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Dilnice D8 spojuje hlavni mésto Prahu se severoteskym Ustim
nad Labem a pokracuje déle pres stitni hranici se Spolkovou repub-
likou Némecko smérem na Drazdany. Po dokondeni viech dsekl
bude ddlnice tvofit vyznamnou severo-jizni komunikaéni tepnu
evropského formatu. Délni¢ni tunel Libouchec leZi na tiseku ddlnice
D8, stavby 0807/I1 Kninice — stdtni hranice SRN. Pfevadi trasu ddl-
nice plochym hibetem v podhufi Krusnych hor jihozdpadné od obce
Libouchec, kterd mu dala jméno. Z kapacitnich i bezpecnostnich
duvodu je tunel smérové rozdélen do dvou tunelovych trub o dvou
jizdnich pdsech $itky 3,5 m. Tunely propojuji dvé pruchozi tunelové
propojky. Jedna se o tibo¢ni tunely, jejichZ orientace vzhledem k reli-
éfu terénu nenfi z hlediska vystavby a ndvrhu hloubenych tseku tune-
lu idedlni. Vyvolava nutnost odtéZen{ velkého objemu horniny z asy-
metrickych stavebnich jam. Nerovnomérnost zatiZeni hloubenych
tseku tunelu zpétnym zdsypem nepiiznivé ovliviiuje dimenze osténi
i mnozstvi vyztuZe. Celkovd délka zdpadniho tunelu dosahuje 504 m,
délka vychodniho tunelu ¢ini 520 m. Pfiportdlové dseky obou tune-
lovych trub jsou provddény v oteviené stavebni jame a zpétné zasy-
pany, zbyvajici dseky jsou razeny Novou rakouskou tunelovaci
metodou (NRTM). Béhem zpracovéni realizaéni dokumentace stav-
by (RDS) tunelu do$lo k fadé zmén v technickém feSeni, které
zohlednovaly skuteéné zastizené geotechnické podminky. K nejzd-
sadn€j$im patfil ndvrh definitivniho osténi z prostého betonu. I kdyZ
se jednd o postup, ktery je v zahranic¢i v obdobnych geotechnickych
podminkdch b&Zné aplikovin, v Ceské republice pfi razbé tuneld
pomoci NRTM dosud pouZit nebyl.

GEOTECHNICKE PODMINKY

Tunely prochézeji severovychodnim okrajem kruSnohorského krys-
talinika zastoupeného silné metamorfovanymi horninami. Pod vrstvou
pokryvnych utvart tvofenych stiedné ulehlymi sutémi, silné pis¢itymi
hlinami a §térky o celkové mocnosti do 3 m se nachdzi vrstva zcela az
silné zvétralych ortorul predkvartérniho skalniho podkladu dosahujici

Obr. 1 Jizni portdl vychodniho tunelu — zéna zvétrdni zasahuje aZ do virovné kaloty
Fig. I The South Portal of the Eastern Tunnel Tube — the zone of weathering
extending to the top heading level

INTRODUCTION

The D8 motorway links the city of Prague with Usti nad Labem in
North Bohemia and continues further across the state border with the
Federal Republic of Germany towards Dresden. This motorway will
constitute a north-south communication artery of European significance.
The Libouchec motorway tunnel lies in a section of the D8 motorway
between Kninice and the state border (construction lot 0807/1I1). It allows
the motorway to pass across a flat ridge of the Erz Gebirge (Kru$né
Hory) Mountains’ foothills, near the Libouchec village. For capacity and
safety reasons, the tunnel is divided into two tubes with the carriageways
containing two 3.5m wide traffic lanes each. The tunnel tubes are inter-
connected by two cross passages for pedestrians. The tunnel tubes are of
the offspur configuration. The orientation of the cut and cover sections
of the tunnel tubes to the terrain relief is not ideal, both from the con-
struction point of view and because of the asymmetric layout of the tun-
nels. The asymmetric arrangement of the construction trenches requires
large volumes of ground to be excavated. The uneven character of the
load exerted on the cut-and-cover tunnels by the backfill unfavourably
affects both the dimensions and amount of reinforcement of the concre-
te lining. The total length of the western and eastern tunnel tube amounts
to 540m and 520m respectively. The portal sections of both tubes are
built in an open pit and backfilled, the reminding sections are mined
using the New Austrian Tunnelling Method (NATM). A number of chan-
ges were adopted in the course of the development of detailed design to
take account of the actually encountered geotechnical conditions. The
design of the unreinforced concrete final lining was among the most
important. Even though this solution is commonplace in similar geo-
technical conditions abroad, it has not been applied in the Czech Repub-
lic to the NATM excavation yet.

GEOTECHNICAL CONDITIONS

The Libouchec tunnels run across a north-eastern edge of the Krusné
Hory crystalline complex formation, which comprises heavily meta-
morphosed rock types. The up to 3m thick cover consisting of medium
compact debris, extremely sandy loams and gravels lies on an up to
4m thick layer of heavily weathered orthogneiss forming the top of the
Pre-Quaternary bedrock. Slightly weathered to fresh orthogneiss, most-
ly heavily faulted, is predicted to be found under this layer. Based on the
assessment of the geotechnical exploration, the rock mass was divided
into quasi-homogeneous units of ground types featuring similar proper-
ties, which were used in the design of the construction trenches’ slopes
and, in the case of the cut-and-cover tunnel sections, in the design of the
NATM excavation classes. The excavation of the construction trench for
the south portal showed that the weathering zone above the western tube
reaches approximately the anticipated depth and it does not extend into
the tunnel cross section; regarding the eastern tunnel tube and, primari-
ly, the rock pillar between the western tube and the construction pit for
the eastern tube, the depth of the rock affected by weathering reached the
level of the top heading bottom (see Fig. 1). This situation affected the
technological procedure designed for the excavation of the construction
trenches, the position of the mined portal of the eastern tunnel tube, as
well as the lengths of the reinforced sections of the final tunnel lining.

BASIC TUNNEL PARAMETERS

Both tunnel tubes are on a horizontal curves. The centreline of the
western tunnel tube (WTT) and eastern tunnel tube (ETT) are created by
a 1060.10m-radius and 1004.85m-radius curve respectively. The trans-
versal incline of the roadway is of 4.5%. The optimum utilisation of the
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mocnosti 4 m. Pod touto vrstvou se jiZ podle prognézy mély vyskyto-
vat mirné navétralé az zdravé ortoruly, prevazné silné tektonicky poru-
$ené. Po vyhodnoceni vysledku IG prazkumu byl horninovy masiv
rozdélen na kvazihomogenni celky obdobnych geotechnickych vlast-
nosti, které slouZily pro navrh sklonu stavebnich jam a v pripadé raze-
nych dsekd tunelu pro ndvrh technologickych tfid vyrubu. Pfi hloube-
ni stavebni jamy jizniho portalu se ukdzalo, Ze nad zdpadnim tunelem
dosahuje zéna zvétrdni priblizné ocekdvané hloubky a nezasahuje do
prostoru tunelu, v piipadé vychodniho tunelu a zejména horninového
pilite mezi zdpadnim tunelem a jdmou vychodniho tunelu vak zvétra-
1€ horniny zasahovaly az do drovné dna kaloty (viz obr. 1). Tato sku-
te¢nost ovlivnila technologicky postup odtéZovani stavebnich jam,
polohu raZenych portdli vychodniho tunelu i rozsah vyztuZzenych
tseku definitivniho osténi tunelu.

ZAKLADNI PARAMETRY TUNELU

Obé tunelové trouby lezi ve smérovém oblouku. Osa zdpadni
tunelové trouby (ZTT) lezi v oblouku o poloméru 1060,10 m,
vychodni tunelové trouby (VTIT) o poloméru 1004,85 m. Pfi¢ny
sklon vozovky je 4,5 %. Odsazeni osy tunelu od osy jizdniho pasu
100 mm umoznuje optimalné vyuzit plochu vyrubu. Reliéf terénu
a poloha tunelt na dpati svahu zapri¢inuji vzdjemny posun polohy
portald ZTT a VTT a razba ZTT proto probihd soubéZné s hloube-
nim stavebni jdmy VTT. Mezi tunelem a stavebn{ jdmou vznikd hor-
ninovy pilif o mocnosti min. 7 m. Trasa stoupd od jihu k severu ve
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sklonu 4,5 %, coZ je jednou z pfi¢in dovrchniho raZeni obou tuneld.

MERENI PRESNE INKLONOMETRIE
PRECISE INCLINOMETER MEASUREMENT
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Vector modelling
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Obr. 2 Deformace horninového pilite — inklinometrické méreni
Fig. 2 Deformation of the rock pillar — the inclinometer measurement

excavated cross section is possible owing to a 100mm offset of the tun-
nel centre line from the roadway axis. The terrain configuration and the
tunnel position at the base of the slope are the reason why the WTT and
ETT portals are staggered, i.e. the WTT is driven side by side with the
excavation of the construction trench for the ETT. A minimally 7m thick
rock pillar remains between the tunnel and the construction trench. The
alignment rises from the south to the north at a gradient of 4.5%. This is
one of the reasons for the uphill excavation direction of both tunnel
tubes. Larger portions of the tunnel tubes lengths are on a vertical curve.
The width configuration of the roadway corresponds to the T7.5 catego-
ry with the clearance height of 4.5m. There are walkways minimally
1.0m wide with cable ducts underneath on both sides of the roadway.
The theoretical excavated cross-section area depends on the thickness of
the primary lining for the respective excavation class; it varies from
85m? to 89m?2. The double-shell lining with waterproofing between the
shells has been used for the mined portions of the tunnel; the cut-and-
cover tunnel sections are provided with a membrane applied to the exter-
nal surface of the lining.

GEOTECHNICAL MONITORING

The geotechnical monitoring was carried out throughout the con-
struction of both the mined and cut-and-cover tunnel sections. The dis-
placement of the points fixed on the slopes of the construction trench
was observed by surveying methods. Inclinometers installed on the side
of the construction trench, above the tunnel profile and in the rock pillar
were used to monitor the condition of the construction pit excavation
together with the influence of the commencement of the tunnel excava-
tion (see Fig. 2). The excavation deformations were measured at con-
vergence stations having their convergence bolts attached to the surface
of the primary lining. The frequency of the measurements and the
distance between the monitoring stations corresponded to the construc-
tion needs and actually encountered conditions. The measurements were
carried out in compliance with the rules set by the design, unless extra-
ordinary situations occurred. Owing to the Barab information system (an
Internet-based information system), the results of the measurements
could be made available on the Internet immediately after the completi-
on of their assessment to authorised representatives of the parties invol-
ved in the construction using their respective access passwords. The
excavation operations followed the respective technological procedures
defined by the particular excavation classes. The measured values of the
excavation deformations lied under the limiting levels determined by the
detailed design. The maximum measured value of the vector of defor-
mation in the vicinity of the portal and in the section with the thicker
cover not exceeding 30mm and 70mm respectively prove that the rock
environment was extraordinarily stable. The advance per round, thus
also the excavation advance rate were limited only by the threat of local
overbreak which existed due to the extremely narrow spacing of discon-
tinuities. The geomonitoring also consisted of the monitoring of the
water table level, the degree of the groundwater aggressive action and
the mapping of the excavation face. The geomonitoring results were
used during the construction for verification and contingent modificati-
on of the technological procedure, both for the mining operations and
the excavation of the construction trenches. The assessed results of the
excavation deformation measurements contributed to the decision to
build unreinforced concrete final lining. Also the FEM mathematical
model was de-bugged and the load acting on the final lining was deter-
mined according to the actually measured values of the excavation
deformation.

FINAL LINING IN THE MINED TUNNEL SECTIONS

The contractor used the same movable shutter set for the casting of the
final lining in the mined tunnel sections that was used on the nearby
Panenskd tunnel. The works schedules for both tunnels allowed the shut-
ter from the Panenska tunnel to be fluently moved to the Libouchec tun-
nel. The final lining of the Libouchec tunnel is, according to the tender
documents, minimally 400mm thick at the crown of the arch. Compared
with the thickness of the liners of Czech tunnels driven using the NATM,
which usually does not exceed 350mm, this thickness is atypical. The
thickness of the final lining affects the geometrical position of the pri-
mary lining, thus also the geometry and fabrication of lattice girders.
The contractor and the author of the detailed design had to decide whet-
her the risk associated with the reduction of the final lining thickness
was to be taken by themselves or the original design was to be used. The
concept of the unreinforced concrete final lining was not counted with




Obr. 3 Sachovnicovd betondz definitivniho osténi
Fig. 3 Staggered pattern of the final liner casting

VEtsi Cdst tunelovych trub se nachdzi ve vyskovém zakruZovacim
oblouku. Sitkové usporddani vozovky odpovidd kategorii T7,5 pfi
vy3ice prujezdného prifezu 4,5 m. Po obou strandch vozovky se nad
kabelovody nachézeji chodniky minimdlni $itky 1 m. Teoretickd
plocha vyrubu zdvisi na tloustce primarniho osténi pro prislusnou
technologickou tfidu vyrubu a pohybuje se od 85 m2 do 89 m?2.
V raZzené Casti tunelu je navrZzeno dvoupldstové osténi s mezilehlou
izolaci, hloubené tuseky tunelu jsou izolovany plastovou izolaci
poloZenou na vnéjsi lic osténi.

GEOTECHNICKY MONITORING

Geotechnicky monitoring probihal po celou dobu vystavby hlou-
benych i raZenych dsekl tunelu. Pfi hloubeni stavebnich jam bylo
provadéno geodetické sledovéni posunu bodu osazenych na svazich
stavebni jamy. Inklinometry umisténé na boku jamy, nad profilem
tunelu a v horninovém pilifi monitorovaly stav odtéZovani jamy
i vliv zahdjen{ razby tunelu (viz obr. 2). V méfickych profilech
umisténych na lici primarniho osténi probihalo méfeni deformaci
vyrubu. Cetnost méfeni a vzdjemna vzdilenost méfickych profildi
odpovidala potfebdm stavby a skute¢né zastiZenym podminkdm.
Pokud nedochdzelo k vyjime¢nym situacim, probihala méfeni podle
zédsad uvedenych v projektu monitoringu. Informac¢ni systém Barab
umoznoval okamZité po vyhodnoceni umistit vysledky méfeni na
internetu a po zadéni pristupového hesla jejich zobrazeni odpovéd-
nym zdstupcum stran zGéastnénych pii vystavbé. Razba probihala
podle technologického postupu definovaného prislusnou technolo-
gickou tfidou vyrubu a namérené deformace vyrubu leZely pod mez-
nimi hodnotami, stanovenymi v realizacni dokumentaci. Maximdaln{
naméfend hodnota vektoru deformace do 30 mm v blizkosti portélu,
resp. do 7 mm v dseku s vy$§im nadloZim svéd¢i o mimorddné sta-
bilnim horninovém prostfedi. Délku zdbéru a tim i rychlost razby
limitovalo pouze nebezpedi lokdlnich nadvyrubu, ke kterym docha-
zelo kvuli vysoké hustoté diskontinuit. Souédsti geomonitoringu
bylo i sledovéani drovné hladiny podzemni vody a jeji agresivity
a dokumentace Celeb. Vysledky geomonitoringu slouzily béhem
vystavby k ovéfeni a eventudlnim dpravam technologického postu-
pu pfi razbé i hloubeni stavebnich jam. Vyhodnocené vysledky
méfeni deformaci vyrubu prispély k rozhodnuti o provadéni nevyz-
tuzeného definitivniho osténi. Na skute¢né naméfené hodnoty
deformaci vyrubu byl naladén matematicky model MKP a stanove-
no zatiZzen{ definitivniho osténi.

DEFINITIVNI OSTENI RAZENYCH USEKU TUNELU

Pro betondZ definitivniho osténi raZenych dseku tunelu pouZil
dodavatel bednici vuz z nedalekého tunelu Panenskd. Harmono-
gram praci na obou tunelech umoznil plynuly presun formy z tune-
lu Panenskd na tunel Libouchec. Definitivni osténi tunelu Libou-
chec méd podle zaddvaci dokumentace minimdlni tloustku ve vrcho-
lu klenby 400 mm. V porovnani s tloustkou osténi ¢eskych tuneld
realizovanych pomoci NRTM, jejichZ dimenze zpravidla neprevy-
Suji 350 mm, se jedna o tloustku atypickou. Tloustka definitivniho
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in the primary lining design phase, therefore a change in the thickness of
the lining during the course of the excavation would have caused serious
problems due to the short length of the tunnel. The prognosis on the engi-
neering geological conditions was also rather unfavourable for the redu-
ced lining thickness. This is why competent representatives of the con-
tractor and employer agreed that the dimensions of the lining required by
the original design remained unchanged. The contractor decided that con-
tingent savings could be achieved by optimising the amount of reinfor-
cement steel in the final lining calculated on the basis of the assessment
of the geotechnical monitoring results. This is a typical example of the
observational method and one of the basic NATM principles. This,
however, means for the designers working on the detailed design that
they must wait with the calculation and preparation of the working dra-
wings of the final lining until the geotechnical monitoring results are ava-
ilable. The principal role is played not only by the magnitude of defor-
mation of the excavation, but primarily the rate at which the deformation
reaches its final value and the moment when the final lining is cast.

Based on the results of structural analyses and assessment of local
conditions, the tunnel was divided into sections with the reinforced
concrete final lining and sections with the unreinforced concrete final
lining. The initial concerns by the employer and by the Ministry of Tran-
sport’s supervision were successfully chased away through structural
analyses and tens of examples of similar structures completed abroad.
The execution of the unreinforced concrete lining was also made pos-
sible owing to the positive attitude adopted by all parties involved. The
change in the employer’s opinion on the formation of cracks in the tun-
nel lining represented the fundamental step towards the unreinforced
concrete lining design. The requirement for the prevention of cracks
relates rather to the execution of waterproof concrete liners without
a waterproofing membrane, where the waterproofing function is assu-
med by the concrete. Even in those cases, however, absolute prevention
of cracks is not required, only crack width limits are specified. Regar-
ding the Libouchec tunnel, the waterproofing system consists of a mem-
brane and longitudinal drains. The requirement for the crack width limi-
tation is therefore unsubstantiated and increases the construction cost.
The effort to change the original requirement came off, owing to the
active support by the representatives of the Ministry of Transport super-
vision and the author of the tender documents. This change allowed not
only construction of complete sections of the concrete lining without
reinforcement, but also significant reduction of the amount of rebar in
the tunnel sections lined with reinforced concrete. The reinforced conc-
rete lining was designed solely for the portal sections and for those cas-
ting blocks where the escape passages are connected to the tunnel. The
reinforcement was also installed locally, at combined niches for SOS
boxes and fire hydrants. The final lining concrete in the other sections of
the mined part of the tunnel remained unreinforced.

To provide protection of the structure against aggressive environment,
the contractor used C25/30 XF4 XD3 concrete for the casting of indivi-
dual 12m long blocks. In contrast with Austrian guidelines where the
protection against the aggressive action is provided by protective coating
and where the directive [1] warns against the application of the XF4
concrete because of its propensity for cracking, the protection of the
Libouchec tunnel structure against aggressive environment is ensured by
the concrete structure itself. The cracking and allowable depth and width
of cracks were the frequent topic of many discussions. The fears con-
cerning the randomly spreading shrinkage cracks did not materialize in
the course of the casting. The structure did not exhibit any cracks, either
when the shutter had been struck or in the period ending by the prepara-
tion of this paper. The first of the completed blocks were an exception.
Cracks up to Imm wide originated in the vicinity of the joints between
the casting blocks. Even local reinforcement of the given area with steel
mesh failed to prevent this phenomenon. A similar phenomenon had
been experienced during the casting of the final lining of the Bfezno
u Chomutova tunnel. The author of the detailed design consulted this
problem with the contractor and decided to change the concrete casting
system from a continuous sequence to a staggered pattern (see Fig. 3).
The cracks did not appear again. They had probably been caused by the
vibration of the travelling shutter, which was transferred via its jacket
into the lining of the block which had not long since been stripped.

STRUCTURAL ANALYSES OF THE FINAL LINING OF THE
MINED TUNNEL SECTION

Structural analyses of the final lining of mined tunnel sections carried
out whilst the detailed design are being prepared usually have the aim of
optimising the original design contained in the tender documents, con-
forming it to the actually encountered geotechnical conditions or the
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osténi ovliviuje geometrickou polohu primdrniho osténi a s tim
souvisejici vyrobu vyztuznych rama. Dodavatel i zpracovatel RDS
byl postaven pred rozhodnuti vzit na sebe riziko sniZeni dimenz{
definitivniho osténi, nebo ponechat puvodné navrzené feSeni.
V dob¢ zpracovdni dokumentace primérniho osténi jesté nikdo
s ndvrhem nevyztuZzeného definitivniho osténi nepodital a dprava
tloustky osténi pii razbé by pusobila vzhledem k malé délce tunelu
znaéné komplikace. RovnéZz prognéza inZenyrskogeologickych
poméru nebyla pro sniZovani tloustky osténi pfiznivéd. Po vzdjemné
dohodé kompetentnich zdstupct dodavatele a investora proto zista-
ly dimenze osténi podle pavodniho ndvrhu. Dodavatel se rozhodl
dosdhnout pfipadnych tspor optimalizaci mnozstvi vyztuze defini-
tivniho osténi dimenzovaného na zdkladé vyhodnoceni vysledka
geotechnického monitoringu. Jedna se o typicky pfiklad observac-
ni metody a jeden ze zakladnich principit NRTM. Pro zpracovatele
RDS to vSak znamend vyckdvat s dimenzovdnim a zpracovdnim
vykrest vyztuZe definitivniho ostén{ aZ na vysledky geotechnické-
ho monitoringu. Zdsadn{ roli hraje nejen velikost deformace vyru-
bu, ale predevsim rychlost, s jakou dojde k jejimu ustéleni, a oka-
mzik, kdy je betonovédno definitivn{ osténi.

Na zdkladé vysledku statickych vypocta a zhodnoceni mistnich
podminek byl tunel rozdélen na dseky s definitivnim osténim vyz-
tuZenym a dseky provdadéné z nevyztuZeného betonu. Pocdateéni
obavy investora i supervize ministerstva dopravy se podafilo roz-
ptylit provedenymi statickymi vypocty i desitkami piikladd obdob-
nych staveb realizovanych v zahrani¢i. K provddéni nevyztuzené-
ho osténi vyznamnou mérou prispél i pozitivni pristup vSech
zicastnénych stran. Zdsadni krok k ndvrhu nevyztuZeného osténi
predstavovala zména ndzoru investora na dimenzovani osténi se
zamezenim vzniku trhlin. Jednd se o pozadavek spojeny spiSe
s provadénim vodonepropustnych betonovych osténi bez izola¢n{
félie, kdy izolaéni funkci prebird beton. I v tomto pfipadé se vSak
jednd pouze o pozadavek omezeni $itky trhlin, nikoli o jejich tplné
zamezeni. V pripad¢ tunelu Libouchec zajiStuje vodonepropust-
nost izola¢ni félie a podélnd tunelova drendz. PoZadavek omezeni
vzniku trhlin proto nemd opodstatnéni a stavbu prodraZuje. Za
aktivni podpory zdstupct supervize ministerstva dopravy i zpraco-
vatele zaddvaci dokumentace se podafilo puvodni pozadavek zmé-
nit. To umoZnilo nejen provadét celé tseky osténi zcela bez vyztu-
Ze, ale i podstatné zredukovat mnoZstvi vyztuze ve vyztuzenych
usecich tunelu. VyztuZené osténi bylo navrZeno jen v priportdlo-
vych tsecich a v blocich se zatsténim tnikovych chodeb. Lokdln{
vyztuZeni se provadélo i v mist€ sdruzenych vyklenka skiiné SOS
a pozarniho hydrantu. Ostatn{ Useky razené Casti tunelu vyztuZeny
nebyly.

Pro betondz jednotlivych sekci délky 12 m pouzil dodavatel beton
C25/30 XF4 XD3. Duvodem je ochrana konstrukce proti agresivité
prostredi. Na rozdil od rakouskych doporudeni, kde ochranu proti
agresivité zajiStuje ochranny ndtér a kde smérnice [1] varuje pred
pouzitim betonu XF4 z davodu vétsi nachylnosti ke vzniku trhlin,
zajiStuje v pripadé tunelu Libouchec ochranu proti agresivité
prostfedi pfimo betonovd konstrukce. Vznik trhlin, jejich pripustnd
hloubka i §ifka byly ¢astymi tématy mnoha jednéni. Pfi vlastni beto-
nézi se v8ak obavy z §ifeni divokych smrStovacich trhlin nepotvrdi-
ly. Konstrukce nevykazovala po odbednéni ani v obdobi do zpraco-
véni textu ¢lanku zadné trhliny. Vyjimku tvofil pfipad prvnich beto-
novanych bloku, kde ve vrcholu klenby dochdzelo ke vzniku
trhlin $ifky do 1 mm v blizkosti spary mezi bloky betondZe a nepo-
madhalo ani lokdlni vyztuzeni dané oblasti vloZenim betondfské sité.
Obdobné zkuSenosti jsou zndmy z betondZe definitivniho osténi
Zelezni¢niho tunelu Bfezno u Chomutova. Po poradé s dodavatelem
navrhl zpracovatel RDS zménit postup betondZe z plynulého na
Sachovnicovy (viz obr. 3). Trhliny se na takto betonovanych blocich
jiZz neobjevily. Ke vzniku trhlin dochdzelo pravdépodobné negativ-
nimi G¢inky vibraci bedniciho vozu, které se prenasely jeho plastém
do &erstveé odbednéného bloku osténi.

STATICKE VYPOCTY DEFINITIVNIHO
OSTENI RAZENYCH USEKU

Ukolem statickych vypoétd definitivniho osténi raZenych tsekt
tunelu provddénych v rdmci RDS byvd zpravidla optimalizace
puvodniho ndvrhu zaddvaci dokumentace na skutedné zastiZené
geotechnické podminky, resp. horninovy tlak. ProtoZe s ndvrhem
nevyztuzeného definitivniho osténi pavodn{ zaddvaci dokumentace
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actual confining pressure. Because the original tender documents had
not allowed for the unreinforced concrete final lining option, the struc-
tural analyses had to prove that the unreinforced concrete structure was
viable and the bearing capacity of the structure was sufficient. The
structural assessment of the unreinforced lining, but also other docu-
ments (an economic assessment, technological procedure of the work
proposal, requirements for the lining surface finish, a certificate of fire
resistance of the structure, etc.) served as a basis for the
employer’s decision to approve this solution. The structural analysis
proving the bearing capacity of the unreinforced lining was carried out
by ILF Consulting Engineers Innsbruck [3], the reinforced concrete
sections were calculated by the Prague office of IKP Consulting Engi-
neers [4]. Both calculations were identical in many boundary conditi-
ons. The author of the detailed design utilized the RIB Tunnel program
for the calculation of internal forces and deformations of the primary
lining and for modelling of individual tunnel excavation phases. The
geotechnical input parameters of the mathematical model utilized for
the calculation of the primary lining yielded the same results as those
obtained in the framework of the geotechnical monitoring.

Therefore, the structural engineer did not have to adjust the mathe-
matical model using the actually measured values of deformations and
used directly the model for the determination of the load acting on the
final lining. The confining pressure load acting on the final lining of
the tunnel was modelled as the contact pressure between the primary
lining and the rock. The model for the load was based on an assump-
tion of total degradation of all elements of the primary lining, where
the final lining takes full load exerted by the rock mass. This is a con-
servative attitude because it can be expected that the primary lining
will carry certain portion of the load throughout the tunnel service life.
The tunnel lining was modelled as a beam structure embedded in an
elastic layer with tension cut-off condition. The fact that the non-line-
ar behaviour of concrete, also with the tension cut off, was taken into
account presents another of the common approaches of both calculati-
ons. The concrete lining was cast when the primary lining deformati-
ons had reached their final values. We can therefore assume that imme-
diately after the casting the final lining is loaded mainly by its dead
weight, temperature effects and equipment fixed to the lining. The con-
fining pressure is carried by the primary lining in this phase. The pri-
mary lining continuously deteriorates with time as a result of the action
of the environment that the lining is built in, thus the load is gradually
transferred from the primary lining to the final lining. The intermedia-
te waterproofing layer between the primary and secondary lining pre-
vents the transfer of tangential forces, therefore the final lining is loa-
ded only by the radial component of the contact pressure. The following
loads or their combinations were introduced into the calculation: the
dead weight of the structure, temperature of the lining in winter and
summer seasons, shrinkage and creep, the confining pressure and for-
ces induced by technical equipment. Regarding the verification of the
dimensions of the unreinforced lining, a load cases matrix combining
individual loads with respective load confidence coefficients was deve-
loped in the calculation process. With the exception of the confining
pressure, all of the loads complied with the values required by regula-
tions. Variations of the magnitude of the confining pressure were app-
lied to the respective calculation combinations until the particular com-
bination of the loads was found that brought the structure into the ulti-
mate limit state. The proportions of the confining pressure loads sche-
matically corresponded with the distribution of the radial contact pres-
sure between the primary lining and the ground (see Fig. 4).

The ultimate limit state does not represent the only criterion used in
the analysis of the unreinforced lining. For that reason the calculation
carried out according the Eurocode deals also with the depth and width
of the cracks. Unless special properties are required (e.g. the waterp-
roofing), the maximum depth of cracks in an unreinforced concrete
structure is not explicitly set. The NAD recommendations 4.1 and 4.2
for the CSN EN 1992-1-6 are well-founded in structures of buildings,
where the cross section responds to the exceeded eccentricity e > 0.3 hw
by a rapid increase in the stress. A final tunnel liner is a structure
embedded in the rock mass all around its periphery. The system for-
med by the rock mass and the final lining does not respond to the inc-
reased eccentricity so sensitively. This is why there is no reason for the
NAD recommendations to be applied in the assessment of the final
tunnel liner. As a criterion applicable to this case, we consider to be the
reduction of stress in concrete to an acceptable limit in accordance
with the CSN 73 1201 stipulation eq = 0.9 agc, where ag is the distan-
ce of the compression rim of the cross section from the centre of
gravity of the cross section. When this condition determining the
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Obr. 4 Proporciondlni rozdéleni zatiZeni horninovym tlakem na rubu osténi
Fig. 4 Proportional distribution of the confining pressure along the reverse
side of the liner

nepocitala, musely statické vypocty nejprve prokdzat, Ze je prova-
déni nevyztuzeného osténi redlné a konstrukce ma dostate¢nou
unosnost. Na zdkladé statického posouzeni nevyztuZeného osténf,
ale i na zdkladé dalich podkladu (ekonomické posouzeni, ndvrh
technologického postupu vystavby, pozadavky na povrch osténf,
prukaz pozérni odolnosti konstrukce apod.) rozhodl investor o jeho
provadéni. Staticky prukaz tnosnosti nevyztuZzeného osténi pro-
vedla v subdodavce firma ILF Consulting Engineers Innsbruck [3],
vypocet vyztuZenych tseku ostén{ zpracovala prazska kanceldr IKP
Consulting Engineers [4]. Oba vypocty se shodovaly v mnoha
okrajovych podminkdch.

Pro vypoclet vnitfnich sil a deformaci primdrniho osténi pouZil
zpracovatel RDS program RIB Tunnel, ve kterém namodeloval jed-
notlivé faze razby tunelu. Geotechnické vstupni parametry matema-
tického modelu pouzitého pro vypocet primdrniho osténi poskyto-
valy stejné vysledky, jaké byly naméfeny v ramci geotechnického
monitoringu. Proto nemusel statik provddét ladéni matematického
modelu na skute¢né namérené hodnoty deformaci a model pfimo
pouZil pro stanoveni zatiZeni definitivniho osténi. Kontaktni napéti
mezi primdrnim osténim a horninou pak slouZilo jako zatiZeni hor-
ninovym tlakem, kterym pusobi horninovy masiv na definitivni
ostén{ tunelu. Model zatiZeni vychézel z predpokladu tplné degra-
dace v8ech prvku primdrniho osténi, kdy definitivni osténi pIné pre-
bird zatiZzeni horninou. Jednd se o konzervativni pristup, nebot lze
predpoklddat, Ze urCitou &dst zatiZzeni po dobu Zivotnosti tunelu pri-
marn{ osténi prenese.

Ostén{ tunelu ve vypocetnim programu nahrazovala prutovéa kon-
strukce osazend do horninového prostiedi pruznym uloZenim
s vyloucenim tahu. Dals{ spole¢ny znak obou vypoctu predstavova-
lo zohlednéni nelinedrniho chovani betonu rovnéz s vylouéenim
tahu. BetondZ osténi probihala po odeznéni deformaci primdrniho
osténi. Proto lze predpoklddat, Ze definitivni osténi bezprostfedné
po betondzi zatéZuje prevdzné vlastni tiha, teplotni vlivy a zaf{zeni
na ném umisténd. Zatizen{ horninovym tlakem v tuto dobu prenasi
primarn{ osténi. V prubéhu Easu dochdz{ vlivem pisobeni prostiedi,
v némZ je primérni osténi zabudovdno, k jeho postupné degradaci,
a tim k postupnému prenosu zatiZeni z primarniho osténi na ostén{
definitivni. Vrstva mezilehlé izolace mezi primarnim a sekunddrnim
osténim zamezuje prenosu tangencidlnich napéti a definitivni osténi
zatéZuje pouze radidlni slozka kontaktniho napéti. Do vypoctu vstu-
povala ndsledujici zatiZeni, resp. jejich kombinace: vlastni vdha
konstrukce, teplota osténi v zimé a v 1été, smrStovani a dotvarovani,
G&inky od technologického zafizen{ a horninovy tlak. V pripadé pru-
kazu dimenzi nevyztuZeného osténi probihal vypocet tak, Ze byla
sestavena matice zatéZovacich stavu kombinujici jednotliva zatizen{
s prislusnym soucinitelem spolehlivosti zatizeni. Kromé zatizen{
horninovym tlakem vSechna zatiZeni odpovidala pfedpisy poZado-
vanym hodnotdm. Velikost horninového tlaku variovala v prislus-
nych kombinacich v provddénych vypoctech tak dlouho, az byla
nalezena takovd kombinace zatiZeni, kterd privedla konstrukci do
mezniho stavu unosnosti. Proporce zatizeni horninovym tlakem
schematicky odpovidaly rozloZeni radidlniho kontaktniho napéti
mezi primarnim osténim a horninou (viz obr. 4).

Mezni stav inosnosti nepfedstavuje pfi posuzovani nevyztuzeného
osténi jediné kriterium. Vypocet podle Eurokédu proto posuzuje
i hloubku a rozevfeni trhlin. Maximdln{ hloubka trhlin v konstrukcich
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Obr. 5 Mezni hodnota zatizeni horninovym tlakem
Fig. 5 The limit value of the confining pressure

minimum width of the compression area is met, the depth of cracks
must not exceed a value of 360mm for a cross section 400mm thick.
While the calculation according to the Eurocode does not set any
restriction on the width of cracks, foreign experience [2] suggests that
the maximum width of cracks must be restricted to Imm.

Another of the criteria is the angular rotation of the cross section.
A crack develops when the allowable tensile strength in concrete is
exceeded. This process can be compared to the origination of a false
joint. Additional load on the structure causes angular rotation of the
cross section at the location weakened by the crack. So-called secon-
dary cracks originate when the angular rotation exceeds 4*10- rad.
The cracks can cause spalling of the concrete, thus they can affect the
ability of the structure to serve its purpose. The secondary cracks start
from the roots of primary cracks, approximately perpendicularly to
those cracks. The development of secondary cracks is reduced when
the angular rotation of the cross section 6 = 4*107 rad.

The results of the analysis of the unreinforced liner showed that in
terms of cracking, the critical combinations do not include the confi-
ning pressure as a load. In practice, this is the state existing in the stage
early after the casting of the concrete final liner where all of the loads
are carried by the primary liner. From the aspect of the origination and
opening of cracks, the confining pressure acts positively, i.e. the depth
and width of cracks diminishes under the confining pressure. The ulti-
mate limit state was reached when the confining pressure at the crown
of the arch assumed a value of 480kPa (see Fig. 5). The critical load
case further comprised the dead weight of the structure, heating of the
structure in the summer season, shrinkage, creep and forces induced by
the tunnel equipment. The anticipated value of the contact pressure
between the primary liner and the ground that was calculated by means
of the FEM analysis did not exceed 80kPa at the crown of the arch. It
follows from the above discussion that the confining pressure would
have to rise 6x in comparison with its anticipated realistic value to
achieve the ultimate limit state.

The structural analysis of the reinforced concrete tunnel sections
assumes non-linear behaviour of the liner, allowing for the fact that the
cracking has been permitted. The reduced stiffness of the cross secti-
ons deduced by means of the ideal moment of inertia Jix and the conc-
rete tension cut-off conditions are assumed for the areas of critical
cross sections. It is, however, necessary to make a calculation (inclu-
ding determination of the amount of reinforcement) where the linear
behaviour is assumed, prior to the determination of the critical cross
sections and the subsequent calculation of the reduced stiffness valu-
es. The conditions at the foundation base must also be followed when
the calculations are being made so that the friction forces do not exce-
ed the allowable levels. A shearing failure would take place at the
foundation base should those levels be exceeded.

The non-linear model that accepts the cracking allowed us to minimi-
se the amount of reinforcement for the final liner. Instead of the amount
of 700t which had been originally planed for the entire length of the
mined tunnel section, only 150t was necessary. The reinforcement con-
tent varied from 26kg/m’ in the standard casting blocks to 47kg/m? in
the blocks which receive the cross passages. The reduction in the rein-
forcement content compared with the originally anticipated 88kg/m® is
considerable. The footings are reinforced throughout the tunnel no mat-
ter whether the vault is reinforced or not. The amount of reinforcement
is less than 57kg/m?. This amount is higher than the originally assumed
amount of 34kg/m*. However, the increase, compared with the overall
savings, did not affect the total cost of the works. Reinforcement bars of
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z prostého betonu, nejsou-li na né kladeny specidlni pozadavky (napr.
vodonepropustnost), nenf explicitn€ stanovena. Doporuceni 4.1 a 4.2
NAD pro CSN EN 1992-1-6 maji sva opodstatnéni v konstrukcich
pozemnich staveb, kde pfi pfekroCeni excentricity e > 0,3 hy reaguje
prufez prudkym ndrustem napéti. Definitivni tunelové osténi je kon-
strukce po celém svém obvodu uloZend do horninového masivu.
Systém horninovy masiv — definitivni osténi nereaguje proto na
narust excentricity tak citlivé. Z tohoto divodu nemaji doporuceni
NAD v posouzeni definitivniho tunelového osténi opodstatnéni. Za
kritérium v tomto pfipadé povaZujeme omezeni napéti v betonu na
prijatelnou mez dle ustanoveni CSN 73 1201 eq = 0,9 ag, kde ag je
vzdélenost tlaceného okraje prufezu od téZist€ prufezu. Pfi splnéni
této podminky, kterd uréuje minimaln{ $itku tla¢ené oblasti, nesmi pri
tloustce prarezu 400 mm hloubka trhlin prekro¢it hodnotu 360 mm.
Zatimco vypocet podle Eurokédu nestanovuje Zddné omezeni §itky
trhlin, je podle zahrani¢nich zkusenosti [2] nutno maximadlni §itku trh-
lin omezit na max. 1 mm.

Dal§im z kritérii je pootofeni prufezu. Pri prekroCeni pevnosti
betonu v tahu dojde ke vzniku trhliny, coZ lze ze statického hledis-
ka srovnat se vznikem nepravého kloubu. Dal§im pfitiZzenim kon-
strukce dochdzi v misté oslabeném trhlinou k pootodeni prufezu.
JestliZe je pootoceni prufezu vési nez 4*1073 rad, dochazi ke vzni-
ku takzvanych druhotnych trhlin, které mohou zpusobit odpryské-
vani betonu a ovlivnit tak schopnost konstrukce slouZit svému tcelu
Druhotné trhliny vychézeji z kofene primérnich trhlin a jsou na né
priblizné kolmé. Jestlize pootodeni prurezu je 6 = 4*1073 rad, je
vznik druhotnych trhlin omezen.

Vysledky vypoctu nevyztuzeného osténi ukdzaly, Ze kombinace
zatizeni rozhodujici pro vznik trhlin neobsahuji zatiZeni hornino-
vym tlakem. V praxi se jednd o stav v raném stddiu po betonazi
definitivniho osténi, kdy veSkeré zatiZeni prend$i primdrni osténi.
Horninovy tlak pusobi z hlediska vzniku a rozevieni trhlin pozitiv-
né, tj. pri zatiZeni horninovym tlakem se sniZuje jak hloubka, tak
i §itka trhliny. Mezniho stavu Gnosnosti bylo dosaZeno pro hodnotu
horninového tlaku ve vrcholu kaloty 480 kPa (viz obr. 5). Dile
v rozhodujicim zatéZovacim stavu figurovala vlastni vdha konstruk-
ce, otepleni konstrukce v 1été, smrtovdni, dotvarovdni a zatiZzen{ od
technologického vybaveni tunelu. Ocekdvana hodnota kontaktniho
napéti mezi primdrnim osténim a horninou, vypoltend pomoci
MKP, nepresahovala ve vrcholu kaloty 80 kPa. Z uvedeného vyply-
vd, Ze pro dosaZeni mezniho stavu tnosnosti by musel horninovy
tlak v porovndni s jeho predpoklddanou redlnou hodnotou vzrast
6krat.

Ve statickém vypoctu vyztuZzenych dseku tunelu se predpokladd
nelinedrni chovéni osténi se zohlednénim vzniku trhlin. V oblastech
kritickych prufezt se uvazuje sniZend tuhost prufezt, odvozend
pomoci idedlniho momentu setrvacnosti Jix za vylou¢eného tahu
v betonu. Pro stanoveni kritickych prufeza a nasledny vypocet sni-
Zenych tuhosti je vSak nutno provést nejprve vypocet s linedrnim
chovdnim osténi v&etné ndvrhu vyztuZeni. Pii provddéni vypodtu je
treba zdroven sledovat poméry v zdkladové spére tak, aby sily treni
neprekroCily pfipustné hodnoty. V takovém piipadé by doslo
k usmyknuti v zdkladové spére patky.

Nelinearnim vypocétem se zohlednénim vzniku trhlin se podafrilo
minimalizovat mnoZstvi vyztuZze definitivniho osténi. Na cely tsek
razeného tunelu bylo misto puvodné planovanych 700 t pouZito jen
150 t vyztuze. Vyztuzeni klenby se pohybovalo od 26 kg/m3 ve stan-
dardnich blocich betondze az po 47 kg/m3 v blocich se
zadsténim propojky. I v tomto sméru doslo v porovndni s ptivodné
predpokldadanymi 88 kg/m3 k vyrazné redukci. Patky jsou vyztuZe-
ny v celé délce tunelu bez ohledu na to, zda je klenba vyztuZena, ¢i
nikoli. MnoZstvi oceli nepfesahuje 57 kg/m3. Oproti puvodnimu
predpokladu 34 kg/m3 zde do$lo k ndrustu, vzhledem k celkové
tspore v8ak nemél vliv na cenu dila.

Vyztuz patky a klenby neni propojena, coZ pfi instalaci izolace
snizuje nebezpeci jejtho posSkozeni tréici vyztuzi. Ve statickém
vypoctu napojeni patky a klenby modeluje kloubovy styk.

Velmi diskutovanym detailem bylo uloZeni patky osténi na pod-
kladnf{ vrstvy a jeji piipadné rozepreni o neporusenou horninu mezi
patkami. Staticky vypocet proto analyzuje i tento problém. Vodoro-
vnou reakci, simulujici tfeni v zdkladové spére, nahrazuje ve vypo-
¢etnim programu pruznd podpora. Tuhost podpory nezdvisi na geo-
technickych parametrech horninového prostfedi a geometrii vyrubu,
ale je nastavena tak, aby byl ve vSech kombinacich zatiZeni zarucen
minimélni stupen bezpecnosti proti posunuti patky v zdkladové
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the footings are not connected with the vault reinforcement bars. This
design reduces the potential for protruding bars to damage the waterp-
roofing membrane during the application. The connection of the vault to
the footing is modelled as an articulated joint. The design of the footing
bearing on the bedding layers and the contingent bracing against the
undisturbed ground between the footings was discussed in great detail.
This is why the structural analysis solves also this problem. The hori-
zontal reaction simulating the friction at the foundation base is modelled
as an elastic support. The support toughness does not depend on geo-
technical parameters of the rock mass or geometry of the excavation.
The toughness is set in a manner guaranteeing that the minimum value
of the factor of safety against displacement of the footing at the founda-
tion base of 1.5 is reached for all combinations of the loads. The intro-
duction of the horizontal reaction in the structural model applied to the
design of the liner is crucially important for the structural design of the
liner. If it had been neglected, the reinforcement would have been over-
designed and, in some cases, the design would have been even impos-
sible. Owing to the fact that the friction between the footing and the sub-
base is taken into consideration, the required reinforcement is optimised
not only in terms of the required safety but also with regard to the eco-
nomy of the reinforcement design. The distribution of forces at the foun-
dation base shows that the fear of displacement of the footing is unsub-
stantiated; the friction magnitude exceeds the horizontal component of
the upper vault reaction with a sufficient margin. The lateral bracing of
the footings is therefore structurally unnecessary and, from the con-
structional point of view, hard to execute. The tunnel invert in the vici-
nity of the footings is disturbed by sewerage and drainage trenches.
Should the bracing of the footings be necessary, the cross section vari-
ant containing a foundation slab would have to be utilised. Although, the
engineering geological conditions do not require such the solution.

THE FIRE RESISTANCE RATING OF THE FINAL LINER

The final design of the final lining of the Libouchec tunnel proposed
a cast in situ reinforced concrete structure. According to the calculati-
on, the 180-minute fire resistance rating required by the design was to
be secured by concrete cover over the reinforcement thicker than
30mm. Regarding the reinforced concrete tunnel section, the structure
is designed in a manner ensuring that the tensile stresses are carried by
the reinforcement while the compression stresses can be carried by the
concrete. If a fire causes damage to the cover or changes the properties
of the reinforcement steel causing a loss of its capacity to carry tensile
stresses, the concrete cross section will locally fail. Because concrete is
not able to carry a tensile stress, a crack will originate in the given pro-
file. The stresses in the lining will be redistributed, but the structure will
remain stable. A similar process of cracking may take place in other
cross sections of the structure. The structure will collapse only when it
becomes an unstable mechanism due to a large number of joints. In
contrast with the reinforced concrete profile, the unreinforced structure
is designed in a manner guaranteeing that the unreinforced concrete
itself will be able to carry all of the loads. Consultations with an expert
in fire resistance of structures revealed that the Czech Republic has no
methodology required for the assessment of an unreinforced concrete
tunnel liner. For that reason the author of the fire safety documentation
package required a fire test to be carried out on a 2m X 2m lining sam-
ple with a thickness corresponding to the dimensions of the liner, i.e.
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Obr. 6 Normovy prubéh teploty pri zkousce — celulézovd teplotni kiivka
Fig. 6 Standard temperature/time cellulosic curve
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Obr. 7 Ndrust teploty ve vzddlenosti 100 [1],200 [2],300 [3] a 350 [4] mm od
oh¥ivaného povrchu vzorku

Fig. 7 Temperature rise at 100mm [1], 200mm [2], 300mm[3] and 350mm [4]
from the heated surface

spare 1,5. Zavedeni vodorovné reakce md ve statickém modelu pro
dimenzovdni osténi rozhodujici vyznam. Jeji zanedbdni by vedlo
k predimenzovéni vyztuZe, v nékterych pripadech by nebylo mozné
vyztuz nadimenzovat vubec. Zohlednénim tfeni mezi patkou a pod-
lozim dochézi k optimalizaci potfebného mnoZstvi vyztuZe nejen po
strance zaji§téni pozadované bezpecnosti, ale i z hlediska hospodar-
nosti ndvrhu vyztuZze. Rozdélenf sil v zdkladové spare ukazuje, Ze
obavy z posunuti patky nemaji opodstatnéni, nebot velikost treni
s dostate¢nou rezervou prevySuje horizontdlni slozku reakce horn{
klenby. Bo¢ni rozepreni patek proto neni staticky nutné a z hlediska
vystavby je obtizné proveditelné. Po¢va tunelu je v sousedstvi patek
porusena ryhami pro osazeni kanalizace a podéIné drenédze. V pii-
padé nutnosti rozepreni patek by musela byt pouzita varianta pric-
ného fezu se zdkladovou deskou. InZenyrskogeologické poméry
viak takovéto feSeni nevyZzaduji.

POZARNI ODOLNOST DEFINITIVNIHO OSTENI

V rdmci zpracovdni dokumentace ke stavebnimu povoleni bylo
definitivn{ ostén{ tunelu Libouchec navrzeno jako monolitickd Zele-
zobetonova konstrukce. Pozadovanou pozarni odolnost 180 minut
zaru¢ovalo podle vypoctu kryti vyztuze veétsi nez 30 mm. V pripadé
Zelezobetonového prufezu definitivniho osténi je konstrukce dimen-
zovéna tak, Ze tahovd napéti prenasi vyztuz, zatimco tlakova napéti
je schopen prenést beton. Pokud poZér zpusobi poruSeni kryti nebo
zménu vlastnosti vyztuZe a ta jiz neni schopna prendSet tahové napé-
ti, dojde k lokdlnimu selhdni betonového prarezu. ProtoZe beton
neni schopen prenést tahové napéti, vznikne v daném profilu trhli-
na. V osténi dojde k prerozdéleni napéti, ale konstrukce je i naddle
tnosnd. Obdobné muZe dojit k vytvoreni trhlin i v dal§ich prafezech
konstrukce. Ke kolapsu dojde az v pripadé, kdy se vytvorenim vel-
kého mnozstvi kloubu stane z konstrukce pohyblivy mechanismus.
Na rozdil od Zelezobetonového prifezu je v piipadé nevyztuzeného
osténi konstrukce dimenzovdna tak, aby veSkerd zatiZeni prenesl
pouze beton. Po konzultacich s odbornikem na pozirni odolnost
konstrukei vyplynulo, Ze na posouzen{ tunelového osténi z prostého
betonu neexistuje v Ceské republice potfebna metodika. Proto poza-
doval zpracovatel pozdrné bezpe¢nostni dokumentace stavby prove-
deni pozarni zkousky na vzorku osténi o rozmérech 2 m x 2 m
a tloustky odpovidajici dimenzim osténi, tj. 400 mm. Timto poZa-
davkem podminoval moZnost pouziti nevyztuZeného osténi na tune-
Iu Libouchec. Na zdkladé této podminky dodavatel rozhodl o oka-
mzité betondzi vzorku osténi v podminkédch tunelu Panenskd. Vzo-
rek pripraveny a oSetfovany podle schvdleného technologického
postupu byl po 90 dni vystaven klimatickym vlivim obdobnym pro-
stfedi v tunelu. Po prevozu do zkuSebny bylo do kazdého z 5 vyvr-
tu vsazeno 7 teplotnich snima&u ve vzdélenosti 50 mm po tloustce
vzorku. Dalsi ¢idla byla umisténa na neohfivaném povrchu. Cilem
experimentu bylo zjistit tlouStku vrstvy betonu, kterd odpadne pri
vystaveni vzorku G¢inkam poZzdru, ddle prabéh teploty po tloustce
osténi a hloubku odprysku betonu z plochy vystavené poziru. Do
akreditované zkuSebny byl vzorek premistén 26. 10. 2005 a az do
provedeni zkousky 8. 12. 2005 byl uloZen v prostredi o relativni vlh-
kosti min. 53 % a teploté nepresahujici 13 °C. Teplotni namédhéani
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400mm. This requirement was presented as a condition for the applica-
tion of unreinforced concrete lining in the Libouchec tunnel. To cope
with this condition, the contractor decided immediately to cast a sam-
ple of the lining under the conditions existing in the Panenskd tunnel.
The specimen, which was prepared and cured according to an approved
technological procedure, was exposed to climatic effects simulating the
tunnel environment. Each of the 5 boreholes drilled into the specimen
was provided with 7 temperature sensors fixed at 50mm intervals
throughout the thickness of the slab. Other sensors were applied to the
unheated surface. The aim of the experiment was to determine the
thickness of the concrete layer that are expelled when the specimen is
exposed to fire, the depth-temperature curve and the depth of the spal-
ling of the concrete surface exposed to a fire. The specimen was supp-
lied to a credited testing laboratory on 26.10.2005. It was tested on
8.12.2005 and subsequently stored in an environment featuring a mini-
mum relative humidity of 53% and temperature lower than 13°C. The
temperature stressing of the specimen proceeded according to the stan-
dard cellulosic curve for 180 minutes. The testing according to the stan-
dard CSN EN 1363-1 was performed in a vertical wall-type testing fur-
nace heated by a system of petroleum burners. The temperature inside
the furnace was measured in one-minute intervals by 7 sensors instal-
led at a distance of 100mm from the surface of the specimen being tes-
ted. The standard curve function is described by the equation:
Tn = To + 345 log (8t + 1) which is graphically presented in Fig. 6.

The results of the experiment were surprising for many of us. On one
hand, we could expect that the structure would withstand the fire load
and the specimen would not be damaged, on the other hand we expec-
ted surface spalling caused by vaporisation of water. Neither a single
piece of concrete spalled nor a larger crack developed during the course
of the test and the subsequent process of cooling of the specimen. Mic-
roscopic cracks originated irregularly on the surface of the liner. The tes-
ted specimen satisfied the criteria of the limit states of integrity, insula-
tion and radiation specified by the above-mentioned standard. The aut-
hor of the detailed design plotted the measured values contained in the
fire resistance testing report [S] to assess the results graphically. The
results of the test show that the temperature achieved at a depth of SOmm
under the surface being heated reaches 308°C on average (max. 363°C)
at the moment of the end of the testing. The temperature rapidly drops
with the growing distance from the heated surface of the specimen; at
a depth of 100mm under the surface the average temperature does not
exceed 121°C or max. 131°C. The temperature of the reverse surface of
the liner, i.e. of the surface which is in contact with the waterproofing
membrane in the tunnel, does not exceed a maximum value of 23°C. The
chart in Fig. 7 expresses the time dependence of the temperature rise
measured by sensors installed at a distance of 100mm, 200mm, 300mm
and 350mm from the specimen surface which is not exposed to the hea-
ting. The other chart (see Fig. 8) shows the course of temperature along
the thickness of the liner, after 30, 90 and 180 minutes.

CONCLUSION

The structural analyses of the final liner of the Libouchec tunnel pro-
ved and the fire resistance testing confirmed that the utilisation of unre-
inforced concrete in the conditions existing in the Czech Republic is
possible. Many significant steps were successfully made during the
course of the work on the detailed design regarding the final lining
design. The incorporation of their results into tendering documents for
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Obr. 8 Teplotni gradient v ¢ase 30, 90 a 180 minut
Fig. 8 Temperature gradient at 30, 90 and 180 minute times
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vzorku probihalo podle normové celulézové krivky po dobu 180
minut. Zkouska podle CSN EN 1363-1 probéhla ve svislé sténové
zkuSebni peci vytdpéné soustavou naftovych hordku. Teplotu v peci
méfilo v minutovych intervalech 7 ¢idel ve vzdalenosti 100 mm od
ohfivaného lice vzorku. Funkci normové krivky popisuje rovnice:
Tn =To + 345 log (8t + 1), kterou graficky zndzornuje obr. 6.

Vysledky experimentu byly pro mnohé velkym prekvapenim.
I kdyZ se dalo oCekdvat, Ze konstrukce G&inkim poZdru odold
a nedojde k destrukci vzorku, byly o¢ekdvadny povrchové odprysky
zpusobené uvolfiovanim pary. Béhem provddéni zkousky a pri
nasledném chladnuti vzorku nedo$lo ani k odprysknuti jediného
dlomku betonu, ani k vytvoreni vétsich trhlin. Mikroskopické trh-
linky vznikaly nepravidelné v ploSe osténi. ZkouSeny vzorek vyho-
vél na mezni stav celistvosti, izolace i radiace dle vySe uvedené
normy. Na zdkladé predaného protokolu o zkousce poZzarni odolnos-
ti [5] provedl zpracovatel RDS grafické vyhodnoceni naméfenych
hodnot (viz grafy na obr. 7 a 8). Z vysledku zkousky je patrné, Ze po
ukonceni zkousky dosahuje teplota v hloubce 50 mm pod ohfiva-
nym povrchem v pruméru 308 °C (max. 363 °C). S narustajici vzda-
lenosti od ohfivaného lice vzorku dochdzi k prudkému sniZeni tep-
loty a 100 mm pod povrchem jiZ prumérnd teplota nepfesahuje
121 °C, resp. max. 131°C. Teplota na rubu osténi, ktery v tunelu
predstavuje kontakt s izola¢nf f6lif, nepresdhne hodnotu max. 23 °C.
Graf na obr. 7 vyjadfuje ¢asovou zdvislost ndristu teploty na sni-
macich umisténych 100 mm, 200 mm, 300 mm a 350 mm od
ohrivaného lice vzorku. Na druhém grafu (viz obr. 8) je zndzornén
prubéh teploty po tloustte osténi v ¢ase 30, 90 a 180 minut.
ZAVER

Statické vypocty definitivniho osténi tunelu Libouchec prokdzaly
a zkouSka poZarni odolnosti potvrdila moZnost pouZiti nevyztuzené-
ho betonu v podminkach Ceské republiky. Béhem zpracoviani reali-
zatniho projektu doslo k dosaZzeni mnoha vyznamnych kroku
v ndvrhu definitivniho osténi, jejichZz zohlednéni pfi zpracovani
zadédvaci dokumentace novych tunelt povede k tspore investi¢nich
nakladu. K nejvyznamnéjsim patfi pripusténi vzniku trhlin v osténi,
moznost provadét osténi z nevyztuZeného betonu a stanoveni pravi-
del pro pripadné poruchy na lici definitivniho osténi. Doslo k vyjas-
néni ndzort na chovani nevyztuzeného definitivniho osténi, na
vznik trhlin a jejich vyznam z hlediska tnosnosti nebo tudrzby
osténi.

Ke zméndm mohlo dojit jen za pozitivniho pristupu vSech zicast-
nénych stran. V prvni fadé investora, kterému zmény navrzené az
béhem vystavby prindSely fadu komplikaci a mnohdy osud nové
navrhovanych feSeni zdvisel na osobnich invencich jednotlivych
osob. Stejnou mérou se na pripadném riziku podilel dodavatel, ktery
musel navrzené zmény zduvodiovat po strance technické i ekono-
mické. Nezanedbatelnou dlohu v prosazeni zmén sehréla i supervi-
ze ministerstva dopravy, a to zejména v souvislosti s prosazenim
moznosti vypoctu osténi pripoustéjicim vznik trhlin, ktery je nutnou
podminkou pro ndvrh nevyztuZeného osténi.

Zpracovani realiza¢ni dokumentace stdlo projektanta nemalé dsil{
kvali rozsahu navrhovanych zmén, nutnosti provedeni mnoha
posudku a prakaza pouZzitelnosti i sloZitych jedndni provadénych za
béhu stavby. I v piipadé pomérn¢ kritkého tunelu Libouchec prine-
sla dspora vyztuZe vyrazné snizeni investi¢nich naklada. Rozsah
vyztuZenych a nevyztuZenych dseku tunelu zndzorfiuje obr. 9. Ke
skute¢nému zdroCeni vynaloZené prace vSak dojde pouze v pripadé,
kdy se pouziti nevyztuzeného osténi stane béznym standardem Ces-
kého tuneldrstvi. .
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new tunnelling projects will yield savings in capital costs. As the most
important are considered the approval on cracks in the lining, the pos-
sibility to build unreinforced concrete liners and determination of rules
for contingent defects occurring on the internal surface of the final
lining. The opinions on the issues of the behaviour of the unreinforced
concrete final lining, development of cracks and the influence of cracks
on the bearing capacity or maintenance of the lining were clarified.

The changes were possible only under the condition of a positive
attitude adopted by all the parties involved. First and foremost by the
employer, who had to face many complications due to the changes pro-
posed as late as the works execution phase. The fate of the newly pro-
posed solutions often depended on personal invention of individuals.
The same proportion of the possible risk was shared by the contractor,
who had to vindicate the proposed changes from the technological and
economic aspects. A not negligible role in the pushing ahead with the
changes was played even by the Ministry of Transport’s supervision,
namely in the context of the efforts to make the calculation of the
lining which allows the cracking possible. This was a prerequisite for
the unreinforced concrete lining design.

The development of the detailed design was very demanding for the
designer because of the extent of the changes being proposed, the
necessity for obtaining many expert opinions and usability certificates,
even because of complicated negotiations held during the works. Des-
pite the relatively short length of the Libouchec tunnel, the savings in
the reinforcement yielded a significant reduction in the capital cost.
The extent of the reinforced and unreinforced tunnel sections is shown
in Fig. 9. The benefit of the effort expended on this change, however,
may be fully exploited only when the unreinforced concrete lining
design becomes a common standard in the Czech tunnelling industry.
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