsterdifinde ise bozulan
ortamin sonucu olarak komsu ortamlar denge
konumundan aynlarak vay-agirhk
mekanizmasina benzer bir sekilde salimum
meydana pgetirmektedir. Boylece bozulan
ortamin her element, salmmin dzelliklerim
diger elementlere de gegirerek ortamda dalga
hareketi olugturmaktadir (Kahriman, 2007).

Olgliimler Sekil 1'de gosterilen titresim
dlelim cihaziyla almmmstir, Titresim  dlgiim
cihazimin galisma prensibi, birbiring dik
verlegtirilmis 3 adet jeofonun x, v ve z
eksenlerindeki maksimum pargacik hizlarm
ve bunlann frekanslanm Glgmeye dayahdir.
Bu cihazda maksimum pargacik hizi (PPV)
icin - mm/sn, fiekans igin (Hz) birimleri
kullamlmaktadir (Kahriman, 2007).

Olgiim aletinin veri alma genligi 2 saniye
ve minmmum PPV simm 0.04 mm/sn olarak
ayarlanmgtir, THBM'in gectigi koordinatlarin
vizeydeki en yvakin koordinatlarda, TBM kazi
durumundayken titresim wverileri alinmaya
baslar. Veriler Blastware tabanli bilgisayar
paket programina aktarilir,
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Tablo 1. Pm{e Alanimin Stratigrafisi

(Giighiican vd, 2007)
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""'""‘":'5"““"‘:" L S | Pall, e i I sl st .
BEY T EY "I‘:'Jm'" dx ILT:#;:: aen sabelalan. ol sivipalyas
1 == 8 iy “‘L‘“” i |3;l:;*;éﬂw e e
Sekil 1. Titresim ﬂl:;um Cihaz1 (Tnstantel | emptzpvEn "::':‘II" il |‘r:h dprahe st e o
Minimate Plus) '
TBM'm galisdigi koordinatlara bagh olarak P '_F !. 1o
yiizeyde titresim @lgtim cihazi kurulmus ve & Ny O
TBM'in viizeyde olusturdugu tiresimler % SENERER
dlgilmistiir, Cihaz tarafindan enine, boyuna ' R iy -
ve diisey pargacik hizlan ile enine, boyuna ve . 3 | i
diisey frekans degerleri kayit altma alnmstir. ik . 0]
Pargactk hwzi degerlerinin  en  biiyiigii & j 1" }l! &
maksimum  pargactk  hiza  (PPV)  olarak S N L H ¥ h ,J
kullanilmustir (Ozer vd, 2011). ”‘*| -iad
3 PROJENIN TANITIMI i i-
iSKI Genel Midirligi tarafindan 13 Eylill Mk
2005 tanhinde ihalesi yapilan ve Kavack- = ST
Pasabahge Beykoz arasinda agilan atik su A |
titneli Kiigtiksu Cevre Koruma Projesinin bir &5 s
parcasidir.  Amag; Umranive, Uskudar, Paer |,
Beykoz , Cekmekoy ve Sarigazi Bolgelerine aseek |
ait atk sularn Kiigliksu ve Goksu derelerine A |
ve dolayisiyla Istanbul Bogazi'na karismasini i |
onlemek, kollektorlerle toplanan atik sulan Fod |
antma tesisinde gevreye zarar vermeyecek e ) &
diizeyde anittiktan sonra desarj etmektir, il |
ek |
3.1 Bolgenin Jeolojik Yapis1 —_—
istanbul Dogaz kuzeyinde Deykoz kiyilannda h-—‘——‘-l-a—qﬁ--l-l— 3
yer alan giizergahta Paleozoik yash Dolayoba 3 Y
ve Kartal Formasyonlan ve vadilerde R e
Aliivyon/dolgu olusumlan yer almaktadir, di Nk
Guzergah boyunca gozlenen stratigrafi ve T
litolojiler ~ basitlestirilerek ~ Tablo  1'de | 15
sunulmustur (Giigliican vd, 2007). Olgiimlerin !
alindifi bolge tinel hattimn jeolojik kesiti -

tizerinde (Sek. 2) gosterilmigtir.
Sekil 2. Tinelin jeolojik glizergihi ve
dlgtimlerin alindig bolge
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3.2 Kullamlan Tiinel A¢ma Makinesinin
(TBM) Teknik Ozellikleri

Zemin degisken oldufu igin, tiinel kazsmnda
istenildigi zaman EPB’de ¢alisabilecek TBM
tercth edilmistir, Tek kalkanh olarak dizayn
edilen makine, EPB metodunda da galismaya
uygun tasarlanmstir. Kesici kafada hem disk
keskiler hem de {izerlerinde kama tipi keskiler
olan symcilar bulunmaktadir. TBM in teknik
dzellikleri Tablo 2'de, TBM in bir gbriintli=ii
ise Sekil 3'de, gosterilmigtic (Giicliican vd,
2007).

Table 2: TBM'in Teknik Ozellikleri

(Giigliican vd, 2007)

Kesici Kafa

Eaz Capi 3175 mm

Tip CCS Disk Keski

Disk Keskilerin Capt 356 mm

Eeski Sayis1 23

Nominal Keski Yiikii__ 15 ton

Kazi Adirmi

Itme Silindiri Stroku 1670 mm

Kafa Itme Sistemi

Tip Hidrolik

Hiz 0-8.5 rpm

Toplam Giig 400 kW

Tork Devamhb 254 kENm 8.5 rpm
En Yiksek 527 kNm4.3 rpin

Banl Konveyar

Bant Genislig 610 mm

Toplam Bant Uzunlugu 35 m

Kalite Suufi Birinci Smnuf

Bant Hizi 2 mvs

Beklenen llerleme

Samilik Merleme 2.1-2.9 m'h

Sekil 3. Beykoz-Kavacik Pagabahge
Tiinelinde (alisan TBM (Giicliican vd, 2007)

4 DEGERLENDIRMELER

TBM vern kartina (data card) birer dk. ara ile
kesici kafa doniis hiz1, konveydr doniis hizi,

kesici kafa basinglan, itme basinglan,
yonlendirme piston basinglar, motorlarin
kullandin  elektrik, sensorler  vasitasivla

kaydedilir. Kaydedilen bu venlerdeka kesici
kafamn basing degerlerinden faydalamilarak
Giiglican wd (2007) tarafindan &nerilen
Esitlik-1 ile kesici kafanin kayit amndaki
torklan hesaplanmsgtir.

T=[P*63. 7TNm/Bar*4motor*133t/1 5t]/1 ﬂﬂg )

T ; Kesici kala torku (kNm)

P : Kesici kafa basinci (bar)

63.7 Nm/Bar : Her bir motor i¢in teorik tork
cikig verisi

133¢/15t : Dislilerden kesici kafayva aktarim
arant

Kazi sonrasi ¢ikan pasadan alman killi
kiregtasi  numunelerinde ISRM  (1985)
standardindaki  sekilsiz  numuneler igin
degerlendirme kullamilarak nokta vik denevi
vapimugtir. Kazilan formasyonun kayaglarn
nokta yitkk dayammma gore (Bieniawski,
1975) orta direncli oldugu belirlenmistir.

TBM kazisi sirasinda 785 adet titresim
olcim verisi alnnus, alman pargacik hizi
degerler1 TBM'in hafiza kartindaki (Data
Card) veriler 1 dakika arayla anbk olarak
alindi igin o dakikaya denk gelen yaklasik
zaman olarak oOrtigtirilmis ve maksimum
par¢acik huzi ile kesici kafa torku arasindaki
iligki incelenmstir.

Tiim wverilerle yapilan incelemelerde;
maksimum pargacik iz ile kesici kafa torku
arasinda anlamh sonuglar elde edilememistir,
Bu nedenle, TBM ¢alisma noktasindan behrh
uzakhklar baz alinarak yatay mesafeye bagh
olarak degerlendirmeler yapilnmgtir.  Yatay
mesatelere bagh olarak maksimum pargacik
iz, kesici kafa torku arasindaki iliskiler
Sekil 4-8 arasmda gdsterilmistir (Mungan ve
Sakcali, 2010).
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5 SONUCLAR

TBM ile dl¢iim cihaz arasindaki mesafenin
yiiksek oldugu yerlerde élgiim alinamamis, bu
mesafenin 15 m'nin altina distigi noktalarda
oleiimler alinmugtr.  Yani; yiiksek diisey
uzakhkh mesafelerde TBM'in  yeryiiziine
etkisi yok denecek kadar azdir.

TBM in yeryiiziine olan titresiminin etkisi
incelenmistir.  Tim  dlelimler  birlikte
kullanilarak vyamlan analizlerde bir iligki
bulunamamus ve bu dlgimler yatay mesafelere
bagh olarak siniflandinlarak
degerlendirilmigtir.

Yeryliziine ¢ok yakin mesafelerde TBM'in
kesici kafa basmci (buna bagh olarakta torku)
ile maksimum pargacik hizi arasinda ters
orantih  bir iliski wvardir. Yani; vyakin
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mesafelerde TBM'in yeryiiziine olan etkisini
azaltmak icin TBM kesia kafasimin torkunu
artirmak gerekecektir. Uzak mesafelerde ise
TBM kesici kafasimn torku ile maksimum
pargactk hiz  dogru  orantith  olarak
degistiginden verviizii etkisinin azaltilmasi
icin TBM torkunun azaltilmasi
gerekmektedir,

Olgiim alman formasyon killi kire¢ tage-
kumtagi olmasina ragmen zemin agerisinde
bolgesel  kalite defigimi, torkun ve
titresimlerin  farklh  degerlerde Glgilmesine
sebep olmustur, Degerlendirmede elde edilen
korelasyon katsayistun bu nedenle diisiik
oldugu tahmin edilmektedir.
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Rock Mass Classification Systems: Are They Applicable to
Prediction of TBM Performance?
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ABSTRACT Rock mass classification systems are ofien used in many empirical design
practices in rock engineering contrasting with their original intent and applications, as for
mstance in ¢stimation of THBM performance i various tunneling projects. However, parameters
in these classifications were related to support design, they were not selected to describe rock
mass boreability. The results of many investigations in this issue showed a weak correlation
exists between TBM rate of penetration and rock mass classifications. This limitation was
overcome by tuning up the rock mass classifications in this study. The mfluence of rock mass
properties on TBM petformance was studied and a new empirical equation was developed for
predicting TBM performance by using rock mass fabric index of RMR system. The results of
the analysis in this study revealed that the existing rock mass classification systems with the
present scheme have limited accuracy in TBM performance prediction.

1 INTRODUCTION performance prediction. Are these systems in

. : . : heir resent  scheme  applicable to
Since James Robbins developed his TBM in ' P B i < s
1954, tunnel boring machines have become Performance prediction? Which performance

very versatile and used favorably in various parameter is it supposed to cover: penetration

ground conditions. Since that date, study and thig: fudvance rfltﬂ? ical le f
analysis of TBM performance have been e paper @ typical example: 1or
ultimate goals of many researchers, A application of the rock mass classification
comprehensive review of the literature on the o il dFv¢iupﬂd o ':{JCk. o
subject can be found in Khademi Hamidi et characterization and tunnel design in TBM
al., (2010) and Farrokh et al., (2012). performance prediction.

In brief, all the TBM performance 5 4ppLICATION OF ROCK MASS

prediction models can be divided into two ¢y \gSIFICATION SYSTEMS IN TBM
distingnished approaches, namely, thearetical  pERFORMANCE PREDICTION
and empirical ones, In a group of empirical

models, attempts were made to corrclate Rock mass classifications have been quite
TBM  performance to rock mass Ppopularand n‘n:ustl_}r being used for prlcl_iminar}'
classifications. Among the most commonly dES‘E'? and i—"l?-ﬂﬂlﬂE PUIpCSEE of Tmimg aﬂd
used classification systems, Rock Mass tunneling projects. Accnn;?,lng lo Blemaws-lf'
Rating (RMR) and Rock Mass Quality Index ~ (1989). a rock mass classification scheme is
(Q) have been used more frequently in TBM mtn:ndqd to ciassif_:,: the rock masses, provide
performance prediction. There are, however, @ basis for estimating deformation and
two questions regarding these systems when  strength properties, supply quantitative data
they are going to be used in TBM for support estimation, and present a platform
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for communication between exploration,
design and construction groups. Over the
years, the application of early rock mass
classifications have been extended for using
in various purposes, for instance development
of MEMR in mining and SMR m slope
stability analysis from RMR system and
development of Qren and RME in TBM
performance analysis from (Q and RMR
systems, respectively However, extensive
studies have been camied out for estimating
the TBM performance based on rock mass
classification systems without  any
modification in them,

Cassinelli et al., (1982) used correlation
between Rock Structure Rating (RSR) system
and actual TBM performance to evaluate
TBM penetration rate. The RSR  was
originally developed for the determination of
the appropriate steel rib tunnel wall support.
Afterwards, Innaurato et al. (1991) modified
Cassinelli’s (1982), model by including the
uniaxial compressive strength in the model.
McFeat-Smith and Askilsrud (1993) and
Grandori et al., (1995), provided a correlation
between integrated mass system (IMS) and
TBM utilization, penetration and advance rate
in TBM driven tunnels in Hong Kong.
Sundaram and Rafek (1998) studied the
correlations between five TBM operational
parameters and sixteen rock and rock mass
parameters in hard granitic rock and found a
satisfactory correlation between () system
and TBM field penetration index (FPI).

Sapigni et al, (2002) cormrelated TBM
performance parameters including penetration
rate (PR) and FPI to RMR classification
system using over 700 data sets from three
TBM driven tunnels in mostly hard
metamorphic rocks. The study showed that
TBM performance 1S maximum in tair rock
mass condition (RMR = 40-70) while slower
penetration is experienced in both too bad
and too good rock masses. Ribacchi and
Lembo-Fazio  (2005) correlated TBM
performance parameters including penetration
and advance rate and specific penctration to
two rock quality indexes, namely, joint
spacing and RMRP (ie. modified RMR
system with fixed rating value of 15 for
groundwater and eliminated correction factors

related to joint orientation). They concluded
that, even simple quality indexes, such as the
partial rating of joint spacing in the RMR
classification, has sound predictive value for
penetration rate. Hassanpour et al. (2010)
developed empirical equations to estimate
TBM field penetration index (FPI) through
the most common rock mass classifications
including RMR, QQ and GSI system.

In all these rock mass classification based
prediction models, the obtained results were
nearly similar; rock mass quality in its both
critical and extreme conditions, i.e. very poor
and very good rock mass classes, does not
facilitate the TBM performance including
penetration and advance rate. Also, the
correlation between rock mass classes and
TBM penetration rate is rather poor. These
can be seen in Figure 1, which shows the
correlation of TBM net penetration rate or
penetration per cutterhead revolution (PRev)
with RMR and GSI1 systems on a database
compiled from Zagros TBM driven tunnel.
The database is deseribed in detail in
Khademi Hamidi et al, (2010). Also,
relationship between TBM rate of penetration
(ROP) and RMR on the database of Gilgel
Gibe 11 tunnel is illustrated in Figure 2.

As 1t can be followed from Figures 1 and 2,
the coefficients of determination (R®) are
rather low and are, subsequently, of limited
practical use for the prediction of TBM
penetration rate. Suitability of the existing
rock mass classification systems for TBM
performance prediction is illustrated by RMR
system in the following section.

3 PARAMETERS INVOLVED IN RMR
SYSTEM FOR TBM PERFORMANCE

The RMR system, otherwise known as the
Geomechanics Classification, was developed
by Bieniawski (1973). It was modified over
the years as more case histories became
available and to conform with international
standard and procedures. Six parameters
including uniaxial compressive strength of
rock material (UCS), RQD, joint spacing,
joint condition, groundwater conditions and
joint orientation are used to classify a rock

mass using the RMR system.
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Figure 2. Relationship between TBM rate of
penetration and RMR (Gilgel Gibe 11 tunnel)

Each of these parameters is classified and
each class given a value or rating to express
its influence on tunnel stability, However,
there may be relationship between the aystem
parameters and other variables such as TBM
penetration rate.

Figures 3 and 4 show the correlation of
TBM FPI with RMR five input parameters,
basic RMR and RMR on the data taken from
Zagros tunnel.
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Figure 4. Comrelation of FPT with RMR and
Basic RMR (Zagros tunnel)

Since the parameters joint condition (JC) and
groundwater condition (GW) in RMR
systems are gualitative (descriptive) ones, the
partial ratings of these parameters are used in
this analysis. As seen in the figures, the UCS
shows the highest R? value, 0.70. The R?
value decreases in the order of the joint
spacing (0.62), RQD (0.59), partial rating of
joint conditions (0.45) and partial rating of
groundwater conditions (0.04). Comparison
of the R* values between the correlation of
FP1 with RMR and basic RMR indicates that
the adjustment factor for joint orientation in
RMR system has negligible effect on TBM
FPI. Also, correlation between FPI and UCS
as an input paramcter of RMR system has a
more coefficient of determination (R* = 0.70)
than that for basic RMR or RMR (R = 0.68),
In other words, the bivariate analysis shows
that UCS by itself accounts for V0% of the
variation of the FPI. Adding fow more
parameters led to a marginal decrease in R’
from (0.7 to 0.68. This means that the effect of
UCS on  corrclation  coefficient  is
overshadowed by the additional parameters
of RMR system.

It is obvious that the use of a single
variable of RMR will provide a simple
predictive model of TBM performance.
However, such a single value classification
system as the summed wvalue of six
parameters has restrictions m terms of the
establishment of an accurate reliable
correlation between the TBM performance
factors and RMR system. In this case, all of
the mput parameters of the classification
system, i.e. UCS, RQD, joint spacing, joint
condition, groundwater condition and
adjustment factor for joint orientation,
identically influence the penetration rate, The
correlation between the RMR and penetration
rate assumes the same trend as correlations
between the penetration rate and these six
parameters, This inherent assumption waill
decrease the accuracy of empirnical equations.
Besides, as was noted by Zhao (2007), input
parameters of this rock mass classification
were rated for rock mass characterization and
related to support design in classical
tunneling; they were not selected to describe
rock mass boreability in TBM tunneling.

Keeping the above issues in mind, there
exist questionable factors involved in the
existing rock mass classification systems for
TBM performance prediction

4 SUGGESTIONS REGARDING USE
OF ROCK MASS CLASSIFICATIONS
IN TBM PERFORMANCE
PREDICTION

4.1 Multiple Variable Regression Analysis

Rock Mass Rating (RMR) classification
system is determined from the sum of ratings
(weightings) of input parameters: 15 for the
uniaxial compressive strength of rock, 20 for
the RQD, 20 for the joint spacing, 30 for the
Joint condition, and 15 for the groundwater
condition with arithmetic summation of 100,
As noted by Bieniawski (1973), the RMR
system was orgnally developed for
calculation of rock load and tunnel support
selection. Therefore, the given weightings are
in good agreement with the tunnel design
process for given rock mass condition. The
given ratings of the inputs, however, do not
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ensure to be appropriate for different
purposes. An efficient strategy to extend the
applicability of RMR, or in general all the
rating based classification systems therefore,
is to adjust the weights (rating value) of input
parameters  compatible  with  different
applications. Khademi Hamidi et al., (2010)
performed an adjustment of the weights
through multiple and polynomial regression
analyses to develop a rating system sutahle
for TBM performance prediction. For this
purpose, input parameters of the RMR with
strong correlation with TBM FPI were found
and the prediction model developed based on
these parameters by using different
coefficients and rating system. Meanwhile,
the angle between tunnel axis and
discontinuity planes was included in the
model as a substitution of the adjustment
factor for discontinuity orientation in RMR,
Among the five multiple linear, non-linear and
polynomial regression analyses, the multi-
linear regression was the most logical and
promising formula for FPl estimation as
follows:

FPI=4. 16140091 ¥UCS+0.077*RQDH0. 1 17%1C+1.0
77*Logu (R=0.87) (1)

Where FPl is field penetration index in
kN/mm/rev, UCS is umaxial compressive
strength of intact rock in MPa, RQD is rock
quality designation in percent, JC is the
partial rating of discontinuity condition in
RMR system, and a is the angle of joints with
tunnel axis in degrees.

As seen in the above equation, although the
joint spacing is one of the most important
effective parameters in predicting TBM
penctration ratc, it 15 not included in the
formula. This is because of multicollinearity
in the developed model resulting from a high
correlation between two parameters; UCS
and joint spacing.

4.2 Use of Rock Mass Fabric Index

Tzamos & Sofianos (2006) correlated four
rock mass classifications including RMR, Q,
GSI and RMi by introducing rock mass fabric

(denoted as F index). The common
parameters of these systems, which concern
and characterize solely the rock mass
(excluding boundary conditions such as stress
regime and water pressure), are those used
for rating the rock structure and the joint
surface conditions. Rock structure is
quantifiecd by the block size or the
discontinuity spacing ratings (BS) and the
Joint surface conditions are guantified by the
joint conditions ratings (JC). For instance, in
the RMR system, the parameters concemning
rock structure are the RQD and the spacing of
discontinuities, denoted as parameters R; and
Ri. Their sum, R,tRs, defines the BS
component. The JC component, which
represents condition of discontinuities, is
defined by the parameter denoted as Ry, The
ST,

Frum=RaotRa+Ry (2)

defines the rock mass fabric index of the
RMR systermn (Frum). The fabric indices of the
other systems (Fq, Fgs and Fryg) are given in
Table 1.

The relationship between the fabric index
of RMR system (Frmz) and TBM FPls
conducted on Zagros tummel database is
illustrated in Figure 5. As seen in the figure,
FPI has a higher correlation cocfficient with
Fame, compared to that of RMR illustrated in
Figure 4.

Table 1. F mndex of four rock mass
classifications (Tzamos & Sofianos 2006)
Fo=(RQD/, . 1/T)  BS=(RQD/I,),
JC=(J/1.) (3)
Forup=R1+Ra+R4 BS=(R:+R3),
JC=Ry (4)
Fre=GS1 BS=5SR, JC=SCR
(5)
Fi=JP BS=(Vs), JC=(jC)
(6)

Ju Jp and J= mput parameters of ) system; SR,
SCER= structural rating and surface condition rating
of G3I; Yy, JU= block volume and jomt coefficient
factor in RMi system
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Figure 5. The relationship between measured
FPI and Frur in Zagros long tunnel

A multiple linear regression analysis is
carried out between FPl and FRMR, UCS,
and the alpha angle. From the statistical
analysis, the predictive model of linear
multiple regression from three independent
variables 1s as follows:

FPI=2.5944+0.229* FRMR+0.088*UCS+1.107*Loga
(R=0.87) {7

A comparison between the measured and
predicted results from Eq. (7) is shown in
Figure 6. The correlation coefficient (R)
between the predicted and measured FPI is
(.87 and the slope of trend line is more than
0.99, showing a nearly a 1:l caorrelation
existing between the measured and estimated
FPI. As a result of the comparison, all of the
residuals are less than 5 (kKN/mm/rev) with
mean and Std. deviation values of 0 and 2.3,
respectively.
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Figure 6. Comparison between the measured
and predicted FPI from the multi-linear

regression analysis (Eq. 7)

Using of a database compiled from Alborz
service tunnel, Shahnar et al. (2010),
employed the fabric index of @ rock mass
classification system (Fg) and developed an
empirical model for predicting TBM rate of
penetration (ROP) as follows:

ROP (m/h)=5.921-0.051*F0.391*(UCS/F, )+
0.106%(log &)  (R=0.89) (8)

where, Fq = (RQD/1:*1/1,) is fabric index of
Q classification system, UCS is uniaxial
compressive strength of rock material in
MPa, Fy is thrust per cutter in ton-force, and
a is the angle between tunnel axis and the
joint sets in degrees.

4.3 Use of Rock Mass Classifications for
Prediction of TBM Advance Rate

The TBM performance is ultimately
transformed to the machine advance rate
which is used for estimation of tunnel
completion time and cost. The advance rate is
calculated from TBM penetration rate in
conjunction  with  anticipated  machine
utihzation. Hence, in the hterature several
studies have been carried out 1o develop
prediction models of TBM utilization or
advance rate. Among them, attempts were
made to correlate the advance rate with rock
mass classification systems (Barton, 2000,
Alber, 2000; Sapigni et al,, 2002; Ribacchi
and Lembo-Fazio, 2005; Biemawski and
Grandori, 2007).

Since the TBM utilization is mainly
affected by ground conditions, support
requirement and cutter replacement and on
the other hand, the rock mass quality is
closely related to tunnel stability, based on
which theses classification systems were
developed, Zhao (2007) noted that correlation

of rock Mass class to TBM
utilization/advance rate is expected to be
better than the comelation to TBM

penctration rate. This is illustrated through a
comparison of correlation of Rock Mass
Excavability (RME) svstem with TBM rate of
penetration (ROP} and average rate of
advance (ARA) on a database compiled from
Gilgel Gibe II tunnel in Figure 7.
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Figure 7. Correlation of RME with TBM
ROP and ARA (Gilgel Gibe IT tunnel)

The RME classification system was
developed based on the RMR classification,
similar to Qrgw, which was developed based
on the Q-system. As seen in the figure, TBM
advance  rate  demonstrates  stronger
comelation to RME system (compared to
penetration rate).

5 CONCLUSIONS

Rock mass classification systems, may be
useful tools for tunnel support design at the
early stage of a project planning process.
There are, however, a number of restrictions
that should be applied if and when these
systems are going to be used in TBM
performance  prediction.  The application
potential of RMR system for predicting TBM
penetration rate was illustrated in this paper.
The results of the analysis revealed that the
RMR system, or in general all the existing
rating based rock mass classification systems
with the present scheme have limited
accuracy in TBM performance prediction.
Part of the recason for such incompatibility is
related to the fact that the parameters and
their rating m these classifications are

selected based on the relation with rock mass
charactenzation and support system, not
TBM performance.

Following the aforementioned remarks,
three recommendations are given, which
could be applied on the existing rock mass
classification systems in order their reliability
m predicting TBM performance to be
increased or could comprise the basis for the
development of a new gystem. The hmatation
may be overcome by tuning up the rock mass
classifications  through  adjusting  the
predefined ratings assigned to the mput
parameters carried out by multiple variable
regression analyses. The comparison of TBM
FPI predicted using the RMR fabric index
(i.e. Fryp) with measured FPI showed a high
correlation coefficient, providing the rock
mass fabric indices as  alternative
methodologies that can be used for prediction
of TBM penetration rate. Also, a comparative
analysis of relationship between Rock Mass
Excavability (RME) index with TBM
penetration and advance rates showed that the
RME is mostly correlated to TBM advance
rate rather than the penetration rate. In
summary, the authors strongly recommend
the potential users of the RMR system should
carefully study the limitations of this system
as well as other classification systems they
may want to apply. before taking them into
use in performance prediction of TBM.
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Ground Volume Loss and Depth of Placement of the Tunnel
Control in EPB TBM Excavation

H. Karimnia
Shahrood University of technology, Shahrood, [ran

ABSTRACT Analyses of ground volume loss in EPB TBM excavation are presented in this
paper. In this article considering the information obtained from boreholes, ground settlement
condition between the stations N. 11 and 12 of Line 1 of Tabriz Subway has been
investigated. Using Peck’s empirical method, ground settlement, caused by tunnel excavation,
has been calculated considering the different values for (i), ground volume loss and the
distance between tunnel axis and surface, then the transverse profile of ground settlement has
been prepared. The results show that the increase in ground volume loss and decrease in the
distance between tunnel axis and surface causes an increase in ground settlement value. Also a
simultaneous increase in ground volume loss and the distance between tunnel axis and surface
causes the increase of ground settlement proving the more important role of ground volume

loss than the distance between tunnel axis and surface in ground settlement.

1 INTRODUCTION

The increasing demand for transport
infrastructures in recent decades has resulted
in considerable growth in underground
works, especially in urban environments
where there is less surface space available.
Mechanized excavation using EPB type
TBM's is particularly recommended in these
contexts where *“unstable” face behavior
must be tackled in ground with particularly
poor geotechnical characteristics, in order to
minimize effects at ground level and to work
in hydrostatic conditions when below the
water table (Lunardi, 2000). The conirol of
deformation induced in the ground by
excavation plays a very important role at the
design stage for assessing the risk of damage
to existing structures, such as buildings and
underground utilities, as reliably as possible.
Empirical formulations are very useful for
evaluating expected subsidence (Peck 1969,

Rankin 1987, O’Reilly & New 1982, Herzog
1985). Developed on the basis of
experimental findings taken from a wvery
large number of case histories, these allow
Gaussian subsidence curves to be quickly
determined from simple parameters such as
the geometrical data of the operation (tunnel
diameter D and overburden H), the
geotechnical characteristics of the ground
(by dcfining a coefficient K. wvarying
between 0.2 and 0.3 for granular soils and
between 0.4 and 0.7 for cohesive soils) and
the method of excavation (identified by a
value for expected ground loss V).

The value assumed for ground loss in the
process described is withowt doubt the key
parameter in the analysis and it is therefore
fundamental that it is accurately forecast at
the design stage and that it i1s monitored
during the construction stage.

According to the above, one of the
effective  parameters on the surface
settlement are the overhead geometric
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parameters or the placement depth of the
tunnel. In the present study, the effect of the
two factors are considered on the ground
surface settlement between the N. 11 and 12
stations of Ling 1 of Tabriz Subway using
Peck’s empirical method.

2 INTRODUCTION THE PROJECT

The study was carried out at the twin subway
tunnels of first line of Tabriz city, which is
located at East Azerbaijan, Iran. It has the
urban population of approximately 1,280,000
in 2012, as there is about 1,800,000
passengers travel inside the city every day. It
is expected that the city population will be
around 2.000,000 and about 4,500,000
passengers will travel each day inside the
city in 2020. So considering the high volume
of travels inside the city and the necessity of
using the railway transport system in order to
minimize the city Traffic problems, studies
on the first line of subway were started in
2000. Tabriz railway network comprises 4
paths that are designed with 60 stations and
the length of 60 km (UURC, 2007). The
general layout of the metro of Tabriz is
shown in Figure 1.

i v s stwily mrem

Figure 1. General layout of Tabriz metro
(UURC, 2007)

The first Line of Tabriz subway with the
length of 60 km, links the southeast region to
southwest, Tt is physically designed as on-
surface, shallow, deep and high. Tt is
constructed as twin single way tunnels in
deep section that is excavated with TBM and
EPB machines with an excavation diameter
of 6.88 m, an external diameter of segments
of 2.18 m and an internal diameter of tunnels

of 6 m, so there 15 a distance of 14 cm
between the excavation diameter and
external diameter of segments that is filled
with shot concrete. In this paper, the section
between Stations N, 11 and 12 of the first
line of Tabnz Subway that contains old and
traditional structures with low strength has
been studied. In general, Tabriz is placed on
the sedimentations of third and fourth
Geological periods that contain clay stone.
sandstone, conglomerate, tuff, tuffit, gvps
and alluvial sedimentations such as clay, silt,
sand, gravel and pebble of the various grade
(TURO, 2003).

3 GROUND SURFACE SETTLEMENT
AS A RESULT OF EPB EXCAVATION

Due to the importance of subsidence in urban
areas, in recent decades, using earth pressure
balance shiclds for excavating tunnels has
become common because of various reasons
such as decreasing subsidence, increasing
excavation speed and safety.

Because of ground pressure balance
system, the working under the water level is
possible. In the machine, the excavated soils
to create a balance in the face are used and
carried out excavation operations (Hetrog,
2003).

Tunneling machines developed settlement
with the excavation and the progress in loose
soils. The balanced excavation machines of
ground pressure have a similar operation.

The excavation subsidence as a result of
EPB machine can be seen in Figure 2,
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Figure 2, Excavation subsidence as a result
of EPB machine (Arthe TURO, 2010)
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4 PECK’S EMPIRICAL METHOD

Peck (1969) stated that the transverse
settlement trough can be described by a
Gaussian  error  function  and  this
mathematical description has been widely
accepted since then. Following this
approach, the wvertical settlement in the
transverse direction is given by (Franzius,
2003);
S,,,,=.F,._,L¢5pL—;—zj|} (1)
Where S, 18 the maximum settlement
measured above the tunnel axis, S, 1s surface
settlement at tunnel cross section, y is
Distance from tunnel axis The parameter i,
the trough width parameter, represents the
standard deviation in the original Gaussian
gquation.

Consequently, the area enclosed by the
settlement trough can have a value expressed
by

V- [S,d.: =2t § (2)

Where V. 15 the volume of the scttlement
trough per unit length.
The volume of the surface settlement

trough therefore is equal to the volume of
soil which is cxcavated in cxcess of the
theoretical volume of the tunnel. It is
commeon to specify this excess volume as a
proportion of the theoretical tunnel volume
(per unit length):
F.
Vo =—pr (3)
s

Where Vi is the volume loss and D is the
outer tunnel diameter. It is normally
expressed as a percentage. Afier combining
Equations | to 3 the transverse settlement
profile can be expressed in terms of volume
loss: .
S.,,,-J-%E—;l:—e'T (4)

For a given tunnel diameter D the shape
and the magnitude of the transverse
setflement curve therefore only depends on
the volume loss Vi and the trough width 1.

Amount V (%) depending on the execute
method and surrounding environment (Tab.
2).

Table 2. V. values by different methods
implemented (Franzius, 2003)

Vi Excavation Method
1.5-2.5 Tradition excavation method
0.8-1.5 Shield excavation method

In Table 3, different values of the parameter
(i) can be observed that provided by various
rescarchers,

In the present study, considering that the
tunnels are excavated in areas of sandy soil
layers, inflection width parameter of
Atkinson and Potts that is presented for the
loose sand has been used.

Table 3. Inflection dimension proposed by
various researchers (Sweeney, 2006)

. Additional
Mame i-Value Cran 5
Peck i [ z
—=| = n=081p 1
(16 Rk
Atewellet ¢ _ (2, i e =1 and o~
al (1977 F% 3R 1
_ i=0.25(Z,+R) :lose sand
“”‘:ﬂ”“”“ & 025(1.57,+0.5R) idense
IPF;,.H sand and over consolidaned
) clay
e (AT ot
(1981) R \2R 0.3
DReilly &  i=0438:+1.1 (Cohesive Soil
new (1982)  i=0.28Z0.1 ‘Cranular Soil
Fﬁ;’m 0,52, -

Where: Zg= Depth of the tunnel spring line
below ground surface, R= Tunnel Radius.

S STUDY OF THE VOLUME LOSS
EFFECT ON THE GROUND SURFACE
SETTLEMENT

The volume of the surface settlement trough,
V, can be expressed as a percentage of the
volume of excavation and 18 referred to as
the percentage volume loss.

During excavation, the ground around
tunnel can shift inward, so that the siress
relief occurs.

Therefore, it always is necessary that the
excavated volume is the larger than the holes
final volume. The added excavate volume is
called the volume loss (Sweeney, 2006).
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For a TBM tunnel the volume loss is the
sum of the following four components, the
magnitude of which will depend upon the
methodology and control of the construction,
and the soil type (Vittorio et al., 2007).

Face loss:

This component is due to loss of ground

into the face of the excavation. The

magnitude of face loss 1s influenced by the

ground type and the support pressure applied
to the face (Fig. 3).

Figure 3. Face loss

Loss around the shield:

The excavated diameter of the tunnel is
typically greater than the diameter of the tail
skin of the shield. This leaves an annulus
around the shield inte which the surrounding
ground can move. The magnitude of the
resulting volume loss is dependent on the
stability of the ground around the tunnel
(Fig. 4, 5).

Figure 4, Loss of radial shields

Figure 5. Loss overall radial shields

Loss behind the shield:

As the TBM moves forwards an annular
space is let around the tunnel lining, This
will be injected with grout to reduce the
associated volume loss. The magnitude of
volume loss depends on the effectiveness of
the grout injection, the grouting pressure and
the time for the grout to gain sufficient
strength to prevent ground movement (Fig.
6)

........

Figure 6. Loss behind the shield

6 GROUND SURFACE SETTLEMENT
BASED ON YOLUME LOSS

According to conducted researches, the
amount of the volume loss (V) in the
mechanized excavation technique vary
between 0.8% and 1.5%. Therefore, the
profile of the ground surface subsidence
based on different levels VL, 0.8, 1.3, 1 and
1.5 and a constant depth is plotted using
Peck’s empirical methods. The results are
shown at Figures 7 to 10.
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Figure 7. Settlement of the surface at a depth
of 17 meters
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Figure 8. Settlement of the surface at a depth
of 19 meters
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Figure 9. Settlement of the surface at a depth
of21 meters
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Figure 10. Settlement of the surface at a
depth of 23 meters

7 EFFECT OF TUNNEL DEPTH ON
GROUND SURFACE SETTLEMENT
CURVE

Considering the tunnels excavation depth
vary between 17 to 23 meters at the N.11 and
N.12 stations of Line | of Tabriz Subway,
the ground surface settlement profile is
considered in the various depths (H) and
values of constant volume loss. The results
aic shown at Figures 11 to 14,

The results of ground subsidence curves
for different values of Vi and the tunnel
depth are presented in Table 4. As can be
seen, the value of the surface settlement
increased with increase the volume loss and
constant the tunnel depth.

Also a simultaneous increase in ground
volume loss and the distance between tunnel
axis and surface causes the increase of
ground seftlement proving the more
important role of ground volume loss than
the distance between tunnel axis and surface
in ground settlement,

Ground longitudinal subsidence diagrams
are plotted for different values of the tunnel
depth and the volume loss 1% in Figure 15.
As it can be observed, almost in all depths in
distance of 2.4 times the diameter of the
tunnel subsidence reaches stationary state.

8 CONCLUSIONS

The value for “ground loss” constitutes a key
parameter for managing excavation using an
EPB shield, because of its importance in
assessing surface subsidence phenomena and
building damage risk. It is the sum of
different components, which develop during
the stages of tunnel advance at the face and
around the cavity, in the tail zone and afier
the preceded segments lining is placed. The
importance impact of this issue and depth of
placement of the tunnel onto ground surface
settlement was discussed in this paper.

The value of the ground surface settlement
between N.11 and N.12 stations of Line | of
Tabriz Subway for the tunnel depth of 17,
19, 21 and 23 meters and the volume loss of
0.8, 1, 1.3 and 1.5 studied. The Results
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Table 4. Results ground surface settlement
using by Peck’s empincal method for
different value of V| and tunnel depth

ot | 2o | i) | View) | S
SAND 17 597 0.8 223
SAND 17 597 1 27.87
SAND 17 597 1.3 3632
SAND 17 597 1.5 41.80
=AND 1% 4T 0.8 Z21.04
SAND 19 6.47 | 26.3
SAND 15 647 1.3 34,19
SAND 19 6.47 1.5 3045
SAND 21 6.97 (8 2057
SAND 21 6.97 | 25.71
SAND 21 6.97 1.3 3342
SAND 21 6.97 I35 38.56
SAND 23 747 0.8 19.24
| SAND 23 747 | 24.05
SAND a3 747 1.3 31.26
SAND 23 747 1.5 36007
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Figurc 15. Longitudinal setilement curve for
different values of the tunnel depth

showed that the ground subsidence increased
with increase the volume loss due to
mechanized tunneling. The lower depth the
tunnel is excavated, the less the effect of the
tunnel excavation is observed.

The design of a monitoring system both in
the tunnel by monitoring the operating
parameters of the TBM and on the surface by
setting up a network of topographical datum
points to monitor settlements along the
tunnel alignment and across 1t is an
indispensable instrument for verifying and
regulating excavation activities,
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Cift Kalkanli TBM ile Kazilan Yamanl I1 HES Projesi
1. Kademe Enerji Tiinelinde Calisma Performansi

Working Performance in the I" Stage Energy Tunnel of Yamanli
II HEPP Project Excavated by a Double Shield TBM

S. Yilmaz
Lnerfisa Lnerfi A5, Ankara

I. Aver
Temelsu Uluslar aras: Mihendislik Hizmetleri A.5., Ankara

I. Giiney, M. Akgiil
NTF Ingaat Ltd. 5ti., Ankara

OZET Bu ¢alismada, Enerjisa’mn Yamanh I1 HES Projesi kapsaminda, 4,305 mm kazi capl
cift kalkanh bir TBM ile kazist ve vapimi devam eden 1. Kademe Enerji Tineli'nde ¢alisma
performansi (net kazi hizlan, ginlik ve ayhk ilerlemeler, makine kullamm oranlan ve
duraklamalar) 6zetlenecektir, Tlnel uzunlugu 6.618 m'dir, Yiiklenmici firma NTF kaz islerinin
bagladift 27 Ekim 2012 tarthinden 2013 Haziran sonuna kadar 2.973 m tinel imalatin
bitirmistir. Her projede oldugu gibi, ilk bir kag ayda yasanan &frenme perivodundaki diisiik
performansdan sonra, proje ckibin tecriibe kazanmasi ve ciddi bir efitim siirecinden sonra
yitksek performanslara ulagilmustir,. Makine kullamm oranlan %607 1ara ve aylik ilerlemeler 730
metrelere ulasmstir,

ABSTRACT Working performance (instantancous penetration rate, daily and monthly advance
rates, machine utilization time and stoppages) in the st Stage Energy Tumnel of Enerjisa
Yamanli II HEPP Project excavated by a double shield TBM with 4.305 mm excavation
diameter is summarized. The length of tunnel is 6.618 m. The contractor company NTF
completed construction of the 2.973 m tunnel starting from 27 October 2012 until the end of
June 2013, After low performance in a few months of the leaming period as in encountered in
every pmjecl higher perfunnanca parameters were obtained as a result of gaining experience of
the project team and a serious education period. Machine utilization time reached up to 65%
and monthly advance rate reached up to 730 m.

1 GIRIS dinamikleriyle bunu bir yilda
Ulkelerin refah seviyesi arttikca enerji  £ergeklegtirmigtir. g 2

sektiriinde meydana gelen bliyiime ekonomik Ulkemizin enerjide olan disa Ihagl!nhthm
biiyiimeden dsha fazladi. Enerji sektori a%altmak amaciyla, HES projelerine hiz
iilkemizde ekonomik biiylimeden 2 ila 2,5 kat  Yerimistir. Son 10 yilda bzel sektoriin enerji

R A w1 = s e iyasas ahil olmasiyla enerji  sektoni
daha fazla biiylimektedir. Tirkiye'de enerji P'Y2sasind da Y B
sektrii 2012 yilinda kurulu giig olarak %g,] Diyik ivme kazanmistr. Su an itibariyle
oranmnda biiyiimistir. Bu oran Awvrupa ~0:009 MW kurulu giig ile yida yaklasik 71
Birligi'nde yer alan baz ilkelerin 6 ylk Milyar kWh hidroclektrik enerji tretir hale

hiiviinea: denktir.  Ullkemi tim  gelinmigtir. Bu onemli bir rakam olmasina
: = o e ragmen Tirkive've yetmemektedir. Suyun
gliciinden daha fazla istifade etmemiz, zaman
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kaybetmeden  potansiyelimizi  kullamp,
cnerjide disa olan bagmimhhfimz en aza
indirmemiz igin yapim slirmekte olan 1.495
adet projenin hayata gecirilmesi ile wilhk
dretimimiz  110.000 GWh olacaktir. Bu
projeler tamamladifinda, Tirkiyve enerjide
kendine yeten, daha gelismis bir ilke
olacaktir. Ulkemizin siirekli artan niifusunun
ihtiyacirm  kansilayacak  enerji  dretim
projelerinde, daha hizh ve daha ekonomik
tingl imalati saglayan TBM'lerin kullammu
giinlimiizde oldukga artrmustir ve de artmaya
devam edeceg ongoriilmektedir.

Bu cahsmada, Enerjisa’min Yamanh [I
HES Projesi kapsamunda, 4.305 mm kazi
caph ¢ift kalkanli bir TBM ile kazisi ve
vapimi yiiklenici NTF tarafindan devam eden
6.618 m uzunlugundaki |. Kademe Enerji
Tiineli'nde ¢absma performans: (net kazi
hizlan, giinliik ve ayhk ilerlemeler, makine
kullamm  oranlam  ve  duraklamalar)
ozetlenecektir,

2 PROJE HAKKINDA BILGILER

2.1 Proje Haklanda Genel Bilgiler

Yamanh [I HES Projesi, Akdeniz bélgesinin
dopu kesimlerinde olup, 36° 07" 30™ - 36°
15" 00™ kuzey enlemleri ile 37° 52" 30" -
38° 01" 30™ dogu boylamlari arasinda yer
almaktadir. Yamanh [I HES Proje alam,
Adana ili Saimbeyli ilgesinin kus ugusu
yaklagtk 13 km kuzeydogusu ile 14 km
gineydogusu arasmmda, Seyhan nchrinin kolu
olan Goéksu mmag boyunca uzanan saha
iginde ver almaktadir Proje sahas1 Adana’nin
150 km kuzey dogusundadir (Sek. 1).

Seyhan Nehri'min en Gnemli kollanndan
birisi olan (Groksu Nehri lzerinde ka Yamanlh
Il Projesinde 1ki kademe ile eneri tiretinu
planlanmugtir.,

DSI Genel Miidiirliigi tarafindan Verbund-
Plan, Romconsult wve Temelsu firmalar
grubuna hazirlatilan ve Eylil 1984 tarihinde
vayinlanan “Yukan Seyhan Havzasi Master
Plan Raporu”nda, Seyhan nehrinin iki ana
kolundan birisi olan Goksu wrmag izerinde,
membadan mansaba dogru, Yamanh I,
Yamanh II ve Yamanh [l regiilatorleni ile

Feke, Menge ve Kopri  barajlan
planlanmstir,
: TENTTTETT 1
“HI.}T I r[/;'-rm i“r:ﬁ-ﬂ: . .HI“I
-l-f-ut'ﬁi: fh mﬁ
Ll |

Sekil 1. Yamanh II HES Projesi yer bulduru

Bir dizi halinde teskil edilen bu HES tesislen

ile Goksu wrma@ {zerindeki diisiiniin
tamamindan faydalamlarak enerji dretimi
amaglanmugtir.  Bu  fizibilite  ¢ahsmas

konusuna esas olan Yamanh IT kademesi,
Goksu kolu izerinde brit 410 m disinin
enerjisinin ahnmasim igermektedir,

1. Kademe Proje: Géksu Irmagi’nda,
1.153,50 m talveg kotunda Yamanli [I
Regiilatori, sol sahilde 9.311 m wrunlugunda
enerji tiineli, denge bacasi, cebri boru ve
Yamanh IT HES.

2. Kademe Proje: Gioksn Irmagi'nda
Yamanh-I1 2.Kademe Regilatori, 4.180 m
uzunlukta basingh enerji tineli e akediik,
denge bacasi, cebri boru ve sol sahilde
Yamanh HES.

Yamanh-II 1.Kademe Regilatori ve HES
(memba) Projesi enerji amaghdir ve drenaj
alani 1.693 km® dir. Projenin igerdigi kisimlar
sunlardir:

1. Cevirme Yapisi

2. Regiilator ve Su alma Yapisi Yerine

Ulasim Tiineli

3. Derivasyon Yapis: (Tiineli)

4. Enerji Tineli

5. Denge Bacasi
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6. Cebri Boru

7. Santral Binas:

8. Kuyruksuyu

9. Saft Sahas

. Kademe kapsamunda bulunan 9.311 m
uzunlugundaki enerji  tinelinin  zh bir
sekilde tamamlanmasi, projenin ekonomikligi
agisindan onemh olmas1 nedenivle TBM
kullanimina karar verilmistir.

Timel acma makinelerimin ilk yatinm ve
isletme maliyetleri oldukga pahali olmas:
nedeni ile kazi ve desteklemenin yapilacag
formasyonlarda  yamlan ek  etitlerin
tamimlanmas: sonucunda, kam ve destekleme
islerinin 9311 — 6+950 aras1 klasik delme-
patlatma yontemiyle ve 6+950 — 0+317,2
arasi c¢ift kalkanh TBM ile yapilmas:
karalagtinlmigtir,

Kullamilan beton kaplama, segment dizaym
Universal tiptedir, 5 adet segment ve 1 adet
key segment ile ring olustarulmaktadir.
Segment dig capr 4000 mm, i ¢capr 3500 mm
ve uzunlugu 1350 mm'dir. Su sizdirmalarna
karsi segmentler arasinda lastik contalar
kullanilmugtir. Gerekli ekipmanlarla ringlerin
birbirine monte edildikten sonra, zeminle
segment arasindaki bosluk pea-gravel wve
enjeksivon ile doldurulmaktadir,

Pasa nakhi igin 4 adet tren katan vardr.
Her bir tren katan | adet lokomotif 4 adet
vilk vagonu (her biri 8 m” kapasiteli), 2 adet
segment arabasi, 1 adet tasiyici araba, | adet
pea-gravel arabas: ve 1 adet personel tasivici
aracindan olosmaktadir. Kazilan malzeme
portal cikisindaki diokim sahasma
bosaltilmaktadir.

Projenin  kaziya baglama tanhi olarak
belirlenen 03.08.2012 tarihinden itibaren 470
gin iginde (16.11.2013 tarihine kadar)
bitirilmesi planlanmusgtir,

2.2 Tinel Giizergalumn Jeolojisi

350 m gap ve 6.618 m uzunlugunda
planlanmus olan iletim tineli, projenin en
zorlu ve problemli kismim olusturmaktadir.
Sol sahile projelendiribmis olan tinel
giizergdhi, Gnemli bir vapisal fay hattina
(Kaleboynu Fay1) paralel gitmektedir. S0z
konusu fay Kalebovnu Kowi'nden kuzeve
dogru geng birimler tarafindan 6rtiili oldugu

icin izlenememekte ancak varhigi
bilinmektedir. Tunel gizergahmin yapisal bir
siireksizlife paralel gitmesi, tiinel agiimas:
sirasmda hig istenmeyen kosullardan birisidir,
Bu kosullar, siirekli olarak duraylilik, ani su
gelin vb sorunlar delgi islenu sirasinda
beklemelere  ve aksamalara  sebep
olabilecektir.

Tiinel, 04200 — 6-+900 arasinda Kdorogha ve
Siimbiildag Formayonlarinda bulunan Neretik
Kiragtasi birimlerinden gegecektir.
Formasyonlar az ve orta ayngmuglardir; yakin
aralikh (6 — 20 cm) ve orta arahkh (20 — 60
cm) dogrultu ve egim 250/73 — 300/66 —
130/74 —  90/6 olan  siireksizlikler
igermektedirler; ortalama RQD %79 dur.
Ortii tabakasi kahnhfm ortalama 400 m’dir.
Litolojik birimlerin basing dayammlar: 50 ile
100 MPa arasmda defismektedir. Damlama
ve sizinti mertebesinde  yeralu  suyu
beklenmektedir, ancak kirectasmun karstik
dzelliginden dolavi ver yer dere gegislerinde
su bosalmu oclmas: biiyilkk bir olasiliktir.
Formasyonlann () kaya simfi degeri ortalama
10,53 ve RMR degeri 65-70 civarindadir.

2.3 Cift Kalkanh TBM’in Ozellikleri

Yamanh 1II. 1. Kademe Enerji Tiineli
ingaatinda 4,305 m kaz ¢aph Robbins marka
Cift Kalkanh Tinel Agma Makinesi (TBM)
kullanilmaktadir (Sek. 2). TBM kurulu giici
1.870 kW tr, Kesici kafa 4x330 kW elektrik
motorlant  1le dizayn edilmistiv.  Gripper
pabuglarin yan duvara basarak kendisini
sabitlevip ve itme silindirlert ile aynaya
basarak kesici kafa kaz1 yapmaktadir. Ayrnica,
vardimer  (auxiliary) hidrolik  silindirler
segmente basarak tek kalkan modunda (single
shicld mode) kaz yapabilmektedir.

TDM kesici kafasinda bulunan 28 adet 17
ing (432 mm) capindaki diskler zemini
keserek pasa nakil hattma ulagtinr, Cift
kalkanh makine kullamldigindan dolayi kaz
sirekli olarak (kaz wve tahkimat isleri aym
anda)  gerceklesebilmektedir.  Kullamlan
TBM’in genel teknik dzellikleri Cizelge 1'de
ozetlenmektedir.

127



1, ULLHLARARAS) LLASIMEA YERALT) sABLAM SEMPOTLIMU

[STAMGRLIL  20-30 Kot Nowsmber 2613
T ™ T PP B AR SR LI A VA THEWE PO THRA ALV TA THOW

Sekil 2. Yamanh I[1 HES Projesi 1. Kademe
Eneri Tiineli'nde kullamlan ¢ift kalkanl
TBM (Robbins)

3 KAZI PERFORMANSI

Is programma bagh olarak istenilen tizin
saglanabilmesi igin  TBM  igerisindek:
sistemlerin birbirler1 ile uyumlu arkada i3
birakmadan gahgmasinin saglanmasi
gerekmektedir, Sistem igenisinde:

* Kaz ve pasa nakh

* Destekleme — segmentlerin nakli ve

montaj

* Segment arkalarinin doldurulmas: (pea-

gravel, mortar, kontak enjeksiyonu)
islemnlerinin birlikte yapilmas: zorunludur.

Alsamalarin  gbzlenmesi, tamnin  dogru
konmasi amaciyla giinlilk imalat raporlan
titizlikle ¢ikanimahdir, Giinlik  imalat
raporlanmin verileri  ¢ergevesinde aksavan
kisimlar revizyoniarla giderilmistir.

TBM sisteminin kurulmas-igletme
veriminin istenilen seviyeve ulasmas:i igin,
calisan personelin sistemi tamma ve alisma
siresi  miimkiin - oldugunea  kisaltilnstir,
Uygulama sirasinda TBM’in ilerleme hizim
etkileyen faktorler soyle siralanabilir;

1. Makinenin yapim-montaj veya uygulama

hatalan sonucu olusan duraklamalar,

(izelge 1. Yamanl II HES Projesi 1. Kademe
Eneni Tineli ¢ift kalkanh TBM "in genel
teknik ozellikleri

TBM Tipi: Cift Kalkanh

Kaz Capr: 4305 mm

Maksirnum lerleme Hizi 130 mm/dk

Minimum Yatay Kurp Capi: 250 m

Maksinum Efim: 0,12%

Kesict Dhsk Sayisi: 28 adet

Disk Keski Cap1 ve Tipi: 17 ing (432 mm),
Wedgelack™

Disk Kapasitesi: 27 ton

Fazla Kaz1 Kapasitesi: 50/ B0 mm

Fazla Kazi Avarlamasi: Kesici ayarlamasi ve
bilyiik boy kesici disk

Ana Itme Silindiri Savise: § adet

Yardimer Itme Silindiri Sayisi; 11 adet

Maksimum Ana [tme Kuvveti: 1800 ton (keski
yiikiine gire 756 ton)

Itme Silindiri Strofu: 1400 mm

Kesici Kafa Tipi: Electrik VFD

Kesici Kafa Donilg Hize: 010 13,5 rpm

Kesici Kafa Torku: Maksimiom 1123 kWNm

Kesici Kafa Fren Torku: Maks, 1685 kKNm

Kesici Kafa Motor Giicii: 4 x 330 = 1320 kW

TBM Kurulu Guci: 1870 kW

Ana Rulman: Yiksek Kapasiteli, 2 eksenli

2. Tiinel zeminindeki beklenmedik
de@sikhikler,

3. Kava direnglerinde beklenmedik
de@isiklikler,

4, Bir tnceki paragrafia anlatilan islemlerin
uygulanmasi sirasindaki orgamzasyon
hatalar.

TBM iireten firmanin programlanan sirede
montaji  bitirememesi sonucu  yiiklenicinin
Organizasyonunu ve 15 programini
etkilemistir.

1. Kademe eneri tiineli 6+935,566 ve
(0+317,200 km arasi planlanan ve gergeklesen
ayhk kazi ve destekleme isleri Cizelge 2°de
ozetlenmektedir. Ortalama ayhk ilerleme
hizlarinm 2013 Ocak ayinda 179 m’den 2013
Mayis aymnda 727 m’ye ulagtifn goriilmektedir
(Sek. 3).

2013 wyihnmin ilk 6 ayinda gergeklesen
ortalama ve maksimum gunlik ilerleme
hizlan ile net kazi hizlan Cizelge 3'de
ozetlenmektedir. Ortalama giinliik ilerleme
hizlarinin 2013 Ocak ayinda 5,8 m’den 2013
Mayis avinda 23,5 m'ye ulasti
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goriilmektedir (Sekil 4). Ortalama net kaz
hizlanmin (sadece kaz vapilan sire igindeki
ilerleme hizi, duraklamalar harig) ise 1,2734
lle 2,5590 mfsaat arasinda defistifn
gorilmektedir.

Tinel yapum esnasinda karsilasilan gesith
duraklama nedenleri ve siireleri, bakim
siireleri, makine kullanim siirelen  wve
yiizdeleri ay bazmda Cizelge 4'de
drctlenmektedir Makine kullanmm oram, bir
vardiya iginde kaziya aynlan zamamn
viizdesidir,  diger zamanlarda  gesitli
nedenlerle (planh-bakim wve plansiz-anza)
duraklamalar olmaktadw, Goriildigi gibi
makine kullamm oram %35 ile %t arasmda
arasinda degismistir, ortalama %49 olmusgtur,
Planh duraklamalarnn (bakim) oram % 18,6 ve
dolayis1 ile plansiz  duraklamalarin  oram
%324 olmustur.

Ocak 2013°de segilen trafo sisterm ile
TBM in  kullandin  giic  arasindaki
uyumsuzluklarim  oldugu  gorilmis  ve
revizyona gidilmigtir.

Subat 2013’de segment vinci anzalan
nedeniyle revizyona gidilmigtic. Erektor we
PLC ayarlari zaman kaybina neden olmustur.

Mart 2013 ay1 sonunda karstik bogluklu ve
killi yapilarm kazi aynasinda gorilmeye
baslamasi kaz1 wve destekleme islerinin
vapimin  zorlagtirmus, kafa temizligi-bakim
zamanlarmin artmasina neden olmustur,

Nisan 2013 aymda Kaliforniva makasi
montaji yapilmigtir. Enjeksivon iglemleri (pea
gravel+mortar+kontak) kaz hizma uyum
saglamas1 igin ¢k Onlemler ahnip kontak
enjeksivonunun yapilabilmesi igin ek iki adet
gentry sisteme ilave edilmistir,

Mayis 2013 ayinda ideale yakin bir kazi ve
destekleme iz yakalanmustir,.  Kesici
degigimleri ve erektor anzalan mayis ayimn
zaman kayiplarini olugturmugtur. Bakimin giin
icerisindeki saatleni deEigtirilmigtir.

Haziran 2013 aw1 igerisinde Kaliforniva
makasmin  yenn  degistinlip TBM ¢
vaklastimlmisur, Ayrica formasyon igindeki
killi malzemenin ¢ogalmas: nedeniyle kafanin
kil ile sivanmasi temizlik i¢cin gerckh olan
zamanmn  artmasma  neden  olmustur.
Kesicilerin killi  formasyondan  sert
formasyona gegisleri esnasinda lanlmalar
vaganmugtir. Kesici kafada kullanulan  su-

kopiik piskirtme sistemi killerin sivanmasi
nedenivle sik stk tikanmus ve gabsmalarda
biiyiik zaman kayiplanna neden olmustur.
Timel boyunun uzamasma bagh olarak olusan
anzalann giderilmesi icin lojistik destek
saglamak zaman almaktadir,

Cizelge 5 ve Sekil 5'de planlanan ve
gerceklesen kan islen dzetlenmektedir,

4 SONUCLAR

01.07.2013 1arihine kadar yamlan ¢aligmalar
sonucunda:

*6.618,366 m tinelin 2,973,326 m’si
(944,925 inin) kazisi yapilmustir. Kalan
3.645,040 m’dir.

* Maksimum kaz ve destekleme: 36,356
m/giin (08.06.2013)" diir.

* Ortalama kazi ve destekleme: 12,038
m/gin (27.10.2012 - 01.07.2013
arasi)"dir.

* TBM parcalarmn zamaninda santive
ulasamamasi ve montajinin zamaninda
tamamlanamamasi yiiziinden 03.08.2012
tarthinde baslamasi planlanan kazi ve
destekleme galismalan ancak 27.10.2012
tarihinde baslayabilmstir (Sek. 5).

60 giin icerisinde [.000 metrelik kazi ve
desteklemenin  tamamlanmasi  planlanms
olmasina ragmen;

* Montaj problemlerinin siirmesi, PLC
ayarlarinin oturmamasi, TBM igin gerekli
enerjimin iletinu esnasindaki sikmtilar,

* Cahsifan santiyenin cofrafik — begeri
kosullari nedeniyle vasifl eleman
sikintisi,

gibi nedenler ile TBM'in istenilen hiza
ulagmasi oldukga gecikmistir. Mart aymdan
itiharen cahsma veriminde artis olmaya

baglamusgtir,
01.01.2013 — 01.07.2013 arasindala 4.344

saatlik siiremin 2.127 saatinde (%49) kaz1 ve
destekleme ¢ahsmalan yapihrken, 2.217 saat
(%51)Ylhk bir sirede ise imalat caligmalari
surdirilememigtir.

01.07.2013 — 16.11.2013 tarihleri arasinda
kaz1 ve desteklemenin tamamlanabilmesi igin
minimum kaz ve destekleme hizimn 26,223
m/giin olmasi1 gerekmektedir (Ciz. 5). Su ana
kadarki cahsmalar géz Ontine alinarak
istenilen hizin elde edilebilmesi igcin dzellikle
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gecilecek formasyon sartlarnda kazm  wve
desteklemelenin arahiksiz olarak sirdirilmesi
gerekmektedir.

Cahgmalar esnasinda, lojistik  destek
iinitelerinin, enjeksiyon sistemlerinin  pea-

gravel saglayici sistemin, segmentlerin nakli
ve yerlegtirilmesin saglavan ercktor ve vincin
revizyonlar yapilarak verimleri artinilmgtir.

(izelge 2. Yamanh 11 HES Projesi 1. Kademe Enerji Tiineli 6+935,566 ve (H317,200 km aras:
planlanan ve gerceklesen ayhik kaz ve destekleme 1slen

TARIH Tiinel Kazisi Segment Montaj Kontak Enjeksiyonu
Planlanan Gergeklegen Planlanan Gareeklesen Plankanan Gerpelklecen
(m) (m) (adet) (adet) (m') (m)
Ekim 2012 3,731 3,731 4] i 0,000 0,000
Kasim 2012 18,401 18,401 6 6 0,000 0,000
Arahk 2012 280,800 R, 718 208 75 162,000 0,000
Ocak 2013 IR0, 700 179,046 282 131 R0, 700 E7. 750
Subat 2013 459,000 283,560 340 211 459 000 0,000
Mart 2013 560,250 483,010 415 156 560,250 0,000
Nisan 2013 600,750 586,500 445 434 GO0, 750 210,400
Mayis 2013 626,400 727,560 464 538 626 400) 306,800
Haziran 2013 608,850 592,400 451 439 608,850 371,050
Temmuz 2013 96,600 S16 696,600
Afustos 2013 687,150 509 687,150
Eylil 2013 619 650 459 619,650
Ekim 2013 598,050 443 398,050
Kasim 2013 478,034 347 527,850
Aralik 2013 0,000 1] 91,116
TOPLAM A.618386 2973326 4 B85 2,190 6,618, 366 1176000
S ;;f_;";’m y  100% 44,8% 100% 43,9% 100% 17,5%
AYLIK ILERLEME HIZLARI
~ 900
E. 728
E 750
S 600 — 587 |
= 3 7
= 450 ?
7 284 n
F 300 . —
5 179 _ .f
X 150 9“—% 1
E 0 . T "lf" T % T — T T i Iﬁ
EY Eo =4 §8 Bo FP2 5§02 E2 &n
3% §z £R SR 38 3® IR Ik 5§
TARIH (ay-yil}
Sekil 3, Yamanl [1 HES Projesi 1. Kademe Enerji Tineli gergeklesen ayvlik ilerleme hizlan
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Cizelge 3. Yamanh II HES Projesi 1. Kademe Enerji Tiineli ay bazinda gergeklesen ortalama
net kaz zlan, ginlik ilerleme hizlan ve maksimum glinlik ilerleme hizlan

Ay Ohcalk 2003 Subat 2013 Miart 2013 Migan 2013 Maws 2013 Haziran 2013
Ort, Net Kaz Him (mh)  1,2734 1.8206 7.2466 24177 2.5551 2.5590
Ort. Net RaztiTohlamat 4 409 1,0751 |,3125 1,4100 1,501 1,6490
Hizi {mv'hy
Ort. Tlerleme (m/giin) 5,776 10,127 15,581 19,563 23,480 19,223
Maks. Hlerleme (m/giin) 13,419 20,262 24,350 33,750 12,660 16,356
AY BATINDA ORTALAMA GONLOK ILERLEME HIZLARI
25 235
é 20 168.6
s
E 15
5 - 10.1
E 5.8 e
N Easmm
E‘ 0 - T T T e T T I’}.{ v
= o o
3 R Hﬁ 5 R
TARIH {ay-yil]

ckil 4. Yamanh rojesi 1. eme Enerji Tiineli ay bazinda ger¢eklesen ortalama
kil4. Y I I1 HES Projesi 1. Kad Enerji Tiineli ay bazind kl 1
giinliik ilerleme nzlan

(izelge 4. Yamanh I HES Projesi 1, Kademe Enerji Tlineli ay bazinda duraklama nedenleri ve
siireleri, bakim siireleri, makine kullamm siireleri ve yiizdeleri

DURAKLAMA TARIH (20013 YILI AYLARI) TOrLAM ﬂ;;“
NEDENLERT DCAK  SUBAT  MART N ism_’ﬂ MAYIS I-I.ﬁ_EIR;-’uN
Erekior 54,50 [6.25 17,0 t,25 12,25 26,25 132,50 3.0%
Feeder + Diger 23.25 5,00 .00 7,50 14,75 28,25 14,75 L 9%
Keski Defisimi 21,50 {3,000 75 5,0 10,25 19,25 B4 75 1,804
PLC 9,00 13,75 2,75 32,25 0,75 1,00 59,50 L
TBM Sag Denge Kalu 0,00 0,00 57.00 0,00 0,00 0,00 57.00 [,3%
Enpeksivon (Pea-Gravel+Mortar) 0,25 3,00 525 10,25 225 3,25 44 75 1, 0¥
S0l Denge Kolu Degisimi 000 0,00 0.0 42,50 0,00 0,00 42,50 1, 0%
Kaliforniva Makes: Montaj 0,01 0,00 0,H 16,50 {0,000 26,00 42 50 L, 0%
Segment Vinci 0,00 1150 9,75 1,25 325 0,00 33,75 0,8%
Sogutma Suyu + Yaglama Sist, 17,25 8,75 S0 0,00 {0,000 0,00 31,00 0, 7%
Wik Katary 1,00 1,00 11,75 5,50 7,00 2.50 o {1, 6%
Trausla Kouveydsd 11,25 &,75 4,50 0,50 0,00 &,50 23,50 0, 5%
Hevalandirma 2,00 6,75 250 1,50 4,00 5,50 2225 0,5%
CH Yaglama | Bazsing Arizalan 0,0 0,00 0,0 0,00 0,00 3,50 3,50 0, 1%
Elektrik Kesintisi 19,50 2275 B2 19,00 28,00 9,50 L0700 2.5%
Formasyon Sartlan 01,01 3,50 1,50 0,00 1,50 15,75 44.75 |, 0%
Tatil+Diger 120000 120,00 T2.00 3850 48,00 T2.00 470,50 T 4%
Olgme Sistemi 47,73 1200 6,50 8.50 17,30 9,50 .73 2,5%
BAKIM (saai) 13500 160,25 13550 123,25 136,75 119,75 810,50 18,6%
TOFLAM DURAKLAMA (st 481,25 40825 376,00 31825 28625 162 50 2232.50 51%
TOPLAM KAZL-TAHKIMAT (==t} 262,50 263,75 36875 41625 45725 35925 212775 4%
TOPLAM VARDIYA SURESE (seety 74375 67200 74475 73450 743,50 T21,75 4360,25 1005
SAKTNE KULLANIM ORAN (%) 35% 390, S0 5T%% %% P4 49%
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Cizelge 5. Yamanh II HES Projesi 1. Kademe Enerji Tiineli; Ocak — Temmuz 2013 de TBM
ile gergeklesen imalatlann durumlanna bagh olarak yapilmas: gercken kaz ve destekleme

calismalan
HiG KAZI § OCAK  SUBAT MART NISAN MAYIS HAZIRAN TEMMUZ
=]
m 380,700 612164 716,782 724,170 769,575 752,25 12,913
- .
= . g 5752 9249 10,830 10942 11628 11,366 12,283
=
Ort. m-'gun 12,281 21.863 23,122 24,130 4. 825 25074 26,223
< mo 179,046 283560 483010 SRA000 TITS60 592,400
:.F“} Eam Miktars
ﬁ e 2,705 4,284 7,298 B.B68 [ 0,993 #.951
5‘; Ot miglin 5776 10127 153581 19,563 23480 19,223
z
Max. m/glin 13,419 20,262 24,350 33,780 32,660 36,356
A
|
1
m Al P S———
" [
-I
alr
ml
X\
I; fu L = | =E =
5 i | £ &
i g : £
i g 2 3 § :
B PLAMLAKNMA B GERCEKLESME
{metrel {rretre)

Sekil 5. Yamanli [T HES Projesi 1. Kademe Enerji Tiineli hedef ve gergeklesmelern
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Kazilabilirlik indeksi Kullamlarak Tiinel Agma Makinasi (TBM)
Performans Parametrelerinin Belirlenmesi

Analysis of the TBM Performance Parameters Using Boreability
Index

Cemal Balci, Ramazan Comakli, Can Polat, Faraz Shoaee Sarbangholi
Isianbul Telnik Universitesi, Maden Mihendisligi Béliimii, Istanbul

OZET Performans tahmini ve tiinel agma makinelerinin (TBM) performans parametrelerinin
belirlenmesi, mekanize kazi projelerinin &n pmy:landwma asamasinda kullanilan kritik
paramctr-:lcr oldugundan tinclcilik endiistrisi icin ¢ok onemlidir. Bu bildiride Istanbul’da
vapilan iki farkh uygulama, detayh arazi ve laboratuvar calismalanyla analiz edilmistir.
Tiinel agma makineleri (TBM) igin performans parametreleri (baski kuvveti, tork ve spesifik
enerji degerleri) tiinel kazisi boyunca toplanmiy, TBM lerin tiinellerin kazismdaki performans
sonucglan dzetlenmigtir. Nokta yiik dayanmimi deneyleri tiinel kazilan sirasinda araziden alinan
kaya numuneleri iizerinde ITU Maden Mihendisligi Bélimi kazi teknolojileri
laboratuvannda yapilmis ve tek eksenli basing dayammi degerleni nokta yiik dayammi deney
sonuglanndan elde edilmistir,

Yapilan bu ¢ahgmada laboratuar deney sonuglam ve TBM arazi verileri birlikte
degerlendirilmis ve Gong ve dig. (2006), tarafindan dénerilen spesifik kaya kutle kazilabilirlik
indeksi degerinin kaya kiitle dzelliklerinin iyi bir gostergesi oldugu ve Tiirkiye'de kaya kiitle
kazilabilirliginin tiinel agma makinalarinin degerlendirilmesinde kullamilabilecegi sonucu elde
edilmistir,

ABSTRACT Performance prediction and the determination of some design parameters of
TBMs are becoming very crucial for tunneling industry since they are critical elements in the
pre-planning of a mechanical excavation project, In this paper three case studies are analyzed
with a detailed field and laboratory studies conceming in Istanbul. The performance
parameters of the tunnel boring machines (Cutter forces, i.e., thrust force, rolling force, and
specific energy values) are also collected during the excavation of the tunnels. Tunnel boring
machine's performance results of the tunnels are summarized. Field data are collected
carefully in order to compare TBM operational parameters such as field thrust, torque, net
cutting rate, specific energy and boreability index. Point Load Strength and Shore Hardness
tests were carried out at the rock excavation laboratories of the ITU Mining Engineering
Department on the rock samples collected during the excavation of the tunnels. Umaxial
compressive strength was determined by Point Load Strength.

It is shown in this paper that the boreability index at penetration 1 mm/rev., defined by
Gong et al. (2007) as specific rock mass boreability index (SRMBT) is a good indicator of the
rock mass propertics and may be used to evaluate the rock mass boreability for TBM in
Turkey.
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1 GIRiS
Tinel agma makinalan (TBM) projelerinin

dofiru sekilde planlanabilmesi igin kayacin
kamlabilirlifinin - arastmlip  yorumlanmas:

gerekmektedir. Howarth (1987)
kazmlabilirligi, kava |kitlesi i¢erisinde
mekanize kazi  makinasinm  ilerleme
miktarinin ~ tahmin  edilmesi  olarak

agiklamaktadir, Yine baska bir tammlamada
kazilabilirlik, uygulanan bir itme kuvveti
altinda belirli sayida ve tipteki keskilerin
kayag Ozelliklerine bagh olarak ilerleme
miktant  olarak  tammlanmalktadr (US
Commuission on Engineering and Technical
Systems, 1984). Kawzlabilirlik konusunda
Gong ve dig. (2006) tarafindan Gnerilen kaya
kiitle  kazilabilirlik  indeksinin, kaya
kiitlesinin  kazilabilirlifinin  yorumlanmas
konusunda Baler (2009) tarafindan  bir
caligma yapimus ve kaya kitle kazilabilirlik
indeksinin giivenli bir parametre oldugu
ortaya konuimustur.

Bu g¢ahsmada Gong ve dig. (2006),
tarafindan dnerilen spesifik kaya kiitle
kazlabilirlik indeksi degerleri kullamilarak
iki farkh projede kullamlan TBM lerin
performanslan analiz edilmistir,

2 TUNEL PROJELERININ
TANITILMAS]I

2.1 Projelerde Kullanilan TBM ler ve
Ozellikleri

Ayazafa-Cayubast  su  naklive tiineli,
Istanbul Biyiksehir Belediyesi (ISKI)
tarafindan Ka@ithane vadisine temiz su

tedarik edilmesi amaciyla yapilomstir. Tiinel
ingaah  Depar ingaat sirketi tarafindan
yapilmig olup 4,750 m vzunlugunda ve 2,2 m
capmda tiinel agilmistir. Insaat sirasinda
kalkanhh sert kaya TBNM'1 kullamlmistir,
Sekil 1'de bu TBM gosterilmistir.

Kadikily — Kozyatag tineli 17 Agustos
20127de kullamma acilmigtir. Bu tinel 21,7
km uzunlugunda ve toplam 16 istasyondan
olusmaktadir. Tiinelin agilmasi islemlerinde
Kadikéy-Kozyataln ve Kartal-Kaynarca
arasinda iki adet pasa basingh (EPB) TBM
kullamlmighr. Iki  projede  kullamilan

ozellikleri Cizelge 1'de

TBM 'lerin
verilmistir

Sekil 1. Ayazaga tiinelinde kullamlan
TBM’in genel goriiniisii (Balci ve Ozaydin,
2012).

Cizelge 1. Projelerde kullamlan TBM 'lerin
dzellikleri (Balei ve Ozaydm, 2012)

R Kadikay-
%ﬁ]{ﬂﬁ Kozyatagi
Tiineh
Kesici kafa gap: (m) 3,115 6,57
Kesme Giicii (kW) 2 x 250 1260
Keski Sayisi 21 38
Maksimum Tork
(kNm) 1.400 5200
Maksimum Bask:
Kuvveti (kN) 1.100 42 575
Kcm?: kafa donme 0-10 | 6-5.5
arahig (rpm)
3 TUNELLERIN JEOLOJILERI

Ayazaga tiinelindeki kaya formasyonu, genel
olarak Trakya formasyonu olarak bilinen ve
kumtas, camurtass ve andezit wve dasit
dayklar gibi sedimanter kaya igerisinde
bulunan magmatik kayvaglardan olugmaktadar
(Anadolu, 2006).

Kadikdy-Kartal metro tiinelinin Kozyatag
Kadikoy arasindaki kaz: islemlent TBM lerin
performans parametreleri agisindan
degerlendinlmistir. Degerlendinilen bu kaz
hatti; Trakya, Tuzla-Baltalimam: ve Kartal
formasyonlanndan gegmektedir.

Aynica kaz hattinda Aliivyonlar ve fay
hatlan da bulunmaktadir,. Kozyatafn -
Kadikéy kam hattinin  gegecegi  jeolojik
vapilann durumunu gosterir kesit Sekil 2'de
verilmigtir,
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Sekil 2. Kadikisy Kartal Metro tiineli giizergih (Balci, 2009)

Kozyatafi — Kartal metro hattinin gegtigi
formasyon olduk¢a kinkh-gatlakh olmakla
birlikte, sedimanter kayaglar icerisinde
aniden olusan andezit ve dasit dayklar gibi
magmatik kayaclarda formasyon igerisinde
ver almaktadir, Bu dayklann kalinhg 10-20
cm’den 10-11 m've kadar degismektedir
(Ozgdrits ve Okay, 2005).

Ayazaga — Cayirbasi tinelinden alman
ornekler  Uzerinde yapilan  nokta  yik
dayanimi testi sonuglanndan hesaplanan tek
eksenli bhasing dayammi degerlerinin 30 -
250 MPa arasinda, Kadikiy — Kozyatag
tiinelinden alman numuneler {izerinde
vapilan tek cksenhi basing dayammu testi
sonucunda ise tek eksenli basing dayanimu
degerlerinin 30 — 65 MPa arasinda degistigi
gozlemlenmistir.

4 TBM PERFORMANS
PARAMETRELERININ
HESAPLANMASI

Tinel kamlan swasinda diizenli olarak
miiteahhit firma  yetkililen tarafindan

TBM'lerin kazi performans verileri kayit
altma almmstir. Bu g¢ahsma igin alman
verilerin timi TBM agik modda cahistif
sirada kaydedilen venlerden olugmaktadir,

Kesici kafanin her bir dionisteki ilerleme
miktar, dinme hizi, tork, ilerleme miktan ve
itme kuvveti gibi TBM performans
parametreleri makine iizerindeki veri kayit
sisterm tarafindan kaydedilmig ve bu veriler
analiz edilmistir. Elde edilen bu weriler
Cizelge 2 ve 3'de verilmistir. Cizelge 2 ve
3'deki veriler her bir ilerleme degen igin
verilerin ortalamas: alinarak elde edilmistir.
Elde edilen bu wveriler degerlendinlerek,
Kazilabilirlik indeksi degeri bir disk iizerine
diisen arazi itme kuvveti (kN/disk) dederinin

kesici kafamn  bir dinisteki  ilerleme
miktarina (mm/dev) orani olarak
hesaplanmugtir.  Kazi  igin harcanan  giig

Esitlik -1"den, arazi net kazn miktann (ICR)
ise ilerleme miktan ve tiinel kaz1 anmmnin
alan1 kullamlarak hesaplanmigtir, Spesifik
enarji (SF) degeri net arazi kam miktan
(ICR) ve kazi igin harcanan giice bagh olarak
hesaplanmig olup, eneri transfer katsayisi (k)
0.85 olarak ele almmistir (Baler, 2009; Bilgin
ve dig. 2007).
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(izelge 2. Ayazaga su tiineli TBM arazi verileri (Baler, 2012)

Rifg No FT Tork  Kesme derinlifi SR]_"-‘IB] Gig (kW) IC:.IR SE ;
(KIN] (kiNm) (mmidev)  (kM/keski‘mm/dev) (m/h)  (kWh'm )
a0l 2430 210 4,6 254 131.9 12,6 10.5
902 2156 180 54 19,0 13,1 14,9 7.6
049 | G0 210 .3 14,8 1319 17.1 71
950 1960 210 6,3 14.8 1319 17,1 1.7
951 1960 210 6,3 14.8 131,9 17,1 7.7
970 1960 260 7.5 12,4 136,1 17,1 7.0
o971 2352 290 54 20,7 182,2 14,9 123
972 1960 260 54 17,3 1634 14,9 11,0
1018 2156 240 6,3 16,3 150,8 17,1 B8
1019 2156 240 6,3 16,3 150,8 17,1 %]
1058 156 180 3.8 19.6 113,1 10,3 11,0
1059 1568 180 3.8 19,6 1131 10,3 11,0
117 2548 220 4.6 26,4 138,2 12,6 11,0
118 2352 220 54 20,7 138,2 14,9 0.3
1119 2352 220 54 20,7 1382 14,9 03

*SRMBI: Spesifik kaya kiitlesi kazilahilirlik indeksi; TCR: Net kaz miktary; SE: Spesifik Enerji.

Cizelge 3. Kadikoy- Kartal tineli TBM arazi verilen (Baler, 2009)

. FT Tork  Kesme derinlif SRMBI i ICR SE
RingNo  oigisky (kNm)  (mmidey) g (N keskifmemidev) O0F &W) oy ewhvnd®y
I 2007 1500 n 50,18 39270 2034 19,31
2 1101 1800 6 18,35 S4664 3539 15,44
12 174.1 | 800 7 24 87 490,09 17,02 13,24
24 1585 1900 8 19,81 53721 43,94 12,23
42 [43,1 1900 g 15,90 537,21 4943 08T
53 139.4 2100 10 13,94 593,78 54,92 10,51
75 1415 2000 1 12.86 56549 60,41 9,36
59 1318 2100 12 10,98 59376 65,90 9.01
81 1425 2200 13 10.96 622,04 71,40 8,71
al 1223 2000 14 574 505,49 To,E9 T.35
57 135.4 2000 15 Q.03 544,54 79,33 6. 86
33 135 2000 16 % 44 $23.60 81,36 6,44
17 1219 2000 17 717 481,71 79,53 6,06
12 1633 1200 18 9,07 13576 69,57 3,43
In 1266 L 500 19 .66 208,45 T3 43 4,06
& laTt 2 (] 20 B .37 318,35 11,30 4. 12
10 61,4 1400 21 7.69 24923 72,62 3,43
3 1058 1100 by) 4,81 18431 7160 2,57
9 1369 1200 23 5,95 201,08 74,85 2.69
4 1562 [ 400 14 11,16 234,57 4556 5.15
5 1571 1300 25 628 20420 76,28 2.68

*SRMBI: Spesifik kaya kiitlesi kazilabilirlik indeksi; ICR: Net kaz miktary; SE: Spesifik Enerji.
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4.1 TBM itme Kuvvetinin Hesaplanmas:

TBM toplam itme kuvveti Esitlik |
kullanilarak  hesaplanabilmektedir,  bu
Esitlikte bir bar iki tona  esittir
(Herrenknecht, 2009):

FT = P.200/ 10029.8 (1)

Burada;

FT: Bir disk {izerine gelen ortalama itme
kwrvveti (KN /disk)

Pt Itme silindiri basiner (Bar)

4.2 Kesici Kafa Tork ve Guiciiniin
Hesaplanmasi

Esitlik 2 ve Esitlik 3'teki bagmtilar kesici

kafa torku (T) we giiciiniin (P)
hesaplanmasinda kullanilmaktadir
(Herrenknecht, 2009):
p o 2023P0, +0.27, @)
Fio0

P=2x siELh T

60 (3)
Burada;

T : Kesici kafa torku (kNm)

Pcn  : Kesici kafa basinc: (Bar)

P : Kesme guci (K'W)

RPM : Bir dakikadaki kesici kafa dénme hiz

4.3 Net Kazn Miktarmin ve Spesifik
Enerjinin Hesaplanmasi

Yapilan bu galigmada net kazi hizi, kesici
kafamin optimum ilerleme miktan ve bir
dakikadaki donme miktan parametreleri
kullamlarak hesaplannmstir (Esithik - 4),
Spesifik enerji degerinin belirlenmesinde ise

Esitlik — 5 kullamlmustir.

ICR =S5, xA (4)
P

SE = o (5)

Burada;

ICR : Net kazi miktari (m’/h)
SE : Spesifik enerji (kWh/m®)
S, :Piston hiz1 (mm/min)

A : Tiinel kazi arim alam (m?%)
P Giig (kW)

Sekil 3-6'da bu tineller igin yapilan
karsilastirmalar verilmistir. Sekil = 3'te
Avazaga tineli 1gin spesifik kaya kitlesi
kazilabilirlik indeksi ile kesme derinligi
arsindaki  iliski  verilmis  olup kesme
derinliginin artikca spesifik kaya kitlesi

kazilabilirlik indeksinin azaldif1
gorilmektedir.
=1
g 25 B y= A4
R'=071
E 20 i [
b1
E 15
i 1a
:
i T T T T T T T T
a 1 2 =] L] E] 15 I L]
Hewme derinligi (mmidey)

Sekil 3. Ayazaga tiinelindeki kesme derinligi
ile SRMBI arasindaki iliski

Ayazaga tiineli icin Sekil -4'te goriildiigi
gibi kesme derinligine bagh olarak spesifik
enerji degerinin  de@simi  karsilastinlip
kesme derinligi artuik¢a spesifik eneni
degerinin azaldif gorilmektedir,

e
m &= m
I 1 i

y = a5
R = 0,8t
E - ‘\'\4\\
g . e
w B
Fi
.a.
a 1 2 | | 1 il 7 (3

Hasmae derinli§ {mmddey]

sekil 4. Ayazaga tiinelindeki kesme derinligi
ile spesifik enerji arasindaki iliski

Kadikéy — Kozyatag: tiineli igin de vine
kesme derinligine bagh olarak spesifik kaya
kiitle kazilabilirlik indeksi ve spesifik enerji
degerlerinin degisimi karsilagtinlmagnr. Sekil
5’te kesme derinlifi artthkca kava kiitle
kazilabilirlik indeksinin azaldign ve Sekil —
6’'da kesme derinligi arthkga spesifik
enerjinin azaldigi goriilmektedir.
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Sekil 5. Kadikdy - Kozyatag tinelindeki
kesme derinligi ve SRMBI arasindaki iliski
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Sekil 6. Kadikoy — Kozyatag tinelindeki
kesme derinligi ile spesifik enerji arasindaki

ihiski

5 SONUCLAR

Yapilan bu ¢alismada Ayazafa su tineli ve
daha kimkh-gatlakli bir formasyonda agilan
Kadikoy-Kozyatagi metro galismalan arazi
verileri Gong wve dig. (2007) tarafindan
gelistirilen kazilabilirlik indeksi kullamlarak
degerlendirilmistir,

Sonug olarak kazilabilirlik indeksinin kaya
kiitle dzelliklennin 1y1 bir gostergesi oldugu
ve kaya kazlabilirliginin
degerlendinimesinde kullanilabilecegi ortaya
cikmgtir.
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Makro Sureksizliklerin Metro Tunellerinde Kullanilan Tinel
Acma Makinesinin Performansinda Etkisi

The Effect of Macro Discontinues on TBM Performance in Metro
Tunnel

A.Yiksel, E. Anoglu .
Yapt Merkezi Insaal ve San A.S, Istanbul

N. Bilgin _
ITU Maden Fakiiltesi, Maden Miih. Bal., Maslak, Istanbul

OZET Kadikdy Kartal Metrosu’nun Kadikéy ile Kozyatag arasmda kalan toplam 12,3 km’lik ikiz
hat tiinellerinin agilmasinda, aglk modda da ¢ahsabilen dzelhkte EPB TBM’ler kullamilmstir.
Gegilen kayaglar, Kartal Formasyon’una ait kiregtasi ve seyller 1yi-zayif kaya kiitle kaliteli, Trakya
formasyon’una ait kiltas, silttagi ve kiltagi zayif — cok zayif kaya kiitle kalitesine sahip olup fay ve
volkanik sokulumlar ile siklikla kesilmistir. Bu tiinellerin kazisinda, fay ve volkanik sokulumlann
gecilmesi sirasinda toplam 11 géciikk meydana gelmis bu giciikler kaz ilerlemesinin toplam 93
giin, 4 saat siireyle duraksamasina sebep olmustur. Bu calhismada TBM kazi parametrelerinin
izlenmesi ve yorumlanmasiyla gogtik olaylarinin énceden tahmin edilebilmesi incelenmistir

ABSTRACT EPB TBMs, which are able to work in open mode, were used during the excavation
works of the twin line tunnels between Kadikdy and Kozyatag of Kadikéy-Kartal Metro Project
that has a total length of 12,3 km. Excavated rocks are consist of limestone and shale -good-weak
rock mass quality- belongs to Kartal Formation and siltstone and claystone -weak-very weak rock
mass quality- belongs to Trakya Formation, which are cut by faults and volcanic intrusions, During
the excavation, 11 collapses occurred while passing through these faults and volcanic intrusions
and these collapses caused stoppages that have a total length of 93 days and 4 hours. In this study,
predictability of these collapses is examined by monitoring and interpreting TBM excavation
parameters.

EPB TBM’lerde kazilan ortanm
tanimlayabilmek i¢in ayna vyiizeyini gozle

1 GIRiS

Jeolojik kogullar her tiinel projesinde farklidir
ve kendine ozeldir. Bu nedenle TBM kan
performansi ile jeolojik kosullann olusturdugu
olumsuzluklarin sistematik bir iligkisi dogrudan
kurulamamaktadir. Ote yandan fay zonu gibi
makro siireksizlik yvapilan jeolojik nedenlerden
kaynaklanan  olumsuzluk-gecikmelerin @ en
basinda gelmektedir. Proje  oOncesinde ve
sirasinda  yapilan  jeolojik  galigmalarin
yugunlugu ve kalitesimin artmasivla ve TBM
secimi ve tasanmunin bu calismalardan elde
edilecek werilerin 151%:1 altinda yapilmasiyla
jeolojik nedenlerden dolayt ortaya ¢ikacak
olumsuzluklan azaltmak miimkiindiir. Ancak,

gormek ozellikle basmn¢h cahsildigi zaman
olduk¢a zor ve zaman alici olup, basing altinda
gahsabilecek 6zel kisiler tarafindan yapilabilir,
Bu durum ile bas etmek igin ilerleme sirasinda
elde edilen TBM kazi parametrelerini izlemek
ve deferlendirmek uygun bir yol olarak
gozikmektedir (Bilgin  vd., 2009). Bu
cahsmada  Kadikéy-Kartal Metrosu'nun
Kozyatagi-Kadikoy arasindaki hat tiinellerinin
kazist sirasindaki goéciik olaylan incelenmis,
TBM kaz parametrelerinin  izlenmesi ve
yvorumlanmasiyla gogiiklerin onceden
kestirilebilmesi imkam ele alinmustir,
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2 KADIKOY KARTAL METROSU

2.1 Giizergah ve Proje Karakteristikleri

Kadikdy-Kartal Metrosu, Kadikdy ile Kartal
arasinda 21,6 km uzunlugunda planlanmug
olup, glizerpah bovunca 16 istasyon
icermektedir. Proje, Kadikdy meydaninda
yer alan istasyon ve buma bagh kuyruk
tiineglleri ile baglamakta ve Yeldegirmeni
semtinin altindan ilerleyerek Ibrahimaga
Istasyonu'na ulasmaktadir. Metro hatti bu
istasyonda  Istabul’'un  Avrupa yakasim
Anadolu yakasina baglayan banliyd sistemi
olan Marmaray projesi ile kesismektedir.
[brahimaga Istasyonu’ndan sonra E-5 adiyla
bilinen D-100 devlet karayolu izdisiimiine

gelen hat Acibadem Koprisii'nden itibaren
bu karayoluna hemen hemen paralel olarak

ilerlemektedir. Metro hath  Gzenndeki
istasyonlar,  sistemin  dikine  yolcu
transferlenimin =~ kolayca  yapilabilmesine

imkan verecek sekilde E-5 karayolunu kesen
kavsak noktalarinda ya da yakiminda
planlanmustir (Sek. 1).

Tiinellerde o6rtli kalinlign 8-60 m arasinda
degismekte olup ortalama kalinhk 30 m
civarindadir. Tinel derinligi, topografvaya
bagh olmakla beraber, bir yandan metro
sisteminin azami trmanma egimine diger
yandan da istasyon derinlifine bagh
olmaktadir.

\

o

240

| YENISAHRA |

L

Proje Sonu km
214662

L H ALTAYCESME |

¢4y| Proje Baglangici

Sekil 1. Kadikéy — Kartal Metrosu giizergahinin yerlesimi ve istasvonlar

1.2 Giizergah Jeolojisi ve Formasyonlarin
Karakteristikleri

TBM kazilan swrasinda kaz sirasina gore
baghca Kartal, Baltalimani, Tuzla ve Trakya
formasyonlanndan gecilmektedir, Bu
formasyonlar asagida kisaca tamimlanmusg
olup, ayrica Sekil 2°de gisterilmigtir,

Kartal Formasyonu, sarnimsi kahverengi,
laminali, seyrek olarak silttagi ve kumtas: ara

tabakali, fosilli seyl wve  kiregtas:
seviyelerinden olusmaktadir. Seyl
tabakalannmin  bulundugu lkisimlar zayif

dayanimbh, catlakli-cok sik catlakli olmasina
karsin, kirectasi tabakalarinin  afirhkta
oldugu kisimlan ise daha az catlakh ve goreli

olarak daha dayamumbdir. Glizergahta
Hasanpasa Koéprisii (km 3+800) civanndan
baslamakta, Bostanci deresinde (~km
11+000) yerimi arkozlardan olusan Kurtkoy
formasyonuna birakmaktadir.

Tuzla Formasyonu yumrulu kirectaslari,
cok ince tabakahi-laminali camurtaslan ile
ardalanmali olarak bulunmaktadir,
Baltalimam Formasyvonu olarak adlandinlan
tabakalar fosfat yumrulu, gortli seyllerden
olusmaktadir. Cok ince tabakali olmas
nedeniyle cok kiviimh bir karakteristik yap
gosterir, Tuzla Formasyonu ve Baltalimam
Formasyonu giizergahta sadece Acibadem
[stasyonu gevresinde (km 2+800—km 3+300)
bulunmaktadur.
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Trakya Formasyonu, yesilimsi, gri renkli,
yer yer ¢gakiltas: ve daha ¢ok kumtasi-silttasi-
kiltas: ardalanmasi seklinde gézlenmektedir.
Orta saglam kaya ozelligindeki Trakya
Formasyonu, gogunlukla tc¢ veya daha fazla
catlak takimi igermektedir, Catlak aralar kil,
kalsit ve yer yer kuvars dolguludur. Trakya
Formasyonu Proje baslangici olan km 04000
ile km 2+800 araliginda rastlanmaktadir.

(riizergahtaki aliivyonel dolgular, yiizey
topografyasinin  daha disiik kota sahip
oldugu dere ve wvadi yapilanmin akarsu
getirim malzemeleri ile doldurulmas: sonucu
olusmustur. Bu formasyonlara sadece km
3+850 ile km 4+100 arasinda
karsilagilmaktadir,  Gilizergahta  gecilen
formasyonlarin  jeomekanik  biyiikliikleri
Cizelge 1'de dzetlenmistir, Cizelge 1’den
anlasilacag iizere Trakya Formasyonu wve
Kartal Formasyonu Zon A’'da karsilasilan
kayaglarin kaliteleri az ¢ok biribirine benzer

nitelikte olup, “Zayif”’ kaya simfinda yer
almakta, buna kargin Kartal Formasyonu Zon
B “orta-iy1” kaya kitle kalitesine sahip
kayactir.

Tinel glizergahinda bulunan
formasyonlann ¢ofu degisik  jeolojk
devirlerde meydana gelen tektonik yer
harcketleri  sonucu  ilksel konumlarini
kaybetmis, kayaglarin dayanim, ve tabaka
kalinhgina bagh olarak deforme olmus,
kivrimh ve  kimkhh  yvap  kazanmustir,
Gilizergah boyunca rastlamlan kayaclarda, bu
hareketlerin yonlerine bagh olarak genellikle
fi¢c veya daha fazla catlak sistemi gelismistir,
Bunun yamsira, asin deformasyonlarin
kivrimlanma ile karsilanamadigi zonlarda
biiyiilk kinklar-faylar ve ezilme =zonlan
meydana getirmistir.  Genellikle wvolkanik

sokulumlarla birlikte gézlenen bu tir
yapilarla  gizergah  boyunca  sikbikla
karsilasilmaktadur,

Cizelge 1. Gegilen formasyonlara ait jeomekanik buyiikliklerin ortalama ve degisim aralhiklan

(Yiiksel, 2013 )
R . s Trakya'* Kartal Formasyorm | Kartal Formasyonu
Jeomekanik Biiyiikliik Birim Fmﬂ'“:‘m B Shes
Kaya kalite tanum, ROD % 192 (o-100) '+ 21 (0-100) 58 (0-100)
Jeolojik dayanim indelsi, GSI g 223 (0-100) 20 (0-70) 41 (-100)
Birim hacim agulik, v v’ 265 (2,06-276) 261 (222.275) 269 (235285
Porozite, n a4 485 (0.37-27.5) 4724 (0.95-10.5) 101 (,25-3.23)
Tek eksenli basmng dayammu, o, keflem” | 466 (19-1553) 306 (11045 527 (77-1583)
Cekme dayanim, kefien B4 (11 -140) 48 (15-91) 77 (2.2-179)
Elastisite modiilii, £ (x/000) kefle’ | 948 (6,7-203) T8 (12-251) 108 (45-188)
Poisson orani, s 027 (0.18-0.42) 030 (0,180.38) 030 (0,21-0.38)
Kohezyon, ¢ ket | 138 (40-325) 131 (43-198) 151 (54-280)
Igsel siirtiinme agps, @ ) 38 (27-51) 405 (32-45) 45 (40 -54)
Cherchar asindincilik indeksi, CAT 5 1,37 (0.5-25) 094 0.5-23) 1,79 (6,5-3.5)

(*®): Tzl ve Balialfmam Formasvonuna aif veriler az smada oldugundan Trakya Formasyomy e birlite deferlendivilmistir.
(*%}: Wk deger ortalama, paranies igindeki degerler ise minimum ve maksimum degerlent ifade etmeftedir

3 TBM ILE TUNEL ACMA
CALISMALARI

Giizergahta gecilen formasyonlarin kaya
kiitle 6zellikleri, fay, ezilme zonu gibi makro
siircksizlik yapilan ve kayaglarin dayanim
biiyiikliiklen g6z oniinde bulundurularak, hat
tinellerinin acilmasinda, kazi sirasinda yer
alth suyu ve zemin kawviplannin minimum
diizeyde tutulmasma ve agilan tinelin on
dokiim segment kaplamalar ile hemen

desteklenmesine imkan veren “Pasa Basinci
Dengelemeli Kazi Makinesi (EPB-TBM) nin
kullamlmasi1 &ngoriilmiistir. Ancak kesit
biiyiikliigii hat tinellerinden farkli olan
makas ve istasyon peron tinellen1 NATM
metodu ile acilmistir, Kadikoy ile Kozyatagi

istasyonlan  arasindaki  hat  tinellerinin
kazisima, daha elverish isletme sartlanna
sahip olmasi  dolayisiyla  Kozyatag

Istasyonu’ndan  baglanmis ve Kadikoy
yoniine dogru ilerlenmistir. Bunun igin hat
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tzerine 1sabet edecek sckilde 13 m ¢aph giris
saftlan agilmus, TBM makinelennin montaj:
igin de ~100 m uzunlugunda geleneksel
(konvansiyonel) metodla montaj tineli
agilmustir, TBM makineleninden 1lki Haziran
2007'de  sahaya geltms wve montaj
tamamlanarak sol hatta 14 Agustos 2007 de,
sag hatta ise 18 Ekim 2007'de de kaziya
baslanmistir. Cizelge 2’de tinel agma
¢alismalarinin kronolojik gelisimi ve agilan
tiinel uzunluklann  belirtilmistir.  Isletme
kogullannm kolaylastirma gayesi ile tinel
hemen hemen van yeola kadar agildiktan
sonra TBM makinesinin destek sistemleri
Unalan istasyonu’'nun hemen yakininda
bulunan wve karayolunun kavsak kolu
igerisindeki alanda agilmms olan S5A ve S5B
saftlanina  aktarilmistir. Boylelikle nakliye
siiresi kisaldigi gibi tagima ekipmanlan ve
diger destek sistemlerinden tasarruf etme
yoluna gidilmistir. Sag hatta TBM ile
6.075,8 m kazlarak toplam 4.084 adet
prekast beton segment destek  ringi
yerlestirilmis, sol hatta ise 6.305 m kazlarak
toplam 4.223 adet nng yerlestinlmistir,
Tinel kazilann TBM makinelerinin Kadikéy
istayonu ilerisindeki M1 makasina
geldiginde 11.06.2010 tarihinde sag hatta,
09.07.2010 tarihinde ise sol hatta kaz islerini
tamamlamuslardir,

(Cizelge 2. Kozyatagi —Kadikdy aras tiinel
agma ¢alismalan (Yiiksel, 2013)

Sag Hat Sol Hat
Akl

ey (Hat 1) (Hat 2)
Toplam giizergah
wrunilugy, 80724 15784
opla L B0 tine) 6.075,7 6.266
wzuniufu, m
Tllap[am ]:urr:kmi kaplama A4 4993
{ring) adedi
Kaz baglangig tarihi 18.10.2007 14.08.2007
Kaz bitim tarihi 09.07.2010 11.06.2010
Fiili kaz: siiresi, giin 795 &875
Toplam siire, giin 995 1.032
Ortalama kaz b, migiin_ 10,0 9,3

Tinel kazisinda her 1ki hattaki tiinelde de
birbirinin  aymsi olan EPB tipi TBM
kullamlmugtir (Ciz. 3). Bu makineler “agik
mod”, “kapali mod” ve “basinghh mod™ da

kaz1 yapabilecek sckilde idretilmistir. Agik
modda, kazlan malzeme kaz odasmin
merkezinde bulunan bir banth konveyorle
alinmaktadir. Kapali mod ve basingh modda
1se bu bant sokiilmekte ve kazilan malzeme,
ucu kazi odasmin tabamina yerlestinlen bar
burgulu konveydr ile alinmaktadir

Cizelge 3. Kullamlan EPB-TBM'in teknik
ozellikleri (Yiksel, 2013)

Teknik dzellil Biyvitklik
Eaz cam 6,57 m
Kalkan cap 6,54 m
Kalkan boyu £23m
TBM givde agirhi 350 ton
Toplam kurulu gig 2100 kW
Kesici kafa giici 1.260 kW

5.200 kNm @& 3,1 rpm

Kesici kafa tork
e 2.912 kNm @ 5.5 rpm

Toplam itme kuvvet 42.575 kM (@ 350 bar
ltme silindiri sayis1 ve stroku 32 adet, 22 m

Prisk keski sayist 3% adet € 6 adet gifli)
Drisk keski gapn ve maks, yiiki 17 inch, 267 kN
[Disk aralign 900 mm

Timak keskis 61 adet

;up.:gulu konveyir umanlugu ve 12 m, 0,7m

Tiinelin desteklenmesinde 5,70 m i¢ capinda,
30 cm kalinliginda ve 1,50 m eninde olan
5+1 segment dizilimine sahip tniversal tipte
on dokim  betonarme  halka (ring)
kullamlmastir. Tinel cahsmalarmda, tipik
malzemelere ait gergeklesen ortalama sarf
miktarlan Cizelge 4'de dzetlenmistir.

Cizelge 4. TBM kazisindaki ortalama
malzeme sarflan (Dingel vd., 2010)

Karaktenstik sarfiyat Birim Miktar
Disk keski sarfiyati ad/1000 m 1,31
Tirnak keski sarfiyvan ad/ 1000 m’ 3,87
Enjeksiyon m’/m 3,00
Zemin sartlandirma katkiss kg/m’ 1,02
Elcktrik tiiketimi kWh/m' 21,z
Akaryakit (dizel) It/m’ 4,05

4 TBM KAZILARINDA MEYDANA
GELEN GOCUKLER VE NEDENLERI

Kadikdy Kartal Metrosu insaati sirasinda
glizergahin Kadikoy ile Kozyatag
istasyonlan arasinda Platform ve Makas
tiinellen diginda kalan hat tiinellen EPB upi
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TBM kazi makineleri ile agilmustir. Kaz
1slemi Kozyatag Istasyonu'ndan baslayarak
Kadikby  yonine dofru  ilerlemistir,
Istasyonlardaki ve baz makas tiinelleri,
TBM'ler bu balgeye gelmeden once agildig
igin  bu kisimda TBM  kaydinlarak
ilerlemistir. Bu kazlar sirasinda gegilen fay
ve czilme zonlarinda ilerlemeyi sekteye
ugratan gogikler meydana gelmistir. Bu
olaylar Cizelge 5’te belirtilmistir.

(izelge 5. TBM kazisinda meydana gelen
gogukler (Yiksel, 2013)

Har  Ring Ayna Tarih Duraklama

No No km’si Siiresi

Hat.1 73 atifhg 16122007 26 gim, 18 saat
Hat.l 232 B+120 24032008 T gin, 10 saat
Hat.] 282 g+046 16042008 2 gim, | saat
Hat.1 321 T+993 25042008 6 gmin, 3 saat
Hat1 1483 5+973 15002009 | gin, 7T saat
Hat.l 2272 4+046 (4.07.2009 2 gim, |7 seal
Hat.1 2731 3+356  16.10.2009 2 gin, 15 seat
Hat.1 3021 2+628 25122009 24 pin, 12 seat
Hat2 260-27% 8+170 10.01.2008 |4 gin, 6 seat
Hat.2 1349 6+285 12102008 2 min, 13 saat
Hat2 14641 6+117 03112008 2 gin, 19 saal

Cizelgeden anlasilacag iizere, TBM kazilan
sirasinda meydana gelen gogiiklerden dolay
1 ila 26 giin arasinda degisen toplam 93 giin
ve 4 saat siiren duraksamalar meydana
gelmistir. Bu siirenin toplam kazi siresimin
yaklasik %10'una karsi geldigi
goriilmektedir. Asafida meydana gelen
gocilk olaylarma ait birkag tipik oOmek
verilecektir,

Kullamlan TBM makinest hem agik
modda hem de kapali modda kazi yapabilen
bir makine olarak secilmistir, TBM
kazilarma, baslangicta kaya kosullarimin
uygun olmasi nedeniyle agpk modda
baglanmistir. Bu kisim, Kartal Formasyonu
Zon A ile ayirt edilen kisimda yer
almaktadir. Ancak buna ragmen kazimn ilk
100 m’lik kismunda, 73, ringde (km 8+366)
gocilk  meydana  gelmistir.  Yapilan
incelemede kazi aynasmin parlak yiizeyh
fay-ezilme zonunda bulundugu gorilmiistir.
Gégiik neticesinde kazi aynasi ~4 m kadar
yukariya, 1 m kadar da ileri dogru agilmistir
(Sek. 3).

krm B+366

Sekil 3. Hat 1- 73. ring kazisinda meydana
gelen gogiik

Olusan gdgiik boslugu yeryiiziinden 140 mm
¢aph delik agilarak bentonitli enjeksiyonla
doldurulmaya cahsilmistir. Ayrica bu isleme
paralel olarak segment erektoriine monie
edilen delgi tinitesi (probe drill) ile aynaya
dogru delik agmlms ve vine buradan
bentonitli enjeksiyon yapilmustir, Enjeksiyon

karigimimn - makinenin - kesiei  kafa
arkasindaki pasa odasina  girmesinin
onlenmesi  igin kesici  kafadala  kazi

agikliklannin gegici olarak sac levhalarla
kapatilmas1 gerekmistir. Ancak, bu iglem
oldukea zaman alici olmustur.

Gociigiin - olusma nedenleri  konusunda

yapilan degerlendirmede, kesme kafas:
izerinde bulunan agikhklanmn  bilyik
oldugu kanaatine wvanlmgur. Soyle ki;

ezilme zonuna girilirtken wveya cikilirken
aynadaki iri boyutlu kaya bloklan kendi
kendimm  tutamamaktadir. Kesici  kafa
tizerinde bulunan agikliklara aynadan diisen
kaya bloklarimin bir kisminin girmesi, dénme
hareket1 1ile birlikte aynay1 daha fazla
orseleyerek sokiilmeye yol agmakta ve kesici
kafa nihayetinde bloke olmaktadir. Bu
durumun Onlenmesi; diger kelimelerle i
kaya bloklarinin kesme agikhgina girmesinin
oniine gegilmesi i¢in kesici kafa tizerinde
bulunan malzeme ac¢ikhiklannin daraltilmas:
Ongoriilmiistir. Bunun saglanmasi igin bu
agikliklara maksimum 30 cm boyutunda
parcalann gegisine izin verecek Glgiide sac
plakalar kaynatilmmstir (Sek. 4).
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Sekil 4. Kesici kafa kaz1 agikhgimin orijinal durumu ve sac plakalar ile daraltilmas:

Bu daraltma iglemi ile ayna sdkiilmesinin ve
gociiklerin - kismen  Oniine  gegilmesine
ragmen  kesici  kafada yamlan bu
modifikasyonun yeteri kadar etkili olmadig:
ooriillmistir, Nitekim 232., 282. ve 321.
ringlerin kazisi sirasinda gdgik mevdana

gelmigtir. Bu nedenle, Yenisahra
Istasyonu'ndan itibaren kazinin  kapah
modda (EPB mod) yapilmasi karar

alinmustir (Yiksel vd., 2008), Mevdana gelen
gociiklere ait diger birkag tipik drmek agagida
verilmistir (Sek, 3, 6).

Hat 2 1349, Ring kazismi sirasinda EPB
modunda kaz yapilmasina ragmen, meydana
gelen  goglikte  tinel Gzerindeki  kaya
tabakasinin ince olmasi nedeniyle giglk
etkisi yizeye kadar ilerlemigtir. Gogiik
bolgesine van yoldan egimli delikler agilmug
ve enjeksiyon ile ivilestirme yapilmistr (Sek.
3).

kara yolu i kara yolu
| k- =~ i v = __-§V
Yan yol
SN SR < ]
£ 0k _{igﬁ-” - _.- .
@ C ik % Enjeksiyor
Auvyon & E et delglen
A
Farmasyonu Eie i HEE"'L.I":mEl
HaTY. | T pate

Dramatik olan bir gdégiik olayr da hat |
3021. ringin kazisinda olmusgtur. Buras:
Acibadem [stasyonu'nun Kadikoy tarafinda
bulunan makas finelinin hemen
baslangicidir. Makas tiineline 3 m kadar
mesafe kaldiginda gogiik olusmus ve makas
tiineli icerisine dogru oldukga fazla miktarda
gociik malzemesi bosalmig, tiinel tavaninda
11 m yiikseklige kadar ulasan bir bosluk
olusmustur (Sek. 6). Yapilan incelemede
makas tiineli kér aynasinda bir fay zonunun
bulundugu anlagilmmstir, Makas  tineh
igindeki kér aynadan yapilan siren ¢ubuldar
ise tiinel tavanini tutmakta yetersiz kalmigtir.
E-5 karayolunun dzerinde wer alan bu
kesimde viizeyden agilan deliklerden
enjeksiyon yapilmistir,

I\ EdmeY T T
[t oS,
e  Makas |
fi o el %F“' Siliren
J / L . p . :I whuk
. 3021. Ring v d " Piisk.
¢ 5% haton
" GOGHK,
T _ ; ’ o A1

Sekil 5. Hat 2- 1349. ring kazisinda meydana  Sekil 6. Hat 1- 3021. ring kazisinda meydana

gelen gigik
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Sekil 7. TBM kazilaninda meydana gelen gogiiklerin jeolojik profildeki yerleri (Yiiksel, 2013)

Meydana gelen bu gigiiklerin  jeolojik
profildeki yerleri Sekil 7 uzerinde
belirtilmigtir. Buradan goriilecegi  gibi
gociiklerin hemen hemen hepsi fay — ezilme
zonlaninda ya da volkanik sokulumlarn

hemen bitisiginde meydana gelmistir.

5 MAKRO SUREKSIZLIKLERIN TBM
PERFORMANSINA ETKISI

5.1 Gogiikler Sirasindaki TBM Kan
Parametrelerinin istatistiksel
Degerlendirilmesi

Géctik  olaylannmn - TBM  performansina
etkisini arastrmak igin “Gogitk Oncesi”,
“Gogik Siras1” ve “Gociik Sonrasi”™ ularak
tanmimlanan  kaz1  kesimlerindeki TBM
kayitlan ve bundan tiretilen TBM kaz

parametreleri ele alinmigtir. Sekil 8'de sézi
edilen kaz1 adim araliklan gosterilmistir

-

3 "Gﬁguh sirasl
nZ kaz adimi

i

Gocik sanras| a3
n3 kaz adirm

“Giigik trcesi
n1 kaziadim

Sekil 8. TBM Kaz parametrelerinin goeiik
noktasina gire degerlendirme araliklan

Bunun igin gociilk dncesi, goglik siras1 ve
gocuk sonrasinda belirli sayilardaki kaz
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adimlan igerisindeki TBM kaz
parametrelerinin - kazm  ilerlemesine gdre
trendlen (egilimleri) ve bu arahklardaka
ortalama, standart sapma gibi istatistiksel
biyiiklert incelemeye alimmstir,

Kazi performans parametrelen asagidak
bagmtilar vardumuiyla hesaplanmistir.

o Toplam itme TF
kuvveti/penctrasyon ) (1)
oram, kN/(mmirev)
® Tork/Penetrasyon T
orani, I_’ (2)
(KN m )/ {mmirev)

FR
s Kesme katsayvis, € =— (3)

EN
# Delinebilirlik TF
indeksi, Bf = T Fl (4)
(kNdisk)/ (mmidev) Vil

:

e Criig tiiketimi, kI P= Eﬁ%-i" (5)
» Yerinde qpf:mf'a: i
enerji, kWh'm' SE=kirm (6)

o Anhk kar iz, m/h ICR = 0,06. p.rpm.A (T)
Burada ar;:klanﬂayan semboller:
FR: Disk basina yuvarlanma kuvveti,
kNYdisk,
Disk basina normal kuvvet, kN/disk

N, Disk sayis, adet,
fI: Siirtiinme kaybi katsayisi, yaklasik

olarak 1,2 degen alinmaktadir,

FN:

rpm: Kesici kafanin dakikada doniis saylsl,

k:  Inskten kayaya aktarilan kesme enerjisi
transfer1 oram, &=0,8-0.9 olarak
verilmektedir.

A:  Tinel kesit alam, m’.

(Cizelge 5°de belirtilen gocik olaylarina
ait, temel kazi parametreleri (TF, T, p) ve
yina: bu temel parametrelerden yukarida
verilen bagintilar yardimiyla hesaplanan
“tliretilmis™ kaz1 performans parametrelerine
ait ve 8 adet farklh kaz1 adim sayilarina gére
veri gruplart olugturulmustur. Bdylece, 11
adet goguk olayina ait, 8 farkh kazi adim
sayisi alternatifi ve 9 kaz parametresine ait
toplam 792 adet veri grubu elde edilmistir.
Goglik oncesi, pogik sirast ve gogilk sonrasi
agsamalarindaki kazi parametrelerinin farkh
ya da aym topluluga ait olup olmadigim
belirlemek igin “ortalamalarin fark:” test
uygulanmuigtir.  Istatistiksel test sonuglar
Cizelge 6’da verilmistir. Bu ¢izelgeden
goriilebilecegi iizere en fazla “kabul” sonucu
veren kaz adimn sawisi alternatifi gogiik
oncesi, goclik swras1 ve gociik sonrasi igin
belirlenen kaz adim sayilanm ifade etmek
tizere 20-30-20 adetlik kaz1 adimu alternatifi
olmustur. Bu nedenle kazi-ring no sirasina
gore degisimlerin incelenmesi bu alternatif
tizerinde yogunlastinlmstir.

Cizelge 6. Ortalamalarin fark: testinde “Kabul” sonuclan (Yiiksel, 2013)

Kaz Adim sayilan, ny, na, mz = = = 2 = 2 = = 2 Toplam
v v W =) = = = S wKabul”
Paramete : ¥ % 2 7 2 § 8 1
.l, — ™~ [3a] =i Lo | o 2] L | onucu
Toplam [tme Kuvveti, TF B 9 8 7 R’ 10 11 9 70
Tork, T, 6 8 s 8 15 11 10 73
Kesme Katsayr CC=TTF 9 7 7 i 9 8 7 12 65
Penetrasyon, p 3 3 ] 6 7 10 12 7 38
Tapl Itme Knv/Penetr, TH/p 7 4 A 5 & 1n 13 110 Rl
Tork/Penetr., Tp 3 6 9 6 7 14 12 10 67
Giig Tuketimi, P 5 9 10 3 9 12 12 10 70
Spesifik Enerji, SE 3 4 6 5 7 10 13 10 58
Anlik Kazi Hizi, JCR 2 5 G i 8 9 11 7 56
Toplam Kabul 46 57 72 49 69 98 102 85 578
5.2 Gigilk Sirasinda Kaaz lerin Uzennde, goguk dncesi asamada veya
Parametrelerinin Degisimleri gigiikten hemen Once, olaya iliskin ipuglan
Gogik  olaylanmin  meydana  geldigi Veren noklalar daire igerisine alnmis ve
lokasyonlardan birine ait, TBM kaz °laym gidisauni gosteren cgilim (trend)
parametrelerinin - kazi  adimlarina  gére  ¥'ZEI! isaretlenmistir.

degisimleri asagida verilmistir. Bu degisim-
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Sekil 9. Hat 1-73. ring kazis1 sirasinda
toplam itme kuvveti degerlerinin degigimi

Sekil 13. Hat 1-73. ring kazisi1 sirasinda
(TF/p) orani degerlerinin degisimi

4.0

35 _! Hat 1 Ring Mo 72 | s o i Doyl (340 i)

) sty e | | —=—angusvan (20 Bing)
E' :,E : migna. 5 G Ll S0 ra@ 30 Rgh
= Ul }
= 20 4 . ifie | i
=
'E L5 1 i |
= 10 | . | _

5 4 ! il i

ra ! I

" o 50 g0 100 120

Ring Mo

Fa] i i 1F- DI04 30 Rl
G0 - Hat 1 RingNe 73
e GG AT (20 Firg)
S 500
b L T A E T RS T
_E' <Ml
E
= HH
E 200 -
=
= 100 -
-
= o - | |
20 4 E'D'H:ing L 141 140

Sekil 10. Hat 1-73. ring kazis1 sirasinda tork
degerlerinin degisimi
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Sekil 14. Hat 1-73. ring kazisi sirasinda
(T/p) oram degerlerinin degisimi
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sekil 11. Hat 1-73. ring kazisi sirasinda
penetrasyon degerlerinin degisimi
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Sekil 15. Hat 1-73. ring kazis1 sirasinda glic
tilketimi degerlerinin degisimi
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Sekil 12. Hat 1-73. ring kazis1 sirasinda
kesme katsayisi degerlerinin degisimi

Sekil 16. Hat 1-73. ring kazis1 sirasinda
spesifik enerji degerlerinin degisimi
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5.3 Kaz1 Parametreleri Degisimlerinin
Degerlendirilmesi

Incelenen 11 gocilk olayinda ele alinan 9
farkh kaz performans parametresinin gagiik
oncesi, gogik siras) ve gocglk sonrasindaki
degisimlerinin gézden gegirilmesi sonucunda
baghica su hususlar dne gikmaktadir (Yiiksel,
2013).

e Gogiik bolgesimin ~ 20 1la ~10 ninghk kazy

adymy oncesinde performans
parametrelen dederlen az gok sakin bir
pekilde seyretmektevken, gogiik

noktasyna vaklapyldydynda belirgin bir
dalgalanma ortaya c¢ykmaktadyr. Bunun
daha 1y1 1zlenebilmes: i¢in ug dederler
dairesel ¢izgiler icerisinde gosterilmiptir.
Bu durum, gog¢ik bolgesine yaklapylyrken
jeolojik durumda ve buna badly olarak
tiinel kazy ortamynyn  jeomekamk
parametrelerinde dedipkenliklerin
meydana gelecedine iparet etmekte oldudu
bigiminde yorumlanabilir,

e Gogiik dncesi abamada kazy performans
parametrelerinin  edilimlerinde (grafikler
iizerinde belirtilen edilimler istatistiki
anlamda belirlenen bir trend olmayyp
olayyn gidipatyny temsil etmektedir) bir
artma va da azalma konusunda bir
genelleme  yapylamamaktadyr, Ancak,
gocitk noktasyna vyaklapyldydy zaman,
parametrelerdeki  dalgalanma ani  bir
bekilde wverini ya artma ya da azalma
yoniinde bir dedipiklide byrakmaktadyr.

Genel olarak bu dedipim  gogiik
noktasynyn 10 ila 5 ring gerisindeki bir
noktada baplamaktadyr.

* Hemen hemen biitiin goclik olaylarynda
“pogik syrasynda” toplam itme kuvveti
(TF) ve tork (7) arima edilimi gosterirken
penetrasyon (p) biiyiiklidi azalma edilimi
igerisinde olmaktadyr.

e Keza yukarydaki temel parametrelerden
hesaplanarak tiretilen parametreler olan
(TF/p), (T/p) ve SE hiiyiikliiklerinde de
artyp edilimi gézlenmektedir. Beklenildidi
lizere penetrasyon buyuklidinin bir
fonksiyvonu olan JCR parametresi de
benzer pekilde azalma g0ilimi
gistermektedir.

e Giic tiketimi biyiklidinde belirgin bir

trend yonii genellemes:
yapylamamaktadyr. Dider kelimelerle
bazy gocikk olaylarynda performans
parametreleninde artma goriiliurken

bazylarynda ise azalma soz konusu veya
bazy gogiiklerde de yatay bir trend
izlenmektedir.

6 SONUCLAR

Bu boliimde, Kadikty—Kartal Metrosu’nun
Kozyatagi=Kadikéy istasvonlan arasinda
kullamilan EPB-TBM tzelligindeki
makinenin  kayitlan  anahz  edilmustir.
Ulagilan  belli bagh sonuglar  soyle
tzetlenebilir;

&D Kozyatagi—Kadikdy Istasyonlar1 arasinda
yvapilan kaz sirasinda kaz olayim
sckteye ugratan 11 adet gogiik olayinda
kazi operasyonu 1 ila 26 giin arasinda
duraklamus olup bunlarin toplam stresi
93 giin 4 saat ¢tmistir. Bu da sag ve sol
hatlarin ortalama bitim siiresi olan 1.014
glinun kabaca %10’ una kars:
gelmektedir.

% Kaz srasinda meydana gelen gogiiklerin
kazi performansi iizerindeki etkisinin
incelenmesi “gogiikk Oncesi”, “goigik
siras1” ve “gbciilk sonras1” seklindeki
asamalarda vapilmustir. Bu incelemede
farkh kazi adimlan igerisinde 1statistiksel
analiz yaplmg ve kam adim sayilarm
ifade etmek {izere 30-20-30 geklindeki
bir alternatif anlamli  bulunmus ve
inceleme bu yonde yogunlagtirlmstir,

Y Genel olarak  gogik dncesi  kaz
adimlarinda sakin bir seyir izleyen kazi
parametreleri, gociik noktasina
vaklagilmasiyla  birlikte  ilkin  bir

dalgalanma, sonra da ani bir degisim
icerisine girmektedir. Bu durum gogik
noktastmn 10 ila 5 ring gerisinde
meydana gelmektedir

Q‘b Genel bir ifadeyle, g¢ogu performans
parametresi gogiik sirasinda  artarken
penetrasyon biyikligli azalma trendi
gostermektedir.
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Buyiikcekmece Atiksu Tineli Kazilaninda EPB TBM Performansi

EPB TBM Performance in Excavation of Buyukcekmece Waste
Water Tunnel

Yildinim Tan Ozaydin
YSE-NAS Iy Ortakhg:, Istanbul

Emre Avunduk, Hanili Copur .
Istanbul Teknik Universitesi, Maden Miihendisiigi Boliimii, Maslak, Istanbul

OZET Schir tiinelciligi kazilarinda kullamilan TBM’lerin ilk yatinm masraflan klasik
tiinelcilife gore oldukga yiiksektir. Bu nedenle, bu tip projelerin ekonomiklign acisindan
TBM 'lerin kazi performanslan oldukga kritik bir Gneme sahiptir. Bu ¢alismada, fstanbul Su
ve Kanalizasyon Idaresi (ISKI) Genel Midirligi'niin Biyiikcekmece'deki 4607 m
uzunlugundaki atk su desar hatt projesinde kullanilan pasa basingh (EPB) TBM'in kaz
performans: anlatilacaktir, Kullanilan EPB TBM"in net kaz1 hizlan, giinlitk ve aylik ilerleme
hizlan, makine kullanim oranlan ve duraklama sebeplen, vardiva raporlanndan elde edilen
veriler kullamlarak Gzetlenscektir.

ABSTRACT Excavation performance of urban tunnelling TBMs has a critical effect on the
project economy due to their high capital cost compared to conventional tunnelling methods.
In this study, the performance of an EPB TBM used for excavation of waste water tunnel
project in Istanbul is summarized based on daily shift reports. Daily and monthly advance
rates, machine utilization times, stoppages and geological parameters affecting the
performance of EPB TBM is summarized in this study using the data obtained from daily shift
reports.

1 PROJENIN TANITILMASI
Tiinel Giizergihn glineyde Biivik¢ekmece

segment i¢ ¢capr 3,2 m, bitmis tinel ise 2,8
mdir,

On Antma Tesisi'nden baslayarak kuzey-
kuzeydogudaki Tepecik Beldesi'nin dogo-
sundan Biiyilkgekmece Gdilii'ne paralel
olarak devam edip kuzeydeki tag ocaklanmda
bitmektedir (Sek. 1).

Tiinel gizergaln 3702+905 m uwzunlugun-
dadir. Bityiikgekmece Atiksu Tiineli, kuzey
kesimden baslayarak 0000 km ile 34702
km’'ler arasinda EPB TBM ile, 906 m'hk
kisa tinel bitiminden itibaren Biiyiikcek-
mece'ye dogru 2650 m agk kaz ile CTB
boru doseme yintemi ile agilacaktir. Tiinel
izerindeki Grtil tabakas: kalinhi 18 m ile 50
m arasinda degismekte olup, tinel kesitinin

Tiinelin yapimni Akad-Kaner Is Ortak-
hg'nin alt yiikklenicisi olan YSE-NAS Insaat
is Ortaklig: yiiklenmistir.

Gilizergah  Giirpmmar  Formasyonu'nda
bulunan kil, kum ve camurasi birimlerinden
ve Kusdili Formasyonu'nda bulunan kil ve
kum birimlerinden gegmektedir. Tiinelin kaz
capr (dis cam) 3850 mm'dir. Birincil
tahkimat olarak 6 pargali, i¢ capi 3200 mm,
dhs capr 3600 mm ve uzunlugu 1200 mm
olan segmentler kullamilmaktadir. Kazilan
pasa kuyu basina her biri 8 m” kapasiteli 3
adet vagon katan ile tasinmaktadir; kuyu
bagmda ving ile yeryiiziindeki gegici depo
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Sekil 1. Tiinel giizergah

sahasina dokilmektedir, Kullamilan
Herrenknecht marka EPB TBM'in kesici
kafasinda 12 adet gift nngh disk keski ve 42
adet riper tipi keski bulunmaktadir. Kazi
esnasinda kaz1 aynasma, kazi odasina ve
burgu konveyir igine kopiik verilerek pasa
sartlandirma vapilmaktadir. 20 Nisan 2013
tarthinde uvzun hattin kazi igine baslannug
olup, su anda tinelin 1800 m’lik kisminin
kazis1  bitmis durumdadir (Ekim 2013
itibariyle) ve ginlik 31.2 m’yi gegen kazi
hizlan elde edilmistir. Tiinelde, giinde 12'ser
saatlik 2 vardiyva ve haftada 7 giin (2 haftada
bir 6 giin) diizeninde caligma yapilmaktadir.

2 BUYUKCEKMECE ATIKSU TUNELI
GUZERGAHININ JEOLOJISI

Tiinelin ~ jeolojisi  Oktay wd.  (2008)
referansina pbre asafida Gzetlenmektedir.
Tiinel giizergahimin jeolojik kesiti Sekil 2°de
verilmektedir.

Tiinel gilizergahi boyunca Tersiver-Geg
Kuvaterner yash bir istif yiizeyler. Istifin

tabaninda beyaz-bej renkli ve karstik
kirectaglarindan vapilmig Sogucak Formas-
yonu bulunur. Ustiine tektonik simr boyunca
kum mercekli killerden yapilmis Oligosen
vash Giirpinar Formasyonu gelir, Bu birim,
ying hir tektonik simr  boyunca, Geg
Kuvaterner vash kil ve kumdan vapilmis
Kusdili Formasyonu tarafindan 6rtiiliir,

Tiinelin kuzey kesiminde (tasocaklan)
0+000 km wve 0+221.60 km’ler arasinda
kirectaslarindan yvapilmig Sofucak
Formasyonu bulunur. Formasyon beyaz bej-
agik gri be renkli tabakalanmasi fazla
belirgin olmayan, fosilli, tabaka sinirlan
diisey gecishh vogun kinkh we gatlakhdir.
Catlaklar  boyunca  karst  gelismigtir,
Guzergahimn kuzeydek: tinelin 221 m’lik
kesimde gdzlenen Sogucak Formasyonu'nun
fosilli karstik bogluklu kiregtaglarinin kava
kalite oram (RQD) %0-19 arasinda
degismektedir. Kiregtaslan RQD oramina
gore gok zayif kaya kalitelidir.
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Sekil 2. Tiinel gizergahinin jeolojik kesiti (Oktay vd., 2008)

Giirpinar Formasyonu gilizergahun 04221.60
km ile 14075.71 km’'leri arasinda ince
kumtas: aratabakal camurtaslanndan
olusmaktadir, Camurtaglarn;, grimsi mawvi
renkli, mikali, ince kumtas:1 aratabakali, sik=
seyrek kinkli catlakh, gok zawvif-zayif-orta-
cok iyi kaliteli kayadir (RQD = %17-100).
Tinelin bu kesiminde gegilecek Girpinar
Formasyonu'nun  kumtast ara tabakals
camurtaglan, sert zemin-yumusak kava
nitelikli, yer yer ¢ok diigik dayammh kaya
ozellign kazanmig bir istittir.

1+075.71 km ile 2+111.25 km'ler arasinda
Guirpinar  Formasyonu'nun  daha st
kesiminde bulunan sarims: kahve renkli, ince
kumlu, silth ve mikalb, demirli minerallen
oksitlenmig, yer yer ince karbonat ¢akilh ve
kum mercekli killeri kesilecektir.

3 TBM OZELLIKLERI

Biyiikgekmece  auksu  tineli  kazisinda
Herrenknecht marka 3810 mm kazi gapmna
sahip EPB TBM kullamilmaktadir. TBM'in
genel baz teknik dzellikleri Cizelge 1'de ve
bir fotografi Sekil 3'de venlmistir,
Kullanilan TBM'in kesici kafasinda 12 adet
gift ringli disk keski ve 42 adet riper tipi
keski bulunmaktadir. Kazn esnasinda kaz
aynasina, kazi odasina ve helezon konveyor
icine kopiik wverilerck zemin sartlandirma
vapilmaktadir,

Cizelge 1. EPB TBM'in teknik Gzelliklen

TBM Tipi EPP TBM
Kaz Cap 3810 mm
Kesici Kafa Giicii 400 kW

ftme Silindiri Sayis: 12

Kesici Disk Says 12 {Cift Ringli)
Ripper Keski Sayis 42

Itme Silindiri Stroka 1200 mm
Kesici Kafa Torku 1014 KNm
itme Kuvveti Kapasitesi 13600 kN

Sekil 3. Kullamlan EPB TBM

4 TBM PERFORMANSI

Tiinelin kazisina 20 Nisan 2013 tarihinde
baglanmig olunup 29 Haziran 2013 itibari ile
timelin 990 metrelik kisminmm  kazisi
tamamlanmistir. En iyi ayhk ilerleme 478
metre ile Mayis ayinda, en iyi giinliik
ilerleme ise 31,2 metre ile Haziran aymda

kaydedilmistir (Sck. 4).
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Sekil 4. Ortalama giinlilk 1lerleme hizlan

49, Ring ile 820. ring kazisi arasindaki
giinliik vardiya raporlar incelenerek, her ring
kazisi iwgin kazi, segment kurulumu ve anza-
bekleme siirzleri analiz edilmistir. Yapilan
analizler sonucunda gilinliik ortalama kazi
siiresi yiizdesi % 30, ring kurulum siresi %
27, anza ve duraklama siirelen ise % 43
olarak belirlenmistir (Sek. 5).

Sekil 5, Makine kullamm oranlarn

TBM performansimi  etkileyen en Onemli
faktorlerden birisi de gegilen gilizergahin
jeolojisi  ve jeoteknik parametreleridir.
Biiyiikcekmece atik su tineli glizargahinda
gecilen defisik formasyonlanin TBM kazi
hizina etkisi  arastinlmistir.  incelenen
jeoteknik  rapor sonrasnda  gilizergah
jeoteknik parametreler agisindan 3 bdlime
aynlmig ve bu parametreler Cizelge 2'de
dzetlenmistir.

Cizelge 2. Tunel gizergalunin bazi jeolojik
ve jeoteknik dzellikleri

Uzunluk {(m) 0-221 221-346 346-1075
Formasyon  Seogucak  Girpmmar  Gilrpinar
Kumiasi Kumlasi
Litolaji Kirectasi  aratabakal aratabakal
Camurtasi  Camurtast
UCs (MPa) 35.5 0,534 0, 76-1.40
RQD (%) =19 1727 17-100

UCS: Tek eksenli basing davanumi
ROD: Kava kalite deferi

Vardiva raporlarinin analizinden elde edilen
sonuglara gore gizergahm 0-221 m'lik
kisminda gegilen Sogucak Formasyonu'nda
diigiik dayammh kirectaglan  kesilmistir.
Makinenin net kazi hizlan 25-55 mm/dk (1,5
- 3,3 mfsaat) arasinda degiskenlik
gostermekle beraber ortalama 35 mm/dk (2,1
m/saat) oldufu tesbit edilmigtir. Tlerleme
hizlarinda gorillen anomali, yiksek RQD
yiizdesine sahip kaya kiitlelerinin, zaman
zaman makinayr zorlayarak kaz hizlanm
diigiirmesidir (dmegin BC-17 sondaj logu).

Subat aymnda gizergahm 450 m
paralelinde ayni formasyon lizerinde agilan
900 m’lik desarj tinelinde yapilan kazida
ilerleme hizlan ¢ok diigmils, daha sonrasinda
ise makine ilerlemesi durma noktasina
gelmigtir. Yapilan incelemeler sonucunda
kesici kafadaki merkez keskinin tamamen
asindig  tespit  edilmistir  (Sek.  6).
Guizergahin bu kismindan alinan numuneler
iizerinde nokta yik dayamimi ve Cerchar
asimdmciik deneylen vapilmustir. Deney
sonuclann  sonrasinda  giizergahtan  alinan
kiregtaglanimn (Sek. 7) basing dayanimlan 75
MPa ve Cerchar agindiricilik indeksi degeri
ise 1.0 olarak tespit edilmistir.

Incelemeler gastermistir ki, giizergahta
Giirpmar gibi zawif bir formasyon igine
olusum esnasinda g¢ok saglam Sogucak
Formasyonu kiregtasi bloklan girmistir. Bu
bloklar bir kag metrelik boyutlara sahip
olmalanna ragmen, yumusak zeminler igin
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Sekil 6. Kesici kafada bulunan merkez
keskinin asinma Oncesi ve sonrasi goriniisa

Sekil 7. Giizergahtan alinan numunenin
nokta yviik dayanim testi sonr as1 goriniisi

tasarimlandinlmis EPB TBM’ler i¢in kazi
performansim  olduk¢a olumsuz vyinde
etkileyebilmektedirler, Kullamlan EPB TBM
0+0 ile 0+221 km arasinda bulunan cok
kirikh catlakh Sogucak kirectagimi ¢ok rahat

keserken, bu bloklar ile karsilasilasildiginda
sorun yasanmaktadir.

Glizergahin 0+221 km ile 0+346 km’'hik
kisminda  ince kumiasi aratabakah
camurtaglarindan  olugan  Glirpinar  Fm
gecilmigtir. Diigik dayammh % 17-27 RQD
degerlerine  sahip olan camurtaslarinin
kazisinda  herhangi bir  olumsuzluk
vasanmamis ve ilerleme hizlan 40 mm/dk
(2.4 m/saat) mertebesinde seyretmigtir.

Giizergahin 04346 km ile 1+075 km’lik
kisminda gecilen Giirpinar Formasyonunda
1.40 MPa dolaylaninda basing dayanmima
sahip RQD viizdesi 17-100 arasinda degisen
yumugak kaya smfinda ince kumtas:
aratabakah camurtaslan kazilmistir. Bu
bilgede ilerleme hizlan 6 — 52 mm/dk (0,36
— 3,1 m/fsaat) arasinda degigmistir.
Giuzergahim 0+620 km ile 0+665 km'len
arasinda wiksek ROQD wiizdesine sahip
yitksek basing dayammh kumtaslaryla
karsilasilmuy  ve  kazm  hizlaninda  ciddi
diisigler gorilmistiir. 0+695 km ile 0+755
km’ler arasinda karsilasilan yiiksek RQD
degerine sahip c¢amuraslanmin  kazisi
sirasinda ciddi problemler vasanmis ve kaz
hizlan 6 mm/dk'yva (~0.4 m/saat) kadar
didsmistir, Yasanan bu olumsuzluklar
neficesinde kazi zaman zaman durdurulup
aynada kinm yapilarak kumtasi tabakalan
gegilmistir (Sek. 8).
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20
1.5
1.0
0.5
0.0
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o 100

200 300 400 200

E00 800 1000 1100
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Sekil B. Tiinel kilometresine bagh net kazi hizi
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Giuizergahin 1075 km’sinden sonra
(Temmuz 2013) yapilan kazilarda asin
vapiskan bar kil ile karsilagimastir. Bu kilde
kazi performansi oldukga diigmiistiir (5-6
m/giin ilerleme), uygun kdpiik sartlandirma
yapilarak ilerlemeler giinde ortalama 10 —
12 m’ye gikanlmistir. Ancak, bu doneme
ait vardiya raporlan bu ¢alisma kapsaminda
detayh olarak incelenememistir,

5 SONUCLAR

Sogucak Formasyondaki gok kinkl catlakh
kiregtaglarinda 3,3 m/saal gibi viksek net
kazi hizlanna ve 22 m/giin gibi yiiksek
ilerleme  hizlanna  ulasilmistir, ancak
ortalama degerler 2,1 m/saat ve 8-9 m/giin
olmustur. Yumusak olan  Girpinar
formasyonunda ortalama net kaz hizm 2,4
m/saat ve en iyi ginlik ilerleme iz 32
m/giin olmustur, Mayis ayinda Giirpinar
formasyonunda toplam tlerleme miktar: 478
m olmustur. Ancak, Gilirpinar Formasyonu
wcinde  karsilasilan  wuksek dayanimh
kumtasi ve camurtasi tabakalarinda kam
performans: ¢ok diismiistir (0,4 m/saat net
kazi huzi), hatta baz1 kissmlarda kineilar ile
aynaya midahale edilerek bu kisimlar
gecilmigtir.
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Atik Su Tiinellerinde Ince Taneli Tortul Materyallerin Kazi
Performansini Belirleyen ve Denetleyen Jeoteknik Buytiklikler
Agisindan Bir Degerlendirmesi

An Evaluation of Fine Grained Sedimentary Soils of Waste Water
Tunnels in Terms of Geotechnical Parameters Defining and
Controlling Excavation Performance

N. Tokgoz
L U. Mithendislik Fakiiltesi, Maden Miihendisligi Boliimii, Avcilar/fstanbul

1.S. Binen, V. Kuruver
OZTAS Ingaar Malzemeleri A.S.

OZET EPB TBM'lerde ince taneli (kohezyonlu) killi tortul materyallerin kazilabilirliginde
matervallenin plastik dzelligi ile vapisma (adezyon) potansiyelinin belirlenmesi, ilerleme miktan
ile materyalin jeoteknik ozelliklen ile iliskilendinlerek geri analizlerin yapilmas: ve matervalin
kaziya elverishi duruma getirilmest igin kullamlan su veva farkh kimyasal bilesimlerdeki
sartlandirma/kosullandirma kimyasallarnmin kullamm oranlanmn materyalin plastisite indisi ile
kivam indisi izerindeki etkisi, Biiviikgekmece alik su tiinel giizergidhinda incelenmistir.

Bu arastirma, kaz materyalimin  topaklanmas:, kaz makmnasimin metal yizeylenne
vapismas! ve kazi islemindeki olasi tkanmalara karsi “risk ydnetim maodelleri” gelistirebilmek
amaciyla tasarlanmmgur. Arastirmada; Giirpmar Formasyonu i¢indeki killi tormul materyallerde
(3=3.45 m dis capinda Lovat Marka EPB TBM'le toplam 6,09 km'lik ve 20—40 m derinlikte
agilan Istanbul-Bitviikgekmece atik su tiinel glizergihinin 1285-2186 m arasinda 14 farkh dleme
noktasindan alinan materyal dmekleri degerlendirilmistir,

ABSTRACT Studies have been conducted on the Biiviikgckmece Waste Water Tunnel route in
order to determine the plastic behavior and adhesion potential of the materials for the
excavability of fine grained (cohesive) sedimentary soils EPB TBM, to back analyze by linking
penetration rate (mm/min) data with geotechnical properties of the excavation material, and to
investigate the influence of water and other conditioning chemicals in different proportions on
the plasticity index and consistency index of the material.

This research was designed to develop "rick management models " against agglomeration
of the excavated material, adhesion problem on the metal surfaces. and clogging. Tn this
research, material samples from [4 different measurement points between 1285-2186 meters of
Istanbul-Biiviikgekmece Waste Water Tunnel (6,09 km in total length and 20-40 m in depth)
which was being excavated in sedimentary clayey materials of Giirpinar formation with a Lovat
EPB-TBM ((3=3,45 m excavation diameter) were evaliated.

1 GIRiS (tork) ile baski (thrust) kuvvetlerinin dinamik

Yeralti kazlarinda, zellikle plastisitesi ve 151vi yeterli olmayip, skiilen bu materyaller
aktivitesi vilksek ince taneli killi tortul yiksek viskozite, sigme, yapigma (adezyon)
materyallerin kazismda, uygulanan donme V¢  topaklanma  (lumping)  nedeniyle
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tikanmalara (clogging) sebep olabilmekte ve
Tinel A¢ma Makinasinm (TBM)'in kaz
odasma  kolayhikla almp nakledilmelerini
zotlasmaktadir,

Sézkonusu bu ince taneli materyaller, tiinel
agma makinasmn kesici kafasim sararak kaz
verimini onemli Olgide disiirlip, projelerin
planlanan siirede bitiribmesini
engelleyebilmektedirler (Avunduk, 2011).

Bu durum, EPR ile kazilarda yiizey aktfl
madde, polimer wveya her ikisinin
kangimindan olusan bir kimyasalin, basingli
su ve hava ile birlikte kopiik formunda kazi
annima verilmesini gerektirmektedir, Diger bir
anlatimla, sormunlu ince taneh bu kaz
materyallerini daha verimli bir kazi dinamigi
ile kamlabilir duruma getirmek igin su veva
bazi kimyasal bilesiklerle “sartlandirma™
vontemleni kullamblip, su ile doyurularak daha
akigkan (viskoz) bir materyale
doniistiriilebilmektedirler.

Uluslararas: literatiirde bu konuda yapilms
sayih arastirmalar meveuttur (Thewes, 1999,
2004, 2005; Milligan, 2000; Thewes-Burger,
2004; Peila ve ark., 2009; Maidl ve ark.,
2012; Holman-Thewes 2012, 2013),

Bu c¢ahsmada amag¢, EPB-TBM'lerin
vapisma, topaklanma wve tkanmava kars:
“risk vénetim modelleri” pgelistirilebilmesine
bilimsel alt yap1 destekli 6mek bir arastirma
saglamaktir.

Bu diislincelerden hareketle; ince taneli
Pliosen wve Miyosen wvagh kil torwl
materyalleri igeren ve Cukurcesme-Giingoren
Formasyenlari  gegishh  olup, genellikle
“Giirpingr  Formasyonu”  iginde  acilan,
Bilyiikgekmece Auk su Tineli, bu arastima
icin inceleme sahasi olarak belirlenmistir,
Buradan alnan omekler ilizerinde bir dizi
Olgme ve analizler yapilmug, EPB TBM'in
1261-2186 m tiinel mesatelerinde
gerceklestirilen kam kayitlarmdaki  weriler,
kazi materyalinin jeoteknik analiz verileri ile
iliskilendirilerek, matervalin kazi dinamigi
lizerindeki etkisini belirleyen ve denetleyen
biiyiikliikler &nem ve Onceliklerine gére
irdelenmigtir.

? TUNEL GUZERGAHININ JEOLOJiSi

Tiinel giizergihy, Biiyiikkgekmece Gahiniin
dogusunda, gole yaklagik 500 m mesafede
paralel konumdadir (Oztas, 2012). Sézkonusu
tiinel glizergihinda, jeomorfolojik olarak vadi
diizliikleri ile eski heyelanlann topuk
kisimlan ile sekillenmis tepe kalintilan dikkat
cekmektedir (Sek. 1).

Bilgede genel olarak altta Eosen yash
Kurklareli Formasyonuna ait kKiregrasi, bunun
izerinde  Oligosen  vash Danisment
Formasyonu ve bunun tzerinde Miyosen yash
baghca sert kil, az oranda silt ve kum
ardalanmas: olusan Giirpmar Formasyonu
(Tmg) pgelmektedir, Bu binm lzerinde
uyumsuz olarak, san kahverengi kumlu gakil
(genellikle sibis, kiregtasi kokenl, 1w
yuvarlaklagmus, yan kiiresel, kétii boylanmali,
derecelenmeli)) niteligindeki  Cukurgeyme
birimi (Tmg), bunun {istinde kumlu siltli,
plastik yegilimsi gri killer olarak Ust Miyosen
vash  Giingdren  birimleri  (25-50m)
bulunmaktadir. En iistte isc mactrah ve fosil
kavkili kiregtas: litolojisi yerine, daha cok
karbonath kil ve marndan olusmus Ust
Miyosen yash kalinh@ < 10 m olan Bakwrkdy
Formasyonu (Tmb) wer almaktadir. Bu
birimler Cekmece Formasyonu adiyla da
adlandinlmistir [{Ang (Sayar), 1955]. Bu
bilgede su tasima kapasilesi viksek,
aginmaya karsi daha dayanmimb olan cakil ve
kaba kum gecisli Kirag birinn tarafindan
ustlenen ZECINMSIZ, asinmaya karsi
dayanmmsiz ve kayma direnci diisiik Geérpinar
(Tmg) ve Giingdren Formasyonlarmn
sikismug killer ile kiltaslarmin yaygin oldugu
belitilmektedir (IBB, 2012). Aynca bu
binmlerin altmda Oligosen yash Danisment
Formasyonu iginde yer yer iri boulder'lar
bulunduran “pakiltas:  ceplerimin  (Tadg)”
veraldifi wve kazm swrasmda TBM'in
dislilerinde ciddi anza ve hasarlara sebebiyet
verebilen “kanal dolgular” da ayn bir
litolojik birim olarak belirflenmigtir (MTA,
2002, IBB, 2012).

Tiinel  glzergdhinin  ise,  Gurpinar
Formasyonu (Tmg) iginde, biri mostra
vermeyip de, sondajlarla varhg tespit edilen
yesil, gri ve kirmuzi renklerde fissiirli, sert ve
yer yer kiigilik karbonat topaklan igeren asin
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sikismus killi tabakalardan, digeri ise yer yer
vataya yakin “kumtagi - silttay: - kiltag:" mdan
olusmus  iki  farkh tortul materyalin de
belirlendigi rapor edilmektedir (Oztas, 2012).
TBM'in kazm sirasnda ayrica Danigment
Formasyonu iginde kiltaslanndan sonra yer
yver 20-40 m defisen derinliklerde ince
damarh finyit bantlarna da rastlannmsgtir.
Tiinel gizergihn g6l seviyesinin altinda
llerlemekte olup, zemin kotu ile akar kot
arasindaki 3m’lik bir fak bulunmaktadir.
Giirpinar  Formasyonuna  ait  silth,  killi
materyaller genel olarak gecirmsizdir,
Ancak, arada weralan kum ve kumlu
materyallerde “mercekler halindeki su
depolaring da dikkat gekilmekte ve eski
heyelanlarim kayma diizlemleri boyunca su
sizintilarinin  gorilebilecegi, vyizeyden 7,5
m’'lik derinlikteki alivyonlann suya doygun
olduklan bildirilmektedir (Oztas, 2012).

3 TBM’IN KAZI PERFORMANSI ILE
MATERYALIN JEOTEKNIK
BUYUKLULERINE iLISKIN OLCME
VE DEGERLENDIRMELER

Lovat marka EPB TBM'in (Seck. 2) kazm
performansi ile ilgih olgme ve
degerlendirmeler; tiinel agma  makinasi
(TBM) ile ilgili “kazi mekanik biviikliikleri
ve “kaz materyvalinin Jeoteknik
buviiklikleri” olmak lizere iki ayn baghkta
konu edilmigtir. Bu baglamda; kaz1 ¢ap1 3,45
m olan Lovat marka EPB TBM ile
gerceklestirilen kaz galismalarimin teknigine
uygun bir gekilde degerlendirilebilmesi icin,
timel kazilarmin 1260 ve 2186 metrelen
arasinda  sistematik  olarak  veri  kayd
alinmistr. Kaz faaliyetleri sonucu agiga
gikan pasa sirekli olarak bant lzerinde
mcclenmus,  (renk, kivam, tance boyutu)
tammlanmaya c¢alisilmis ve kaydedilmistir,
EPB TBM'e ait bilgisayardan kaziya ve
kazilabilirhige iliskin parametreler [donme
kuvveti (tork), itme kuvveti (thrust), kaz
ilerleme hizi, toplam kazi siiresi, zemin
sartlancdhrma  parametreleri) elde edilmistir.
Bunlara ek olarak wvardiya igerisinde
gerceklesen bakim ve anza durumlan, makine
performansimi etkileyen  olgular da
kaydedilerek diger veriler ile

iliskilendirilmistir. Derlenen ham verilerden
vardiya verimi, makineden faydalanma orani,
anlik kazi hacmi gibi bilyiikliikler tiiretilmis
ve veri grubuna dahil edilmigtir,

Ayrica, timelin 1285, 1350, 1580, 1680,
1740, 1820 ve 1934 m'lerinde belirlenen 7
ayn noktadaki tiinel kesitinin sag alt (1) ve
sol st (2) segment betonlanmm grout
deliklerinden toprak sondasi (=30 mm) ile
14 adet dmek almmustic Aym deliklerden
aynca % 8 hassasivetle 200-1000 N
araliginda Olgiim yapabilen, konik wglu el
penetromefresi ile matervalin yerinde tasima
kapasitesi olgiilmiistiir. Bu dlgmelerin 1934 m
sol (1) segmentinde komiir damanna
rastlandin i¢in bu bdlim degerlenme disi
birakilmigtir. Béylece toplam 13 noktadaki
olemeler degerlendirilmistir (Bkz, Sekil 1),

Alnan  sonda  Omeklerinden  kaz
materyvalinin - baz1  fiziksel wve mekanik
ozellikleri belirlemek iizere, tane boyut

dagihmy  (lazer karman ile), birim  hacim
agirhklan, dogal su igeriklern (W,), kivam
(Atterberg) limitleri [likit limit (LL), plastk
limit (PL)], XRD cihazi ile de aynca kil
mineralleri saptannustir.

3.1 EPB-TBM’in Kan Karakteristikleri
ile Ilgili Veri ve Degerlendirmeler

Kaz1 cahsmalan acik kazi modunda (open
mode) gergeklestirilen ve ortalama 2,8 rpm ile
donen  kesici  kafada  herhangi  bir
basinglandirma  yapilmamaktadir. TBM'in
timel kaz kayitlarindan elde edilen dénme
kuvveti (tork), itme kuvveti (thrust), kazi
ilerleme hizi, toplam kazi siiresi ve zemin
sartlandirma parametrelerine iligkin veriler,
topluca $ekil 3 ¢ergevesinde analiz edilmigtir.
Ilgih gekil dikkatlice incelendiginde su dnemli
bulgulara ulagilmaktadir:

» Tiinel giizergdhi boyunca, TBM'in itme
kuvveti (thrust) Th = 115-380 ton, donme
kuvveti (tork) Tr = 65«110 ton.m olup, zemin
sartlandinc:  kimyasal madde miktan, ise
0.25-0.30 It/dak olarak kullanilmistr, Bu
degerlere gore gerceklestirilebilen kaz
ilerleme hiziise; [ = 15 - 220 mm/dak (1.1 —
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12.0 m/h) arasinda degismektedir. (S6z
konusu kazi derleme iz, bu  c¢abisma
kapsaminda gergeklesen veriler lizerinden
hesaplanan ortalama kaz venmi_n = %60
dahil edilmemistir, Dahil edildiginde ise bu
deger | = 0.63- 7.2 mh olarak elde
edilmektedir. Bu konuda ayrintih bilgi Bilgin
(1989) kaynafindan saglanabilir.)

s Gergeklesen  kaz  biiviikliklerinden,
TBM'in ortalama kazn verimi n = %60,
makinadan faydalanma oram %235, kaz1 hacmi
ise ortalama 50 m’/h olarak hesaplanmigtir.

«25-30 m dennlikte, 1540-1780 m
arasinda wvaklasik 50-60 m arabklarla
tekrarlanan 5 farkh kaz noktasinda ve 1930
ve 2100 m arasinda kazmin  finyidi
tabakalarda yvapildign dikkat cekmektedir. Bu
kaz sirasinda TBM'de Tr=85-90 (ton.m), Th
=180-190 (ton), ve 2,8 rpm’lik sabit donme
hizinda [ = 25 - 50 mmvdak.’hk degisen kaz
ilerleme iz kaydedilmistic.  Zemin
sartlandirict kimyasal bilegigin linyitli tabaka
kazis1 swrasinda ilerleme miktarlarinda kayda
deger herhangi bir etki  yapmadif
belirlenmistir.

eEn fazla kaz ilerleme iz, 1265 m'de
1=220mm/dak ile Th=230 ton ve Tr=65
ton.m’lik degerlerinde ver ver kohezvonsuz
kumlu materyallerde gerceklesmistir. En
diisiik kaz ilerleme hizm ise, I=17,5 mm/dak
ile 1741 m ile 1934 m kan mesafelerinde
Tr=85-90 ton.m'lik ve Th=250-280 ton'luk
degigen kazi mekanik biiviiklikleri silth
killerde kaydedilmistir.

#2020 m ve 2080 m kaz arah@gnda thrust
biyiikliginde goriilen anomaliler,
muhtemelen 85 ton.m’lik sabit tork ve 2.8
rpm sabit donme hizi altnda TBM kafasinin
stkigmasina igaret etmektedir,

* |300 = 1400 m kaz1 mesafesinde ozellikle

thrusita azalmalar, helezonda utkanmalar
sebebiyle veya  motorun  isinmadan
kaynaklanabilir.

* 1590 m kan mesafesinde ise itme/itme
kuvvetinde karsilasilan  diststin, GCS
(Ground Condition System) zemin (materyal)
sartlandirma sistemindeki anzalanmaya isaret
ettigi yontindedir.

eKesici kafammm torkunu ve aginmayi
azaltmak amaciyla ilgili tiinel gizergahinda

0.25-0.30 It/dak olarak Exofoam-i adh kopiik
kullamlmstar,

eKazilan materyal igerisinde iri boyutlu
vuvarlak cakillar (i1 boulder) ka=n
mesafesindeki tork we thrust degerlerinde
vasanan ani diisiislere sebep olmustur. Bu tiir
materyallerin  bulundufu yerlerde kazimin
kontrollii yapilmas: gerekmektedir.

3.2 EPB-TBM"in Kaa Materyali ile ilgili
Jeoteknik Olgme ve Degerlendirmeler

Bu boliimde, kazi performansini belirleyen ve
denetleyen dmemli bir bagunsiz degisken olan
kazi materyalinin jeoteknik Gzellikleri iligkin
dleme ve deferlendirmeler konu edilecektir.

Burada ilk olarak, attk su tineli
giizergihimn ~ projelendirme  asamasinda
gerceklestirilen dort adet Standart

Penetrasyon (SPT-N3g) dlgmelere iliskin ham
veriler (Oztag, 2012) Sekil 4 kapsaminda

derlenerek, degerlendirilmigtir. Bu
degerlendirmelere  gore, SPT - Ny
deferlermin  N=5-45 arasinda oldukga

defigen degerlerle 0-1.5 m derinlife kadar
topraklasmms bolim, 6,0-7,5 m'ye kadar
alivyon wve sonrasindaki dernliklerde ise
genellikle kati (siki), cok kan (pek siki),
materyal simfinda yer aldifi anlagiimaktadir.
Auk su tinel kazm derinliginin 20-40 m
arasinda  degismesi, kazmmn  genellikle
Gilirpmar Formasyonu igindeki normal-agmir

konsolide olmug kil wve kiltaglarnda
gerceklestig, cakil ceplen ile  kmiir
tabakalarmin  kesilmesiyle de Danisment
Formasyonu  icinde  girildigine  1garet
etmektedir. Benzer formasyon ve

materyallere Istanbul’un Karadeniz kiyisinda
Yenikoy-Akpmnar Ydresinde de (Istanbul

Yemi Havalimam Proje) rastlanmaktadir
{Tokgéz, 2013).

Ayrica, bu arastrma kapsaminda kaz
materyalinin jeoteknik dzelliklerini

belirlemeye yonelik diger dlgmeler ve ilgili
biviikliklere amt istatistiksel analiz wve
degerlendirmeler Tablo 1, Sekil 5 ve Sekil 6
cercevesinde topluca sunulmustur. lgili tablo
ve gekiller birlikte incelendiginde su dnemli
bulgu ve degerlendirmeler elde edilmektedir:
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Sekil 4. Tiinel glizergihn SPT-N3, verileni

= Materyallerin lazerle vapilan tane boyut
daglimlan; +40 no'lu = 0.425 mm elek sk
ortalamast O;-g4a25 my) = %100, -200 no’lu
elek (0.075 mm) ortalamasi ise O pprsmm =
%92.5 (%84 -98.8) olup, tamamu ince
malzemeden olusmustur. Aynca, @ < 0.002
mm kil igerikleri ise % 7.3 — 26 arasinda ve
degiskenlik katsayilarmn disik olmas1 (V=
Yo4.73), killi tortul materyallerin yapisinin az
degisken olan kam matervali simfinda
olabilecegini isaret etmektedir (Tablo 1).

e Killi tortul materyallerin birim hacim
agihklannm y = 1.676 - 1.877 grfem’
arasinda, dogal su iceriklerinin ise,
W,=%29.35-44,05 arasinda degistifi ve artan
ince malzeme miktarma bagh olarak birim
hacim agirlik ve dogal su igeriklerinin de
arttigs belirlenmistir (Tablo 1).

e Sizkonusu  materyaller Casagrande
abagma gire degerlendirildifinde, Atterberg
limit ortalamalannm; likit limitte) LL = %86
ve plastk hmitte PL = %23 ve Plastisite
gorillmektedir (Sek. 5(a)). Bu degerlere gore
dolgu materyallerin bilyiik bir ¢ogunlugunun
PI=0.73 (LL-20) dogrusunun iistiinde yer
aldiin igin “killi " materyal simfinda ve 15< PI
<40 simr aralifinda yer aldifindan dolay: da
“orta (CI) ve viksek (CHJ" ve ¢ok yiiksek

(CV)  plastisiteli materyal olabilecegi
belirlenmugtir. Killi tortul materyaller likidite
ndeksine (LI) gore degerlendinldiginde ise,
biiviik ¢oguniugunun 0 < LI < 1 oldugundan
“makaslamaya karyi plastik” bir davrans
sergiledigi goriilmektedir ($Sek. 5c¢).

»Tiinel glizergihi, topaklanma durumuna
gore irdelendiginde ise, “viiksek derecede
topaklanmaniy™ varhi@n dikkat cekmektedr
(Sek. Sh).

s Tiinel plizergihn kivamhlik indeksine (1)
gore degerlendirildiginde ise, I.= 0.40 - 0.98
degerleri ile yarr sert-sert materyal olarak
dikkat ¢ekmektedir (Bknz. Sekil 5d). Kapal
modda kazlan materyallerin kendisi arinda
basing dengeleyici ortam olarak kullanilabilir.
Yumusak ve ¢ok yumusak kivamh ince taneli
materyallerin (I, = 0,40 - 0.75), dogrudan
basimng dengeleyici ortam olarak
kullarulabilecegi  bildirilmektedir (Maidl ve
ark., 2012). I, < 040 kivamhlk indislerine
sahip materyallerin helezonun
basinglandirmasi tam olarak
saglanamayacafindan bu tliir matervallerin
pek istenmedigi, I. = 0.75 kivam indisine
sahip zeminlerin ise dengeleyici ortam olarak
kullanilmak igin pek sika (gok kat) oldugu
belirtilmektedir (Holman, Thewes, 2013). Bu
durumda ¢ok yaygm kullamilan bir yiintem su
katilmasidir. Bu sekilde boylesi materyalleri
vapisma ve tikanma sorunu ¢ok daha sivik bir
duruma getirilebilmektedir (Holman, Thewes,
2013).

* Adezyonu fazla olan materyallerde kazrya
uygun sartlandirma igin kopiik kullanmim her
zaman veterli olamamaktadir. Bunlara ek
olarak kil minerallerini baglayan katyonlann
elektrik yiikiinii notiirlestirici, dolayisi ile kil

minerallerini serbest birakacak
(dispersletirici) katkilar veya polimerler
kKullaniimaktadir. Sadece su  ve Kopik

kullamldiginda da  mineraller birbirine
vapigarak topaklanabilir wve tinel agma
makinasimn gelik  yiizeylerine vapisarak
tikanmalara sebep olabilider. Kil goziici
katkh kullamildiginda ise, kil mineralleri
birbirinden  aynlarak  topaklanmaya ve
vapismava engel olunur (Milligan, 2000;
Avunduk, 2011). Bu g¢ahsmada topaklanma
etkisi ince kil béliimii (& < 1 um) suda uzun
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sire (24 saatten fazla) askida kalip,
gokelmedikleri in  dlgulememustir.  Killi
tortul materyallerdeki olasi topaklanmanmmn,
sudan farkh bir ¢bziicli ortam olarak yiizey
aktif madde (kalgon, kullanarak
gozilebilirigi, 0.1 - 2000 pm arabfnda
oleiim yapan “lazer kwoum” yontemiyle
arastimlmistr (Malvern, 1993; Ozer-Orhan,
2007). Kalgon'un kilin  topaklanmasim
gozdiifii, ozellikle @ < 2 pm  boyut
arabfindaki kil miktarlannda % 82.50 -
%441 (4.41 kat) artig sagladifn saptanmugtir
(Bkz. Sekil 6),

e XRD cthazinda yamlan analizlerde, kil
mineralleri, kaolimt, illit ve montmorillonit
olarak saptanmistir. Ozellikle montmorillonit
gibi iig tabakah wve vyilksek sisme
potansiyeline sahip killerin varhgm Sekil 7
ve 8'de abaklardaki degerlendirmeler de
dogrulamaktadir.

Tlgili degerlendirmelerden, tane capr @ < 2
pm icin kil igeriklerinin K= %7.3 - %26,
aktivite arahfmm A = 2.40 - 5,60, sisme
potansiyelinin ise %35 le %25 bantlan arasma
karsilik gelen “yiiksek gsigme potansiyeli”
bolgesinde ver aldign anlasilmaktadir, (Akivice
(A), bir zemin igindeki kil boyutundaki
danelerin plastisite indeksimin (PI, %), o
zemin igindeki kil boyutundaki danelerin
yitzdesine orani olarak [A= PI /Kil igerigi (@
< 2 mm)] tammlanmaktadr. A < 0.75 aktif
olmayan killer, A = 0.75 - 0.25 normal killer,
A = 125 akuf killer olarak
simiflandirimaktadir (Ulusay, 2001; Arogh,
Tokgdz, 2005; Das, 2007)). Baylelikle, tunel
gizergahinda  kargilasilan  bu  tir kil
minerallerinin - kazi  smasinda, topaklanma
(lumping), yapisma (adhesion) ve dzellikle
TBM'in kafasinda samalanma ve kazlan
materyallerin - helezon ile aktarilmasinda
bilyiik ¢apl tkanmalara (clogging) schebiyet
verecefi burada dnem ve dncelikli olarak
hatirlanmalidir. Nitekim  benzer  bir
degerlendirmeye Hollman ve Thewes, 2013
kaynaginda da vyer verilmektedir, [lgili

kaynakta; %l10'dan fazla sisebilen kil
minerali  igeren  matervaller igin yapisma
(adezyon) durumunun dnemle  dikkate
almmas1  gerektigi, her ne  kadar

montmorillonit intrakristal sisme
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Sekil 8. Kil igerigi [K] — Aktivite [A] abag

dzelliinden dolay1 en yiksek ukanmaya
sebep olma potansiveline sahip olsa da, diger
kil minerallerinden sisme potansiveli diigiik
olan illit ise sismeyen killer simfinda yer alan
kaolinitin de bu konuda gozard: edilmemesi
gerektigi vurgulanmaktadir. Tllitin laboratuvar
deneyleri  swrasinda  “viiksek  adezyvon
kwwvetleri” gelistirerek  tkanmaya sebep
olabilecegi kamitlanmugtir (Hollmann-Thewes,
2013). Kaolinit de ise, “diigik adezyon
kuvvetleri” Glglilmesine ragmen, kati ve sert
kivamhlhi@n yamnda 1slandifn zaman suyu
ememediginden cmviklasip, i topaklar
olugturabilecef, bu topaklarin da Slurry tipi
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bir TBM'in kntik akis vollarinda engeller
olusturabilece gine oncmle dikkat
cekilmektedir (Hollmann—Thewes, 2013). Bu
killi tortul materyallerin mekanik kuvvetler
etkisinde sekil bozuklugu (deformasyonu) ve
akis  Ozellikleri (elastisite, plastisite we
viskozitelerinin) “reolojik” olarak mutlaka
aragtmlarak, aciklanmahdr,

# Bu kapsamda elde edilen diger dnemli bir
degerlendirme de, tinel giizergihi boyunea
kazilan kilh tortul materyallerde yiiksek
karbonat ve kireg igerigi saptanmg olmasidir,

Bu cahsma genelindeki tim
degerlendirmelere paralel olarak killi tortul
materyallerin kazisinda “fork”, “thrust” ve
“kazi ilerleme hizlaruun™ plastisite indeksine
bagh  olarak  fonksiyonel  kestirimini
aragiirmak {izere tek ve c¢ok degiskenli
regresyon analizi yapimus, oldukca anlambh
ve kestirim gilicii yiliksek matematik bagntlar
elde edilmistir (Tablo 2, Sek. 9).

Bu bagmntilarda, kazi performansin
belirleyen ve denetleyen dnemli bir biiyikliik
olarak “plastisite indeksi” Onem ve Oneelikhi
olarak dikkat gekmektedir. Artan itme (thrust)
ve donme (tork) kuvvetlerinde, matervalin
plastisitenin  artmasiyla kazi ilerleme haz
azalmaktadir,

Topaklanma, yapisma wve  tikanma
varatacak vilksek ve cok wiksek plastik
ozellikteki ince taneli killi tortul materyallerin
kazi ilerleme Mz optimum seviyede
tutabilmek, kesici kafadaki gerekli karsit avna
basmemi  saglamakla, diger bir anlatimla
gerekli ve yeterli miktarda zemin satlandinc:
kimyasal kullanmakla ancak saglanabilir,
Boylelikle kesici  kafadaki tork ancak
azaltilabilir. Nitekim, bu ¢alismada TBM'in
734 kN.m (75 ton.m) olan teorik tork
degerinin yer yer kazida 100-120 ton.m
(+7%33) ile asidip, ancak trustta ise,teorik
1380 ton’luk toplam thrust degerinin
maksimum 380 (%%27.5) tonuna, ulagilabildigi
anlasilmaktadr. Burada, TBM'in mekanik
mevcudiyeti ile, mekanik veriminin de kazi
performans: analizlerinde, gbzard: edilmemesi
gercktigi onemle hatirlanmalidir,

4 SONUCLAR VE ONERILER

EPB-TBM’lerin yapisma, topaklanma wve
tikanmaya karsi kaz makinasi ve kax
materyali arasinda risk yénetim modelleri™
gelistirilebilmesine bilimsel alt yap destekli
drnek bir aragtirma saglayabilmek amacryla
tasarlanan bu araghirma, biitiiniyle
degerlendirildiginde su Snemli sonuglar elde
edilebilir:

» Miyosen yash Cukurgesme ve Gilingbren

Formasyonlan ile gecish Critrpunar
Formasyonu iginde Lovat Marka EPB
TBM’le vaygm  olarak  killi  tortul

materyallerde, =3,45 m kaz1 capinda toplam
6,09 km'lik ve 2040 m derinbiginde agilan

Istanbul-Biiyiikgekmece  attk  su  tinel
glizergahinin ~ 1285-2186 m  arasindaki
gergeklestirilen jeoteknik dlcmeler

neticesinde; killi tortul materyallerin PI = 40
simir arahgnda “agn (CV) ve ¢ok asmr
plastik  (CE)"siufinda  veralmigtir. Tim
drneklerde kil mineralleri olarak *kaolinit”,
“lit”  “montmorillonit” varhin  dikkat
cekmistir. Ozellikle fic tabakall kil minerali
olan montmorillomt, LL =70 ve PI=40 smr
sartlarinda CF ve CFE boblgelerinde yiiksek-cok
viiksek plastisiteli kil olarak yeralmig ve A =
2.4 - 5.6 gibi yiksek aktiviteyle (A >1.25)
%35 - %25 arasinda degisebilen sisme
potansiyeline sahip oldugu belirlenmistir.

sKazi  performansini  belirleyen  ve
denetleyen buyikluk “plastisite indeksi” ve
olarak dikkat gekmektedir. Nitekim artan itme
(thrust) wve donme (tork) kuvvetlerinde,
materyalin  plastisitenin ~ artmasiyla  kaz
ilerleme hiz1 azaldigi, kestinm giici yiiksek
matematik bagintilarla belirlenmustir.

= Killi tortul materyal kazilaninda Gzellikle
Danisment  Formasyonu  igindeki  ini
homlder’lar (i yuvarlak cakaillar) bulinduran
“cakiltagt cepleri” geren materyaller, kazi
sirasinda TBM in dishlerinde ciddi ariza ve
hasarlara sebebiyet verebildigi, TBM'in bask:
ve donme kuvveti ile donme hizinda ani
diisiisler yaratarak, kontrolli kazi gegislerini
gerektirmistir,
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Tablo 2. Fonksiyonel kestirim (regresyon) analizi ve kestirim giigleri dagilinu

(a) Regresyon Analizi ve Bagmnnlarn

Regresyon Bagmbis :zg;:gm} Anlamhilik Testi
1 =142 —4.73 [K] f=0.684 | t=2.097 > sy es= 2015 | % 95.00
2 | 1=340—5.18 [PI] r=0933 | t=3.985 > tomoy ey =4.773 | % 99.75
3 | T=337-5.11 [1] r=0.851 | t=4.835> tyyrs, ps=4,773 | % 99.75
4 |T=452_4.82 [TH] F=0.828 | 1= 3.305 > tymay pa= 3.003 | % 98,50
5 |1=-38.9-0.376 [Th] T=0.505 | 1= 1308 > tygopg gs = 1.156_| % 85.00
& | 1= <381+ 265 [W,] F=0.397 | = 0069 > lysm.es— 0920 | % R0.O0
T | T=360+ 163 [K]- 6.25 [P]] F=0.942 | 1= 5296 > bysys pu~ 5.598 | % 99.75
B | 1-455_378 [P[|—233 [Tr] = 0983 | t= 119725 tyuss ay = B.610 | % 99.95
9 [T=450-313 [1] -1.42 [T1] F=0.003 | = 5.679 > lassss, 0a=3.598 | % 99,75
10 | T= 341 — 5.05 [PI] — 25 [Tr/'Th] =003 | = 5.810 > byosys g~ 5.598 | % 09,75
[1 | 1=455_0.73 K| _3.15 [PI] _ 2.59 [T1] F=0.085 | = 12,7155 g — 10214 | % 99.90
12 [ T= 414 + 2.04 [K] = 6.77 [PT] = 0.67 [Wa] F= 0.9496_| 1= 6.528 > lygagy eq= SEA1_| %99.50
13 | Tr=T6.6+0.307 [K] r=0.239 | =09 > howoess = 0335 [ % 70.00
14 [ Tr=33.1-001 [K] 1 12[Pi] r=0.767 | = 2.671 > logmsnems= 2.571 | % 97.50
15 | Tr = 35.6— 0887 [K]+ 117 [PI]—0.037 [Wo] | r=0.767 | t=2.677 = lyug oa= 2.353 | % 95.00
16 | Th=329-7.86 (K] + 1.21 [P1] r=0.720 | =2.323 > tposn, g = 2.132 | % 95.00
17 | Th =678 — 4.63 [K] 2.86 [Pl] —5.21 [W,] F= 0866 | 1= 3.873 > lyupg oy = 3.482 | % 98.00

{=Kaz derleme hiz immedaky, Th = Thrus (itme duvvetil (o), Tr =Tork (dinme kuvvesd) Gml, W = Dogal Su fperigt
8, K= Kil feerifii (%0, PI= Plastisite ndeksd, 1. = Kvamithk Indeksi, i= Vertlen gveniciik ve serbestdit devecesine
hearge gelen sindent savis

{h) Kazi ilerleme hizi, Tork ve Thrust Bivikliklerinin Kestirim Giigleri Analizi

ey Kestirim Giei Biyiildilderd Kestirim Gibed (%)
A > = =ty
I i Trs Try Ih, | Al ATe ATh
1285 i) 143 | 13643 70 e 550 EFIIE] 431 -8 Bl
1350 (1) 25 3740 qp K7.27 259 93.37 =33 57 3.03 =l 308
1580 (1) a7 B7.45 85 16.72 2N 4502 =142 .74 B.14
|ﬂ HI 29 2433 ﬁ R7.2h lﬁﬂ_ 24R. 33 1612 EII‘ 445
1741 76 29 1577 B7.3 7.4 225 235.03 4119 =151 =4 A6
LEZ0 7 7 EET 75 T8 155 220,21 .47 =22 —4E07
1934 (1) 23 46 -0 [ FE 200,87 =21 .54 =3 30 19,65
% Paramtes fpindehi ralamlar, Tabiola dabl represvoe hadmn numslarm goaeemettedis, (Sekil e @81, B4, B (16 ae
bafenilana barplk gelmedediv)

b, Try, Thy = Sirmsipde, Kam Merteme Hiz fmmvidak) | Tork fromm) e Thres flon) biyakigteringe " (plilon ™ Degerleri
by Tra, Thy = Spmspla, Koz Berleme He fowdab) | Tork flonm) ve Theast fion) Rivakbbklerinia "Hesaplonan ™ Degerleri

200

azn 3
iop 4

FL

200 4
150 3
T v
L.
50 Ig_f:'-
SIIJ

i

0 0o 150 L] 230 300 150 RLE]

I, Try, Th,|. Kesaplanan Wilydksiber (Herlsme Min, Tork, Throsd|

[ﬂ} Il - Tey , Thyf, Dipllden Bayikbbler (erfeme Hom, Tork, Thrast]
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taneh tortul
kazilmasinda kullamlacak “materyal
sartlandrici kimyasal maddelerin
bilesimi/tiirei ve miktar:” belirlenmeden dnce,
mutlaka kil ve kil boyutundaki diger
taneciklerin (kuvars, feldispat ve karbonat
miktarlann  v.d) mineralojik yapilan ve
bilegimleri belirlenmehdir. Bu minerallerin kil
veya killi tortul materyalde tabakalanmasi ve
tahakalarin  yonelimn,  kowvam  limitlen
(Atterberg) de@erleri, tane boyutlan ve
dagihmi (@ =< 2 pm), kil yiizdesi, gozenek
caplan, su aldiklarinda sigmeleri halinde
gevrelerine  yapacaklan  ozmotik  basing,
katyon degisim kapasitesi, dzgil (spesifik)
viizey alami, elastisite, plastisite ve vizkosite
gibi “reolojik” dzellikler titizlikle analiz
edilip, ayrintilandinlmalidir. S62  konusu
analizler vapimaksizin, ozellikle kivam
indisi; siki (kati) - pek siki (gok kau) yapdaki
kil (kaolinit gibi) veya killi materyallerde
valmzea su ile yumusatilarak yapilacak bir
kazida, kil matervalinde (kil taneciklen
arasmda) %3040 oranimdaki ince
gozencklere suyun giremeyip, materyalin
viizeyinden akip gitmesi  kagimlmazdir,
Boylelikle, kazn swasinda hem gereksiz yere
asin miktarda su tiketilecek, hem de kesici
kafa, keskiler ve konvevirde yapisma,
topaklanma ve tkanmadan dolayn TBM'in
artan tork degerlerine bagh olarak birim nr’
materyal igin tiiketilecek enerji miktan (kwh)
[spesifik enerji (kwh/m)] artiglant kaginilmaz
olacaktir. Bu durumun ise, tiinelin birim kaz
malivetlermi dogrudan arttiracaf  burada
onem ve oncelikli olarak hatirlanmalidir,

s ince materyallerin
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Buyiikcekmece Atiksu Tineli Projesinde TBM Uygulamasi
TBM Application in Buyukcekmece Waste Water Tunnel Project

L.S. Binen, V. Kuruyer
Oztas Ingaat Insaat Malzemeleri Ticaret A.5., Istanbul, Tiirkive

OZET Biiviikgekmece Atik Su Tiineli bolgede yer alan ve gevre kirliliine sebep olan atik
sulann toplanmasi ve aritma tesisine ulagtiritimas: amaciyla tasarlanan proje ¢ergevesinde inga
edilmektedir. Tiinelin agilmasinda Lovat marka EPB tiinel agma makinesi kullanmilmaktadir.
Proje kapsaminda yer alan giizergah igerisinde karsilasilan formasyon Giirpinar formasyonu
olarak tanimlanmistir. Bu bildiride projenin ve tinel agma makinesinin teknik detaylan
sunulmug, proje boyunca karsilasilan sorunlar ve uygulanan ¢oziimler tartigilmig, kazi
performansimin degerlendirilmes: yapilmastir.

ABSTRACT Buyukcekmece Waste Water Tunnel is being constructed under the project
which was designed to collect and then transport hazardous waste waters of the region to the
water treatment plant. The tunnel 15 being excavated with an EPB mix shield tunnel boring
machine (TBM) produced by Lovat. Geological formation which lies on the tunnel route was
defined as Gurpinar formation. In this paper, lechnical details of the project and TBM were
presented, encountered problems and solutions applied were discussed, and excavation

performance of the TBM was analyzed.

1 PROJENIN TANIMI

Bilyiikcekmece Auk Su Tineli bilgede yer
alan ve cevre kirliligine sebep olan atik

sulartn  toplanmasi ve antma tesising
ulagtinilmas1  amaciyla tasarlanan  proje
cercevesinde insa edilmektedir. Tiinel

projesinin toplam uzunlugu 6,09 km olup
Biiylikgekmece gbliinlin kiyisina yaklasik
500 metre mesafe ile paralel olarak
konumlandinlmistir. Biiyiikgekmece Atik Su
Tiineli 3 saft olarak projelendirilmistir. Gins
safti ile orta saft arasindaki mesafe 2649 m
ve orta saft ile varis safti arasindaki mesafe

ise 3454 m'dir. Tinel kam c¢apr 3450
mm'dir.  Tiinelin  ikinci  kaplamasinin
tamamlanmasimin  ardindan  elde edilecek

nihai ¢ap 2600 mm’dir. Tinel glizergihinin
uydu goriintimii Sekil 1'de verilmistir.

Tiinelin agilmasinda Lovat marka EPB
tinel agma makinesi kullamilmaktadir.
Makinenin teknik dzellikleri Cizelge 1'de
verilmistir, TBM’in kesici kafasinda 21 adet
kazici ug (ripper), 24 adet siymnc ve giobek
kisminda  bilyiik kama (burun) yer
almaktadir, Kesici kafamin genel tasanm
Sekil M'de girmilmektadir Projede kmllamilan
makine daha Once Girpmar Atksu Tiineli
(5227 m) ve Firizkoy Atksu Tiinelinin
(3770 m) insasinda faaliyet gstermistir.,

2 BOLGENIN JEOLOJISI

Calisma alani igerisinde hikim olan jeolojik
formasyonlar Griirpinar, (ukurgesme,
Criingoren ve Bakirkoy formasyonlandir. En
altta Eosen yagh Kirklareli formasyonu yer
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almaktadir,. Bu formasyonun izerinde
Oligosen vash, bashca sert kil wve
kiltaslarindan olusan, az oranda silt ve kum
ardalanmalanmin ~ gizlendigi  Girpinar
formasyonu bulunmaktadir. Tnceleme alanin
jeoloji haritas: Sekil 3’te sunulmustur.

Proje kapsaminda yer alan gilizergah
icerisinde  ise  karsmilagilan  formasyon
Gitrpinar formasyonu olarak tammlanmistir.
Yiizeve cok vakin seviyvelerde ise Aliivyvon
olusumlar bulunmakiadir. Glrpinar
formasyonunun  Ust  seviyeleri  kiregtas:
aratabakali kiltas;, silttaj  ve kumtas
ardalanmalarindan olusur. Biiyiikgekmece
giliiniin kuzeybatisindan itibaren
Mimarsinan, Giizelce, Tirkoba ve Karaagag

koylen arasinda genis alanlarda
yiizeylenmeler yapar.
Giirpmnar ~ formasyonu  sammsi  gri,

kahvemsi gri renkli mikah kumtaslan ile
ardalanmali gri renkli marn, kiltasi ve linyit
bantlanindan  olusmaktadir, Kil oraninin
artmasi ile mam, killi marn, kil ve seyle
gecilir. Kil, tabakah mavi-yesil renklidir ve
gok plastik ile az plastik arasmda defisen
ozellik gostermektedir.

Proje dncesi yapilan etit galismalarnda
killi zonlarin SPT N30 degerinin 14 — Refii
arasinda degistifi saptanmustir. Bu zonlar
iizerinde yer alan aliivyonlarda N30 degeri 5
— 43 arasinda degismektedir. Glrpmnar
formasyonuna ait kil birimlerin dogal su
igerigi %20 ile %32 arasinda
dalgalanmaktadir. Allivvon birimlerde ise
dogal su icerigi %30 - %35 arasinda yer
almaktadir. Tiinel glizergahi iizerinde kazs:
vapilacak olan zeminlerin plastisite indisinin
%20 ile %40 arasinda defisim gOsterecegi
etiit galismalan ile belilenmistir. Kazisi

vapilan  aliivyon zemin ve Gilirpinar
formasyonu birimlerine ait bazi bliyuklikler
Cizelge 2°de verilmistir.

Az plasuk kil zonlan igerisinde komiir
bantlan wer almaktadir. Kaz faaliyetleri
sirasinda rastlanan komir parcalari numune
olarak alinmus wve analize gonderilmistir.
Analiz sonuglarina gore kazilan kémirlerin
diigitk kalori ve siilfir igerifi degerlerine
sahip gen¢ olusumlu linyitler oldugu
belirlenmigtir. Metan ve hidrojen  silfiir
riskine karsi TBM’e erken uyan sistemi

yerlestirilmistir. Gaz Olgim sistemi (Lel,

H2S, CO ve

aktanlarak siirekli

02) wverileri bilgisayara
kayit altina alinmasi

saglanmig ve geriye donik haftalik ve ayhk
raporlar halinde derlenmistir.

Sekil 1. Tiinel giizergahinin uydu gériimimii

Cizelge 1, TBM e ait ieknik dzellikler

Marka Lovat

Model RMP 1365E 19500

Kaz Cam 3450 mm

Kafa Déniis Hizi 0-62 RPM

Keskiler 21 Ripper, 24 Siviriey,
Gibekte Biyik Burun

Tork Kapasitesi T34 kN.m (@ 5,2 RPM
{yumusak zemin)

Yonlendirme Silindin g

Sayis1

Yimlendirme Silindiri 140 ton/silindir

Baski Kapasitesi

Yinlendirme Silindiri 100 mm

Strogu

ftki Silindiri Sayis: 12

Itki Silindiri Strofu 1800 mm

Toplam Itki Kapasitesi 1380 ton (115
ton/silindir)

Bant Konveyor Him 100 m/dak {maksimum})

Bant Konveyir Kapasitesi 180 m'/saat

Segment Eni 1m

Segment Kalinlif 20 em
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Sekil 3. inceleme alaninin jeoloji haritasi

Cizelge 2. Kazisi yapilan zemine ait bazi
biyiklikler

Zemin Tiiri Giirpinar Fm.  Aliivyon
Su Ierigi (%) 20- 32 30-135
Likit Limit (%2) 37=067 45-75
Plastik Limit (%) 22-3] 23-33
Plastisite Indisi (%) 15- 36 21 -41
SPT N30 14 = Refii 5-43
Serbest Basing (kg/cm®™) 0,6—1.5 1.2
Kohezyon (kgfem™) 0,3=09 0,2

freel Siinlinme Agist 5-9 9

3 KAZISISTEMI

Proje boyunca konsolide ve su icerigi diigiik
kil zonlarda gahsilmistir. Kaz1 faaliyetleri
agtk EPB modunda gerceklestirilmis ve
kesici kafada herhangi bir basinglandirma
vapilmarmstir.

Kazi esnasinda karsilasilan en biyik
zorluk kesici uclar tarafindan sdkillen ve
fiskiyeler ile aslatlarak bulamag formuna
gelen hafrivaun  kafa igenisine, helezon
sistemine ve buradan da bant konveydre
nakli esnasinda yasanmugtir. Bu problemin
coziimiine yonelik olarak Zemin
kosullandirma sistemi gozden gegirilmis ve
yapilabilecek iyilestirmeler degerlendiril-
mistir. Tork, itki (thrust) wve ilerleme
miktarlarn siirekli olarak gozlem altinda
tutalmustur. Dishi sistemlert ve motorlan
asin yiitkten korumak amaciyla oOnceden
belirlenen 2,8 — 3,2 RPM aras1 kafa donme
hia  proje  boyunca sabit (utulmustur.
Ilerleme miktanmin gok distigi ve kaz
sirelerinin uzadi@ nadir bolgelerde kesici
kafanin rotasyon hiz1 1,9 — 2,4 RPM arasina
indirilerek fazladan tork giicii elde edilmesi
saglanmig ve bu sayede ilerleme miktan ve
kazi siirelerinde iyilesmeler gozlenmistir.

Projede  kullamlan TBM'de zemin
kosullandirma kesici kafadan kaz annina 3
hattan kipiik verilmesi ile
gerceklestirilmektedir. Proje siiresince zemin
kosullandirici kimyasal olarak Iksa Beton ve
Yapi Kimyasallan firmasimn riind olan
Exfoam 1 kullanilmstir. Basmng hattindan
gelen su GCS (Ground Conditioming System)
iinitesinde 3 hatta ayrilmakta ve kimyasal

tankindan gelen kimyasal ile
kanstinlmaktadir. Kesict  kafada  anna
piiskiirtiilmeden hemen &nce 69 bar
basimeinda hava ile kangtinlarak kipiik
olusumu  gerceklestirilmektedir. Proje

esnasinda uygulanan zemin kosullandirma
sistemi ve uygulamasina ait teknik venler
Cizelge 3'te verlmistir.

Cizelge 3. GCS teknik verileni

GCS Hat Sayist 3

GCS 5u Kapasitesi 284 Ivdak
Kimyasal Tipi Exfoam |
Kimyasal Miktarn 6 W'm (0,3 lt/dak)
Kimyasal Cazeltisi 2843 t'dak
Hava Basmci 6.9 har

Kimyasal Crrami % 0,1




B ULLISEARRRAS] LA A Dol YERALTY WARILAN SERPOE YL AL

ISTARBLUL § 29-30 Kawm) November 3611
THE T T TP OW UNORREROLING EXEAVATIENE FOR TRANSPORTATION

4 PROJE ESNASINDA KARSILASILAN
BASLICA SORUNLAR VE
UYGULANAN COZUMLER

4.1 Esanjor Sorunu

Tiinel agma makinesinin montaji ocak aymda
gerceklestirilmistir,. ' TBM tiinel igerisinde
400 m kadar ilerleme vyapuktan sonra
periyodik kontrol amagh gergeklestirilen ya
analizlerinde hidrolik yag Iu;l:nsmdt: %60, 3y
ve %002 tortu tespit edilmesiyle esanjorde
kagak oldugu belirlenmistir,

Kagak sebebiyle hidrolik yaga su ve suya
da hidrolik yag kansmaktadir. Hidrolik
vagda bulunan su ve tortu yagin dzelligini
bozmakta ve  makine performansini
disiirmektedir, Aym zamanda uzun vadede
hidrolik sistem i{izerinde yer alan motor ve
pompalara zarar verme riski olusturmaktadir,
Esanjiriin sogutma becerisi de azalmaktadir.

Sorunlu esanjoriin degistirilmesi ve veni
esanjorin adaptasyonu igin makine izerinde
bir takim ufak modifikasyonlar
gergeklestirilerek anzah esanjor
degistirilmigtir. Hidrolik yag tamamen
venilenmis ancak hidrolik yag icensindeks su
motor, piston ve pompa sistemlerinde
cidarlara yapisma yaptifindan sistem sudan
tamamen arnndirilamamigtir. Yine de su ve
tortu  iceriginde diisiis  saglanabilmis,
boylelikle hidrolik yag igerisindeki su ve
tortu diizeyi kabul edilebilir diizeve
ndirgenmistir,.  Bu  savede karsilagilan
problem agiltig wve diretim siireei normal
seyrinde devam etmistir.

Kargilasilan bu sorun zaman kaybi ve
maliyet dogurmustur. Ozellikle makine tiinel
igerisindeyken ve proje devam ederken
miidahale imkinlanmin kisith olmast ¢éziim
firetmede giiclitk yaratmaktadhir. B nedenle
makinenin periyodik vag kontrollerinin ve
esanjoriin _ rutin  kontrollerinin ne denli
dnemli oldugu bir kez daha anlasilmaktadir.
Ozellikle kis aylarinda veya soguk iklimlerde
vapilan montaj ¢alismalaninda donma riskine
karsi Onlem  alinmali, sofuk hava
kosullarinda yapilan montajlann  ardindan
rutin yag kontrolleri daha sik yapilmahdir.

4.2 Rediiktor Arizas

Tiinel ingaan sirasinda kazisi yapilan zemin
igerisinde sk sk iri gakil ve kayag
parcalarina rastlanmugtir, Tiinelin  1813—

1830. metrelerinin kazisi sirasinda kesici
kafada yer alan kesici uglar iri kayag
pargalarina  takilmigtir. 1831, metrenin
kazisinda kafa tork wve rotasyon iz
degerlerinde ani dugiigler bag goéstermigtir,
Yapilan ncclomede  kesici kafanm  taluik
hattinda yer alan ve ana dislivi tahrik eden 6
rediiktorden bir tanesinin hasar aldig
belirlenmigtir.  Anzali rediktérin  yaginda
capak ve metal pargalan gozlenmistir,
Hasarlh rediilktér sokiilerek ve yedef ile
degistirilerek sorun giderilmistir.
Rediiktorden kopan metal pargalann diger
dish lnitelerine veva ana disliye olasi zarar
verme riskine karsi tim sistem gbzden
gegirilmisti.  Herhangi  bir  sorunla
kargilagilmarng, dretim normal siirecine
kazandiriimustir,

Ozellikle i gakil ve kayag pargalan
igeren zeminler tahrik sisteminde ver alan
mekanik unsurlar igin risk teskil etmektedir.
Yiiksek tork ve itme kuvvetleri ile yapilan
kazilarda kesici kafaya takilma scbebiyle
aniden gelen yikler keskilerde ve/veva dish
sistemlerinde ciddi hasar yaratabilmektedir,
Biylesi bir durumda wa keski kirlarak
helezon igine alinmakta ve sikigmava neden
olabilmekte ya da pgelen yik ana digh
uzerinden daha zawif olan rediktirlere
aktarilarak rediktorlerde hasara neden
olabilmektedir. Rediiktor diglilerinde
kinlarak kopan metal pargalar tim disli
sistemlerinde agur hasar birakabilmektedir.
Bu tip anzalarm onanmmi hem maliyetli
olmakta hem de ciddi zaman kayiplan
varatabilmekiedir. Bu sebeple ¢akilh veya
molozlu zeminlerde diigilk kafa rotasyon
hizlarinda ve yiitksek tork ve itme degerlerine
varmayan kontrolli kazilar yapmak uzun

vadede dislnildiginde daha faydal
olabilmektedir.
4.3 Kum Desariji
Biiylikgekmece Atiksu Tiineli

Bilyiikkgekmece goli kiyisim takip eden bir
giizergahta, gol seviyesine ¢ok yakin bir
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kotta insa edilmektedir. Zemin kotu ile tiinel
akar kotu arasindaki mesafe giris sattinda
vaklasik 3 metredir. Zemin kot ile akar kot
arasindaki fark topografyaya bagh olarak 38
metreye kadar ¢itkmakia ve orta safita tekrar
3 metreye inmcktedir.

Proje boyunca karsilasilan genel jeolojik
vapi plastisitesi ve gegirimsizligi wiksek killi
zonlardan olusmaktadir. Ozellikle derinligin
artmasi ile konsolide olan kil oldukca
gegirimsiz bir yapiya biriinmektedir. Tiinel
ingast sirasinda  kazisi  yapilan  agik
kahverengi renkli, géreceli olarak az plastik
ve silt-kum igerigi  yiksek ardalanma
zonlarmin (kum merceklerinin) balgede yer
alan wver alt sulan igin akis bdlgeleri
olusturdugu gozlenmistir, Bu zonlar suya
doygun bir yapidadar.

Tiinelin 1250 — 1500 metreleri arasinda
agik kahverengi renkli sili-kil ve kum
kansimu bir hitolojive rastlanmmgtir. Projede
kullanilan TBM  agtk modda kaz
vapmaktadir, 1441, metrenin  kazis
tamamlandiginda helezondan su geliri tespit
edilmigtir. Helezon ile bant gegiginin oldugu
kisimda su ile birlikte kum ve silt geldigi ve
birikme yapti@ belirlenmistir (Sekil 4).

Binken malzemenin temizlenmesi igin
helezon kapaklan kapatihms ve temizleme
islemi yamlarak makine kaziyva hazir hale
getirilmigtir. Bu esnada helezon igerisinde
basing birikmesi gergeklesmis ve helezon
cikis  basincimin 3bar  deferine ulagtifi
gozlenmigtir,. Kaziyva ginldifginde  ise
helezondan cok yiiksek miktarda su ve kum
gelir gerceklesmis,  zaman zamarn
piskirmeler yvasanmustir (Sek. 3).

Kazi1 arim, ver alti su tablasimin altinda
kalan kumlu zeminlerde beklendigi iizere
kendiliginden kesici kafaya ve tiinel igensine
akma cgilimine gegmistir. Asir1 miktarda su
ile birlikte camur halinde gelen kum tiinel
igerisinde pompa kullammini ile tahlive
edilmistir.

Sorunun  ¢iziimiine yonelik  vapilan
degerlendirmeler ve etiit ¢alismalannda risk
olugturan kum igerigi ¢ok yilksek zonun 3—4
metre 1le simrh  oldufu  anlasiimasgtir.
Yiizeyde herhangi bir yap: bulunmadigindan
kum mercegi iizerine enjeksivon yapiimasina
thtivac duyulmamustir. Makinenin motor ve

elekirik sistemlerinde suya karsi onlem
gelistirilmis ve makine igerisine biri kafada
silt igerisinde wve b de helezon bant
geciginin hemen alunda olmak fzere 2 adet
11 kW'hk gamur pompasi yerlestirilmigtir,
Helezon altindaki pompamin ¢ikisi hafrivat
kovalarina verilerek kazi tamamlanmistir.

1442 — 1445 metre arasinda yapilan
kazilarda kum igerigi giderek azalms ve
arazi hasinct dengelenmistir. Kil wve silt
iceriginin  tekrar artmasi ile sorun ortadan
kalkrmigtir. Bundan sonra yapilan kazilarda
yiizeyde fark edilir bir deformasyon veya
tiinel igerisinde riskli bir durum s6z konusu
olmadan normal Gretim devam etmistir. Su
geliri ise yaklasik 60 metre kadar devam
clmistir,

Muhtemelen, ZECINMS1Z tabakalar
arasinda kalan suya doygun kumlu bdlge
uzerindeki viik sebebivle sikismis ve yiiksek
bir arazi basincina kavusmustur. Bu bolge
delindiginde basincin yiksek oldugu kaz
aynasindan basincin  diisiik oldugu tiinel
icerisine dogru tahlive baglamistir,

Sekil 4. Helezondan gelen su ile birtken kum
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Sekil 5. Asin miktarda su ve kum geliri

Burada karsilasilan durum Istanbul gibi
karmagik jeolojiye sahip bir sehirde veya
Guirpinar formasyonu gibi sik ve degisken
ardalanmalann oldugu jeolopik ortamlarda
proje Onces! etiit galismalarmin  Gnemini
ortaya koymaktadir, Kazilabilirlik ve tiinel
stabilitesi kadar yer alti suyunun durumu da
etiit ¢alismalarinda dikkat edilmesi gereken
onemli bir husustur. Ani ve kisa degisimlen
onceden belirlemek yer alti galigmalarinda
her ne kadar sirekli mimkin olmasa da her
zaman en kitisiyle karsilasmaya hazirhikh
olunmalidir.

5 KAZI PERFORMANSININ ANALIZI

Biyiikcekmece Atiksu Tiineli insaatinin kazi
asamasinda kazi ve iretim performansinin
degerlendirilmesi ve takip edilmesine
vonelik olarak wvardiya wverimi (%) wve
makineden faydalanma siiresi (%), ilerleme
miktari (penetration rate, mm/dak), avlik ve
gunlik ilerlemeler (m) degerlendinlmaistir,

Tiinel projesinin ilk asamasinda ver alan
2649 metrelik mesafenin kamsinda kazm

naklivatinda makas sistemi kurulmamig ve
kazi nakli tek lokomotif ile
gergeklestinlmigtir. Ortalama lokomotf hizi
2.5 m/s ile 4 m/s arasinda degismektedir.

TBM tiinel i¢erisinde ilerledikge kaz nakli
icin gereken toplam sire de artmaktadir,
Artan nakil siiresine bagli olarak makineden
faydalanma oram diigecektir,

Proje kapsaminda gergeklestirilen planh
bakimlar ve plansiz ortaya ¢ikan anzalar kazi
performansim ve iiretimi etkileyen baska bir
dgnemli unsurdur, Bu unsurlann aylara gire
degisimi Sekil 6°da temsil edilmigtir. Proje

kapsaminda gergeklestirilen kaz1
faalivetlerinin  élglilen  baz  performans
parametreleri  Cizelge 4'te Ozetlenmisgtir.

Aylik yapilan iiretim ve giinliik ilerlemelerin
aylara gdre degisimi Sekil 7'de sunulmustur.

En iyl tretim rakamlannin vakalandigi ay
Mart olarak gorilmektedir. Mart ay1 aym
zamanda teknik problemlerin de en az
yvasandigi aydir, En iyi ilerleme miktar
(166,6 mm/dak) ise Nisan aymnda sarimsi
acik kahverengi kumlu litolojinin kazisinda
clde edilmigtir. En iy1 giinlik ilerleme 1se
Subat ayinda 23 metre olarak elde edilmistir.
Subat ve Mart aylan igerisinde makineden
faydalanma oram %45 9450 olarak
saptanmustir.  Ancak tinel igernsindeki
ilerlemeye bagh olarak kazi nakil siiresinin
artmas: ile makineden faydalanma oram
diismiis ve proje ortalamasi olarak %25

dolaylarinda sabitlenmigtir,
500
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Sekil 6. Bakim ve anza faalivetlerinin aylara
gore dagilhimi
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Cizelge 4, Kaz faaliyetlerine ait bazi
performans parametreleri

Ortalama Makineden Faydalanma Oram (%0) 25

Ortalama llerleme Miktar (mm/dk) 479
En ivi Ilerleme Miktan (mm/dk) 166,6
Ortalama Aylik Herleme (m) 3196
En lyi Aylik [erleme (m) 427
Ortalama Giinlik Herloma (m) 105
En lyi Giinliik llerleme (m) 23
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Sekil 7. Ayhk ve glinliik tiretim verilen

6 SONUCLAR VE DEGERLENDIRME

Oztas Insaat Insaat Malzemeled A
biinyesinde gerceklestirilen Biiyilkgekmece
Auksu Tiineli Projesi halen devam etmekte
olup, projenin isleyisi icenisinde bilimsel
vontemlerden mimkin olan en ust seviyede
faydalanmimas: ilke olarak benimsenmigtir,
Uretimin sistematik olarak kontrol edilmesi
ve bilimsel yontemler kullanilarak amaliz
edilmesi ile iyilestirmeler saglanmus ve
saglanmaya devam ctmektedir.

Ulkemizde hizla artan altyapr ve ulasim
projeleri tiinelcilik faalivetlerinin

L&l

gelismesine  vesile olmakiladir,  Tunelcilik
uygulamalannin artmas: ile kazamlan pratik
tecrube ve birikimler bilimsel ve sistematik
calisma ilkeleri ile birlestiginde Tiirkiye de
tinelcilik dinva ile es konuma yiikselecektir,
Insaat ve odzellikle tinelcilik sektbriinde
yurtdisinda gergeklestirilen faalivetlerin son
villarda gosterdifi artis bu gelismenin agik
bir gastergesidir.

TESEKKURLER

Basta Oztas insaat insaat Malzemeleri
Ticaret A.S yinetimi olmak iizere
Biyiikgekmece Atiksu Tineh Projesi Proje
Miidiirii Saym Adnan Yildiz'a, Santiye Sefi
Osman Stirmen’e, Tinel Sorumlusu Atakan
Leventyiiri'ye, Harita Miihendisi Faruk
Sahin’e verdikleri destekten otirl tesekkiir
ederiz. S6z konusu caligmada emegi gecen
TBM Operatorii Uzeyir Capakli’ya tesekkiir
ederiz. Proje boyunca beraber gahistigimz
biitiin ¢alisma arkadaslanimiza ve tim Oztas
Tinel ekibine gistermis olduklan {istin
gayret ve emeklerinden Otini tesekkir
ederiz.

KAYNAKLAR

Oztas Insaat Insaat Malzemeleri Ticaret A.S., 2013.
Biviikeekmece Andsu  Tineli Projesi Argivi,
istanbul,.
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