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ZDOKONALENA TECHNOLOGIE UPRAVY VLASTNOSTI ZEMIN
PRO PLNOPROFILOVE TUNELOVACI STROJE (TBM)
ADVANCED TECHNOLOGY OF SOIL CONDITIONING FOR TUNNEL
BORING MACHINES (TBM)

LARS LANGMAACK, MICHAL ZAMECNIK

1. OvOD

Zeminové (EPB = Earth Pressure Balance) Stity pouZivajici pfi-
sady pro dpravu vlastnosti zemin jsou ve svété tunelovéni pouZi-
vané stéle Castéji. Jejich schopnost vytvorit a udrZzovat rovnovazny
stav tlaku zeminy a jejich ekologické a toxikologické vlastnosti
patfi mezi nejdulezitéjsi hlediska dspé$né razby plnoprofilovym
tunelovacim strojem.

Sprdavné a efektivni pouziti prisad pro dpravu vlastnosti zemin
neni vzdy zfejmé. Uspéch zeminovych 3titli, zv1a§té v podminkach
nehomogennich, vysoce pdrovitych nebo lepivych zemin, zavisi na
dobré konstrukci stroje v kombinaci s vysoce G¢innymi prisadami
pro dpravu vlastnosti zeminy. Priklady téchto dispé$nych kombina-
ci je MetroSur v Madridu [1], metro v Tolouse a Zeleznice v Rimé.

Dal3im duleZitym hlediskem pro vybér pfisad pro dpravu vlast-
nosti zemin je jejich mozny vliv na okolni prostredi. Je nezbytné
provddét hodnoceni rizik tykajicich se znecisténi podzemni vody
v prubéhu jejich pouzivani, koncentraci na pracovisti a emisi skla-
dek felonii upravené zeminy.

2. NAVRH ZEMINOVEHO STITU DLE GEOLOGICKYCH

PODMINEK

Zeminové Stity se pouzivaji pro razbu v homogennich
i heterogennich geologickych podminkdch. Znamé priklady razeb
zeminovym S$titem ve velmi heterogennich geologickych forma-
cich jsou stavby vnitfniho silni¢niho okruhu BPNL v Lyonu se §ti-
tem firmy NFM o praméru 10,98 m [2] a trasa L9 barcelonského
metra se §titem Herrenknecht o pruméru 12,06 m [3]. Kfivky zrni-
tosti na téchto dvou stavbdch je uvedena na obr. 1. .

V dusledku heterogenity zemin se nemohou zeminové §tity opti-
malizovat pro specifické geologické podminky, ale jsou navrhova-
ny na vSe zahrnujici optimum [4]. Z toho plyne kompromis
s ohledem na technologii stroje v tom, Ze musi byt optimalizovdna

EPB-drives in very inhomogeneous geology
examples of Lyon (1996) and Barcelona (2004)
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Obr. 1 K¥ivky zrnitosti v Lyonu a Barceloné (Langmaack 2004)
Fig. 1 Soil distribution of Lyon and Barcelona (Langmaack 2004)

1. GENERAL

Earth Pressure Balancing (EPB) tunnel boring machines using
soil conditioning additives are becoming more and more common
in the world of tunnelling. Their ability to create and maintain the
earth pressure equilibrium and their ecological and toxicological
properties are a few amongst the most important aspects of
a successful TBM drive.

The correct and effective use of soil conditioning additives is
not always obvious. The success of EPB machines — especially in
non-homogeneous, highly porous or adhesive ground conditions
depends on good mechanical engineering combined with highly
effective soil conditioning additives. Examples of these successful
combinations are Madrid MetroSur, Toulouse Metro and Rome
Railway.

An additional important point for the choice of soil conditioning
additives is their possible impact on the surrounding environment.
A risk assessment concerning emissions into ground water during
application, workplace concentrations and emissions from the land
filling of the treated soil is necessary.

2. TBM DESIGN VS GEOLOGY

EPB tunnelling is used in homogeneous as well as heterogene-
ous ground conditions. Famous examples for EPB drives in very
heterogeneous geological formation are BPNL Lyon with
a 10,98m diameter NFM machine (Bentz et al. 1997) and
Barcelona Metro L9 with a 12,06m diameter Herrenknecht machi-
ne (Gabarré et al. 2003). The soil distribution of these two projects
is indicated in fig. 1.

As a consequence of the soil heterogeneity, the TBMs itself can-
not be optimised for a specific geology, however are designed for
the overall optimum (Rehm 2004). This implicates a compromise
with respect to the machine technology in that it has to be optimi-
zed by using different soil conditioning agents.

The 3 most important factors for soft ground tunnelling - apart
from the hard rock geology - are the

* Soil permeability

* Ground water pressure

* Risk of clogging and adhesion
2.1 Soil Permeability

The soil permeability for EPB drives can reach values of up to
k=10-3 for the most porous soils (BPNL Lyon, Turin) and decrea-
ses to practically impermeable clay (Heathrow T5).

The TBM drives in clay soil — either full face or mixed face —
often face clogging and adhesion problems as described in 2.3.

In porous soils, the problems faced are very instable tunnel face,
uncontrolled soil and water income as well as loss of face pressu-
re through the soil. These problems have been recently described
for the Milan Metro project (Grandori et al., 2003). The mechani-
cal adaptation of the TBM itself, including shield opening factor,
number and choice of tools and finally the right soil conditioning
(foams and polymers) combined with a complete filled working
chamber, is important for a successful TBM drive. The use of pure
foams will not be successful — details see in chapter 3.2.

GROUND WATER

An important factor in EPB drives in soft ground is the ground
water level respectively the ground water pressure. The higher the
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pomoci ruznych piisad pro dpravu vlastnosti zeminy.

Tti nejdulezitéjsi faktory pro razbu tunelu v zemindch (mimo
skalni horniny) jsou:

* Propustnost zeminy

e Tlak podzemni vody

* Riziko ucpdvani a lepeni
2.1. Propustnost zeminy

Propustnost zeminy pro razbu zeminovym §titem muZze dosahovat
hodnot do k=10-3 pro vétSinu pérovitych zemin (BPNL Lyon, Turin)
a sniZuje se az k prakticky nepropustnému jilu (Heathrow T5).

Razby plnoprofilovym tunelovacim strojem v jilovité zeminé,
kterd je v celém profilu nebo v &dsti profilu, ¢asto &eli problémam
s ucpavanim a lepivosti, jak je popsdno v kapitole 2.3.

V pérovitych zemindch spocivaji problémy, kterym $tity Celi, ve
velmi nestabilni ¢elbé vyrubu, nekontrolovanému prisunu zeminy
a vody a ztrdté tlaku na Celbé tnikem do zeminy. Tyto problémy
byly neddvno popsany pro stavbu metra v Mildné [5]. Strojni dpra-
va tunelovaciho stroje samotného, véetné soucinitele otevienf Stitu,
poctu a volby néstrojui a kone¢né i spravné tpravy vlastnosti zemi-
ny (pény a polymery) v kombinaci s dplnym naplnénim pracovni
komory je duleZitd pro dspéch TBM razby. PouZiti istych pén
nebude tspésné — podrobnosti jsou kapitole 3.2.

2.2. Podzemni voda

Dulezitym faktorem pii TBM razb€ v zemindch je droven hladi-
ny podzemni vody, respektive tlak podzemni vody. Cim vy33f je
hydrostaticky tlak, tfm obtiZnéjs{ je zabranit nekontrolovanym pri-
tokim vody a seddni povrchu. Co se tykd ndvrhu stroje, je jen mélo
uprav, které se daji provést, jako naptiklad pridani dlouhych $ne-
kovych dopravniku pro sniZeni tlakového spadu nebo instalace
pistovych ¢erpadel za $nekovy dopravnik. NejduleZitéjsi faktor pro
uspésnou kontrolu vody je dplné vyplnéni pracovni komory tune-
lovaciho stroje homogenni a nepropustnou pastou ze zeminy
pomoci pén a polymeru. Pfiklady staveb jsou tunel Botlek
a kanaliza¢ni tunel v Alives [6].

2.3. Ucpavani a lepeni

Razby zeminovym Stitem v jilovych formacich, které jsou
v celém profilu & v jeho &dsti, se Casto dostdvaji do problému
ucpavani a lepeni.

Obr. 2 ukazuje, jak snadno se otvory v fezné hlavé mohou ucpat
a fezné ndstroje na razici hlavé se mohou stdt netcinnymi pfrile-
penym jilem. Problém ucpdvani jilem a lepeni vzdy povede
k potizim prfi fizeni tunelovaciho stroje, ke zpomaleni postupu
a potrebé rozsahlého ¢isténi. Z hlediska strojni technologie je
pouze nékolik véci, které 1ze udélat. Je to naptiklad feSeni otevre-
né fezné hlavy — zvlaste v jejim stredu — a vhodné umisténi misi-
ciho zarizeni v pracovni komore. I v tomto pripadé je jednim
z nejdulezitéjsich faktoru pro Gspésné zmenseni ucpavani a lepeni
pouziti pény nebo specidlnich polymert do jili (podrobné viz
kapitola 3.3). Pfiklady ze staveb jsou madridsky okruh MetroSur
(MBT Online) a zZelezni¢ni tunel Roma 4 Venti v Rimé (MBT
Online), které jsou popsany v kapitole 6.2, nebo metro v Tolouse
popsané v kapitole 6.3.

3. POTREBA UPRAVOVANI VLASTNOSTI ZEMIN

Uplné naplnéni pracovni komory TBM je mozné pouze pii pou-
Ziti prisad pro upravovéni vlastnosti zemin. To je nutné pro sniZe-
ni krouticiho momentu stroje a tfeni. Zadné jiné reZimy postupu
vpred nejsou pro nestabilni horniny a citlivé oblasti na povrchu
vhodné [7], jak je vidét na obr. 3.

Rovnovdha zemniho tlaku se d4 dosdhnout, pouze kdyZ je pra-
covni komora stroje tGpln¢ vyplnénd zeminou [8, 9]. Zemina se
proto musi v prib€hu razby oSetfovat prisadami pro upravovani
vlastnosti zemin:

e Pény

e Polymery pro pérovité zeminy

e Polymery pro jilovité zeminy bud samostatné, nebo ve vzi-

jemné kombinaci.

3.1. Péna
Hlavni pozadavek na pény, které maji pusobit jako upravujici
prisady, je zajiSténi vhodnych reologickych vlastnosti zemin, aby

Obr. 2 Ucpdni rezné hlavy tunelovaciho stroje jilem
Fig. 2 Clay clogging on the TBM cutterhead

water pressure, the more difficult it is to avoid uncontrolled water
income and surface settlement. In relation to the machine design,
only few modifications can be made such as the addition of long
screw conveyors to decrease the pressure gradient or installation
of piston pumps behind the screw conveyor. The most important
factor for the successful control of water is to fill the TBM wor-
king chamber completely with a homogeneous and impermeable
soil paste with the aid of foams and polymers. Site examples the-
refore are Botlek Tunnel and Alives Sewage Tunnel as described
in the Fernandez et al. 2002 paper and in chapter 6.1.

2.3 Clogging and adhesion

EPB drives in clay formations — either full face or mixed face —
often run into clogging and adhesion problems.

Fig. 2 shows how easily the cutterhead openings can be closed
and cutterhead tools can be turned ineffective by clogging clay.
The problem of clay clogging and adhesion will always lead to dif-
ficult TBM guiding, slow advance rates and extensive cleaning.
From the machine technique point of view only few things can be
done like the design of an open cutterhead — especially in the cen-
ter — and well placed mixing devices in the working chamber.
Again one of the most important factors to reduce successfully the
clay clogging and adhesion is the use of Foams or / and special
anti-clay Polymers (details in chapter 3.3). Site examples are
Madrid MetroSur (MBT Online) and Roma 4 Venti (MBT Online)
as described in chapter 6.2 or Toulouse Metro in chapter 6.3.

3. NECESSISITY OF SOIL CONDITIONING

Only the use of soil conditioning additives enables the comple-
te filling of the TBM working chamber. This is necessary to redu-
ce the TBM torque and abrasion. No other modes of advance are
suitable for instable ground and sensitive surface areas
(Babendererde 2003) as shown in figure 3.

The earth pressure equilibrium can only be achieved if the TBM
working chamber is completely filled with soil (Herrenknecht et
al. 2003, Steiner et al. 1994). Therefore the soil must be treated
during excavation with soil conditioning agents:

* Foams

 Polymers for porous soil

* Polymers for clay soil

» either alone or in combination with one another

3.1 Foam
The main demand on foams as conditioning additives is to obta-
in the suitable rheology of the soil in order to build up and to main-



Obr. 3 ReZim EPB (Babendererde 2003)
Fig. 3 EPB mode (Babendererde 2003)

se vytvoril a udrzoval potfebny tlak v pracovni komore, zajistujic{
Celbu vyrubu, a aby se zabranilo velkému kolisan{ tlaku. Péna
vstiikovand do zeminové pasty md stejny dcinek jako velkd vzdu-
chovd bublina u bentonitovych §titi. SniZeni kroutictho momentu
a abrazivity jsou také vyrazné vyhody. Péna se vytvaii vifivym
michdnim roztoku detergentu se vzduchem [10].
Hlavni vlastnosti detergentu jsou:
e ztekucujici U¢inek na zeminy v dusledku sniZeni povrchového
napéti. Cdstice zeminy prestanou byt vzdjemné vizany vodou
v pérech;
e Glinek elektrostatického odpuzovani muze odd€lit dve ¢astice,
které jsou k sobé pritahovény elektrostatickymi silami.
Laboratorni zkousSky a zkuSenosti ze staveb ukazuji, Ze
k dosazeni maximdlni Gc¢innosti kazdy typ zeminy, od tuhého jilu
a7z k pisCitému Stérku, Casto vyZaduje viceméné vlastni typ pény.
Na obr. 4 jsou ukdzdny Gcinky pénotvorného roztoku na prachovi-
tou zeminu, pény s polymery na §térkovitou zeminu a pény s pri-
sadami do jilt na jilovitou zeminu.
Typ prisady na upravovéani vlastnosti zeminy, ktery se pouZije
pro konkrétn{ stavbu, se musi stanovit predbéznymi laboratornimi
zkouskami pivodniho typu zeminy na stavbé.

3.2. Protijilové pfisady (,anti-clay “)

Pfisady pro upravovani vlastnosti zemin snizi vlastnosti jilovité
zeminy, co se tykd ucpdvdni a prilnavosti. Protijilové polymery
proto musi byt absorbovdny do povrchu jilovych ¢dstic. Aby se
oddélily dstice zeminy, musi nést velkou hustotu ndboje, a mély
by byt déle schopné vytvorit prostorovou bariéru tak, aby se zabra-
nilo G¢inktim opétovného shlukovani.

Tyto pozadavky mohou splnit jak detergenty, tak protijilové pri-
sady, avSak ty druhé jsou mnohem d&innéjsi a silnéjsi. Protijilové
prisady se uzivaji hlavné k podpore vlastnosti pény rozbijejicich
strukturu zeminy, ale daji se pouZit i bez pény. Obr. 5 ukazuje G¢i-
nek téchto polymeru v jilovité zeming.

PouZije-li se pouze voda s pénou, ¢dstice jilu se okamzité shlu-
kuji a vykazuji silnou pfilnavost ke kovovym povrchum (obr. 5 —
levd C&ést). Pfi pouziti TBM v tomto rezimu se feznd hlava
a pracovni komora ucpe. Pouziti protijilového polymeru povede
k oddélovani kusu jilu a k drastickému snizeni pfilnavosti (obr. 5
— pravd &ést). Pouze za téchto podminek je moZny spravny rezim
zeminového §titu s pfimérenou rychlosti stroje a pfimeérenou udrz-
bou.

3.3. Polymer pro pérovité zeminy

Na rozdil od protijilovych prisad, polymery pro pdrovité zeminy
vytvéreji soudrZznost pro to, aby zemina ziskala reologické vlast-
nosti pasty.

Obr. 5 Chovani jilu bez protijilové prisady a s prisadou
Fig. 5 Clay behavior without and with anti-clay agent
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Obr. 4 Ucinky tunelové pény, prisady do jilii a polymeru na soudrinost
zeminy a tieni
Fig. 4 Tunnel foam, anti-clay and polymer effects on soil cohesion & friction

tain the necessary support pressure in the working chamber and to
prevent high pressure variations. Foam incorporated in the soil
paste has got the same effect as the big air bubble in slurry machi-
nes. The reduction of torque and abrasion are also very important
benefits. Foam is produced by turbulent mixing of a surfactant
solution with air (Langmaack 2000).

The main surfactant properties are:

e fluidising effect on soils because of the decrease of surface
tension. Soil particles are no longer bound to each other by lin-
ked water,

* electrostatic repulsion effect which can separate two particles
attracting each other by electrostatic forces.

Laboratory tests as well as site experience show, that often each
soil type, from stiff clay to sandy gravel, requires more or less an
own type of foam to reach its maximum effectiveness. Figure 4
demonstrates the effects of a foaming solution on silty soil, foam
& polymers on gravely soil and foam and anti-clay-additives on
clayey soil.

The type of soil conditioning agent that shall be used for
a specific site has to be determined by preliminary laboratory tests
of the original insitu type of soil.

3.2 Anti-clay agents for clay soils

Soil-conditioning additives shall decrease the clogging and
adhesion characteristics of clay soil. Therefore anti-clay polymers
have to adsorb at the clay particle surface. They have to carry
a high charge density to separate the soil particles and they should
furthermore be able to create a steric barrier in order to avoid re-
agglomeration effects.

Obr. 6 Porovndni puvodni zcela suché porovité zeminy a homogenni pasty
ze zeminy po jejim smichdni s pénou a polymerem

Fig. 6 Comparison of original pure dry porous soil and as homogeneous
paste after mixing with foam and polymer
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Obr. 7 Krivka zrnitosti pisku v Aviles
Fig. 7 Grain size distribution curve of Aviles Sand

V pérovitych zemindch se dd pouZit nékolik polymeru:
* Vodu vizajici polymery — k vysuSeni (tekutych) zemin
e Polymery ménici strukturu zeminy — pouZivaji se pro zménu
reologickych vlastnosti sypkych, hrubozrnnych zemin
a k branéni usazovani.
* Pénu stabilizujici polymery
Nékteré polymerové preparaty jsou zaloZeny na uhlovodikovych
fetézcich a vyrdbéji se bakteridlni fermentaci. Tyto polymery jsou
vodou rteditelné, biologicky rozloZitelné a kompatibilni
s detergenty. Jak polymery, tak i detergenty jsou pri pouZit{
v generétoru pény bezpecné a mohou se tedy misit s pénotvornym
vodnim roztokem a projit generdtorem pény. Polymery také vyvo-
lavaji stélejsi tlak v komore, zajiStujici ¢elo vyrubu béhem razby
a pri zastavenf stroje.
Vsechny polymery by mély byt prednostné v kapalné formé, aby
se predeslo problémum s ddvkovanim a potiebé instalovat dals{
zafizeni na preménu prasku na roztok nebo suspenzi.

4. VHODNE VYROBKY PRO UPRAVU VLASTNOSTI ZEMIN

Vyrobky vhodné pro tdpravu vlastnosti zemin by mély byt pouze
ty, které maji pozadované funkéni vlastnosti a soucasné jsou co
nejbezpecnéjsi pro pracovniky a Zivotni prostiedi. To znamend, Ze
je potieba identifikovat pomoci hodnoceni rizik akutni zdvadnost
pro vodni organismy, moznost bioakumulace, biologické degrada-
ce a chronické zdvadnosti pro vodni organismy, a jejich potencidl-
ni poSkozeni. Tato hodnoceni rizik by méla byt vyddvdna pouze
nezdvislymi a specializovanymi spole¢nostmi.

5. PRIKLADY STAVEB

Nasledujici kapitoly predstavuji 3 stavby, na kterych se razba
zeminovym Stitem provddela v obtiznych geologickych podmin-

Obr. 9 Razba v pisku s pomoci pény a polymeru
Fig. 9 Sand excavation with Foam & Polymer

Obr. 8 RazZba v pisku pouze s pouZitim pény
Fig. 8 Sand excavation only with foam

These demands can be fulfilled by both surfactants and anti-clay
agents, however anti-clay agents are much more efficient and
powerful. Anti-clay agents are mainly used to support the destruc-
turing properties of the foam, but they may also be introduced wit-
hout foam. Figure 5 illustrates the effect of these polymers in clay
soil.

Using foam and water alone, the clay particles agglomerate
immediately and show extensive adhesion to metal surfaces (figu-
re 5 left part). Using a TBM in this mode, the cutterhead as well as
the working chamber will clog up. The use of anti-clay polymer
will result in separated clay lumps and a drastically decreased
adhesion (figure 5 right part). A proper EPB mode with
a reasonable TBM speed and reasonable maintenance work is only
possible under these conditions.

3.3 Polymer for porous soils

In contrast to the anti-clay agents, the polymers for porous soil
create cohesion in order to obtain a pasty soil rheology.

A couple of polymers can be used in porous soils:

Water binding polymers - to dry out (liquid) soils,

Soil structuring polymers - which are useful in loose, coarse
soils to change the soil rheology and which prevent sedimentation,

Foam stabilizing polymers.

Some polymer formulations are based on hydrocarbon chains
and are produced by bacterial fermentation. These polymers are
water soluble, biodegradable and compatible with foam surfac-
tants. Both polymer and surfactants are safe when used in the foa-
ming generator, and can therefore be mixed with the foaming solu-
tion and pass the foam generator. Polymers also induce a more
stable support pressure in the working chamber during boring and
when stopping the machine.

All Polymers should be preferably in liquid form to avoid
dosing problems and to avoid additional installation to get
a solution or suspension out of the powder.

4. SUITABLE SOIL CONDITIONING PRODUCTS

Suitable soil conditioning products should only be those that
show the desired functional properties and at the same time are as
safe as possible to workers and the environment. This implicates
the identification of the acute aquatic toxicity, potential for bioa-
ccumulation, biodegradation and chronic aquatic toxicity and their
potential harm through risk assessments. These risk-assessments
should be issued by independent and specialised companies only.

5. SITE EXAMPLES

The following chapters introduce 3 TBM sites with difficult
geologies, where the soil conditioning performance and ecotoxi-
cological properties lead to success.

5.1 Aviles Sewer (Spain)

The Aviles Site works with a Lovat EBP machine, diameter

3.40 m. After facing stiff clayey silt, the soil changed over a length



Obr. 9 Razba v pisku s pomoci pény a polymeru
Fig. 9 Sand excavation with Foam & Polymer

kdch a provadéni dprav vlastnosti zemin a ekotoxikologickych
vlastnosti vedlo k dspéchu.

5.1. Kanalizaéni stoka v Aviles (Spanélsko)

Na stavbé v Aviles pracuje zeminovy $tit Lovat o pruméru
340 m. Po pruchodu pevnymi jilovitymi nédplaveninami se zemina
zménila v asi 1000 m dlouhém tseku na Cisty Stérkovity plaZzovy pisek
s morskou vodou s tlakem aZ 3 bary. Kfivka zrnitosti je videt na obr. 7.

U tohoto typu geologie vedlo pouziti pény pouze
k nespravnému tlaku v pracovni komore, nekontrolovanému pfito-
ku vody a velmi malym rychlostem postupu TBM.

Stroj neumoznoval pridavani dal§i vyplnové suspense do pra-
covni komory. Zvlastn{ instalace by byla prili§ ndkladnd a Casové
ndro¢nd. Alternativnim feSenim bylo pouZiti dodateénych polyme-
rl, aby se zemina co nejvice plastifikovala, aby bylo mozné vyvi-
nout protitlak proti morské vodé a sniZit obsah vody v zeminé.
Vysledek, ktery je vidét na obr. 9, ukazuje ohromnou zménu.

Pri vySe uvedenych tdpravdch vlastnosti zeminy, kombinaci pény
a polymeru upravujictho strukturu, dosdhl denni postup 27 metru
s maximdlnim dennim postupem 50,50 metru. Pracovni komora
byla plné zaplnénd s tlakem 3 bary bez problému s pritoky vody [6, 11].
5.2. Roma 4 Venti (italie)

Zeminovy S$tit EPB TBM S-184 o pruméru 7,90 m firmy
Herrenknecht, pouzity sdruzenim Astaldi/Impregilo JV, pracoval
na stavbé Zelezni¢ntho tunelu v Rimé v Italii. Po prvnim dseku
razby prochdzejici formaci piskovych usazenin (tufy) se hornina
zménila na vysoce lepivy a prilnavy vatikdnsky jil. Aby se preko-
nalo ucpaviani fezné hlavy jilem a odstranily se problémy s fizenim
stroje a zrychlil se postup razby, bylo nutné pouZit pénu
v kombinaci s protijilovymi pfisadami.

Na obr. 10 je prordzka tunelovaciho stroje do prijimaci Sachty —
pri pouziti pény a protijilovych prisad byla feznd hlava Cistd.
Problémy s ucpavanim se daly drasticky zmensit a rychlost stroje
se zvySila [12, 13].

5.3. Metro v Toulouse (Francie)

Zeminovy §tit EPB TBM S-208 o pruméru 7,72 m firmy
Herrenknecht, pouZzity sdruZzenim Vinci/Eiffage JV, pracoval na
stavbé stavebnim oddilu 2 prodlouZeni metra v Tolouse ve Francii.
Geologickd formace je suchy jilovity prachovec s ¢ockami pisku
s tlakovou vodou. V homogennim jilu bylo mozné razit se strojem
v rezimu do suchych podminek, ale sotva se narazilo na Cocky
pisku, zajisténi Cela vyrubu povolilo a byly pozorovany pritoky
vody. To vedlo k celkovému zpomaleni postupu, rozsdhlému ¢iste-
ni stroje, problémum s pasovym dopravnikem a v neposledni fadé
k pochybdm o stabilité ¢elby vyrubu a o seddni povrchu.

Vytvoreni nelepivé a neucpdvajici se zeminy ve formé pasty
kterd by zcela zaplnila pracovni komoru a zahdjeni prace v reZimu
zeminového §titu bylo moZné pouze pri pouZiti pény, protijilové-
mu polymeru a vody. Obr. 11 ukazuje kvalitu vytéZené zeminy.

Plnoprofilovy tunelovaci stroj dosahoval slusné vykony
40-50 mm/min i v reZimu zeminového $§titu, k pritokim vody jiZ
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of approximately 1000m to pure gravely beach sand with
a seawater pressure of up to 3,0 bar. The grain size distribution is
shown in figure 7:

In this type of geology, the use of foam only resulted in incor-
rect pressure in the working chamber, uncontrolled water inflow
and very slow TBM advance rates.

There was no possibility on the machine to introduce additional
filler suspension into the working chamber. An extra installation
had been too costly and too time intensive. The alternative solution
was to use additional polymers — in order to make the soil as plas-
tic as possible to be able to install a counter pressure against the
seawater and to reduce the water content of the outcoming soil. The
result is shown in figure 9 and visualises the tremendous change.

With the above mentioned soil conditioning, a combination of
foam and structurising polymer, the average daily progress achie-
ved 27 meters with a maximum daily performance of 50,50 meters
with fully filled and pressurized working chamber up to 3 bars and
without any trouble with water income.

Details concerning this jobsite are given by Fernandez 2002 and
Langmaack 2001.

5.2 Roma 4 Venti (Italy)

The Herrenknecht 7,90 m diameter EPB TBM S-184 operated
by Astaldi / Impregilo JV was working on the Rail Link Tunnel
project in Rome, Italy. After heading first through silty sand (tuff)
formation, the ground later changed into very sticky and adhesive
Vatican Clay. In order to overcome clay clogging at the cutterhead
and stirring problems as well as very low advance rates, it was
necessary to use foam in combination with anti-clay additives.

Figure 10 shows the TBM breakthrough in the reception shaft
with a clean cutterhead, using foam and anti-clay additives. The
clogging problems could be drastically reduced and the TBM
speed increased. Further project details are given by Marchionni et
al. 2002 and MBT Online Roma 4 Venti.

5.3 Toulouse Metro (France)

The Herrenknecht 7,72 m diameter EPB TBM S-208 operated
by Vinci / Eiffage JV was working on the Toulouse metro extensi-
on project Lot 2 in France. The geologic formation is dry clayey
silt with incorporated sand lenses under water pressure. In homo-
genious clay formation it was possible to excavate in dry mode
under air pressure, but as soon as the sand lenses were hidden, the
face support collapsed and water ingress was observed. This resul-
ted in overall slow advance rates, extensive TBM cleaning, conve-
yor belt difficulties and last but not least in doubts on face stabili-
ty and surface settlements.

Only by using foam and anti-clay polymer together with water it
was possible to create a non adhesive, non-clogging soil paste to
fill the working chamber completely and work in EPB mode.
Figure 11 illustrates the quality of the excavated soil.

Obr. 10 Cistd Feznd hlava po prordice
Fig. 10 Clean cutterhead after breakthrough
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Obr. 11 Plastickd ale nelepivd zemina po vytéZeni
Fig. 11 Plastic but not adhesive soil after excavation

nedochdzelo a bylo mozZné zajistit podepreni ¢ela vyrubu. Na obr.
12 je vidét Cistou feznou hlavu po prordzce TBM.

6. ZAVER

Jak bylo ukédzdno na prikladech ze staveb, plnoprofilovy tunelo-
vaci stroj maZze prochdzet Gspé¥né a rychle i obtiZznymi geologic-
kymi podminkami. Kromé spravné volby TBM je rozhodujici pou-
ziti spravnych pfisad pro dpravu vlastnosti zeminy — pro velmi
propustnou zeminu pod hladinou spodni vody i pro jilovitou zemi-
nu potencidlné schopnou ucpdvani nebo lepivosti.

Vsechny prisady pouzité na uvedenych stavbédch prosly pfisnym
posouzenim vlivu na pracovniky a Zivotni prostfedi. Ani
v tunelech, ani na sklddkédch nebyl negativni vliv pfisad pro tpra-
vy vlastnosti zeminy pozorovan.
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Obr. 12 Cistd Feznd hlava po prordice
Fig. 12 Clean cutterhead after breakthrough

The TBM showed reasonable advance rates of 40—50mm/min
also in the EPB mode, no water ingress occurred any more and the
face support could be secured. Figure 12 shows the clean cutterhe-
ad after the TBM breakthrough.

6. CONCLUSION

As demonstrated by the site examples, it is possible to drive
a TBM successful and rapidly also through difficult geologies. In
addition to the choice of a well adopted TBM machine, the use of
the right soil conditioning additives is vital - for very permeable
soil under the water table as well as for clay soil with high clog-
ging and adhesion potential.

All additives used in the site examples passed a strict risk assess-
ment study to ensure minimum impact on workers and the environ-
ment. Neither during construction nor at the disposal sites negative
influence of the soil conditioning additives could be observed.
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