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ABSTRAKT

Cestou k ekonomickému ndvrhu definitivniho osténi konvencné razenych tuneli je jeho dimenzovdni na zdkladé skutecné zastiZenych geo-
technickych podminek. Pro Zelezobetonové konstrukce existuje v Ceské republice Fada norem a predpisii, které slouzi jak pro ndvrh a provddé-
ni konstrukce, tak pro jeji prevzeti objednatelem pred uvedenim do provozu a pred koncem zdrucni doby. Pokud to mistni pomery dovoluji, je
mozné definitivni osténi navrhnout jako nevyztuZené. V takovém pripadé je treba zohlednit odlisnosti ve statickém ndvrhu i moZnostech chovd-
ni osténi a nastavit kritéria pro prejimku osteni tak, aby jeho pouZiti bylo mozné. Nastaveni prilis prisnych kritérii vzniku trhlin muze vést k
ndriistu ceny dila bud'z diivodu nutného vyztuZeni osténi, nebo z diivodu sniZeni rizika zhotovitele zapoctenim piedpoklddanych sanact do cel-
kové ceny. Cldnek popisuje zdkladni rozdily v pFistupu k Zelezobetonovému a nevyztuZenému betonovému osténi, moznosti omezeni vzniku trh-
lin ndvrhem betonové smési, volbou technologického postupu pract i zpusobem oSetfovdni po odbednéni. V textu je uvedeno srovndni kritérit
pro hodnoceni povrchu nevyztuZeného osténi se zahranic¢nimi predpisy.

ABSTRACT

The way to an economic design of the final lining in conventionally driven tunnels lies in structural analysing based on the actually encounte-
red geotechnical conditions. Regarding reinforced concrete structures, many standards and regulations applicable to designing and building
structures and taking them over by the client before their commissioning and before the end of the warranty period respectively exist in the Czech
Republic. If the local conditions allow it, it is possible to design the final lining as an unreinforced concrete structure. In such a case it is neces-
sary to take the differences into consideration in the structural design and in the possibilities of the lining behaviour and to set criteria for taking
over the lining allowing for its use. Setting too stringent criteria for cracking can lead to an increase in the contract price, either because of the
necessity for reinforcing the lining or because of the fact that the contractor reduces the risk by incorporating the assumed cost of repairs into
the total cost. The paper describes basic differences in the approach to reinforced concrete and unreinforced concrete linings, the possibilities of
limiting formation of cracks by means of the concrete mix design, by selection of the technological procedure of the work and the method of curing
after stripping. The text contains a comparison of criteria for assessing the surface of an unreinforced concrete lining with criteria in foreign

regulations.

1. OVOD

Pouzivdni nevyztuzeného definitivniho osténi je v soucasné
dobé zpravidla spojeno s konvenéné razenymi tunely,
u kterych primarni osténi tvori stiikany beton a definitivni
osténi je provadéno jako monolitické. V Ceské republice
v oblasti konvenné raZenych tunelu pfevlddd NRTM, na
jejichz principech byly s vyjimkou Brezenského tunelu raze-
ného metodou obvodového vrubu vyrazeny vsSechny tunely
novodobé tunelarské historie. Jeji nasazeni umoznil az prevrat
v roce 1989, ktery otevrel hranice a dal zelenou technologiim,
které doposud nebyly pouzivdny. Projektanti postupné ziskali
pristup k vykonné vypocetni technice a programovému vyba-
veni, stavebni firmy ke strojnimu vybaveni a stavebnim mate-
ridlam a obé skupiny spole&né moznost Cerpat ze zahrani¢nich
zkuSenosti.

V souvislosti s NRTM casto slychdme, Ze se jednd
o tunelovaci metodu, kterd umoznuje operativné reagovat na
skute¢né zastizené geotechnické podminky a vynakladat jen
takové finanéni prostredky, které jsou nezbytné z hlediska
dodrZeni poZadavku na kvalitu dila a bezpeCnost jeho provi-
déni. Aby tomu tak mohlo byt, je tfeba vytvofit prostor nejen
pro zminované vybaveni moderni technikou a ziskdvani
potfebnych znalosti i zkuSenosti, ale také vytvorit technicky
a pravni ramec, ktery by bez velkych prekazek umoznil obéma
smluvnim strandm legdlné a operativné provddét zmény

1. INTRODUCTION

The use of unreinforced concrete final lining is currently
usually associated with conventionally driven tunnels, where
the primary lining is formed by shotcrete and the final lining is
cast-in-place. The NATM prevails in the Czech Republic in the
area of conventionally excavated tunnels. All tunnels in the
modern tunnelling history, with the exception of the Bfezno
tunnel driven using the Mechanical Pre-cutting Method, were
driven using the NATM principles. The NATM application
was made possible only after the revolution in 1989, which
opened borders and gave the green light to technologies which
had not been used until then. Designers gradually gained
access to high performance computer technology and program
equipment, construction companies access to mechanical equ-
ipment and building materials and both groups jointly gained
the possibility to draw on foreign experience.

In the context of the NATM it is often mentioned that it is
a tunnelling method allowing operative responding to the actu-
ally encountered geotechnical conditions and expending only
such financial means that are necessary for adhering to the
quality requirements and requirements for construction work
safety. To make it possible, it is necessary to create space not
only for the above-mentioned modern technological equip-
ment and for obtaining the knowledge and experience neces-
sary, but also to create the technical and legal framework




béhem vystavby. Pod pojmem optimalizace technického fese-
ni s ohledem na sloZitost geotechnickych podminek je vétsi-
nou mySlena razba tunelu a zpusob zajiStén{ stability vyrubu.
Neméné vyznamnou roli v oblasti pracnosti, minimalizace
rizik pfi provadéni a konedné vySe investi¢nich ndkladu hraje
technické feSeni definitivniho osténi. I v tomto pripadé lze
mluvit o NRTM jako o observaéni metode. Na zdkladé vysled-
ka geotechnickych méfeni provddénych v prubéhu razby,
pasportizace Celeb jednotlivych zdbéra a odpovédného stano-
veni geotechnickych parametrid horninového masivu lze
vytvorit matematicky model blizici se redlnym podminkdm
a ziskat tak vnitfni sily potfebné pro ndvrh nutného mnozstvi
vyztuze, pripadné provedeni osténi bez vyztuze.

2. ROZDILY V NAVRHOVANI VYZTUZENEHO
A NEVYZTUZENEHO OSTENI

2.1 Dva pfistupy k funkei primarniho a definitivniho osténi

Na nosnou funkei primérniho a definitivniho (sekundéarniho)
osténi v faddch technické verejnosti neni jednoznaény nézor.
Na jedné strané stoji stoupenci zdkladni nosné funkce primar-
niho osténi, ktefi mu pfisuzuji ve spoluplsobeni s prokot-
venym horninovym prstencem schopnost prendSet horninovy
tlak po celou dobu Zivotnosti tunelu. V takovém prfipadé plni
definitivni osténi pouze ulohu obkladni a estetickou, nebot’ je
zatizeno pouze vlastni vahou a ucinky objemovych zmén.
Pouze v pripadé tlakové izolovanych tuneld musi vzdorovat
i hydrostatickému zatiZeni. Za téchto predpokladi byl v CR
postaven Pisdrecky tunel v Brné, kdy byly pouZivdny pro vyz-
tuZeni horninového prstence sklolamindtové kotvy s vysokou
Zivotnosti. Na druhé strané stoji stoupenci teorie tplné degra-
dace primdrniho osténi, které dfive, neZ je predpoklddana
zivotnost tunelu, zcela ztrati svou nosnou funkci a vesSkeré
zatiZzeni musi prenést definitivni osténi.

Zakladni otdzkou Zivotnosti primdrniho osténf je vliv agresi-
vity prostiedi nejen na jednotlivé prvky primérniho osténi
(stfikany beton, vyztuzné ramy a sité), ale i prvky vyztuzujici
horninovy prstenec v okoli vyrubu. V Ceské republice je pri
navrhu definitivniho osténi zpravidla postupovano podle dru-
hého pristupu a definitivni osténi plné prebird zatiZeni
z primérniho osténi, které je povaZovéno za docasné. Odpovéd
na miru degradace primarniho osténi po desitkach let od pro-
vedeni mohou dat vyzkumy provadéné v soucasné dobé
v Rakousku, kde jsou v ramci zvySeni bezpecnosti provozu
raZeny druhé tunelové trouby tunelu, které byly uvedeny do
provozu pred vice nez 30 lety. Pfi provadéni tunelovych pro-
pojek, nebo pri sanaci osténi stdvajicich tunelovych trub lze
odebirat vzorky primarniho ostén{ a podrobit je analyze. Do-
savadni vysledky laboratornich zkousek ukazuji, Ze degradace
stiikaného betonu priméarniho osténi nepostupuje zdaleka tak
rychle, jak se predpoklddalo a jak beton, tak ocel plni stdle
svou nosnou funkci [10]. Odpovéd na Zivotnost osténi ze stii-
kaného betonu lze nalézt také na fadé skandindvskych tunelq,
kde se monolitické sekundarni osténi prakticky nepouziva.
I pres piimé vystaveni vlivim prostredi jak ze strany hornino-
vého masivu, tak dopravniho prostoru je i po mnoha letech
stdle v pozadované kvalité. Dalsi text se vSak bude zabyvat
nevyztuzenym definitivnim osténim jako jedinym nosnym
prvkem zajiStujicim stabilitu tunelu po dobu jeho Zivotnosti
(100 let).

2.2 Princip navrhu Zelezobetonového osténi

Pfi ndvrhu osténi a téZ i pfi urCovani kritérii, jimz ma ostén{
z nevyztuzeného betonu vyhovovat, je potreba vzit do dvahy
rozdily ve statickém pusobeni mimostiedné tladené konstrukce
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which would allow both parties to the contract to carry out
changes during the construction legally and operatively. The
excavation of a tunnel and the method of stabilising the exca-
vation is what we mostly understand under under the term
“optimisation of a technical solution with respect to geotech-
nical conditions“. Not less important role in terms of labori-
ousness, minimisation of risks during works execution and the
final amount of investment costs is played by the technical
solution of the final lining. Even in this case is it possible to
speak about the NATM as an observational method. It is pos-
sible to create a mathematical model approximating realistic
conditions on the basis of the results of geotechnical measu-
rements conducted during the underground excavation, condi-
tion surveys of the faces of individual excavation advance
rounds and responsible determination of geotechnical para-
meters of the ground mass, thus obtaining the inner forces
required for the design of the amount of reinforcement or for
the application of an unreinforced concrete lining.

2. DIFFERENCES IN DESIGNING REINFORCED CONCRETE
AND UNREINFORCED CONCRETE LININGS

2.1 Two approaches to the function of primary
and final linings

No unambiguous opinion exists among the technical public
on the load-carrying function of the primary and final (secon-
dary) linings. Supporters of the basic load-carrying function
of the primary lining stand on one side. They assign it, in coo-
peration with the ground ring stabilised with anchors, the
capability of transmitting ground pressure throughout the tun-
nel design life. In such a case, the final lining fulfils only the
facing and aesthetic role because it is loaded only by its own
weight and effects of volumetric changes. Only in the cases of
pressure insulated tunnels they have to resist hydrostatic pres-
sure as well. The Pisdrky tunnel in the Czech Republic was
constructed under these assumptions. High-durability fibreg-
lass anchors were used for reinforcing the ground ring.
Supporters of the theory of total degradation of the primary
lining stand on the other side. In their opinion, the primary
lining loses its load-carrying function earlier than the assumed
life period ends and all loads have to be carried by the final
lining.

A fundamental issue of durability of the primary lining is the
effect of aggressive environment not only on the individual
components of the primary lining (shotcrete, supporting fra-
mes and welded mesh), but also on the elements reinforcing
the ground ring in the excavation surroundings. In the Czech
Republic the latter approach is usually applied to designing the
final lining and the final lining fully takes the loading from the
primary lining that is considered to be temporary. An answer
regarding the degree of degradation of the primary lining after
tens of years can be obtained from a research conducted cur-
rently in Austria, where the second tubes of tunnels, which
were opened to traffic over 30 years ago, are driven in order to
improve operation safety. It is possible to collect samples of
the primary lining during the building of cross passages or
repairs of linings of existing tunnel tubes and analyse them.
Recent results have proved that the speed of degradation of the
primary lining shotcrete is far from the assumptions and both
the concrete and steel keep fulfilling their load-carrying func-
tion [10]. An answer regarding the durability of shotcrete
linings can, in addition, be found on numerous Scandinavian
tunnels, where cast-in-place secondary lining is virtually unu-
sed. The required lining quality remains even after many years



25. rocnik - €. 272016

ze Zelezového ¢i nevyztuzeného betonu. V pripadé Zelezobeto-
nového osténi dochazi pri odpovidajicim vyuZiti tazené vyztu-
Ze v prilehlém betonu ke vzniku a vyvoji trhlin, nebot jiz pfi
malém pretvofeni tazenych vldken prarezu dochdzi k prekro-
Ceni tahové pevnosti betonu. Pfi posouzeni prifezu je proto
zaveden predpoklad vylouceni tazeného betonu a prenos taho-
vych napéti v prufezu pouze samotnou vyztuzi. K vypoctu
vnitfnich sil, na néz je osténi navrhovano, vsak v pripadé zele-
zobetonu postacuje linedrni materidlovy model, coZ znamend,
7e tuhosti prufeza osténi nejsou vznikem a vyvojem trhlin
ovlivnény a vstupuji do vypoctu svymi plnymi (poéate¢nimi,
neredukovanymi) hodnotami. Vysledna poloha tlakové norma-
lové sily muZe za t€chto okolnosti byt i mimo hranice prufezu.
2.3 Princip navrhu nevyztuzeného osténi

Odli$nd situace nastdva v pripadé nevyztuZeného osténi.
Pokud osténi z nevyztuzeného betonu je modelovano linedr-
nim materidlovym modelem, je nevyhnutelnym vysledkem
navrhu nehospodarné velkd tloustka osténi. V takové situaci
je na viné neuspokojivého vysledku nedostate¢ny a madlo
sofistikovany vypocetni model, pfi jehoZ pouziti je osténi
navrhovdno podle tahové pevnosti betonu. Ta je o fad nizsi
neZ pevnost tlakovd, kterd ale ve skute¢nosti o inosnosti roz-
hoduje. Proto je nutno prikroCit k vypoctu s nelinedrnim
modelem osténi, kde je zohlednén vznik trhlin a pripadnd
plastifikace prifezi. Ulohu je moZno fesit napiiklad pomoci
MKEP s ploSnymi prvky, nebo téZ pomoci jednodussiho pruto-
vého modelu osténi.

V modelech, v nichZ se uvaZuje v oblasti trhliny s Gplnym
vylou¢enim pienosu tahu, leZi vyslednice normdlovych napéti
vzdy uvnitf prafezu, a o Unosnosti osténi rozhoduje vyhradné
tlakova pevnost betonu. To vede k subtiln€¢jSimu osténi, a tedy
i hospodarnéjsimu ndvrhu.

V naznaleném zpusobu vypoétu nevyztuZenych osténi se
k vysledkim dochézi pomoci itera¢niho procesu. V jeho pru-
béhu se vypolitdva stav napjatosti a deformaci v prurezu za
predem piijatych predpokladi. Napiiklad na prutové soustavé
s nelinedrnim materidlovym modelem osténi se po vzniku trh-
liny predpoklddd linedrni prabéh napéti v tlaené oblasti pra-
fezu; pri dal§im prit€Zovani je nejprve dosazeno navrhové pev-
nosti betonu v tlaku v krajnich vldknech a poté zacind faze
postupné plastifikace materidlu, kterd je ukoncena dosaZenim
mezniho stavu dnosnosti prufezu. Pro vyvoj deformaci je pfi-
jat predpoklad rovinného pretvafeni prufezu.

Ve vyse uvedeném textu je mozno shledat nékteré rozdily, se
kterymi lze pristoupit ke statickému ndvrhu osténi vyztuZzené-
ho &i nevyztuzeného. Nékteré rozdilnosti je potfeba pak uplat-
nit i ve fazi posuzovani a vyhodnocovani dspé$nosti navrhu
osténi. Dulezitou oblasti, které se toto konstatovani dotykd, je
hodnoceni trhlin v osténi.

2.4 Rozdil v pfistupu K §ifce trhlin u vyztuzeného
a hevyztuZzeného osténi

Jednim z kritérii, podle nichz se funkce ¢i kvalita provedeni
osténi posuzuje, je Sitka trhlin, resp. jejich pocet v uréité
oblasti tunelového profilu (napf. vrchol klenby, bok tunelu).
V tomto misté je nutno poznamenat, Ze samotny vznik trhliny
zpusobeny piimym (statickym) zatiZenim neni potfeba pova-
Zovat za zdvadu ¢i poruchu. Naopak vznik trhlin je obvyklym
jevem a vyplyvd z principi a prijatych predpoklada
o statickém pusobeni Zelezobetonové &i pouze betonové kon-
strukce. Existuji v8ak aspekty, které je v tomto ohledu potreb-
né sledovat, a ty jsou pro oba typy osténi rozdilné.

V pripadé€ Zelezobetonovych osténi je $itka trhliny limitova-
na a hodnoty, jeZ nemaji byt prekroCeny, jsou k nalezeni
v piislu§nych normdch a predpisech. Hlavnim smyslem ome-

despite direct exposure to effects of the environment from the
side of both the ground mass and the road space. In the text
below we will deal with unreinforced concrete final lining as
the only load-carrying element providing stability to a tunnel
throughout its life (100 years).
2.2 Principle of designing reinforced concrete linings
When a lining is being designed and criteria for the unrein-
forced concrete lining are being determined, it is necessary to
take into account the differences in the static action of an
eccentrically compressed reinforced concrete or an unreinfor-
ced concrete structure. In case of the reinforced concrete
lining, cracks start and develop at adequate exploitation of ten-
sile reinforcement in adjacent concrete because the tensile
strength of concrete is exceeded already at a small strain of
tensile fibres in the section. For that reason, an assumption is
introduced that concrete in tension is excluded and tensile
stresses in the section are transmitted solely by reinforcing
bars. However, a linear material model is sufficient for the cal-
culation of inner forces for which the lining is being designed;
it means that the stiffness values of lining sections are not
affected by the formation of cracks and the full (initial, unre-
duced) values enter the calculation. The resultant position of
the normal force can be under these conditions even outside
the section boundaries.

2.3 Principle of designing unreinforced concrete lining

A different situation is in the case of an unreinforced conc-
rete lining. If the unreinforced concrete lining is modelled
using a linear material model, the unavoidable result of the
design is an uneconomically great thickness of the lining. In
such a case the insufficiently sophisticated calculation model
where the lining is designed according to the tensile strength
of concrete is blamed for the unsatisfactory result. Tensile
strength is smaller by an order of magnitude than compressive
strength. However, the compressive strength is in reality cru-
cial for the bearing capacity. For that reason it is necessary to
proceed to calculation with a non-linear model of the lining,
where the cracks and potential plastification of the sections are
taken into account. The problem can be solved, for example,
using the FEM with planar elements or even using a simpler
beam-based model of the lining.

In the models where total exclusion of tension is assumed in
the area of the crack, the resultant of normal stresses always
lies inside the section and the bearing capacity exclusively
depends on the compression strength of concrete. It leads to
a thinner lining, thus also to a more economic design.

In the method of calculation of unreinforced concrete lining
outlined above, the results are arrived at by means of an itera-
tion process. The state of stress and deformations in the secti-
on is calculated under predefined assumptions. For example,
on a beam-based model of a structure with a non-linear model
of the lining, a linear distribution of stress is assumed in the
compression zone of the section; during additional loading, the
design compression strength of concrete is first reached in the
outermost fibres and, subsequently, the phase of gradual plas-
tification of the material starts. It ends by reaching the ultima-
te limit state of the section. The assumption of planar section
deformation is adopted for the development of deformations.

In the text above it is possible to find some differences in
the approach to the structural design of a reinforced or unrein-
forced concrete lining. However, some differences must be
applied even in the phase of evaluation of success of the lining
design. The assessment of cracks in the lining is an important

issue related to this statement.



zeni §itky trhliny je v tomto pfipadé ochrana ocelové vyztuze
a zabréanéni jeji koroze. Pro ruzné typy prostiedi, v nichZ se
osténi muZe nachézet, a druhy létek, které vyztuz mohou ohro-
zit, jsou doporuceny limitni hodnoty. Pfi dodrZeni téchto pre-
depsanych hodnot spoleéné s dostateCnym krytim je mozno
predpoklddat, Ze bude zabrdnéno priniku Skodlivych ldtek do
oblasti vyztuze, a nedojde tak k naruSeni nosné funkce ani
trvanlivosti konstrukce, kterd je v pripadé tunelovych staveb
uvazovand 100 let. Dal§im kritériem pro omezeni $itky trhlin
je pripadné nepriznivé ovlivnéni vzhledu konstrukce.

K jiné situaci dochdzi v pripadé nevyztuzeného osténi.
Zustava sice naddle pozadavek na ni¢im nenaru$enou nosnou
funkci prafezu, tu v8ak zajiStuje jako jediny konstruk&ni prvek
samotny beton. Odpadd zde prenos sil pomoci ocelové vyztu-
Ze, a kritéria, vztahujici se k trhlindm a stanovena pro Zelezo-
beton, ztrdceji svuij vyznam. Hlavnim poZzadavkem pro funkci
nevyztuzeného osténi je bezpecny prenos sil v betonovém pru-
fezu, coZz musi byt zajiSténo predevSim dostateCnou vySkou
tlacené oblasti odpovidajici konkrétnim napjatostnim pomeé-
rum v prurezu. Vysledna $ifka trhliny tak muZe v porovndni se
Zelezobetonovym prufezem byt v raznych stavech napjatosti
odlisnd a vét3i. Stejné jako u Zelezobetonu muZe byt ale ome-
zena $itka trhlin poZadavky na vzhled konstrukce.

Obecné je z hlediska statiky moZnost fesen{ tunelového osté-
ni jako nevyztuzeného zdvisla na nékolika faktorech.

Predev§im se jednd o spolehlivé ocenéni geologickych
poméru. I zahrani¢ni predpisy konstatuji moZnost aplikace
osténi z nevyztuzeného betonu pouze v priznivych geologic-
kych a geotechnickych pomérech. V pripadé geologickych
poruch s dopadem na velikost a rozdilnou intenzitu zatiZeni po
obvodé tunelu, ¢i v priportdlovych tusecich se predpoklada
pouziti Zelezobetonu.

Dalsim z dulezitych faktort dspé$ného ndvrhu je geometrie
tunelového profilu a tvar osténi. Na tento parametr je prave
v pripadé nevyztuzeného betonu koneny uspéch navrhu velmi
citlivy. Je viak ziejmé, Ze jen mdlokdy je moZno prizpusobit
tvar osténi pouze a jen potrebdam z hlediska statiky. Ve vypo-
¢tu osténi, jez staticky vyhovuje, je dosaZzeno konvergence ite-
ra¢niho procesu a vysledné polohy normélové sily uvniti pru-
fezu. Neni-li vypo¢tem dosazeno rovnovahy (v pripadé Zele-
zobetonu je mozno feSit pfidinim vyztuZe), je pro ndpravu
k dispozici pouze jiny tvar osténi, véts{ tloustka prufezu, nebo
prechod od osténi nevyztuZzeného k osténi vyztuZenému.

Zejména v pripadé neuzavienych profilu je dulezité peclivé
urlit okrajové podminky pusobeni osténi v oblasti uloZenf
klenby na zdkladovych pasech. Za vhodné je povaZovano
v takovém pripadé resit tunelovy profil komplexné, tj. spolec-
né klenbu osténi a zdkladovy pas (patku).

3. ZASADY PRI NAVRHU RECEPTURY BETONU
NEVYZTUZENEHO OSTEN(

Vznik trhlin v prostém betonu je materidlové preduréen pre-
devsim nizkou tahovou pevnosti materidlu. Jednd se o vlast-
nost, kterou lze bez pouZiti vyztuZe jen obtizné ovlivnit.
Prostiedkem pro omezeni vzniku trhlin zpisobenych objemo-
vymi zménami je vhodny ndvrh receptury betonu s nizkym
hydrataénim teplem a pomalym ndrustem pevnosti v pod-
te¢nich hodindch po betondZi. Redukce velikosti hydrata¢niho
tepla lze dosdhnout dodrZzenim nékolika pravidel. Na sniZzeni
hydratacniho tepla ma pozitivni vliv nizky obsah cementu cca
v rozmezi 250-280 kg/m3 , pouZiti vhodného cementu s niz-
kym obsahem CsA, pouziti popilku jako prisady do betonu
(cca 50-80 kg/m?) a navrh takové smési, kterd dosahuje pfi
zkou§kéch v laboratofi na izolovanych kostkdch maximalniho
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2.4 Difference in the approach to the width of cracks in
reinforced and unreinforced concrete linings

One of the criteria for assessment of the function and buil-
ding quality of the lining is the width of cracks and their
number in a certain area of the tunnel profile (e.g. the top of
arch, a tunnel sidewall). Here it is necessary to note that the
formation of a crack caused by direct (static) loading does
not have to be considered as a defect or failure. Rather the
contrary, the origination of cracks is a usual phenomenon ari-
sing from the principles and adopted assumptions regarding
the static action of a reinforced concrete or only unreinforced
concrete structure. Nevertheless, there are some aspects
which must be monitored in this respect and they are diffe-
rent for both of the lining types.

In case of reinforced concrete linings, the crack width is
limited and the values which are not to be exceeded can be
found in respective standards and regulations. The main pur-
pose of limiting the crack width is in this case to protect the
steel reinforcement and to prevent its corrosion. Limit values
are recommended for various types of the environment in
which the lining may be located and for those kinds of sub-
stances which can threaten the reinforcement. When these
prescribed values are fulfilled and the concrete cover is suf-
ficient, it is possible to expect that the penetration of harmful
matters into the area of the reinforcement will be prevented
and neither the load-carrying function nor the durability of
the structure, which is planned for 100 years in the case of
tunnel structures, will be disturbed. Another criterion for
limiting the width of cracks is the potential unfavourable
influence on the structure appearance.

Another situation occurs in the case of an unreinforced
concrete lining. The requirement for the undisturbed load-
carrying function of the section remains the same, but this
function is ensured by the concrete itself as the only structu-
ral element. The transition of forces by means of steel rein-
forcement ceases to exist in this case and the criteria relating
to cracks and determined for reinforced concrete lose their
significance. The main requirement for the function of an
unreinforced concrete lining is the safe transition of forces in
the concrete section, which has to be ensured mainly by the
sufficient depth of the compression zone corresponding to
particular stress conditions in the section. The resulting crack
width therefore can be different and greater under various
stress states in comparison with a reinforced concrete secti-
on. Just as with reinforced concrete, this width may be limi-
ted by requirements for the structure appearance.

In general, the possibility of designing the tunnel lining as
an unreinforced structure depends on several factors.

Above all, it is a reliable assessment of the geological con-
ditions. The possibility of applying unreinforced concrete
linings only in favourable geological and geotechnical condi-
tions is accepted even in foreign regulations. It is assumed
that reinforced concrete is used in the cases of geological
faults with an impact on the magnitude and different intensi-
ty of loads acting around the tunnel circumference.

Another factor important for a successful design is the geo-
metry of the tunnel excavation cross-section and the shape of
the lining. It is especially in the case of unreinforced concre-
te that the success of the design is very sensitive to this para-
meter. But it is obvious that only seldom is it possible to
adapt the shape of the lining purely to the needs of statics.
The convergence of the iteration process and the final positi-
on of the normal force inside the section are achieved in the
calculation of a lining which is statically satisfactory. If the
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teplotniho rozdilu do 15 K. Pocéte¢ni teplota smési by méla
byt pfimérené nizkd (13 — 18 °C), neméla by byt vetsi nez
max. 25 °C.

V zahranic{ je zcela bézné, ze pro dosazeni optimalnich hod-
not navrhované smési pro nevyztuZend osténi se pouziva kom-
binace vice ruznych cementu. Déle je tfeba volit nizky obsah
vody v intervalu cca 170-190 kg/m3, zvysit podil jemnych
Castic — cement, popilek, jemné kamenivo <0,125 mm na
objem >370 kg/m?, omezit prachové &astice, zajistit kamenivo
o frakci 4/8 mm v doporuc¢eném mnoZzstvi cca 3—-5 %, udrzet
pomér w/c maximédlné¢ na hodnoté 0,63 a pouZivat pokud
mozno kamenivo s nizkym soucinitelem tepelné vodivosti.
V pripadé nevyztuZzeného osténi se doporucuje pouZzit frakci
kameniva D=32 mm.

Z hlediska vzniku trhlin je duleZitd i nizkd odbednovaci pev-
nost. Vzhledem k tomu, Ze betonéz definitivniho osténi probi-
hd zpravidla po ustdleni deformaci primarniho ostén{
a definitivni osténi neni zatiZeno horninovym tlakem, neni
proto ze statického hlediska nutné, aby konstrukce vykazova-
la kone¢nou pevnost jiz po 28 dnech. Lze predpoklddat, Ze sta-
tickym vypoctem uvazovand hodnota zatiZeni na n¢j dolehne
aZ po uplné degradaci primdrniho osténi, pokud k ni vibec
nékdy dojde. Pro ndvrh smési je vyhodné, pokud je mozné
pouzit ,,pomalou” recepturu betonu s nizkym hydratacnim tep-
lem a koncovou pevnosti po 56, nebo dokonce 90 dnech.

4. POSUZOVANI KVALITY POVRCHU NEVYZTUZENEHO
OSTENI A SMLUVNI KRITERIA

4.1 PFiciny vzniku trhlin a jejich vliv na funkci osténi
NevyztuZené tunelové osténi je v Ceské republice stéle jeité
spiSe raritou, neZ obecné prijimanou zvyklosti. Casto diskuto-
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vanou otazkou je pocet, smér, hloubka a Sitka trhlin, které

foto | photo courtesy of Libor Marik
Obr. 1 Vertikdlni trhlina na boku osténi vznikld smrstovanim betonu
Fig. 1 Vertical crack on the side of the lining caused by concrete shrinkage

equilibrium is not achieved in the calculation (in the case of
reinforced concrete it is possible to solve it by additional
reinforcement), the only way of remedy available is changing
the shape of the lining, designing a greater section thickness
or a change from unreinforced to reinforced concrete lining.

It is particularly important in the case of unclosed tunnel
profiles to thoroughly determine the boundary conditions to
describe the contact of the vault and footings. In such a case,
we consider it to be correct if the tunnel profile is analysed
comprehensively, i.e. jointly with the lining vault and the
footing.

3. PRINCIPLES OF DESIGNING CONCRETE MIX FORMULA
FOR UNREINFORCED CONCRETE LINING

From the aspect of material, the formation of cracks in unre-
inforced concrete is predestined first of all by the low tensile
strength of the material. It is a property which can be changed
only with difficulty without the use of steel reinforcement.
The means for limiting the formation of cracks caused by
volumetric changes during the initial hours after casting of
concrete is a correct design of the concrete mix formula with
low hydration heat and slow strength gain. The reduction of
the hydration heat magnitude can be achieved by adhering to
several rules. Reducing the hydration heat is positively affec-
ted by the low content of cement ranging from ca 250 to
280kg/m> and by the use of suitable cement with low content
of C;A, the use of fly ash as a concrete improving admixture
(ca 50-80kg/m?) and the design of such a mixture which rea-
ches the maximum temperature difference up to 15K during
laboratory tests on insulated cubes. The initial temperature of
the mixture should be moderately low (13-18°C) and it is
recommended that the fresh concrete temperature should not
be higher than 25°C.

It is quite common abroad that a combination of several dif-
ferent cement types is used to achieve optimum values of the
mixture being designed for unreinforced concrete linings. In
addition, it is necessary to choose low water content within
the interval of ca 170—19Okg/m3 to increase the proportion of
fine particles — cement, cinder, fine aggregate <0.125mm to
the volume >370kg/m3, to limit the amount of silt particles, to
provide 4/8mm fraction aggregates in the recommended
amount of ca 3-5%, to maintain the w/c ratio at 0.63 as the
maximum and to use aggregates with a low coefficient of
thermal conductivity as much as possible. The use of aggre-
gate fraction D=32mm is recommended in the case of an unre-
inforced concrete lining.

Even the low concrete strength at formwork stripping is
important as far as the formation of cracks is concerned. With
respect to the fact that the final lining concrete is usually cast
after the stabilisation of the primary lining deformations and
the final lining is not loaded by ground pressure, it is not
necessary from the static point of view for the structure to
exhibit the required terminal strength value already after 28
days. It is possible to expect that the value of loading assu-
med by the calculation will act on the lining later, after the
complete degradation of the primary lining, if ever. It is
advantageous for the mixture design if it is possible to use
a “slow” concrete formula with low hydration heat and the
terminal compressive strength is reached after 56 or even

90 days.



v osténi vznikaji. Lze je rozdélit do nékolika typu, témto
typum pfisoudit vyznam a s urlitou mirou zjednoduseni
i pri¢inu vzniku. Prvni pfi¢inou vzniku jsou objemové
zmény betonu, ke kterym patii jednak smrstovéni, jednak tep-
lotni zmény v dobé betondze vlivem hydrataéniho tepla
a v prubéhu Zivotnosti tunelu vyvolané stiidanim teplot podle
ro¢nich obdobi. Druhou pfi¢inou vzniku trhlin je statické zati-
Zeni pusobici na konstrukei.

Trhliny zplsobené objemovymi zménami betonu jsou bud
vertikdlni trhliny zpravidla na bocich tunelu, které mohou
v nékterych pripadech probihat pfes celou klenbu osténi, nebo
vSesmérné ,,pavucinové“ trhliny na celé plose konstrukce.
Priklad smrstovaci, vertikdlni trhliny ukazuje obr. 1. Trhliny
od statického zatiZen{ jsou zpravidla orientované ve sméru osy
tunelu (horizontdlni). Obvykle se tvori ve vrcholu klenby,
v zdvislosti na velikosti zatiZzeni a poméru svislého a bo¢niho
tlaku se mohou vyskytovat i na bocich tunelu. Skute¢nost je
takovd, Ze obé priiny vzniku trhlin nejde od sebe striktné
oddélit. Velikost trhliny od statického pusobeni ovliviiuje
i napjatost osténi vlivem smrstovéani betonu a naopak.

Dvoji je i pristup k posuzovéni trhlin z hlediska funkénosti
osténi. Je tfeba rozlisit predev§im smér trhliny. Vertikdlni trhli-
ny neovliviuji zdsadnim zpusobem statické pusobeni osténi.
Jejich funkci je mozné si predstavit jako rozdéleni osténi na
krat$i bloky, jejichZ statickd funkce se v pri¢ném sméru nemeéni.
Hlavni kritérium je v tomto pripad¢ estetické. Je to dohoda mezi
zhotovitelem a objednatelem o tom, jakou md predstavu
o vzhledu povrchu osténi. Naproti tomu trhliny od statického
zatiZeni mohou primo ovliviovat statickou funkci osténi. Pfi
jejich vzniku se v osténi vytvari ¢astecny kloub, dochdzi ke
zméné statického schématu konstrukce a zméné prabéhu vniti-
nich sil, zejména ohybovych momentu. Pfi prakticky nezméné-
né normdlové sile se zmenSuje tlatend oblast prurezu osténi.
V takovém pripadé je nutné konstrukci posoudit a pripustnou
Sitku i hloubku trhliny stanovit na zdkladé statického vypoctu.
Kromé posouzeni tlaené oblasti prifezu je nutné posoudit
i nebezpe¢i vzniku druhotnych trhlin, které vznikaji v osténi
kolmo na smér radidlnich trhlin a mohou zpusobit vypaddvani
takto poskozenych ¢asti. Zde vznika riziko predevsim z hlediska
bezpecénosti provozu. Tento jev je popsdn napr. v literatufe [9].

4.2 Posuzovani kvality nevyztuzeného osténi
v Ceské republice
Zatimco v Rakousku nebo Némecku je problematika posu-
zovani trhlin zndmd a obsaZend ve smérnicich a predpisech,

foto | photo courtesy of Libor Maiik
Obr. 2 Povrchové dutiny v dolni &sti osténi
Fig. 2 Surface cavities in the lower part of the lining
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4. ASSESSING THE QUALITY OF THE SURFACE
OF UNREINFORCED CONCRETE LINING AND
CONTRACTUAL CRITERIA

4.1 Causes of the formation of cracks and their influence
on the function of linings

An unreinforced concrete tunnel lining is still rather a rarity
than a generally established practice in the Czech Republic. An
often discussed issue is the number, orientation, depth and
width of cracks in a lining. We can divide the cracks into seve-
ral types, assign significance to these types and, with a certain
degree of simplification, even the cause of their origin. The
first cause of their formation lies in volumetric changes of
concrete — shrinkage, temperature changes during concrete
casting due to hydration heat and, during the tunnel life, due to
the temperature changes corresponding to the seasons. Another
cause of the formation of cracks lies in the static loads acting
on the structure.

Cracks due to volumetric changes of concrete are either ver-
tical cracks usually on the tunnel sides, which can in some
cases run across the whole lining vault, or directionless “cob-
webby” cracks in the whole area of the structure. An example
of a vertical shrinkage crack is presented in Fig. 1. Cracks due
to static loading are usually oriented in the direction of the tun-
nel axis (horizontal). They are usually created in the vault
crown; they can appear even on the tunnel sides, depending on
the loading intensity and proportion between the vertical and
lateral pressure. In reality, the two causes of the formation of
cracks cannot be strictly distinguished one from the other. The
size of a crack due to a static action is affected by the state of
stress in the lining due to concrete shrinkage and vice versa.

The approach to assessing cracks from the point of view of
the lining functionality is also double. First of all, it is neces-
sary to distinguish the crack direction. Vertical cracks do not
fundamentally influence the static action of the lining. It is
possible to imagine their function as splitting of the lining
into shorter blocks, the static function of which does not
change in the transverse direction. The main criterion in this
case is aesthetic. It is a matter of an agreement between the
contractor and the client about the client’s idea of the lining
surface appearance. On the contrary, cracks due to static loa-
ding may directly affect the static function of the lining.
When they start, an imperfect hinge develops in the lining,
the statical schema of the structure changes as well as the
distribution of inner forces, mainly bending moments. With
the normal force almost unchanged, the compression zone of
the lining section is reduced. In such a case it is necessary to
assess the structure and determine the allowable width and
depth of the crack on the basis of a structural analysis. Apart
from assessing the compression zone of the section it is
necessary to assess also the danger of secondary cracks for-
mation in the lining perpendicularly to the direction of radi-
al cracks, which may cause falling of the parts thus dama-
ged from the lining. It is dangerous first of all with respect
to the operation safety. This phenomenon is described in
Reference [9].

4.2 Assessing the quality of unreinforced concrete
linings in the Czech Republic

Whilst in Austria and Germany the problems of assessing
cracks are known and contained in directives and regulations,
no regulation defining the relationship between the client and
the contractor during the final acceptance at the end of the war-
ranty period existed in the Czech Republic until the end of
2015. In a better case, the allowable parameters of the lining
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neexistoval v Ceské republice do
konce roku 2015 predpis, ktery by
v této oblasti smluvné upravoval
vztah mezi investorem a zhotovi-
telem pri prebirdni dila na konci
jeho zdruéni doby. V lepS$im pripadé
byly pripustné parametry povrchu
osténi a trhlin definovdny v zada-
vaci dokumentaci, v hor§im pripadé
byla pravidla stanovena aZ v pru-
beéhu vystavby. V takovém pripadé
jde zhotovitel tunelu do rizika pre-
dem nedefinovaného rozsahu pri-
padnych sanacénich praci. Pfi zodpo-
védném pristupu si toto riziko v na-

~

bidce na realizaci dila oceni, ¢imz

Jfoto | photo courtesy of Viktor Petrds

Obr. 3 Uvolnénd Cdst osteni u spdry mezi bloky betondZe

dochdzi ke zbyte&nému zvySovéni Fig.3 Loosened part of the lining at the joint between concrete casting blocks

investi¢nich nékladu.

V pfipadé ZelezniCnich tuneli tento stav stdle trvd,
u silni¢nich a ddlni¢nich tuneld doslo ke zméné po vyddni
revize technickych kvalitativnich podminek (TKP) Mini-
sterstva dopravy ¢. 18 — Betonové konstrukce a mosty v lednu
2016. Text predpisu pripousti pouZiti nevyztuzeného betonu
jako konstrukéniho materidlu a obsahuje nejen kritéria pri-
pustného vzniku trhlin, ale i pozadavky na kvalitu povrchu
nevyztuzeného osténi. Na povrchu nevyztuzeného osténi jsou
pripustné dutiny (bubliny) s uzavienym povrchem max. o pru-
méru 25 mm, nebo plochy max. 5 cm? a hloubky max. 10 mm.
Priklad téchto dutin je na obr. 2. Dutiny na povrchu osténi je
nutno sanovat, pokud jeden z jejich rozméru (pramér, plocha,
hloubka) presdhne dany limit. Pro ndvrh opravy plati, Ze povr-
chova oprava betonu, napriklad brousenim, pokud je mozna, je
lep$i a trvanlivéjsi, neZ tenkd vrstva sana¢ni hmoty. Ta muze
v pfipadé odtrZzeni od podkladu zpusobit pidem na projizdéji-
ci automobil daleko vétsi $kodu, nez kterou predstavuje nedo-
konaly povrch osténi. To plati zejména pro oblast vrcholu
klenby tunelu nad komunikaci. Lom betonu na hranich pra-
covnich nebo dilatacnich spar a/nebo blizko trhlin se posuzuje
z hlediska jeho polohy v osténi. Jde-li trhlina nezndmé hloub-
ky ve vzdilenosti 200 mm nebo mensi od pracovni nebo dila-
taéni spdry nebo jiné nejblizsi trhliny, je nutné predpokladat
moznost odlomeni ¢&dsti betonu osténi. Tvori-li trhlina
a pracovni nebo dilatacni spdra a/nebo vice trhlin spojity uza-
vieny tvar, vymezujici moZznost odlomeni nebo uvolnéni ¢dsti
betonu (obr. 3), bude se $itka trhliny (véetné nekonstrukéni
trhliny) sledovat pri béZnych prohlidkdch nejméné 1x ro¢né,
pokud jeji §itka nepresdhne 0,2 mm. Pfi $ifce trhliny od 0,2 do
0,8 mm se bude sledovat pfi mimorddnych prohlidkach 1x za
3 mésice a pri §ifi nad 0,8 mm je nutno navrhnout a provést
opatfeni (napr. opravu dotéeného dseku osténi). Odsteépky
a uvolnéné ¢4sti betonu, zejména na hrandch pracovnich nebo
dilatac¢nich spdr a/nebo trhlin, jsou povazovdny za vadu brani-
ci bezpetnému provozu a musi byt opraveny pred uvedenim
do provozu.

U nevyztuzeného osténi je maximdlni hloubka konstruk¢-
nich trhlin ddna poZadavkem na minimalni tloustku tlacené
z6ny G&inného prarezu betonu a musi byt stanovena na zdkla-
dé statického vypoctu pro konkrétni pripad. Hloubka nekon-
strukénich trhlin vyztuZeného osténi neni omezena a muZe
prochazet pres celou tloustku osténi. Trhliny v osténi Zadného
z uvedenych typu nesmi prochdzet kotvami do betonu, které
slouzi napriklad pro upevnéni technologického vybaveni tune-
lu. V pripadé nevyztuzeného osténi je nutné trhliny vyplnovat
v pripadé€, kdy neni prokdzéana jejich nezdvadnost z hlediska

surface were defined in tender documents, whilst, in a worse
case, the rules were set later, in the course of the construction.
In such a case, the contractor takes the risk of an undefined
scope of potential rehabilitation work. In case of a responsible
attitude, the contractor evaluates this risk and incorporates it in
the bid for execution of the works, thus the investment cost is
unnecessarily increased.

In case of railway tunnels this situation still exists, in case of
road and motorway tunnels it changed after the issuance of
a review of Technical Specifications of the Ministry of
Transportation No. 18 — Concrete Structures and Bridges in
January 2016. The regulation allows use of unreinforced conc-
rete as a structural material and contains not only criteria for
the allowable formation of cracks, but also requirements for
the quality of the unreinforced concrete lining surface.
Cavities (bubbles) with closed surface and maximum diameter
of 25mm or maximum area of 5cm? and maximum depth of
10mm are permissible on the surface of an unreinforced conc-
rete lining. An example of these cavities is presented in Fig. 2.
Cavities in the lining surface have to be treated if one of their
dimensions (diameter, area, depth) exceeds the respective
limit. The repair of concrete surface in the repair design, for
example by grinding, if possible, is better and more durable
than a thin layer of a repair material. Such a layer may cause
a far greater damage if it breaks away from the substrate and
falls on a passing vehicle than an imperfect surface of the
lining. It applies first of all to the area at the tunnel vault crown
above the roadway. Breaking of concrete at the edges of con-
struction or expansion joints and/or in the vicinity of cracks is
assessed from the point of view of its location in the lining. If
a crack of unknown depth is located at a distance of 200mm or
smaller from a construction or expansion joint or another clo-
sest crack, it is necessary to assume that a part of the lining
concrete can break off. If the crack and the construction or
expansion joint and/or more cracks form a continuous closed
shape delimiting the possibility of breaking away or loosening
a part of concrete (see Fig. 3), the crack width (including
a non-structural crack) will be monitored during regular
inspections at least once a year, unless the width exceeds
0.2mm. At the width ranging from 0.2 to 0.8mm the crack will
be monitored during extraordinary inspections 1x in 3 months
and, at the width over 0.8mm, it is necessary to design and
implement measures (for example a repair of the particular
section of the lining). Spalls and loosened parts of concrete,
first of all those loosened from the edges of construction or
expansion joints and/or cracks, are considered to be a defect




Tab. 1 Maximdlné pripustné hodnoty trhlin nevyztuZeného osténi
Table 1 Maximum permitted values for cracks in unreinforced concrete linings
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maximalni pfipustné hodnoty sledovanych jednotka  stav pfi prevzeti stav na konci stav na konci
parametr(i poruch osténi z nevyztuzeného betonu unit criterion at final zéaruéni doby Zivotnosti
maximum permitted values of monitored parameters acceptance criterion at the end criterion at the
of defects of unreinforced concrete linings of warranty end of design life
Sitka trhlin (horizontalnich) [mm] 0,5 1 1,5
width of cracks (horizontal) [mm] 05 1 1.5
hloubka trhlin [mm] urci staticky vypocet
depth of cracks [mm] to be determined by structural analysis
- svisly posun (kolmo k ose tunelu) [mm] 1 2 3
>_§ @ vertical displacement (perpendicularly to tunnel axis) [mm] 1 2 8
[&]
% S vodorovny posun (kolmo k ose tunelu) [mm] 1 2 3
_§ © horizontal displacement (perpendicularly to tunnel axis)  [mm] 1 2 3
=)
E = pocet trhlin v sekci délky 12 m (horizontélnich) [ks] 3 4 B
£3 number of cracks (horizontal) in a 12m long section [pcs] 3 4 5
§itka trhlin (vertikalnich) [mm] 2 & 3
width of cracks (vertical) [mm] 2 3 3
]
>§ ‘§ hloubka trhlin [mm] az na plnou tloustku osténi
% S depth of cracks [mm] up to the full lining depth
©
S fg pocet trhlin na délku sekce délky 12 m
2 = (vertikélnich, které probihaji pfes celou klenbu) [ks] 2 2 2
g° number of cracks in a 12m long section
£2 (vertical, running across the whole vault) [pcs] 2 2 2

tnosnosti a pouZitelnosti konstrukce a/nebo jejich rozméry
prekracuji povolené hodnoty uvedené v tab. 1.

4.3 Priklady kritérii ze zahraniéni praxe

V Ceské republice je v soutasné dobé nevyztuzené defini-
tivni osténi pouZito na Pisdreckém tunelu v Brné, tunelu
Libouchec na ddlnici D8 spojujici Prahu a Drdzdany, na obou
troubdch Vitkovskych Zelezni¢nich tunelt v Praze a na tune-
lech Olbramovickém, Tomickém I. a Sudomérickém na &tvr-
tém Zelezni¢nim koridoru, ktery vede z Prahy smérem na
Linec. Na téchto tunelech probihaji sledovdni vzniku trhlin
bez vyraznych negativnich zkuSenosti. Dlouhodobé sledovani
vSak zatim neni k dispozici.

Relativné maléd zkuSenost s pouZitim nevyztuZeného osténi
v CR ve srovndni s alpskymi zemémi, kde jsou ekonomicky
navrhované tunely nutnosti pro zajisténi dopravni infrastruktu-
ry, zfejmé vede ke stanoveni podrobnéjsich kritérii pro posu-
zovani trhlin v osténi. Jednd se predev§im o definovani poltu
trhlin na blok betondze, ale i o podrobné definovani Casu, ke
kterému se Sitka trhliny vztahuje. Vyhodou je transparentn{
vztah mezi objednatelem a zhotovitelem pfi pripadnych rekla-
macnich fizenich. V zahrani¢nich predpisech jsou kritéria sta-
novena podstatné jednodu$§im zpusobem, nebot’ zkuSenosti
ukazuji, Ze pouziti nevyztuZeného osténi neni z hlediska pro-
vozovani tunelu, nebo dokonce zajisténi jeho stability rizikem.

Rakousky predpis [3] nepovaZzuje trhliny od objemovych
zmén, nebo mechanickych vliva do $ifky 1 mm za vady. Pfi
vetsi §ifce musi byt trhliny posouzeny z hlediska trvanlivosti
osténi, té€snosti a statického pusobeni. Tento predpis vSak prede-
v§im uvadi mozné vady vyztuzeného i nevyztuzeného osténi
véetné fotodokumentace. Predepisuje také zpusob jejich sanace.

Podle némeckého predpisu DB853 [7] je nutné injektovat
nerozvétvené radidlni trhliny $ir${ nez 2 mm, podélné trhliny
na bocich nebo ve vrcholu klenby Sir$i nez 1,5 mm a trhliny

preventing safe operation and have to be repaired before ope-
ning to traffic.

In the case of unreinforced concrete lining the maximum
depth of structural cracks is defined by the requirement for the
minimum compression zone depth of the concrete section. It
has to be determined on the basis of a structural analysis for
the particular case. The depth of non-structural cracks in
areinforced concrete lining is not limited and can run through-
out the lining thickness. Cracks in linings of all of the above-
mentioned types must not pass across anchors to concrete ser-
ving, for example, to fix tunnel equipment. In the case of the
unreinforced concrete lining it is necessary to fill cracks when
their full load-carrying capacity and usability of the structure
are not proved and/or when their dimensions exceed the per-
mitted values presented in Table 1.

4.3 Examples of criteria from foreign practice

In the Czech Republic, the unreinforced concrete lining is at
the moment found in the Pisdrky tunnel in Brno, the Libouchec
tunnel on the D8 motorway linking Prague and Dresden, both
tubes of the Vitkov railway tunnels in Prague and the
Olbramovice, Tomice I and Sudomérice tunnels on the fourth
railway corridor leading from Prague to Linz. The formation of
cracks is being monitored in these tunnels without significant-
ly negative experience. However, long-term monitoring is not
available yet.

The relative lack of experience with the use of unreinfor-
ced concrete linings in the Czech Republic in comparison
with the Alpine countries, where economically designed tun-
nels are necessary for securing the transport infrastructure,
probably leads to the determination of more detailed criteria
for assessing the cracks in linings. Above all, it is defining the
number of cracks per concrete casting block, but also detailed
defining the time to which the crack width is related. An
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pulmésicového tvaru v blizkosti pracovnich spar a kotevnich
prvku $ir§i neZ 0,5 mm. V porovndni s timto predpisem se kri-
térium pripustné §itky trhliny 0,5 mm uvedené v predpise [1]
pro konstrukéni, horizontdlni trhliny v dobé prevzeti dila
objednatelem jevi jako velmi prisné. Muze byt limitujici
v rozhodovéni o vyztuZeni, ¢i nevyztuZeni tunelu a tim nega-
tivné ovlivnit cenu dila. Vhodnéjsi by bylo nastavit kritérium
stejné, jako na konci zaru¢ni doby, nebo stejné, jako v pripadé
posuzovani hloubky trhliny, pozadovat statické posouzeni.
Divodem je moZny vznik druhotnych trhlin, ktery uvadi lite-
ratura [8]. Dal$im duvodem je skutecnost, Ze pokud ke vzniku
trhliny nedojde bezprostfedné po odbednéni, je zpravidla zpu-
sobena zatiZenim konstrukce horninovym tlakem.

5. OPATRENI PRO OMEZENi POVRCHOVYCH VAD
A VZNIKU TRHLIN NEVYZTUZENYCH OSTENI
V ptipadé vyztuzeného osténi lze §itku i hloubku trhliny do
jisté miry fidit vhodnym ndvrhem vyztuze. V piipadé nevyztu-
7eného osténi nelze u hospoddrné navrzenych prufezu vzniku
trhlin zabranit. Z hlediska statické funkce i pouzitelnosti kon-
strukce to neni ani potfebné, pokud parametry trhliny neprekro-
¢i staticky nebo smluvné definované meze. Vznik trhlin 1ze v§ak
pri betondzi osténi omezit vhodné navrzenou recepturou smesi,
dodrzovanim konstrukénich zasad, technologickym postupem
betonaze i vhodnym oSetfovanim osténi po odbednéni.
Opatieni pro omezeni vzniku trhlin v poradi bez véhy dule-
Zitosti:
1. zachovani co moznd nejplynulejsiho tvaru lice primdrni-
ho osténi bez zazubenf;
2. pouZziti mezilehlé izolace nebo separacni folie mezi pri-
marnim a definitivnim osténim;
3. zkréceni vzdalenosti mezi betondZi patek/spodni klenby
a horni klenby osténi na technologicky moZzné minimum
(optimalné 2 aZ 3 dny, prijatelné do 7 dni);
4. pouZiti betonové smési s nizkym hydrataénim teplem;
5. pouZiti betonové smési s pomalym ndbéhem pevnosti
v pocate¢nim obdobi po betonaZi;
6. odbednovani bloku osténi pfi nizké pevnosti betonu (1,5 MPa
a7 max. 3 MPa) s dobou odbednéni cca 12 hod;
7. oSetfovani betonu po odbednéni se zamérenim na omeze-
ni vysychdni a zmirnéni tepelného Soku (,,klima‘* vozy);
8. pouziti bedniciho vozu s pldstém s dobrou tepelnou vodi-
vosti (ocel);

foto | photo courtesy of Libor Maiik
Obr. 4 Trhlina tvaru pilmésice ve vrcholu klenby
Fig. 4 Crescent crack at the vault crown
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advantage is a transparent relationship between the client and
the contractor in potential claim enforcing procedures. In
foreign regulations the criteria are set in a substantially sim-
pler way because of the fact that experience shows that use of
an unreinforced concrete lining is not a risk from the point of
view of the tunnel operation or even securing its stability.

The Austrian regulation [3] does not consider cracks due to
volumetric changes or mechanical effects up to the width of
Imm to be defects. When the width is greater, the cracks have
to be assessed in terms of durability of the lining, tightness and
static function. First of all, this regulation defines possible
defects of reinforced concrete and unreinforced concrete lining
including photodocumentation. It, in addition, prescribes the
way of their treatment.

According to a German regulation DB853 [7] it is necessary
to treat unbranched radial cracks wider than 2mm, longitudinal
cracks in the sidewalls or in the vault crown wider than 1.5mm
and crescent cracks in the vicinity of construction joints and
anchoring elements wider than 0.5mm by injecting grout into
them. In comparison with this regulation the criterion for the
permissible width of crack of 0.5mm contained in the regulati-
on [1] for horizontal structural cracks at the moment of the
final acceptance by the client appears to be very strict. It may
be limiting when the decision about use of reinforced or unre-
inforced concrete is being made, thus negatively affecting the
cost of the works. It would be more appropriate to set the same
criterion as that for the end of the warranty period or, as in the
case of assessing the crack depth, to require a static assess-
ment. The reason is the possibility of formation of secondary
cracks, which is described in Reference [8]. Another reason is
the fact that when a crack does not start immediately after
stripping, it is usually caused by the action of ground pressure
on the structure.

5. MEASURES RESTRICTING SURFACE DEFECTS
AND FORMATION OF CRACKS IN UNREINFORCED
CONCRETE LINING

In the case of a reinforced concrete lining it is possible to
a certain degree to control the width and depth of a crack by
a suitable design of reinforcement. In the case of unreinforced
concrete lining it is impossible to prevent from the formation
of cracks in economically designed cross-sections. From the
aspect of the static function and usability of the structure it is
even unnecessary, unless the crack parameters exceed the sta-
tically or contractually defined limits. Nevertheless, the for-
mation of cracks can be limited during the concrete casting
process by designing a suitable formula, adhering to construc-
tion principles, a suitable concrete casting procedure and
curing of the concrete lining after stripping.

Measures designed to limit the formation of cracks in an
order without considering the weight of importance:

1. maintaining the geometry of the primary lining surface
smooth and unbroken as much as possible (without toot-
hing, edges);

2. using intermediate waterproofing or a separation mem-
brane between the primary and final linings;

3. reducing the time lag between the casting of concrete for
footings/invert and the lining upper vault to a techno-
logically possible minimum (best between 2 and 3 days,
acceptable up to 7 days);

4. using concrete mixture with low hydration heat;

5. using concrete mixture with slow gain of strength in the

initial period after casting the concrete;




9. nizka pocatecni teplota betonové smeési od 13 °C do 18 °C,

za fizenych podminek je pfipustnych max. 25 °C;

10. doporucend délka bloku betondze do 12,5 m.

5.1 Pfipustné odchylky od teoretické tloustky osténi

Nevyztuzené osténi se zpravidla pouzivd v dsecich tunelu
situovanych v horninovém masivu, ktery umoZnuje razbu
s del§im zdbérem, pripadné pouziti primarniho osténi bez
vyztuznych rdmu. Tim dochézi k technologicky podminénym
nadvyrubim a vét§im odchylkdm od projektovaného tvaru
vyrubu. Vyplin nadvyrubu se v rdmci piipustnych toleranci
provadi monolitickym betonem definitivniho osténi. Pfi pouzi-
ti nevyztuZeného osténi je treba se vyvarovat prili§ rychlé
zmény jeho tloustky a zazubeni primarniho a definitivniho
osténi, které by mohlo do ostén{ vnaset nezddouci slozky tan-
gencidlniho napéti. V pripadé pouziti mezilehlé izolace vétsi-
nou podminky pro jeji pokladku soucasné splnuji i pozadavky
na rovinatost povrchu lice primarniho osténi. Druhym omezu-
jicim kritériem, které zajiStuje plynulou zménu tloustky defi-
nitivniho osténi, je jeho pripustnd odchylka od projektované
tlouStky. Ta je napriklad podle rakouské smérnice pro defini-
tivni osténi 100 % teoretické tloustky. Vzhledem k tomu, Ze
teoretickd tloustka nevyztuzeného osténi se zpravidla pohybu-
je od 200 mm do 300 mm, je maximdlni redlnd tloustka defi-
nitivniho osténi do 600 mm. VSechny nerovnosti, které nespl-
nuji tato dvé kritéria, jsou pred betondzi definitivniho osténi,
resp. instalaci hydroizolaéni félie vyplnény strikanym beto-
nem. Tim je zaruceno, Ze se skutecnd tloustka definitivniho
osténi nebude ménit skokové a proménné zatizeni hydrataénim
teplem ve fazi betondze a kratce po odbednéni nebude pri¢inou
nadmérného vzniku trhlin.

5.2 Opatieni pfi bednéni

Z hlediska bezpecnosti provozu je duleZité zachovat celist-
vost konstrukce v oblasti spar mezi bloky betondze. Ty jsou
provadény bud jako pracovni s betondZ{ na sraz, nebo jako
dilata¢ni, s vloZzenim pruzné vlozky. I v tomto pripadé hraje
vyznamnou roli rovinatost povrchu Cela bloku betonaZe, ktery
by mél byt idedlné hladky. Obecné plati, Ze veskeré konstruk-
¢ni spary mezi bloky musi byt pred betondzi nasledného bloku
dokonale vycistény.

Castou vadou nevyztuzeného osténi byvé vytvoreni trhliny
tvaru ploché paraboly ve vrcholu klenby (obr. 4). Jeji pfi¢inou
je neSetrnd manipulace s bednicim vozem, kdy se ¢dst plasté
bednéni opfe o Cerstvé odbednény blok betonovany v pred-
chozim kroku. V kombinaci s nevyplnénym vrcholem klenby
vede tento postup k poruSeni vrchliku klenby. Opatfenim k za-
mezeni tohoto jevu je peclivd manipulace s bednicim vozem
a instalace mékkého pdsu na styény plech na konci bedniciho
vozu, aby se omezilo jeho lokdlni zatiZeni.

Pro dosazeni pozadovaného vzhledu povrchu osténi je nutno
vénovat pozornost pripravé povrchu bednéni. Samotnd kon-
strukce bednéni musi byt navrZzena tak, aby byla dostate¢né
tuhd a vodotésnd. Veskeré prilozné vibratory na formé musi
byt uchyceny tak, aby se vibrace prendsela predevs§im do beto-
nované oblasti. Je Zddouci, aby veskeré spary plasté byly kva-
litné zpracovany. Nejvhodnéjsi povrchova tprava plasté formy
je ocelova. Pred samotnou betonazi musi byt forma vycisténa
a oSetfena vhodnym separaénim ndstfikem, ktery zajisti, Ze
vnéjsi povrch betonu neprilne k bednéni a dojde tak k hlad-
kému odbednéni. Separaéni ndstfik musi byt nanesen po celé
plose rovnomérné v tenkych vrstvach a musi byt zvolen tak,
aby nedoslo k fyzickému nebo chemickému poskozeni povr-
chu betonu. Vyznamnou roli hraje kompatibilita separa¢niho
néstfiku s nasledné provadénymi oSetfovacimi ndstriky, pri-
padné barevnymi a ochrannymi nétéry provddénymi na jiz
hotové sekundarni osténi.
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6. stripping the lining block when the concrete strength is
low (1.5MPa to maximum 3MPa), with the stripping time
of ca 12 hours;

7. curing of concrete after stripping with focus on restric-
ting drying and moderating the thermal shock (tempera-
ture conditioned travelling scaffolding);

8. the use of tunnel form travellers with good thermal con-
ductivity skin (steel);

9. low initial temperature of concrete mixture ranging from
13°C to 18°C, under controlled conditions max 25°C can
be acceptable;

10. recommended length of a concrete casting block up to

12.5m.

5.1 Permissible deviations from the theoretical
thickness of lining

An unreinforced concrete lining is usually used in tunnel
sections located in ground mass allowing excavation with
longer advance rounds or the application of a primary lining
without support frames. As a result, technologically condi-
tioned overbreaks and larger deviations from the designed
excavation geometry occur. The overbreaks within allowab-
le tolerances are backfilled with cast-in-place concrete of
the final lining. When unreinforced concrete is used, it is
necessary to avoid too rapid changing of the thickness and
creating toothing in the primary and final linings, which
could introduce undesirable components of the tangential
stress into the lining. When intermediate waterproofing is
used, the conditions for its installation mostly meet also the
requirements for smoothness of the inner surface of the pri-
mary lining. Another limiting criterion securing fluent chan-
ging of the final lining thickness is the permissible deviati-
on from the design thickness. It is, for example, according
to the Austrian directive on the final lining, 100% of the
theoretical thickness. With respect to the fact that the theo-
retical thickness of an unreinforced concrete lining usually
ranges from 200mm to 300mm, the maximum real thickness
of the final lining is up to 600mm. All irregularities failing
to meet the two criteria are filled with shotcrete prior to
installation of the waterproofing membrane and casting of
the final lining concrete. This way it is guaranteed that the
real thickness of the final lining will not vary sharply and
the variable loading by hydration heat in the concrete cas-
ting phase and shortly after stripping will not be a cause of
excessive formation of cracks.

5.2 Measures on formwork

From the point of view of operation safety it is important to
maintain integrity of the structure in the area of joints between
concrete casting blocks. They are carried out either as butt con-
struction joints or as expansion joints containing an elastic
strip. An important role is played also in this case by the flat-
ness of the surface of the concrete casting block front end,
which should be ideally smooth. In general, all construction
joints between the blocks must be perfectly cleaned up.

The creation of a crack having the shape of a flat parabola in
the vault crown (see Fig. 4) is a frequent defect. It is caused by
rough handling of the tunnel form traveller, where a part of the
skin leans against the freshly stripped block cast in the previ-
ous step. In combination with the unfilled top of the vault, this
procedure leads to damaging the top of the vault. A measure
for preventing this phenomenon is careful handling of the tun-
nel form traveller and installation of a soft strip on the contact
steel sheet at the end of the form traveller to reduce the local
load acting on the traveller.
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5.3 Opatieni pii dopravé betonové smési a betonovani

Celkovou kvalitu osténi ovliviiuje vyroba, preprava a uklad-
ka betonu do bednéni. Pokud je to mozné, méla by byt teplota
&erstvého betonu v rozmezi mezi 13 °C a 18 °C. Cerstvy beton
pro betonéz horni klenby o teploté mensi nez 10 °C a vétsi neZ
25 °C se nepovazuje za vhodny do nevyztuZenych osténi. Je
tfeba proto pruzné reagovat na sezénni vykyvy teplot a vlh-
kostnich podminek. Béhem prepravy Cerstvé betonové smési
musi byt zajiSt€éna ochrana pred vnéjSimi klimatickymi vlivy.
Je treba také zvolit vhodnou dobu zpracovatelnosti betonu
s ohledem na vzddlenost betondrny od stavby a uklddku beto-
nu provadét na stavbé véas. Obecné platné pravidlo pfi uklad-
ce smési do formy je, Ze rychlost betondze by méla byt maxi-
malné 2 m/h a horizontdlni vzddlenost mezi otvory pro beto-
naz by neméla byt vétsi neZ 3 m. Je treba dbdt také na konti-
nudlni prisun smési na stavbu tak, aby nedoslo k vytvoreni
nechténych pracovnich spar.

5.4 Opati'eni z hlediska technologického postupu
a odbednéni

Pomoci vhodného technologického postupu betondze lze
omezit vznik jak svislych, tak vodorovnych trhlin. Svislé smrs-
tovaci trhliny vedouci od zédkladl pfiblizné do stfedu horni
klenby lze nejlépe omezit kratkym rozestupem mezi betondzi
patek a horni klenby. Toho lze docilit vhodné zvolenym postu-
pem praci ve vyrobnim proudu definitivniho osténi. Obecné
doporuceni spocivd v omezeni ¢asového rozestupu betondZe
zdkladu od betondze klenby do 48 hodin. Tim je dosaZeno pfi-
blizné stejného smrstovani v obou c&astech konstrukce. Vo-
dorovné trhliny, které se kratce po odbednéni vétSinou objevu-
ji na ¢dsti nebo celé délce betonovaného bloku, nejsou zpuso-
beny horninovym tlakem. Definitivni osténi se betonuje do
primarntho osténi{ zpravidla za podminky odeznéni jeho defor-
maci, resp. za predem definovaného velmi nizkého ndrastu
deformace v Case. Nejvyznamnéjsi pri¢inou vzniku téchto vo-
dorovnych trhlin je pozdni odbednovéni, kdy je pevnost beto-
nu jiz prili§ vysokd. Podle rakouské smérnice [2] se doporucu-
je odbednovat tunelovd osténi z nevyztuZeného betonu pri
dosaZeni pevnosti betonu v tlaku 1,5 aZ maximdlné 3 MPa, a to
v Case cca 12 hodin po betondZi. Hodnoty odbednovaci pev-
nosti veétsi neZ 3 MPa jsou jiZ ve smérnici oznacovany jako
pripad se zvySenym rizikem vzniku trhlin. Odbednénim kon-
strukce pri nizké pevnosti v tlaku je zaruceno, Ze ,,mlady*
beton odbednovaného bloku vyvodi vlastni vahou v ostén{

Jfoto | photo courtesy of Vlmtr Prajzler
Obr. 5 Ocelovd konstrukce oSetiovaciho ,,klima* vozu
Fig. 5 Steel structure of the temperature conditioned travelling scaffold

For achieving the required appearance of the lining surface
it is necessary to pay attention to preparation of the formwork
surface. The formwork structure must be designed to be suffi-
ciently stiff and watertight. All external vibrators installed on
the formwork must be fixed in a way ensuring that the vibrati-
on is transmitted first of all to the concrete casting area. It is
desirable that the quality of processing all joints in the form-
work skin is high. The most suitable surface material for the
formwork skin is steel. Prior to the casting of concrete, the
formwork must be cleaned up and treated with a suitable sepa-
ration spray, which ensures that the external surface of concre-
te does not adhere to the form and smooth stripping is possib-
le. A separation spray must be applied uniformly in thin layers
on the whole surface and must be chosen with respect to the
necessity of preventing physical or chemical damage to the
concrete surface. An important role is played by the compati-
bility of the separation spray with subsequently applied curing
sprays or coloured and protective coats applied to the already
finished secondary lining.

5.3 Measures regarding transport of concrete mixture
and casting concrete

The overall quality of the lining is influenced by the produc-
tion, transport and placement of concrete behind formwork. If
possible, the temperature of fresh concrete should range from
13°C to 18°C. Fresh concrete for casting the upper vault with
the temperature lower than +10°C and higher than +25°C is
not considered to be suitable for unreinforced concrete linings.
It is therefore necessary to respond flexibly to seasonal fluctu-
ations of temperatures and humidity conditions. Protection
against external climatic effects must be ensured during the
transport of a fresh concrete mixture. In addition, it is neces-
sary to choose suitable concrete workability time taking into
consideration the distance of the batching plant from the con-
struction site and to place concrete on site in time. A rule gene-
rally applicable to pouring concrete mixture behind formwork
is that the maximum concrete casting rate should be 2m/h and
the horizontal spacing of concrete casting gates should not be
greater than 3m. It is necessary to take care of continual supp-
ly of concrete mixture to the construction site so that undesi-
red construction joints are not formed.

5.4 Measures regarding technological procedure and
stripping

The formation of both vertical and horizontal cracks can be
limited by a suitable technological procedure of casting the
concrete. Vertical shrinkage cracks running from the founda-
tion approximately up to the centre of the upper vault can be
best limited by a short time lag between casting of the conc-
rete footings and the upper vault. This can be achieved by
a suitably selected procedure of the work in the streamlined
system of the construction of the final lining. A general
recommendation is reducing the time lag between casting the
concrete footings and casting the tunnel vault so that it does
not exceed 48 hours. This way, an approximately identical
shrinkage is achieved in both parts of the structure. The hori-
zontal cracks which mostly appear on a part or the whole
length of the concrete block shortly after stripping are not
caused by ground pressure. The final lining concrete is atta-
ched to the primary lining usually under the condition of sta-
bilisation of deformations and when a predefined very low
rate of the deformation increase is achieved. The most impor-
tant cause of the origination of the horizontal cracks is delay-
ed stripping, when the concrete strength is already too high.
According to the Austrian directive [2] it is recommended that
unreinforced concrete tunnel linings are stripped when the
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Obr. 6 Nafukovaci manZety a tepelné izolacni pldst’, klima“ vozu
Fig. 6 Inflatable rims and thermally insulating cover of the temperature
conditioned travelling scaffold

dostate¢né velkd tlakovd napéti, kterd prispéji ke v€asnému
uzavfeni vznikajicich trhlin.
5.5 Opatieni pfi oSetfovani po odbednéni

Kazdou betonovou konstrukci je potfeba s ohledem na
vyslednou kvalitu povrchu po odbednéni ndlezité¢ oSetfovat
a pri samotné betondZi zajistit potfebné klimatické podminky.
V tunelu by se méla pri betondZi omezit rychlost proudéni
vzduchu na maximdln€ 1 m/s a vlhkost vzduchu by neméla
klesnout pod 90 %. Vznik trhlin lze vyznamné omezit elimi-
naci teplotniho Soku po odbednéni.

Kromé standardnich opatieni, jako je uzavien{ portélu, sni-
Zeni rychlosti proudéni vzduchu nebo ndstfiku pfipravku proti
vysychani se dspés$né pouzivaji ,.klima“ vozy. Jednd se o dalsi
vuz v celkovém vyrobnim proudu definitivniho osténi, ktery je
nasazen tésn¢ za bednicim vozem. Jeho délka se pohybuje od
dvou do tri délek bloku betondZe, takZe pfi modelovém prikla-
du s betondzi 5 bloku za 7 dnu pfipadd na jeden cyklus cca 34
hodin a kazdy blok je po odbednéni chranén 68 az 102 hodin.
Za tuto dobu odezni vyznamnd ¢4st hydratac¢niho tepla a riziko
vzniku trhlin od prudkého ochlazeni se tfm minimalizuje.

Konstrukce ,,klima* vozu se 1i§{ v zdvislosti na moZnostech
oSetfovani. Ty nejjednodussi se skladaji pouze z ocelové kon-
strukce potazené tepelné izolacni f6lif, kterd udrZuje prirozené
teplo a vlhkost v mezefe mezi Cerstvé odbednénym betonem
a konstrukci ,.klima“ vozu.

Piikladem je vuz pro oSetfovdni betonu (oSetfovaci viz) na
obr. 5 pred portalem ddlni¢niho tunelu Povazsky Chlmec na
délnici D3 u Ziliny na Slovensku. Jedna se o lehkou ocelovou
konstrukci potazenou tepelné izolaéni f6lii. Na obr. 6 je vidét
nafukovaci manzety, které slouzi k utésnéni prostoru mezi
licem osténi a plastém vozu. Délka oSetfovaciho vozu je 25 m,
coz odpovidd délce dvou bloku betondze.

Slozitéjsi ,,klima“ vozy maji do systému privedenou vodu
a vzduch a pomoci rozpraSovacich trysek vytvareji studenou
mlhu, ¢imZ je zajiSténa dostate¢na vlhkost povrchu betonu.
Nejslozitéjsi ,.klima“ vozy jsou plné fizené a Ize na nich regu-
lovat vlhkost i teplotu v mezefe mezi ,.klima*“ vozem a povr-
chem betonu, pripadné aktivné betonovou konstrukci proparo-
vat. Konstrukce ,,klima“ vozu je u téchto typa vétSinou navic
izolovand naptiklad polystyrenovou vrstvou. Veskeré paramet-
ry oSetfovani je mozné nastavit a regulovat podle potreby
v zdvislosti na ménicich se vnéjSich podminkdach. Vzdy by
vSak mélo platit, Ze maximdlni teplota u povrchu zrajici beto-
nové konstrukce by neméla presahovat 45 °C.
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concrete compression strength reaches 1.5 to 3MPa as
a maximum, during ca 12 hours after casting the concrete.
Strength values at stripping higher than 3MPa are indicated in
the directive as a case with increased risk of the formation of
cracks. It is guaranteed by stripping the structure in the
moment when the compressive strength is still low that the
"young" concrete of the block being stripped will induce suf-
ficiently high compressive stresses in the lining through its
own weight, which will contribute to timely closing of origi-
nating cracks.

5.5 Measures regarding curing after stripping

It is necessary to duly cure each concrete structure after
stripping and secure the required climatic conditions during
the concrete casting work with respect to the resultant quality
of the surface. The airflow velocity in the tunnel should be
reduced to Im/s as a maximum and the humidity of air should
not drop under 90%. The formation of cracks can be signifi-
cantly limited by eliminating the thermal shock after stripping
the formwork.

Temperature conditioned travelling scaffolds are successful-
ly used apart from the standard measures, such as closing the
portals, reducing airflow velocity or applying spray against
drying. It is another traveller in the overall final lining produc-
tion flow. It is deployed just behind the travelling form. Its
length ranges from two up to three lengths of the concrete cas-
ting block, which means that in a model example with casting
5 blocks in 7 days ca 34 hours are allotted to one cycle and
each block is protected after stripping for 68 up to 102 hours.
During this time a significant part of hydration heat fades
away, thus the risk of the cracks formation due to rapid cooling
is minimised.

The structure of the temperature conditioned travelling scaf-
fold differs depending on the possibility of curing. The sim-
plest scaffolds consist only of a steel structure covered with
a thermally insulating membrane, which maintains natural
temperature and humidity in the gap between the just stripped
concrete and the scaffold structure.

The concrete curing travelling scaffold standing in front of
the Povazsky Chlmec motorway tunnel on the D3 motorway
near Zilina, Slovakia (see Fig. 5) is presented as an example. It
is a light-weight steel structure covered with a thermally insu-
lating membrane. Inflatable rims serving to seal the space bet-
ween the inner surface of the lining and the cover of the tra-
veller are presented in Fig. 6. The length of the curing scaffold
is 25m, which corresponds to the length of two concrete cas-
ting blocks.

More complex temperature conditioned travelling scaffolds
have water and air brought to the system and create a cold
mist by means of spraying jets. In this way sufficient moistu-
re of the concrete surface is secured. The most complex tem-
perature conditioned travelling scaffolds are fully controlled
and they allow regulating the humidity and temperature in the
gap between the temperature conditioned travelling scaffold
and the concrete surface or, as the case may be, to actively
cure the concrete structure with steam. The temperature con-
ditioned travelling scaffold structure is in the case of these
scaffold types in addition insulated, for example by
a polystyrene layer. All parameters of curing can be set and
regulated as needed, depending on the changing external con-
ditions. Nevertheless, in any case the maximum temperature
at the surface of the curing concrete structure should not
exceed 45°C.
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6. ZAVER

NevyztuZzeny beton md jako materidl definitivniho osténi
konven¢né raZenych tuneld své nezastupitelné misto. Ve vhod-
nych geotechnickych podminkdch predstavuje cestu ke snizo-
van{ investi¢nich ndklada prfi dodrZeni poZzadované kvality.
Jako bonus lze navic povaZovat minimalizaci rizika poSkozeni
mezilehlé izolace, které montdz vyztuze beze sporu predstavu-
je, a iplné vylouceni problému s karbonataci betonu. Zatimco
vznik trhlin a povrchovych nerovnosti nehraje z hlediska udrz-
by a statické funkce vyznamnou roli, je nutno vénovat zvyse-
nou pozornost vyplni vrchliku klenby a pfipadné tvorbé trhlin
v blizkosti pracovnich nebo dilata¢nich spar mezi bloky beto-
naze, které by mohly byt pri¢inou ohroZeni bezpecnosti pro-
vozu.

Stejné jako v pocdtcich NRTM bylo nutné zacit myslet
»jinak®, vyrovnat se s predstavou samonosnosti horninového
masivu a horninu zacit vnimat jako stavebni materidl, tak je
u nevyztuzeného betonu nutné respektovat jeho vlastnosti,
a to predevSim nizkou pevnost v tahu a s tim souvisejici
vznik trhlin. Odli$ny pfistup v mySleni je nutné uplatnit na
vSech stupnich od ndvrhu osténi pres jeho provadéni az po
prejimku dila objednatelem. Projektant musi pfi ndvrhu
zohlednit nelinedrni chovani konstrukce jako celku a po-
soudit existenci trhlin z hlediska funkce osténi, zhotovitel
musi pfizpusobit ndvrh smési betonu, technologicky postup
provddéni i oSetfovdni, investor musi definovat redlné
mozné pozadavky na kvalitu. Jediné€ synergii vSech téchto
slozek muze dojit k ekonomickému ndvrhu konstrukce
a potvrzeni principu NRTM jako observa¢ni metody, ktera
dokaze reagovat na skute¢né zastizené podminky nejen
v oblasti zaji§téni stability vyrubu, ale i v oblasti dimenzo-
vani definitivniho osténi.
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6. CONCLUSION

Unreinforced concrete has its irreplaceable position as
a material for final linings of conventionally driven tunnels. In
suitable geotechnical conditions it represents a way to reduce
investment costs with the required quality maintained. In additi-
on, minimisation of the risk of damaging the intermediate
waterproofing layer, which the placing of reinforcement
undoubtedly is, and the complete exclusion of problems with
concrete carbonation, can be considered as a bonus. Whilst the
formation of cracks and surface irregularities plays no important
role in terms of maintenance and the static function, it is neces-
sary to pay special attention to filling of the top of the vault and
possibly to creation of cracks in the vicinity of construction or
expansion joints between concrete casting blocks, which could
pose a threat to the operation safety.

As in the beginnings of using the NATM when it was neces-
sary to start thinking "outside the box" and to cope with the idea
of the self-supporting capacity of rock mass and begin to perce-
ive ground as a building material, it is necessary to respect pro-
perties of unreinforced concrete, first of all, the low tensile
strength and the formation of cracks associated with it.
A different approach in thinking must be applied in all stages,
from the lining design through the construction up to the takeo-
ver by the client. The designer must take into account the non-
linear behaviour of the structure as a whole and assess the exi-
stence of cracks in terms of the lining function; the contractor
must adapt the concrete mixture design, the technological pro-
cedure for building and curing; the client must define realisti-
cally possible quality requirements. Only through synergy of all
of the above-mentioned components an economic design of the
structure can be reached and the NATM principle can be confir-
med as an observational method capable of responding to the
actually encountered conditions not only in the field of securing
the excavation stability, but also in the solution of final lining.
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