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SEGMENTOVA OSTENI TUNELU Z DRATKOBETONU
STEEL FIBRE REINFORCED SEGMENTAL TUNNEL LININGS

MATOUS HILAR, JAROSLAV BENO

1 0vOD

Dratkobeton je novy konstrukéni stavebni materidl, ktery
v soucasné dobé stdle Castéji zacind nahrazovat standardni beton
a Zelezobeton. Rovnomérné rozptylené dratky ztuzuji strukturu pro-
stého betonu a méni tak krehky prosty beton na houZevnaty dratko-
beton. Vhodnym vybérem dratki, jejich zakomponovéanim do der-
stvého prostého betonu pfi jeho vyrobé, optimdlnim sloZenim &er-
stvého betonu a optimdlnim postupem vyroby je moZné vyrobit pre-
fabrikované dratkobetonové dilce osténi (obr. 1), kterymi je mozné
nahradit standardni Zelezobetonové dilce. Vyuziti dratkobetonu pro
segmentova ostén{ tunelt je obecné ve svéte rostouci trend vzhledem
k moZnym vyhoddm oproti béZnym Zelezobetonovym segmentim
(chovéni, trvanlivost, poZarni odolnost, jednoduchd vyroba, nizsi
spotfeba oceli, atd.). Problematika vyuZiti dratkobetonu pro segmen-
tovd osténi tunelt je podrobnéji probrana v ndsledujicim ¢ldnku.

2 SEGMENTOVA OSTENI

Vyvoj modernich tunelovacich metod a materidli zédsadné zefek-
tivnil, zatraktivnil a v neposledni fadé zrychlil vystavbu podzem-
nich konstrukei. Pocet realizovanych staveb rok od roku stoupd.
V zévislosti na geologickych podminkéch, vysce nadlozi, hladiné
podzemni vody, priméru tunelu a jeho délce se v dne$ni dobé pre-
deviim pouZivéa bud tzv. konvenéni razba (zpravidla NRTM), nebo
mechanizovand razba pomoci plnoprofilovych tunelovacich stroju
(technologie TBM).

S provddénim mechanizovanych razeb pomoci §titi izce souvisi
realizace definitivni konstrukce osténi, kterd je budovdna bezpro-
stfedné na misté razby piimo za tunelovacim strojem. Toto osténi
kruhového tvaru je tvofeno prstenci, které jsou zpravidla slozeny
z prefabrikovanych Zelezobetonovych segmentu, jednotlivé dilce
jsou umistovany do pozadované pozice pomoci erektoru (hydrau-
lické rameno v zadni ¢asti tunelovaciho stroje). Jeden prstenec byva
vétsinou sloZen z nékolika tvarové shodnych dilcu, zdvéreény dilec
(klendk) byva vétsinou tvarové odlisny. Béhem vystavby jsou jed-
notlivé dilce spojovdny pomoci $roubll a prostor mezi osténim
a horninovym masivem byvd vyplnovén injektdzni smési.
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Obr. 1 Osténi tunelu z prefabrikovanych betonovych seg
Schepers 2012)
Fig. 1 Tunnel lining consisting of pre-cast concrete segments (Herka,

Schepers 2012)

1. INTRODUCTION

Steel fibre reinforced concrete is a new structural material. It has
recently started to more frequently replace standard concrete and
steel bar reinforced concrete. Uniformly dispersed wires (steel fib-
res) reinforce the structure of plain concrete and, in doing so, con-
vert the brittle concrete to tough steel fibre reinforced concrete. It is
possible by means of the proper selection of wires, their incorpora-
tion into fresh plain concrete during its production, optimal compo-
sition of fresh concrete and optimal production procedure to produ-
ce pre-cast steel fibre reinforced concrete lining segments (see
Fig. 1), which can replace standard steel bar reinforced concrete
segments. Owing to their benefits if compared with common steel
bar reinforced concrete segments (the behaviour, durability, fire
resistance, simple production, lower consumption of steel), the use
of steel fibre reinforced concrete (SFRC) for segmental linings of
tunnels has become a worldwide growing trend. Problems of the use
of steel reinforced fibre concrete for segmental tunnel linings are
discussed in more detail in the paper below.

2. SEGMENTAL LININGS

The development of modern tunnelling methods and materials
significantly increased the effectiveness and attraction of the con-
struction of underground structures and, at last but not least, accele-
rated the construction process. The number of completed structures
year by year grows. Nowadays, the preferred tunnelling methods
are either the conventional excavation method (usually the NATM)
or mechanised driving by means of full-face tunnelling machines
(TBM technology), depending on geological conditions, the height
of overburden, the level of water table, the tunnel diameter and its
length.

Mechanised tunnel excavation by means of shields is closely
associated with the construction of the final lining. The lining is
installed immediately during the excavation, behind the tunnelling
machine. This circular lining is formed by rings, which usually con-
sist of pre-cast steel bar reinforced concrete segments. Individual
segments are installed to required positions by means of an erector
(a hydraulic arm at the back end of the machine). One ring is usual-
ly made up of several segments identical in the shape; the shape of
the closing segment (the key) is usually different. During the con-
struction, individual segments are usually connected with bolts and
the space between the lining and ground mass is usually backfilled
with grouting mix.

Pre-cast concrete segments can be installed after the required
strength is reached. The lining of tunnels driven by full-face tunnel-
ling machines is circular. This geometry is advantageous in terms of
the prevention of the development of higher bending moments. In
common geotechnical conditions the segments are therefore subjec-
ted first of all to compression (normal) forces.

However, this does not apply during the construction process. The
segments have to resist stressing by bending moments when they
are being removed from moulds (see Fig. 2), during the storage (see
Fig. 3) and transport. They have to further resist temperature stres-
ses; first of all they have to resist the high stresses induced just after
they are incorporated into the tunnel lining by hydraulic cylinders
shifting the shield ahead. The last of the above-mentioned stresses
is usually the deciding factor for the segment design.
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Obr. 2 Manipulace se segmenty béhem vyroby
Fig. 2 Segments handling during production

Segmenty z prefabrikovaného betonu mohou byt instalovany po
dosaZeni pozadované pevnosti. Osténi tunelt raZzenych plnoprofilo-
vymi tunelovacimi stroji je kruhové, coz je vyhodny tvar z hlediska
zamezeni vzniku vy$§ich ohybovych momentu. V béznych geo-
technickych podminkéch jsou tedy segmenty tvorici prstenec kru-
hového osténi tunelu naméahany predevsim tlakovymi normélovymi
silami.

To vSak neplati beéhem vystavby. Segmenty musi odoldvat
namdhdni ohybovymi momenty béhem vyndavani z forem (obr.
2), béhem skladovani (obr. 3) a prepravy, ddle musi odoldvat
sildm vzniklym teplotnim namdhénim dilct, zejména vSak musi
odolavat velkému zatiZeni hned po zabudovani do osténi tunelu,
které je vyvozeno hydraulickymi lisy posouvajici Stit vpred.
Posledni ze zminovanych namédhani byva Casto rozhodujici pro
néavrh segmentu.

Fig. 4 Steel fibres (wires) used for SFRC (the length of 60 mm)

Obr. 3 Skladovdni prefabrikovanych Zelezobetonovych segmenti
Fig. 3 Storage of pre-cast steel bar reinforced concrete segments

3. STEEL FIBRE REINFORCED CONCRETE SEGMENTS

Steel fibre reinforced concrete (SFRC) is concrete with an
admixture of short steel fibres (wires) — (see Fig. 4). Even
though SFRC has been known for a longer time, its use for the
lining of tunnels is relatively new. Uniformly dispersed short
wires reinforce a plain concrete structure, thus converting brittle
plain concrete into tough SFRC. It is possible by properly selec-
ting the wires, incorporating them into fresh plain concrete
during its production and ensuring optimum composition of
fresh concrete and optimum production procedure to produce
pre-cast SFRC lining segments, which can replace standard steel
bar reinforced concrete segments.

The length of wires should correspond approximately to three
times the maximum size of aggregate grains. The reason is the
requirement for the bridging of the cracks which are formed just
on the borders of individual grains and for the prevention of pul-
ling of a wire from concrete when these cracks originate. The
ends of the wires are usually bent, widened etc. The most wide-
ly spread is the type with bent ends. During the process of the
pulling of the wire from concrete the bent end has to deform
until it is absolutely straight. Owing to this property the resi-
stance to the pull-out is significantly increased. Wires glued
together by water-soluble glue are sometimes used because the
dozing process is simpler. The bunches of wires are dissolved
during mixing and are uniformly distributed in the concrete mix.

Polypropylene fibres cannot be used for the reinforcement of
load-bearing concrete structures because their modulus of elasti-
city is low (lower than concrete) and they significantly deform
even under small loads. In addition, they lose mechanical pro-
perties at 50°C and melt at 165°C. Nevertheless, polypropylene
fibres can be added to steel fibre reinforced concrete or steel bar
reinforced concrete to increase fire resistance.

SFRC segments are usually produced using concrete grade
C40-C60. It is very important to ensure uniform distribution of
steel fibres, good bond between the fibres and concrete and suf-
ficient workability of the mix. The dosing of fibres is determined
by means of McKee theory; the minimum dosage, measured in
kg/m3 of concrete, depends on their length and thickness (the
aspect ratio). The spacing between fibres determines the density
of fibres, thus also the quality of reinforcement; it should not be
lower than 0.45 of the fibre length.

4. COMPARISON OF STEEL FIBRE REINFORCED
CONCRETE SEGMENTS AND STEEL BAR REINFORCED
CONCRETE SEGMENTS

The cost of production of SFRC segments is slightly lower than
that of steel bar reinforced concrete segments despite the fact that
the material (steel fibres) is more expensive than classical steel
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3 DRATKOBETONOVE SEGMENTY

Dritkobeton je beton s piimési kratkych ocelovych vldken (drat-
ku) — obr. 4. Agkoli je dratkobeton zndm jiZ del3i dobu, jeho pouZi-
ti jako osténi tunelu je pomérné nové. Rovnomérné rozptylené krat-
ké dratky ztuzuji strukturu prostého betonu a méni tak krehky pro-
sty beton na houZevnaty dritkobeton. Vhodnym vybérem dritku,
jejich zakomponovanim do Eerstvého prostého betonu pfi jeho vyro-
be, optimdlnim sloZzenim Cerstvého betonu a optimdlnim postupem
vyroby je mozné vyrobit prefabrikované dratkobetonové dilce osté-
ni, kterymi je mozné nahradit standardni Zelezobetonové dilce.

Délka dratka by méla odpovidat priblizné trojnasobku maximaln{
velikosti zrna kameniva. Divodem je dostate¢né preklenuti trhlin,
které se tvori pravé na hranicich jednotlivych zrn a zabranén{ vytrh-
nut{ drdtku z betonu pfi vzniku téchto trhlin. Aby byla zajisténa
dostate¢n4 odolnost proti vytrhnuti, byvaji konce dratk ohnuté, roz-
Sitené, apod. Nejbeéznéjsi je typ s ohnutymi konci. Béhem vytrhdva-
ni dratku z betonu se musi ohnuty konec deformovat az do zcela rov-
ného tvaru, ¢imZ je odolnost proti vytrhnuti vyrazné zvySena. Diky
jednodussimu ddvkovani se nekdy pouzivaji dritky slepené vodou
rozpustnym lepidlem. Tyto svazky se béhem michdni rozlepi
a rovnomérné rozmisti v betonové smesi.

Polypropylenové vlidkna nemohou byt pouZita jako vyztuZ nos-
nych betonovych konstrukei, protoZe maji nizky modul pruZnosti
(niZ8i nez beton) a i pii nizkém zatiZeni se znaéné deformuji. Navic
ztrdci mechanické vlastnosti pfi 50 °C a pii 165 °C taji.
Polypropylenova vldkna je v§ak mozné do dritkobetonu ¢i Zelezo-
betonu priddvat, a to z duvodu zvySeni poZzarni odolnosti.

Pro vyrobu dritkobetonovych segmentl se vétSinou pouZiva
beton tiidy C40-C60. Velmi duleZité je zajistit rovnomérné rozmis-
téni dratka, dobrou soudrznost drdtku s betonem a dostate¢nou zpra-
covatelnost smesi. Ddvkovani vldken se uruje pomoci teorie
McKee, minimdlni mnoZzstvi vldken v kg/m3 betonu zavisi na jejich
délce a tloustee. Vzddlenost mezi vldkny urCuje hustotu dratka a tim
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kvalitu vyztuZeni a neméla by byt nizsi nez 0,45 délky vlakna.

4 SROVNANI DRATKOBETONOVYCH
A ZELEZOBETONOVYCH SEGMENTU

Vyrobni ndklady dritkobetonovych segmentt vychézeji mirné 1épe
nez zelezobetonovych, prestoze vlastni materidl (ocelové drétky) je
draz3i ne7 klasicka betonarska vyztuz. Uspory vznikaji predevsim diky
niz§fm narokim na praci, manipulaci a skladovéani. Poget segmentt
poskozenych pfi montdzi je niz§i. Dochdzi také k tspore vlastni oceli,
coz md pozitivni vliv na redukci emisi vznikajici pri jeji vyrobe.

Deformace dratkobetonu prfi dosaZeni pevnosti betonu v tahu
nevzroste skokové, ale diky rovnomérné rozmisténym dratkam

Obr. 5 VytrZeni drdtku z betonu pfFi iiplném poruseni
Fig. 5 Steel fibres pulled out of concrete at total failure
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bars. Savings originate first of all owing to lower demands for
work, handling and storing. The number of segments damaged
during the installation is lower. As a result, steel itself is saved,
which has a positive influence on the reduction of emissions ori-
ginating during its production.

When the concrete tensile strength is reached, the deformation
of steel fibre reinforced concrete does not grow stepwise; inste-
ad, the deformation grows slowly owing to the uniformly distri-
buted steel fibres. The cause of this is that the fibres are activa-
ted continuously and are step-by-step pulled out of concrete (see
Fig. 5). The size of cracks remains relatively small. But the ten-
sile strength (flexural) is significantly lower than it is in the case
of steel bar reinforced concrete.

The behaviour of steel bar reinforced concrete is different.
When the tensile concrete strength is reached, the deformation
starts to grow until the reinforcement is fully activated. This is
why the cracks which develop are wider than they are in the case
of steel fibre reinforced concrete. Nonetheless, deformations
then get settled and grow approximately linearly until the yield
strength of steel is reached. It is significantly higher than the ten-
sile strength of SFRC. For that reason a SFRC lining is suitable
first of all to low bending stress conditions, where circular
linings consisting of pre-cast segments generally belongs. If
there is a threat of the origination of higher bending stress in the
segments, it is necessary to provide the steel fibre reinforced
concrete segments even with classical steel bar reinforcement.

Lining segments are stressed by large loads induced by hyd-
raulic cylinders on tunnelling machines. Careless handling may
result in delivering blows to the segments. Steel bar reinforced
concrete segments are completely unreinforced on the surfaces,
at edges and corners so that the minimum concrete cover is ensu-
red. However, stresses in the segments are the most critical in
these places. If a blow or excessive loading occurs, parts of the
steel bar reinforced segments crumble and are broken off.
Damaged segments have to be repaired or replaced so that the
design life length of the structure is guaranteed. This work is
very unpleasant in terms of time, finances and technology.

The use of steel fibres instead of classical steel bar reinforce-
ment can be an advantageous alternative. Steel fibres are uni-
formly dispersed through the segment and the minimum concre-
te cover required to prevent corrosion is irrelevant. The orienta-
tion of steel fibres in the space is chaotic, which means that the
transfer of tensile stresses is possible in all directions. As a result
the resistance of segments to breaking off, crumbling and blows
is significantly increased (see Fig. 6).

It is dangerous for SFRC segments if the tensile strength of the
steel fibre reinforced concrete is exceeded. In such a case the
SFRC segments also suffer from breaking off. From this point of
view, it is first of all necessary to prevent the origination of geo-
metrical inaccuracies both during the production and, first of all,
during the lining installation, so that the bending moments acting
on the lining are as small as possible.

Reinforcing bars are usually placed into steel bar reinforced
concrete segments in the form of a reinforcement cage (see Fig.
7). It consists of steel mesh mats on the inner and outer surfaces
of the segment, which are separated by stirrups welded to them.
The main function of steel mesh is to withstand the stresses
which originate during the production, storage, transport and
installation. The shape of the reinforcement cage must be circu-
lar; it must fit into the casting mould without problems and must
respect the minimum concrete cover. The ratio of reinforcement
of steel bar reinforced concrete segments reaches values usually
ranging from 65 to 120 kg/m3. By contrast, a SFRC segment is
reinforced only by homogeneously distributed and omni-directi-
onally oriented steel fibres. This provides trouble-free transfer of
tensile forces in all directions. There is therefore no labour con-
sumption associated with the preparation and placement of the
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Obr. 6 Odlamovdni hran Zelezobetonovych segmentu pri zatiZent lisy Stitu
(Herka, Schepers 2012)

Fig. 6 Edges of steel bar reinforced concrete segments breaking off when loa-
ded by shield jacks (Herka, Schepers 2012)

narusta deformace pozvolna. To je zpusobeno prubéznym aktivova-
nim drdtka a jejich postupnym vytrhdvanim z betonu (obr. 5).
Velikost trhlin zastdvd nizkd. Celkova pevnost v tahu (ohybu) je
vsak vyrazné nizsi nez u Zelezobetonu.

Chovani zelezobetonu je odlisné. Pri dosaZeni pevnosti betonu
v tahu nastane narust deformace az do plné aktivace vyztuZze. Tak
vzniknou vétsi trhliny neZ u dratkobetonu. Nicméné poté se defor-
mace ustdli a rostou priblizné linedrné az do dosaZeni meze kluzu
oceli. Ta je vyrazné vyssi neZ pevnost dritkobetonu v tahu. Proto je
dréatkobetonové osténi vhodné predevsim do podminek s nizkym
ohybovym namdhanim, kam kruhové osténi z prefabrikovanych
segmentu obecné patii. Pokud hrozi vznik vétstho ohybového
naméhdni segmentu, tak je nutné drdtkobetonové segmenty opatfit
i klasickou prutovou vyztuZzi.

Segmenty jsou naméhdny velkymi zatiZenimi zpusobenymi hyd-
raulickymi lisy tunelovacich stroji. Neopatrnou manipulaci muZe
dochdzet k naraziim do segmentli. Zelezobetonové segmenty jsou
kvuli zajis§téni minimdlniho kryti vyztuZe pii povrchu, hrandch
a rozich zcela nevyztuZeny. Jejich namdhani je vSak v téchto mis-
tech nejkriti¢téjsi. Pokud dojde k ndrazu nebo nadmérnému zatize-
ni, pak se &ésti Zelezobetonovych segmentl droli a odlamuji. Aby
byla zaruCena ndvrhova Zivotnost konstrukce, musi se poskozené
segmenty opravit nebo vymenit, coz je Casove, finanéné a technicky
velmi nepfijemné.

Pouziti ocelovych drdtki namisto klasické betondiské vyztuze
muZe byt vyhodnou alternativou. Drétky jsou po dilci rovnomérné
rozptyleny, minimdlni krytf vyztuZe pro zamezeni koroze nenf rele-
vantni. Orientace drdtku je v prostoru chaotickd, coZ umoZiuje pfe-
nos tahovych napéti v§emi sméry. Tim se vyrazné zvysuje odolnost
segmentu proti odlamovéni, drolen{ a ndrazu (obr. 6).

Nebezpecné pro dritkobetonové segmenty je, pokud je prekroce-
na pevnost v tahu dratkobetonu. Pak se dritkobetonové dilce také
odlamuji. Z tohoto hlediska je predevsim nutné zabranit vzniku geo-
metrickych nepfesnosti, jak pfi vyrobé, tak predev§im pfi instalaci
osténi, aby ohybové momenty pusobici na osténi byly co nejniz3i.

Do Zelezobetonovych segmentt se zpravidla umistuje vyztuz ve
formé tzv. ocelového armokose (obr. 7). Ten se skldd4 z vyztuznych
siti pfi vnéj$im a vnitinim povrchu segmentu oddélenych privare-
nymi tfminky. Hlavni funkci vyztuZnych siti je odolat nap€tim
vzniklym pfi vyrobé, skladovani, pfepravé a montdzi. Tvar vyztuz-
ného koSe musi byt kruhovy, musi se bez problému vejit do odlé-
vaci formy a respektovat minimalni krytf vyztuZe. VyztuZeni Zele-
zobetonovych segmentl dosahuje hodnot zpravidla mezi 65 a 120
kg/m3. Dritkobetonovy dilec je oproti tomu vyztuZzen pouze homo-
genné rozmisténymi dratky, v§esmérné orientovanymi. Tim docha-
zi k bezproblémovému prenosu tahovych sil v§emi sméry. Pracnost

reinforcement cage required. The production is simpler. The
dosage equipment mixes the fibres into concrete and the mixtu-
re is cast into the mould. The consumption of steel mostly rea-
ches 30 — 50 kg/m3, which is significantly less than in the case
of steel bar reinforced concrete segments.

Quality of concrete (low porosity and permeability) is funda-
mental for good protection against corrosion. It can be achieved
by low water/cement ratio, placticisers or by using cinder. The
higher quality of concrete the better resistance of concrete to car-
bonation and chloride ion and sulphate aggression. The advanta-
ge of steel fibre reinforced concrete over steel bar reinforced
concrete is the impossibility of the origination of corrosion. Steel
fibres are dispersed in the mixture uniformly; they usually do not
touch one another and are completely surrounded and protected
by alkali environment formed by concrete. The spreading of cor-
rosion is therefore prevented. In addition, this system minimises
the risk of defects caused by the volume of steel increasing
during the process of corrosion. Steel fibres are subjected to cor-
rosion on the structure surface and may cause unappealing tin-
ting of the concrete surface. However, from the structural point
of view, this plays no role at all. If it is required for aesthetic rea-
sons to exclude the corrosion even on the structure surface, it is
possible to use galvanised fibres.

Homogeneously and omni-directionally distributed steel fibres
are capable of transmitting stresses in all directions. The steel
fibres effectively prevent the opening of plastic cracks, e.g. cau-
sed by shrinking, which fact has a positive influence on the ser-
vice life of the structure (the width of cracks is reduced by
adding steel fibres).

5. PREVIOUS APPLICATION OF STEEL FIBRE REINFOR-
CED CONCRETE SEGMENTS

Initial attempts to use steel fibre reinforced concrete as a struc-
tural material in construction of tunnels took place in the first
half of the 1970s, when several trial applications of SFRC were
conducted. More significant increase in the use of SFRC for pre-
cast segmental linings began in 1982. Several water supply tun-
nels where this system of lining was used were built in southern
Italy and on Sicily (about 20 km in total). This technology pro-
ved itself well; SFRC was used for the construction of a tran-
sport tunnel for the first time in 1992 on the extension of Neapol
metro, Italy.

The research into SFRC segments conducted in
Czechoslovakia (Kratky et al., 1999) is also worth mentioning.
Series of tests on the circular pre-cast lining of a main sewer tun-
nel with the diameter of 3.6 m were carried out in 1984 - 1988.
The ring consisted of six 200 mm thick segments with tongued
and grooved joints. The batches of steel fibres were relatively
great (98 kg/m3); the fibres were smooth and straight. The tests
were conducted both on the individual segments and on comple-
te rings. It was verified by the tests that the required load-bea-
ring capacity was exceeded several times and was comparable
with steel bar reinforced concrete segments. Several times hig-
her reliability as far as mechanical damaging is concerned was
proved by the tests in the area of joints between individual seg-
ments. The same increase was proved even in the area of seg-
ment edges. These facts unambiguously confirmed that the
necessity for repairs was significantly reduced.

Since the initial tests and applications, SFRC segments have
been successfully installed on several tens of projects
(Vandewalle 2005, Fronék 2011), first of all within the frame-
work of the European Union, but also in other places of the world
(Australia, the USA, Brazil etc.). In the majority of cases smaller-
diameter tunnels are still in question (water, gas or heat supply
tunnels); in some cases even metro sections (London, Barcelona,
Napoli, Sao Paulo, Madrid, Genova) or railway tunnels (Channel




s pripravou a umistovanim vyztuzného kose tudiZ zcela odpada.
Vyroba je jednodussi, ddvkovaci zarizeni namichd vldkna do beto-
nu a smési se poté vyplni forma. Spotfeba oceli dosahuje vétSinou
30-50 kg/m3, coZ je vyrazné méné neZ u Zelezobetonovych seg-
mentu.

Z4kladem dobré ochrany proti korozi je kvalita betonu (mald
pérovitost a propustnost), kterd se dd dosdhnout malym vodnim
soucinitelem, plastifikdtory nebo pouzitim popilku. Cim je beton
kvalitnéjsi, tim Iépe odoldva karbonataci a agresi chloridovych
iontl a sulfitu. Vyhodou drdtkobetonu oproti Zelezobetonu je
nemoznost vzniku koroze. Dritky jsou ve smési rozmistény nerov-
nomeérné, zpravidla se nedotykaji navzdjem, jsou zcela obklopeny
a chranény alkalickym prostfedim betonu. Sifeni koroze je timto
ucinné zabrdnéno. Navic se tim i minimalizuje nebezpe&i poruch
v dusledku ndrastu objemu korodujici oceli. Dratky na povrchu
konstrukce koroduji a mohou zpusobovat neestetické zbarveni
povrchu betonu. Ze statického hlediska to viak nehraje vibec
7adny vyznam. Pokud z estetickych duvoda neni Zddouci, aby ke
korozi nedochdzelo ani na povrchu konstrukee, tak je mozné vyuzit
pozinkovanych vldken.

Homogenné a vSesmérné rozmisténé dratky dokdZou prendset
tahovd napeti ve viech smérech. Dratky G¢inné zabranuji rozevira-
ni plastickych trhlin napriklad od smr§tovani, coZ md pozitivni vliv
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na Zivotnost konstrukce (pfiddnim drdtku se $itka trhlin zmensi).

5 DOSAVADNI APLIKACE DRATKOBETONOVYCH
SEGMENTU

Prvnf pokusy o vyuziti dratkobetonu jako konstruk¢niho materi-
dlu pfi vystavbé tunell zacaly v prvni poloviné 70. let 20. stoleti,
kdy probéhlo nékolik zkuSebnich pouziti segmentového osténi
z drétkobetonu. V roce 1982 nastal vyraznéjsi ndrast vyuziti drat-
kobetonu pro prefabrikované segmentova osténi tuneli. V jizn{
Itdlii a na Sicilii bylo vybudovédno nékolik vodovodnich tunelu
pravé s timto systémem osteén{ (celkem cca 20 km). Tato technolo-
gie se osvédCila a v roce 1992 byl poprvé pouzit dritkobeton pro
vystavbu dopravniho tunelu. Jednalo se prodlouzeni neapolského
metra v Itélii.

Za zminku stoji i vyzkum dratkobetonovych segmentii v Cesko-
slovensku (Krdtky a kol., 1999). V letech 1984-1988 byly prove-
deny série zkouSek na prefabrikovaném osténi sbérné kanalizaéni
Stoly kruhového prufezu o praméru 3,6 m. Prstenec byl sloZen ze
Sesti dilu o tloustce 200 mm, navzdjem spojenych na pero a drazku.
Davkovalo se pomérné hodné dratku (98 kg/m3), dritky byly hlad-
ké a piimé. Byly provedeny zkousky jednotlivych segmentt
i celych prstenct. ZkouSkami bylo ovéfeno nékolikandsobné pre-
kroCeni pozadované Unosnosti a dnosnost srovnatelnd
s zelezobetonovymi segmenty. ZkousSkami oblasti styku jednotli-
vych prvka byla dolozena mnohonésobné vyssi spolehlivost proti
mechanickému poskozeni. Stejné zvySeni bylo prokdzano
i v oblasti hran prvku. Tyto skute¢nosti jednozna¢né potvrdily pod-
statné sniZeni potfebnych oprav.

Od té doby prvnich zkousek a aplikaci byly dritkobetonové seg-
menty Uspé$né nasazeny na nékolika desitkdch projekta
(Vandewalle, 2005, Fron€k, 2011), predev§im v rdmci Evropské
unie, ale i jinde ve sveté (Austrdlie, USA, Brazilie, atd.). Pfevazné
se stdle jednd o tunely menSich profild (vodovodni, plynovodni ¢i
teplovodni tunely), v nékterych piipadech jde o tuseky metra
(Londyn, Barcelona, Neapol, Sao Paulo, Madrid, Janov) nebo
o zelezni¢ni tunely (Channel Tunnel Rail Link, Oenzberg, atd.).
Nicméné se jiz zacinaji objevovat prvni aplikace dratkobetonovych
segmentu pro silni¢ni tunely — Brisbane Airport Link vnitfniho pro-
filu 11,34 m (Harding a Chappell, 2012), Yokohama Circular Route
Northern Section vnitfniho profilu 11,5 m (Tsuno a kol., 2011).
Prehled nékterych projektl se zdkladnimi ddaji je uveden v tab. 1
(Fron€k, 2011).
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Obr. 7 Ocelové armokose pro Zelezobetonové segmenty
Fig. 7 Steel reinforcement cages for steel bar reinforced concrete segments

Tunnel Rail Link, Oenzberg, etc.) have these segments.
Nevertheless, first applications of SFRC segments to road tunne-
Is have begun to appear - Brisbane Airport Link with the inner
diameter of 11.34 m (Harding and Chappell 2012), Yokohama
Circular Route Northern Section with the inner diameter of 11.5
m (Tsuno et al. 2011). An overview of some projects with basic
data is presented in Table 1 (Fron¢k 2011).

6. CONCLUSION

Steel fibre reinforced concrete as a material has some advan-
tageous properties regarding prefabricated production of lining
segments for tunnels driven by full-face tunnelling shields, from
which the possible benefits of SFRC segments mentioned below,
compared with steel bar reinforced concrete segments, follow:

— The possibility of reducing the cost of the tunnel lining

structure

— Simpler and quicker production (the production and place-

ment of reinforcement cages is left out)

— Lower requirements for space during production (smaller

areas required for the storage of steel bar reinforcement)

— Saving of steel (saving of energy and reduced production of

COy)

— Simpler installation of tunnel equipment (without the risk of

hitting steel bars by drilling)

— Reduced risk of breaking off of corners and edges of seg-

ments during handling (lower requirements for repairs)

— Lower requirements for maintenance during the service life

— Longer service life is expected (no risk of corrosion of rein-

forcement)

For the above-mentioned reasons, steel fibre reinforced conc-
rete was used for segmental linings on a range of tunnelling pro-
jects. They mostly related to tunnels with smaller profiles (water,
gas or heat supply tunnels) and, in some cases, to metro sections
(London, Barcelona, Napoli). The most extensive application of
SFRC segments was experienced at tunnels for the high-speed
rail link between Paris and London (the Channel Tunnel Rail
Link - CTRL), where 2 x 24 km of single-track tunnels with the
lining consisting of pre-cast SFRC segments without using com-
mon steel bar reinforcement were constructed by means of full-
face tunnelling machines.

At the moment, the Faculty of Civil Engineering of the Czech
Technical University in Prague is conducting, in collaboration
with Metrostav a.s., research into SFRC segments for tunnel
linings. Loading tests of SFRC segments are being conducted in
the Klokner Institute within the framework of the research (see
Fig. 8). Results of some tests are being compared with the tests
on steel bar reinforced concrete segments used during the
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Tab. 1 Piehled nékterych projekti tunelit s drdtkobetonovymi segmenty
Table 1 Overview of some tunnelling projects lined with SFRC segments.

Nazev projektu Zemé Ugel Rok Celkova Vnitfni Tloustka MnoZstvi Prutova
délka [km] profil [m] osténi[mm] dratkd [kg/m®]  vyztuz
Project name Country Purpose Year Total length  Inner dia- Thickness Amount of Steel bar
[km] meter [m]  of lining [mm]  wires [kg/m®] reinforcement
1 Abatemarco [talie Vodovodni 18,0 3,5 40 ne
Italy Water supply no
2 Fanaco [talie Vodovodni 48 3 200
Italy Water supply
3 Neapolské metro ltalie Metro 1995 52 58 300 40 ne
Napoli metro Italy Metro no
4 Metro Janov [talie Metro 6,2 25 ano
Janov Metro Italy Metro yes
5 Barcelona - linie 9 Spanélsko Metro 2014 43,0 12 350 30a25 ano
Barcelona - line 9 Spain Metro yes
6 Madrid metro Spanélsko Metro 10 25 ano
Madrid metro Spain Metro yes
7 Heathrow — zavazadlovy  Velka Britanie Zavazadlovy 1995 1,4 45 150 30 ne
Heathrow - baggage Great Britain Baggage no
8 Jubilee Line Extension Velka Britanie Metro 1999 2,4 4,45 200 30 ne
Great Britain Metro no
9 Channel Tunnel Rail Link  Velka Britanie Zelezniéni 2007 48,0 7,15 350 30 ne
Great Britain Railway no
10 Heathrow - HexEx Velké Britanie Zelezniéni 2008 3,2 5,675 220 30 ne
Great Britain Railway no
11 Heathrow - PiccEx Velka Britanie Metro 2008 3,2 45 150 30 ne
Great Britain Metro no
12 Heathrow - SWOT Velka Britanie Vodovodni 2006 4,0 2,9 200 30 ne
Great Britain Water supply no
13 Prodlouzeni DLR Velka Britanie Zeleznigni 2009 3,6 583 250
DLR Extension Great Britain Railway
14 Portmouth Velka Britanie Vodovodni 8,0 2,9
Great Britain Water supply
15  Sorenberg Svycarsko Plynovodni 2002 52 38 250 40 ne
Switzerland Gas supply no
16 Oenzberg - TBM Svycarsko Zeleznigni 2004 0,1 11,4 300 30 ano
Switzerland Railway yes
17 Oenzberg - §tit Svycarsko Zelezniéni 2004 1,0 11,4 300 60 ne
Oenzberg - shield Switzerland Railway no
18 Hachinger Némecko Vodovodni 1998 7,0 2,2 180
Germany Water supply
19 Hofoldinger Némecko Vodovodni 2007 17,5 2,9 180 40 ne
Germany Water supply no
20 Wehrhahnlinie Disseldorf ~ Némecko Metro 2014 8,3 30 ne
Germany Metro no
21 Teplovod v Kodani Dansko Teplovodni 2009 39 42 300 35 ne
Heat supply, Copenhagen Denmark Heat supply no
22 Kanalizace Big Walnut USA Kanalizaéni 2008 48 3,7 35 ano
Big Walnut sewer USA Sewer yes
23 San Vicente USA Vodovodni 2006 13,2 2,6 177 30 ne
USA Water supply no
25 Brightwater East USA Kanalizaéni 2010 42 ® 35 ne
USA Sewer no
26  Brightwater Central USA Kanalizaéni 2010 9,7 47 325 40 ne
USA Sewer no
27 Brightwater West USA Kanalizaéni 2010 6,4 3,7 325 35 ne
USA Sewer no
28 La Esperanza Ekvador Vodovodni 2002 15,5 4 200 30 ne
Equador Water supply no
29 Sao Paulo metro Brazilie Metro 1,5 8,43 350 35
Brazil Metro
30 Gold Coast Australie Primyslovy / vodovodni 2008 42 2,8 200 30 ne
Australia Industrial / Water supply no
31  Hobson Bay Novy Zéland Kanalizaéni 2009 3,0 3,7 250 40 ne
New Zeeland Sewer no
32 Lesotho Highlands Jizni Afrika Vodovodni 1995 0,1 50 ne
South Africa Water supply no
33 STEP Abu Dhabi Spojené Arabské Emiraty Kanalizaéni 2014 15,6 55 30 ano
United Arab Emirates ~ Sewer yes
34 Stoly MRT Line Singapur Technologicky 1,4 58 30 ne
MTR line adits Singapore Technological no
36 Brisbane Airport Link Australie Silniéni 4 11,34 400
Australia Road




6 ZAVER

Dritkobeton jako materidl m4 z pohledu prefabrikované vyroby
segmentu osténi pro tunely razené plnoprofilovymi tunelovacimi Stity
nékteré vyhodné vlastnosti, z nichZ prameni nasledujici mozné vyho-
dy drétkobetonovych segmentu oproti segmentim Zelezobetonovym:

— moznost sniZeni ceny konstrukce osténi tunelu,

— jednodussi a rychlejsi vyroba (odpadd vyroba a osazeni armo-

kosu),

— niz8i ndroky na prostor pri vyrobé (mensi plochy potiebné pro
skladovéni vyztuze),
dspora oceli (Gspora energie a omezeni produkce CO,),
jednodussi osazeni vybaveni tunelu (odpada nebezpeci navrta-
ni vyztuze),

— snizenf nebezpedi ulamovani rohu a hran segmentu pfi mani-

pulaci (niZ8{ ndroky na opravy),

— niz8{ ndroky na tdrzbu béhem doby Zivotnosti,

— predpoklad delsi Zivotnosti (odpadd nebezpedi koroze vyztuze).

Z uvedenych duvodu byl dritkobeton pro segmentova osténi vyuZit
na fad€ projektu. Pfevazné se jednalo o tunely mensich profila (vodo-
vodni, plynovodni ¢i teplovodni tunely), v nékterych pripadech §lo
o useky metra (Londyn, Barcelona, Neapol). Nejrozsahlej$i vyuZiti
drétkobetonovych segmentt bylo na tunelech pro vysokorychlostni
Zeleznici Pariz — Londyn (projekt Channel Tunnel Rail Link — CTRL),
kde bylo pomoci plnoprofilovych tunelovacich stroju postaveno
2x24 km jednokolejnych tuneld, jejichZ prefabrikované osténi bylo
sloZeno z drétkobetonovych segmentl bez pouZiti béZné uZivané oce-
lové vyztuze.

V soucasné dobé provadi FSv CVUT ve spoluprdci firmou
Metrostav, a. s., vyzkum dritkobetonovych segmenti pro tunelové
osténi. V rdmci vyzkumu jsou realizovany zatéZovaci zkousky drat-
kobetonovych segmenti Kloknerové dstavu (obr. 8), vysledky
nékterych zkousek jsou porovnavény se zkouSenim Zelezobetono-
vych segmentu vyuZzivanych pii vystavbé prodlouzeni trasy V.A
prazského metra. O vysledcich zkousek bude pojedndno v dalSim
¢lanku v Casopise Tunel.

Tento prispévek byl zpracovdn s podporou granti GACR
P104/10/2023, TACR TA01011816 a studentského grantu SGS 161
- 820370A.
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