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VOTICKY ZELEZNICNI TUNEL - TECHNICKE RESENI
A ZKUSENOSTI Z VYSTAVBY
VOTICE RAIL TUNNEL - TECHNICAL SOLUTION AND EXPERIENCE
FROM CONSTRUCTION

LIBOR MARIK

Hloubeny dvoukolejny tunel Voticky md v rdmci Ceské
republiky hned nékolik primatd. S délkou 590 m je nejdelsim
hloubenym Zelezni¢nim tunelem, jehoZ osténi tvori beton odol-
ny proti prusakiim. Origindln{ je i konstrukce osténi tunelu roz-
pirand ve spodni &dsti o boky stavebn{ jamy nebo zpusob vyz-
tuzovdni osténi. Stavbu tunelu provizely od samého pocatku
geotechnické problémy, které si vyZzddaly zménu zpusobu zajis-
téni stavebni jamy. K odtéZovani stavebni jamy byla kromé
trhacich praci pouzita i skalni fréza. Piispévek popisuje tskali,
se kterymi se musi projektant, zhotovitel i investor potykat pri
zméné geotechnickych poméru a s tim souvisejiciho postupu
vystavby.

GEOTECHNICKE PODMINKY — PREDPOKLADY
A SKUTECNOST

Kli¢ovym faktorem, ktery zdsadné ovliviiuje vystavbu tunelu
i volbu konstrukéniho feseni, jsou geotechnické poméry v dané
lokalité. Nejinak tomu bylo pfi zpracovdni projektové doku-
mentace a ndsledné realizaci stavby. Tunely na tratovém udseku
Votice — BenesSov u Prahy prochdzeji geomorfologickou sousta-
vou oznatovanou jako Jihofeskd vyso¢ina. Uzemi se nachazi
pri jihovychodnim okraji stfedofeského plutonu v blizkosti
vybéZku moldanubika a je tvofeno zejména paleozoickymi, hlu-
binnymi a Zilnymi vyvrelinami. Horniny jsou charakteristické
svou znacnou petrografickou pestrosti. Pfevazujicimi hornino-
vymi typy jsou drobnozrnné Zilné granity a aplity. V ¢dasti izemi
porfyrické, stfedné zrnité, amfibol-biotitické zuly typu Certova
bremene a porfyrické, stfedné zrnité biotitické Zuly s amfi-
bolitem sedl¢anského typu. Lokdlné se v trase tunelu vyskytuji
kontaktni metamorfity zastoupené cordieritickymi rulami
a migmatity rizného stupné zvétrani. Avizované geotechnické
podminky v misté Votického tunelu byly v porovnani s tunely
Olbramovicky, nebo Tomicky I. a II. na stejném tratovém dseku
velmi priznivé. Kromé z6ny hlubsiho dosahu zvétrani uprostied
tunelu a v oblasti vyjezdového portdlu meél tunel prochizet
navétralymi granity s ortogondlnim systémem subvertikdlnich,
resp. subhorizontdlnich puklin. RaZeny tunel nebyl v tomto
dseku navrZzen pouze z duvodu nizkého nadlozi, které se pohy-
buje od 0 do max. 9 m a nedovolovalo by tak dosdhnout poza-
dované bezpecnosti pro razbu. V oblasti vyjezdového portdlu je
tunel oproti puvodni drovni terénu dokonce mirné presypdn.
Geotechnicky pruzkum byl provddén pomoci jaddrovych vrtu
doplnénych geofyzikdlnim pruzkumem. ProtoZe se zvolenymi
metodami pruzkumu jen obtizné stanovuje sklon a orientace
puklin, bylo predpoklddéno typické rozpukani charakteristické
pro dany typ horniny.

Po zahdjeni praci na hloubeni stavebni jaimy se vSak ukdzalo,
Ze se v neékterych ddajich skute¢né zastizené geotechnické pod-
minky odchyluji od prognézy uvedené v projektu stavby a zada-
vaci dokumentaci. Horniny jsou nepravidelné a v§esmérné roz-
pukané. Smér a sklon jednotlivych diskontinuit se v masivu

The Votice cut-and-cover tunnel is a holder of several records
in the Czech Republic. With its length of 590 m it is the longest
cut-and-cover railway tunnel with a seepage resistant concrete
lining. Even its structure is original through the bracing at the
bottom against sides of the construction trench and the method
of reinforcing the lining. The construction was attended by geo-
technical problems from the very beginning. They required
a change in the technique of stabilising the construction trench.
The construction trench was dug using blasting, supplemented
by a rock roadheader. The paper describes the difficulties
a designer, contractor and project owner have to deal with when
geotechnical conditions and the associated construction proce-
dure change.

GEOTECHNICAL CONDITIONS — ASSUMPTIONS
AND REALITY

Geotechnical conditions in the particular location are the key
factor which fundamentally affects a tunnel construction and
the selection of the structural solution. The same applied to the
work on the design and subsequent implementation of this con-
struction. Tunnels within the rail track section between Votice
and BeneSov u Prahy pass through a geomorphological system
referred to as the South Bohemian Highlands. The area is found
at the south-eastern edge of the Central Bohemian pluton, near
a spur of the Molanubic. It is formed first of all by Palaeozoic
igneous intrusions and dike rocks. The rocks are characterised
by significant petrographical variety. Prevailing rock types
comprise fine-grained dike granites and aplites. In a part of the
area there are porphyritic, medium-grained, amphibole-biotite
granites of the Certovo Bfemeno type and porphyritic, medi-
um-grained biotite granites with amphibolite of the Sedl¢any
type. Contact metamorphites represented by cordierite gneiss
and migmatites in various degrees of weathering are locally
encountered along the tunnel route. The geotechnical conditi-
ons predicted for the location of the Votice tunnel were very
favourable in comparison with the Olbramovice or Tomice
I and Tomice II tunnels driven within the same track section.
Apart from a zone of deeper weathering in the middle of the
tunnel and in the area of the exit portal, the tunnel was expec-
ted to pass through slightly weathered granites with an ortho-
gonal system of sub-vertical and sub-horizontal cracks.
A mined tunnel was not designed for this section because of the
shallow overburden, the height of which varies between 0 and
the maximum of 9 m, not allowing the safety prescribed for dri-
ving tunnels to be achieved. In the area of the exit portal the
tunnel backfill even slightly rises over the original terrain sur-
face. Geotechnical survey was conducted by means of cored
holes, supplemented by geophysical investigation. Because the
dip and direction of cracks is difficult to determine using the
selected methods, the typical cracking characteristic for the

particular type of rock was adopted as a design assumption.




Obr. 1 Zahdjeni téZeni jamy (01/2010)
Fig. 1 Commencement of pit excavation (01/2010)

pomérné vyrazné méni, coZ je zfejmé zpusobeno horninotvor-
nymi procesy souvisejicimi s intruzi plutonu podél komplexu
moldanubika. Hornina je v prostoru hloubené jamy postiZena
riznym stupném zvétrani od zcela zvétralé horniny charakteru
stmeleného pisku (obr. 1) az po vysoce pevnou témér zdravou
horninu. Kvalitni pevnd hornina vystupuje v trase tunelu ve
dvou elevacich v dsecich ohrani¢enych tunelovymi metry TM 0
az 150 a TM 300 az 450. V ostatnich castech trasy zasahuje
zvétrdni do zna¢né hloubky, coZ md za ndsledek vyskyt horniny
o nizké az velmi nizké pevnosti. Vyjezd z tunelu v TM 460-590
je cely tvofen eluvidlnimi granitickymi zvétralinami.
S postupujicim odtéZovanim horniny smérem do hloubky
dochdzi i v poruSenych usecich k postupnému obnaZovini
pevné navétralé az zdravé horniny. Na nékolika mistech se ve
sténdch stavebni jamy objevuji télesa Zilnych (aplitickych) Zul,
kterd jsou mnohdy provdzena pomérné silnymi pritoky vody.

Hlavni faktor ovliviiujici stabilitu stén stavebni jamy je ori-
entace zastoupenych ploch nespojitosti. Diky blizkosti kontaktu
s moldanubickymi horninami je granit aZ nezvykle usmérnény
a jeho vnitini usporddéni limituji 3—4 systémy ploch nespojitos-
ti. Spadnice nejCetnéjsich ploch sviraji se spadnici svahu sta-
vebni jamy thel < 45° a sklon se pohybuje v rozmezi 65-80°.
Nékdy 1ze dokonce oznacit dominantni systémy jako subpara-
lelni se smérem stavebni jamy. Tato nepfiznivd a nepred-
poklddand orientace dominantnich ploch nespojitosti zpisobo-
vala v prub&hu hloubeni stavebn{ jdmy vznik nestabilnich §iro-
kych a plochych klint, které mély vyraznou predispozici pro
vyjeti do prostoru stavebni jdmy (obr. 2). Vznikl4 situace vedla
aZ ke zméné zpusobu zajisténi stavebni jamy.

OD ZAREZU K HLOUBENEMU TUNELU

V pribéhu projektovdni piipravné dokumentace doSlo
v dseku nynéjsiho tunelu k vyskové tprave trasy. Ve vazbé na
navazujici dseky bylo nutné niveletu zahloubit aZ o 1 m, a tim
vzrostla hloubka navrhovaného zarezu az na bezmadla 20 m. Pfi
této hloubce stavebni jamy jiz vstupuji do hry kromé investic-
nich nédkladu i otdzky spojené s dlouhodobou stabilitou jejich
svahi a ndroky na ddrzbu traté. Proto bylo provedeno technic-
ko-ekonomické posouzeni variant vedeni trasy v otevieném
zdfezu a presypaného tunelu. Zatimco svahy stavebni jamy
navrhované jako do¢asné bylo mozné projektovat strméjsi, trva-
1y zéfez by vyzadoval pouZiti podstatné plosSich sklont svahu.
Proto se z hlediska objemu zemnich praci jevila jako vyhodn¢j-
§{ varianta hloubeného tunelu, kterd navic umoznovala Cast
vytézeného materidlu ulozit zpét ve formé zdsypu tunelu.
Stavebni jama vSak byla nejen zna¢né hloubky, ale i $ifky, nebot’
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It was found out after the beginning of the excavation of the
construction pit that, in some points, the actually encountered
geotechnical conditions deviated from the prognosis contained
in the detailed design and the tender documents. The rock is
irregularly and omni-directionally fractured. The direction and
dip of individual discontinuities relatively significantly vary
within the massif. This is probably caused by rock-forming
processes associated with the intrusion of pluton along the
Moldanubic complex. The rock in the space of the construction
pit is affected by various degree of weathering, ranging from
totally weathered rock with the character of compacted sand
(see Fig. 1) up to very strong, sound rock. Good quality, strong
rock rises along the tunnel route in two elevations in sections
bordered by tunnel chainages 0 to 150 m and 300 to 450 m. In
the other parts of the route, weathering processes reach signifi-
cant depths, resulting in the occurrence of low to very low
strength rock. The entire exit from the tunnel at tunnel chaina-
ge 460-590 m is formed by eluvial granitic detritus. With the
gradual deepening of the excavated pit, strong, slightly weat-
hered to sound rock was exposed even in the disturbed sections.
Vein (aplitic) granite bodies, frequently accompanied by relati-
vely intense inflows of groundwater, appeared in several pla-
ces in the walls of the construction trench.

The main factor affecting the stability of walls of the con-
struction pit was the directions of existing discontinuity surfa-
ces. Owing to the contact with the Moldanubic rocks found in
the close vicinity, the granite is unusually aligned; its inner
structure is limited by 3-4 systems of discontinuity surfaces.
The lines of maximum slope of the surfaces lay at an angle <
45° to the lines of maximum slope of the pit sides; the gradient
fluctuates between 65 — 80°. Sometimes it is even possible to
mark dominating systems as sub-parallel with the direction of
the construction pit. This unfavourable and unpredicted orien-
tation of dominating discontinuity surfaces caused the origina-
tion of wide and flat wedges, which were significantly pre-dis-
posed to sliding into the space of the construction pit (see
Fig. 2). The resulting situation even led to a change in the con-
struction pit stabilisation system.

FROM AN OPEN CUT ROUTE
TO THE CUT-AND-COVER TUNNEL

The vertical alignment design was modified during the work
on the conceptual design for the current tunnel section. The
alignment depth had to be increased by about 1 m with respect
to the adjacent sections. The depth of the proposed open trench
increased up to nearly 20 m. At this depth of the construction
pit, even the issues associated with long-term stability of its
slopes and requirements for the maintenance of the track is to
be counted with, in addition to investment costs, to the process.
This was the reason why a technical and economic assessment
of a variant of the alignment running in an open cutting and
a false tunnel variants were carried out. While the construction
trench, slopes proposed as temporary structures, could be
designed steeper, a permanent cutting would have required sub-
stantially flatter gradients of slopes. For that reason the cut-
and-cover tunnel variant, which, in addition, allowed part of
the excavated material to be returned back in the form of the
tunnel backfill, appeared to be more advantageous. However,
the construction trench was to be excavated to a significant
depth and also width, because it was necessary in terms of
a standard construction system to allow for a space at least
1.5 m wide alongside the cut-and-cover tunnel structure, on eit-
her side. This space allowed the tunnel formwork to be instal-
led and other operations connected with the construction to be
carried out. The width of the construction trench was success-
fully reduced by 3m thanks to an original technical solution
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Fig. 2 Loosened rock blocks (04/2010)

pro standardni vystavbu bylo tfeba pocitat s prostorem podél
hloubeného tunelu o §ifce min. 1,5 m na kazdé strané. V tomto
prostoru bylo mozné zajistit bednéni osténi tunelu a provadéni
dal§ich praci souvisejicich s vystavbou. Diky origindlnimu tech-
nickému feSeni, vyuzivajicimu boky stavebni jamy jako tuhou
podpéru klenbové konstrukce osténi tunelu, se podarilo ziZit sta-
vebni jdmu o 3 m, a tim sniZit objem zemnich praci o vice nez
25 000 m3. Podeptenim klenby tunelu o tuhé boky stavebni jamy
bylo dosazeno i vyrazného zestihleni tunelového osténi o 100 mm
a sniZeni stupné vyztuZeni v porovndni s klasickou konstrukc{
provadénou ve svahované stavebni jamé, jako napf. u sousedniho
Olbramovického tunelu. Pfi ndvrhu technického feSeni se vycha-
zelo z prognézy geotechnickych poméru v trase tunelu.
Vzhledem k ofekdvanym geotechnickym parametrim horninové-
ho masivu byly docasné svahy stavebni jamy navrzeny ve sklonu
5:1 a 3:1. Posledn{ etdz stavebni jamy vysky 4,5 m byla navrZena
dokonce se svislymi boky, aby o ni bylo mozné rozepfit tunelové
osténi. Pouze prvni etdZz stavebni jamy, situovand do vrstev
pokryvu, je navrzena ve sklonu 1:1. Jeji hloubka vSak zpravidla
nepresahuje 3 m. Vzhledem k reliéfu terénu a vySkovému
i smérovému situovani trasy nebylo mozné dosdhnout vyrovnané
hmotnice. Vedenim trasy v péti tunelech a Eetnych zafezech vzni-
kal znaCny prebytek vykopového materidlu, ktery bylo mozné
trvale deponovat az asi 100 km od dané lokality. Navrzenim hlou-
beného tunelu délky 590 m doslo k vyraznému sniZeni objemu
zemnich praci. Hlavnimi divody byly jednak strméjsi sklony
docasnych svahu stavebni jamy, jednak moZnost uloZeni &asti
vykopu do zpétnych zdsypu. Na zédkladé technicko-ekonomické-
ho porovnani bylo proto rozhodnuto sledovat v dal§im stupni pro-
jektové dokumentace variantu hloubeného tunelu.

VODONEPROPUSTNE OSTENI BEZ IZOLACNI FOLIE

Zajisténi vodonepropustnosti tunelového osténi je provdzeno
vzdy uréitymi obavami. I kdyZ pomalu odeznivaji jesté neddvno
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using the sides of the construction trench for firm support of the
vault structure, thus the volume of earthwork was reduced by
over 25,000 m3. Significant reduction of the tunnel lining
thickness by 100 mm was achieved and the reinforcement ratio
was reduced in comparison with a classical structure construc-
ted in a sloped open trench, such as, for example, the neigh-
bouring Olbramovice tunnel. When the technical solution was
being prepared, geotechnical conditions predicted for the tun-
nel route were adopted as the basis. Taking into consideration
the predicted geotechnical parameters of the rock mass, 5:1 and
3:1 inclines were proposed for the temporary slopes of the con-
struction trench. The last, 4.5 m high, bench of the constructi-
on trench excavation was even proposed to have vertical sides
so that the tunnel lining could be braced against it. The first
bench in the construction trench, located in the cover, was the
only bench which was excavated with the slopes at 1 : 1. The
height of this bench usually did not exceed 3 m. Because of the
terrain relief and the horizontal and vertical design of the align-
ment, it was not possible to achieve a balanced mass haul dia-
gram. Significant excavation surplus muck originated as
a result of the alignment passing through 5 tunnels and nume-
rous cuttings. A permanent stockpile was available only at the
distance of about 100 km from the given location. The earth-
work volume was significantly reduced owing to the proposal
for the 590 m long cut-and-cover tunnel. The main reasons
were both the steeper gradients of temporary slopes of the con-
struction trench and the possibility of using part of the excava-
ted ground for backfills. The decision to follow the cut-and-
cover variant in the subsequent design stage was therefore
made on the basis of the technical-economic comparison.

WATER RETAINING LINING WITHOUT WATERPROO-
FING MEMBRANE

The process of ensuring water-retaining properties of
a tunnel lining is always accompanied by certain concerns.
Despite the fact that the recently used sceptical arguments that
a non-leaking tunnel does not exist slowly fade away, the appli-
cation of waterproofing membranes is very demanding in terms
of technological discipline and the precision of the installation.
In the case of mined tunnels there is the danger that the waterp-
roofing membrane will be damaged when the reinforcement of
the final lining is being placed. As far as cut-and-cover tunnel
sections are concerned, the main enemy is backfilling. For that
reason the designer decided to solve these problems in a simple
way. He proposed no waterproofing for the Votice tunnel.
According to the design, the water retaining capacity of the
lining is secured by means of seepage resisting concrete.
Nevertheless, even this technology has its snags; but its advan-
tages prevail. Among the disadvantages there are the higher
requirements for the design of concrete mix with low hydrati-
on heat release, higher reinforcement ratio, the necessity to
asses the cracking tendency of the structure, the placement of
concrete and curing it after stripping and the fact that joints bet-
ween casting blocks are always sealed with inner waterstops.
The reward for coping with these requirements is crucial in
terms of the tunnel operation and maintenance, namely the zero
risk of damaging the waterproofing system during the work on
backfills and an effective possibility of removing contingent
leaks. If the waterproofing membrane is used, leaks can appear
in other spots than the spots where the membrane was dama-
ged. The subsequent injection of sealing grout is therefore litt-
le effective and usually requires the sealing covering a large
section of the tunnel. When the seepage resistant concrete is
used, the repair is carried out only in the spot where the struc-
ture is really weakened, where water really seeps through. This
technology is used on larger scale rather in tunnels abroad
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pouzivané skeptické argumenty, Ze neexistuje tunel, ktery by
netekl, je provddéni hydroizolaénich f6lif velmi ndro¢né na tech-
nologickou kdzen a preciznost provadéni. V priipadé razenych
tuneld hrozi nebezpedi poskozeni hydroizolacni félie pfi monta-
7i vyztuZe definitivniho osténi. U hloubenych dseku tunelu je
hlavnim nepfitelem provadéni zpétnych zdsypu. Proto se projek-
tant rozhodl tento problémy vyfresit jednoduchym zpusobem
a hydroizolaéni f6lii v piipadé Votického tunelu viibec nenavrhl.
Vodonepropustnost osténi v projektu zajistil pomoci betonu oste-
ni odolného proti prisakim. I tato technologie ma sva tskali,
vyhody vSak prevladaji. K nevyhoddm patii vy$si naroky na
navrh betonové smési s nizkym vyvinem hydrataéniho tepla,
vys§$i procento vyztuZeni, posuzovani konstrukce na vznik trhlin,
vlastni provadéni i oSetfovani betonu po odbednéni i skute¢nost,
7e spdry mezi bloky betondZe/tunelovymi pdsy jsou tésnény
vnitinimi té€snicimi pdsy. Zato ziskame vyhodu, ktera je
z hlediska provozovani a Udrzby tunelu zdsadni. Tou je nulové
riziko poskozeni hydroizoladniho systému pii provadeéni zpét-
nych zdsypu a efektivni moZnost sanace pripadnych prusaka.
V pripadé pouZiti hydroizoladni félie nemus{ k prusaku osténim
dojit v misté poruseni f6lie. Ndslednd t€snici injektdZ je proto
madlo ucinnd a zpravidla vyzaduje utésnéni velkého tseku tune-
lu. V pripadé pouZiti betonu odolného proti prusakim se sanuje
misto skute¢ného oslabeni konstrukce, kde k prflsa_ku dochazi.
Tato technologie je ve vétsim méfitku pouZivdna spisSe
u zahrani¢nich tuneld (napf. podchod Dunaje ve Vidni trasou
metra U2). U Zelezni&nich tunelt se v CR tato technologie dosud
pouZivala jen u kratkych hloubenych tseku tunelt (napf. tunel
Veprek, Mald Huba, Hnévkovsky I.). S délkou 590 m je Voticky
tunel nejdel$im Zelezniénim tunelem v CR, kde bude vodone-
propustné osténi pouZito.

ROZPIRANI TUNELU O BOKY STAVEBNI JAMY

Dalsi zvldstnosti Votického tunelu je ojedinély ndvrh kon-
strukéniho feSeni, ktery vyuZivd spolupusobeni osténi a hor-
ninového masivu, kdy je posledni etdZ stavebni jamy vyuZita
jako rubové bednéni a zdroven rozpéra spodni &ésti klenbové
konstrukce osténi. Vzhledem k tomu, Ze je osténi navrzeno
z betonu odolného proti prasakum, je nutné dodrZovat povolené
odchylky od projektované tloustky podle TKP 20 Zeleznicni
tunely. Jednd se o podminku, kdy se tloustka osténi muze liSit
od projektované hodnoty podle vztahu:

dmax =< dproj + 0,30 m, resp. 1,5 X dproj (m),

pri¢emZ rozhodujici je mensi z obou vypoétenych hodnot
a dproj je projektovand tloustka osténi. Tato podminka eliminuje
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Obr. 4 Specidlni bednéni boénich klinu (06/2010)
Fig. 4 Special formwork for side wedges (06/2010)
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Obr. 3 Drendz, separacni folie a vyztuz
Fig. 3 Drainage, separation membrane and reinforcement

(e.g. the passage of the metro U2 Line under the Danube River
in Vienna). Regarding railway tunnels in the Czech Republic,
this technology has been applied only to short cut-and-cover
tunnel sections (e.g. the Veprek, Mald Huba and Hnévkov
I tunnels). With its length of 590 m, the Votice tunnel is the lon-
gest railway tunnel in the Czech Republic where the water-reta-
ining lining will be applied.

BRACING OF THE TUNNEL AGAINST SIDES OF
CONSTRUCTION TRENCH

Another rarity of the Votice tunnel is the unique structural
design using the composite action between the lining and the
rock mass, where the last stage of the construction trench exca-
vation is used as outer formwork and, at the same time, as
a brace for the bottom part of the vaulted structure of the lining.
Because of the fact that seepage resisting concrete is designed
for the lining, it is necessary to observe the deviations from the
design width permitted according to the Technical Speci-
fications 20 for railway tunnels. This condition permits the
thickness of the lining to differ from the design value according
to the following relationship:

dmax =< ddesign + 0.30 m, resp. 1.5 X dgegign (M),

where the smaller of the two calculated values decides and
ddesign is the design thickness of the lining. This condition eli-
minates sudden changes in the lining thickness, which could,
with respect to the non-uniform generation of hydration heat,
lead to the development of undesired cracks in the lining. The
last stage of the construction trench excavation is lined with
a separation membrane, with the aim of preventing the transfer
of tangential stress between the rock mass and the concrete tun-
nel lining (see Fig. 3). The membrane has only the separation
function and no rules used for waterproofing membranes are
applicable to it. In terms of the construction work, this requi-
rement places high demands on maintaining the shape of the
trench. In the tender documents, a levelling layer of shotcrete
was proposed for this part of the construction trench. It became
obvious when the bottom of the construction trench bottom had
been reached that the required shape of the trench could never
be achieved, even if the shotcrete levelling layer was applied,
because of the cracking described above and the system of
deterioration of the rock mass during the blasting operations
used for the excavation. For that reason the contractor made the
decision to use special travelling formwork with the length
identical with the length of the formwork for casting of the
lining blocks (see Fig. 4). Cast-in-situ non-reinforced concrete
wedges make adhering to the design shape of the lining in an
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nahlé zmény tlouStky osténi, které by mohly vzhledem
k nerovnomérnému vyvinu hydrataéntho tepla vést ke vzniku
nezadoucich trhlin v osténi. Aby se zamezilo pfenosu tangencial-
niho napéti mezi horninovym masivem a betonem osténi, je
posledni etdz stavebni jamy potaZzena separacni folif (obr. 3). Ta
ma pouze separacni funkci a neplati pro ni pravidla pouzivana pro
hydroizola¢ni f6lii. Z hlediska provadéni klade tento pozadavek
vysoké naroky na dodrzeni tvaru stavebni jamy. V zaddvaci doku-
mentaci byla v této Cdsti stavebni jdmy navrZena vyrovndvaci
vrstva ze stiikaného betonu. Pfi dosaZeni dna stavebni jamy se
ukdzalo, Ze z duvodu popsaného rozpukéni a systému poruseni
horninového masivu pfi odtéZovani pomoci trahcich praci nelze
ani pri nastfiku vyrovnavaci vrstvy stifkaného betonu pozadova-
ny tvar dosdhnout. Proto se rozhodl zhotovitel pouzit specidlni
posuvné bednéni délky shodné s délkou bednéni bloku betondZze
osténi (obr. 4). Vybetonované kliny z prostého betonu umoznuji
optimdlné dodrZet projektovany tvar osténi a sniZuji spotfebu
konstrukéniho betonu osténi. Zaroven stabilizuji posledni lavici
stavebni jamy, kterd je urcena pro pojezd rubového pojizdného
bednéni osténi tunelu.

Ze statického hlediska se jednd o velmi priznivé schéma
podepreni konstrukce. V posledni etdZi stavebni jamy se nacha-
zeji kromé mist s hlubokym zvétranim velmi kvalitni horniny
R2. Vypocet byl proveden pomoci programu NEXIS32, kde byl
okolni materidl modelovén systémem pruZin s vyloucenim tahu.
Tuhost pruzin byla odvozena od tuhosti horninového masivu na
bocich stavebni jamy. Zatimco pro zdsyp stavebni jamy projek-
tant ve statickém vypoctu uvazoval hodnotou koeficientu loz-
nosti k=5 MN/m3, boky tunelu opirajic{ se pfimo o boky sta-
vebni jamy jsou uloZeny do pruZin o tuhosti odpovidajici koefi-
cientu loznosti k=140 MN/m3. V usecich hlubokého zvétrani
byl v posledni etdZi stavebni jamy predpokladan vyskyt hornin
R4-R3 a odpovidajici koeficient loznosti byl v téchto dsecich
uvazovan hodnotou 60 MN/m3. Na rozdil od standardné prova-
dénych osténi hloubenych dseku tunelt zpétné obsypanych po
celém obvodu md tuz3i podepieni boku tunelu za ndsledek
vyrazné priznivéjsi rozd€leni vnitinich sil v osténi. Konstrukce
byla ve statickém vypocltu posouzena na nésledujici zatéZovaci
stavy:

1. Vlastni tiha konstrukce.

. SmrStovan{ betonu s vlivem dotvarovdni.
. Teplotni vlivy — zima.

. Teplotni vlivy — 1éto.

. Zpétny zéasyp — stavebni faze 1.

. Zpétny zéasyp — stavebni faze 2.

. Zpétny zasyp — koneény stav.

Zatézovaci stavy byly sestaveny do kombinaci, kterymi byla
konstrukce zatiZena. Vzhledem k nelinearité feSeni udlohy
s vyloucenim tahu v pruZinich nebylo mozné zatéZovaci stavy
superponovat a vypocet probihal vZdy pro konkrétni nelinedrni
kombinaci zatéZovacich stava, kterd pfi vypo&tu puasobila na
konstrukci nardz.
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ZMENA ZPUSOBU ZAJISTENI SVAHU STAVEBNI JAMY

Pfi prohlubovdni stavebni jamy v tsecich, kde se eluvidlni vrst-
vy prakticky nevyskytovaly a horninovy masiv zasahoval az
k povrchu tzemi, dochédzelo kvuli orientaci ploch nespojitosti
vzhledem ke sklonu svahi stavebni jamy k vypadédvani bloka
horniny ve tvaru klini. Fragmentace horniny se pohybovala
v zévislosti na sméru diskontinuit od malych bloku, aZ po bloky
v fddu metru. Vznikld situace vedla kromé vytvareni ,,nadvyru-
bu“ k nezddoucimu zvétSovani objemu zemnich praci a zejména
k ohroZeni bezpeCnosti price. Geolog projektanta realizacni
dokumentace provedl na obnaZenych plochach stavebni jamy ori-
entaéni méfeni sklonu a orientace ploch nespojitosti horninového

optimal way possible and reduce the consumption of structural
concrete for the lining. At the same time, they stabilise the last
bench of the construction trench, which is dedicated to the
movement of the outer travelling formwork for the tunnel
lining.

From the statistical point of view, this is a very favourable
structural support design. There are very good quality rocks R2
in the last stage of the construction trench, with the exception
of locations places affected by deep weathering. The calculati-
on was carried out by means of NEXIS32 program, where the
surrounding material was modelled by a system of springs in
tension cut-off conditions. The stiffness of the springs was deri-
ved from the stiffness of the rock mass on the construction
trench sides. Whilst the construction trench backfill was intro-
duced by the designer into the structural calculation by the
value of the coefficient of subgrade reaction k= 5 MN/m3, the
tunnel sides, leaning directly against the construction trench
sides, are born by springs with the stiffness corresponding to
the coefficient of subgrade reaction k=140 MN/m3. In the deep
weathering sections, R4-R3 rocks were assumed to be encoun-
tered in the last stage of the excavation trench. The correspon-
ding coefficient of subgrade reaction was assumed at
60 MN/m3 in these sections. In contrast with linings of cut-and-
cover tunnels constructed in standard ways with the backfill on
all sides, the stiffer support of the tunnel sides results in signi-
ficantly more favourable distribution of internal forces in the
lining. The structure was assessed in the structural analysis for
the following loading cases:

1. Dead weight of the structure
. Concrete shrinking due to yield
. Temperature-related effects - winter
. Temperature-related effects - summer
. Backfill — construction phase 1
. Backfill — construction phase 2
. Backfill — final condition construction phase

The loading cases were grouped in combinations, which were
applied to the structure. Because of the non-linearity of the pro-
blem solution in tension cut-off conditions it was not possible
to superpose the loading cases and the calculation was always
carried out for a concrete non-linear combination of loading
cases, which acted during the calculation on the structure con-
currently.
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A CHANGE IN THE CONSTRUCTION TRENCH SLOPES
STABILISATION SYSTEM

Wedge-shaped blocks of rock fell from time to time from the
construction trench sides during the process of deepening the
excavation in the sections where eluvial layers virtually did not
exist and the rock mass reached up to the terrain surface, owing
to the orientation of discontinuity surfaces to the inclination of
the construction trench slopes. The rock fragmentation degree
varied, depending on the direction of discontinuities, from small
blocks up to block sizes in the order of metres. Apart from the
formation of “overbreaks”, this situation led to undesired incre-
asing of the earthwork volume and, first of all, threatening of the
safety of workers. The geologist employed by the author of the
detailed design conducted informative measurements of the dip
and orientation of discontinuity surfaces on the exposed sides of
the construction trench. Results of this measurement proved that
the rock mass is fissured along many surfaces and in many
directions and it is possible to state that the massif slides along
these surfaces toward the construction trench on the western slo-
pes, whilst the fissures dip into the construction trench slope on
the eastern side. Both situations were dangerous in terms of the
stability of the slope. On the western slope, sliding wedge-sha-
ped blocks caused the expansion of local surface instabilities
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masivu. Vysledky méfeni ukdzaly, Ze masiv je rozpukdn v mnoha deeper to the massif. In addition, it was possible to expect,
rovindch a smérech, pfiemZ lze fici, Ze na zdpadnich svazich taking into consideration the directions of the discontinuity sur-
jamy dochazi po téchto plochich k vyjizdéni masivu smérem do faces, that the continuous parting planes would be interrupted
stavebni jamy, zatimco na vychodnim svahu jamy pukliny zapa- and the stability of the trench side would increase. On the eas-
daji do svahu. Obe¢ situace byly z hlediska stability svahu nebez- tern slope with the blocks dipping into the slope, the rock mass
pec¢né. Na zdpadnim svahu dochédzelo vyjizdénim klinovych was disturbed along surfaces approximately perpendicular to the
bloku k $ifenf lokdlnich povrchovych nestabilit hloub&ji do masi- dipping surfaces and lips were formed which had to be pulled
vu. Navic bylo moZzné oCekdvat s ohledem na orientaci ploch down to secure the safety. As a result, the volume of the exca-
nespojitosti pii prohlubovéni stavebni jamy preruSeni prubéznych vated material again increased and the shape of the construction
odlu¢nych ploch a dal§i zvySeni nestability boku jamy. Na trench given by the design was deviated from. For that reason
vychodnim svahu pfi zapaddvani vrstev dochédzelo k poruseni the operations were suspended in April 2010 and the designer
masivu podél ploch pfiblizné kolmych na zapadajici plochy prepared two variants of solving the given situation, which were
a vytvéreni previsu, které bylo nutno v rdmci zajisténi bezped- assessed in terms of the work execution and the amount of
nosti strhnout. Tim opét dochazelo ke zvétSovani objemu vytéZze- investment costs, as well as potential complications for the
ného materidlu a odchyleni se od projektovaného tvaru jamy. maintenance to be performed without stopping the operation.
Proto byly prace v dubnu 2010 zastaveny a projektant vypracoval The objective of the two variants was to secure the required sta-
dvé varianty feSeni vzniklé situace, které byly posouzeny bility of the slope with respect to both the disintegration of the

surface layers of the massif and the potential for the origination
of deep-reaching “shear planes”.

The first variant was based on changing the construction
trench slope — decreasing its gradient. After assessing the
results of the structural analysis of the rock mass, the gradient
of slopes was designed at 50°. But the slopes of the last stage
remained vertical even in this case, with respect to the fact that
the construction of the tunnel using the classical procedure wit-
hout bracing would mean the necessity of enlarging the width
by additional 3 m and increasing the thickness of the lining,
which would completely eliminate this variant economically.
The slopes were stabilised with short (3 m long) rod-type
anchors designed to prevent the disintegration of the surface
layer of the rock mass. The fundamental disadvantage of this
variant was the enormous increase in the volume of earthwork
(excavation and also backfilling).

The second variant left the original shape of the construction
trench according to the tender documents, achieving the incre-
ase in the degree of stability by increasing the length of anchors
to 6 m up to 10 m. The surface of the rock mass was stabilised
with high-strength mesh, capable of holding even larger blocks
being tied back by anchors. The greatest catch of this variant
was the determination (prediction) of the degree of disturbance
of the rock mass along discontinuities. For that reason the pro-
posal was carried out on the basis of numerous measurements
of the dip and orientation of fissures and a subsequent analysis
of the results. A discontinuity dip angle of 50° was determined
by the calculation as critical in terms of the possibility to secu-
re the stability of the rock slope. Under this value, the stability
cannot be achieved by means of 6 m long rod-type anchors and
it is necessary to use 10 m long pre-stressed anchors with 4 m

z hlediska provddéni a z hlediska vySe investi¢nich ndkladu
i moznych komplikaci pfi ddrZzbé za provozu. Cilem obou variant
bylo zajisténi pozadované stability svahu, a to jak s ohledem na
rozpad povrchovych vrstev masivu, tak s ohledem na vznik moz-
nych hlubokych ,,smykovych ploch®.

Prvni varianta vychdzela z presvahovdni stavebni jaimy na
mirnéjsi sklon. Po vyhodnocenf strukturni analyzy horninového
masivu byl sklon svahu navrZzen 50°. I v tomto piipadé vSak
zustaly svahy posledni etdZe stavebni jdmy svislé, nebot prove-
deni tunelu klasickym zpusobem bez rozepieni by znamenalo
roz§iteni stavebni jamy o dal$i cca 3 m a zesileni osténi tunelu,
coz by variantu ekonomicky zcela vyradilo ze hry. Proti rozpa-
du pfipovrchové vrstvy horninového masivu byly svahy stabili-
zovany kratkymi tyCovymi kotvami délky 3 m. Zdsadni nevy-
hodou této varianty bylo enormni navySeni objemu zemnich
praci (vykopu i zpétnych zdsypu).

Druhd varianta ponechédvala puvodni tvar staveni jimy podle
zaddvaci dokumentace a zvySeni stupné stability dosahovala
prodlouzenim kotev na 6 m az 10 m. Plo$né zajisténi povrcho-
vé vrstvy horninového masivu zaji§tovaly vysokopevnostni sité
schopné zachytit po prikotveni i vétsi bloky horniny. Nejveétsim
dskalim této varianty bylo stanoveni prognézy poruseni horni-
nového masivu podél diskontinuit. Proto byl navrh postaven na
zdkladé Cetnych méreni sklonu a orientace puklin a vypracovani
strukturni analyzy horninového masivu. Jako kriticky z hlediska
zajisténi stability skalniho svahu byl vypocten sklon diskonti-
nuity 50°. Pod touto hodnotou jiZ nelze zajistit stabilitu pomoci
tyCovych kotev délky 6 m a je nutno pouzit predpinané kotvy
délky min. 10 m s kofenem délky 4 m.

Na zédklade technicko-ekonomického posouzeni variant byla

pro dalsi sledovéani vybrdna druhd varianta s tim, Ze navrhovany long roots.
zplisob zajistén stavebni jamy bude nejprve in situ vyzkousen The second variant was selected for other follow-up on the
na pokusném dseku jamy délky 30 m. Pokusny dsek byl vybrin basis of a technical-economic assessment. It was decided that
kompetentnimi zdstupci stran zdCastnénych pri vystavbé jako the proposed technique would be first tested in situ on a 30 m
charakteristicky pro geotechnické podminky ocekdvané v dal- long trial section of the construction trench. The trial section
Sich dsecich stavebni jamy. was selected by competent representatives of parties involved
Pro kotvent skalnich svahi byly navrZzeny celozdvitové kotev- in the construction as a section characteristic for geotechnical
nf ty¢e o priméru 32 mm a délky 6 m s tovdrné vyrobenym zdvi- conditions predicted for the other sections of the construction
tem v celé délce kotvy. To umoznilo dotazeni hlavy kotvy trench.
momentovym klicem i po pfipadném vypadnuti ¢asti horniny All-thread anchoring bars 32 mm in diameter, 6 m long, with
pod hlavou kotvy. Rychlé aktivace kotvy se ukdzala jako zdsad- factory-made threads, were proposed for anchoring of the rock
ni prvek povrchové stabilizace horninovych bloku. V pfipadé slopes. Owing to this system it was possible to tighten the
pouziti standardnich kotev se zdvitem pouze na konci kotevni anchor heads with a torque wrench even when a piece of rock
tyCe nebylo moZzné hlavu kotvy aktivovat a v fddu dnd doSlo under the anchor head slips down. The quick activation of the
k postupnému rozevirani diskontinuit a uvolnéni bloku horniny. anchor eventually turned out to be the crucial element of the
Na zdkladé negativnich zkuSenosti navrhl projektant v po- stabilisation of rock blocks on the surface. It was not possible
kusném useku jiny zpusob kotveni. Celozdvitové tyce délky 6 m in the case of using standard anchors with the thread only at the

byly osazovdny do zdlivky EKOMENT RT v délce 5 m. end of the anchoring bar to activate the anchor head and
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Obr. 5 Ochranné sité
Fig. 5 Protective mesh

Posledni metr kotvy byl ponechdn volny, aby bylo moZzné kotvu
aktivovat momentovym kli¢em na hodnotu predpéti 50 kN.
Vnesend normélovd sila zvySila tfeni na pukliné a zamezila
vypadnuti klinu horniny. Tento systém kotveni se v praxi osvéd-
¢il a minimalizoval vyraznym zpusobem vypaddvani klina hor-
niny. Dal8{ zménou oproti puvodnimu ndvrhu byla receptura
zalivky kotev. Puvodni cementovd zédlivka umoZnovala prede-
pnuti az po Case v fadu dnu. Do té doby vSak jiz doslo
k zdsadnimu rozvolnéni horniny po predisponovanych plochach
a rozpadu povrchové vrstvy horniny az na hloubku pres 1 m.
Abychom tomuto zpusobu poruSeni zabrénili, byla pro zdlivku
pouzita smés EKOMENT RT umoznujici aktivaci kotvy po 24
az 30 hodindch. Systémové kotveni bylo v projektové doku-
mentaci navrzeno v ortogonalnim rastru 2,5x2,5 m se Sachovni-
covym uspordddnim, takze vzdjemnd vzdalenost kotev nepresa-
hovala 1,25 m. V porovndni s puvodnim zpusobem kotveni do-
§lo k vypadnuti bloku jen v nékolika pripadech a uvolnénou éast
horniny okamzité zachytila vysokopevnostni dvouzédkrutova sit’
(obr. 5).

Velmi diskutovanym tématem bylo rozpojovani horniny a vliv
trhacich praci na poruSeni horninového masivu a presnost dodr-
Zeni projektovaného tvaru stavebni jamy. Zpocatku provadéné
trhaci prace vedly k silnému rozpukdni svaht stavebni jamy
a podporily rozpad po prirozenych, tektonicky podminénych
diskontinuitach. Seismické d¢inky trhacich praci jsou pravdépo-
dobné jednim z negativnich faktoru, ktery urychlil rozpad povr-
chovych vrstev horniny. V prub€hu ¢asu zhotovitel upravoval
vrtnd schémata a ¢asovani roznétu tak, aby se tyto d¢inky mini-
malizovaly (obr. 6). V souvislosti s minimalizaci seismickych
U¢inku a zejména minimalizace nadvyrubu byla nasazena skal-
ni fréza Vermeer T1255 s motorem Caterpillar o vykonu 447
kW (obr. 7). Vzhledem k pevnosti a abrazivité granodioritu ji
bylo moZzné pouzit pouze ve vyS§§ich partiich stavebni jamy.
I tam vSak vykonala neocenitelné sluzby v oblasti vjezdového
portalu v misté, kde trasu tunelu kfiZuje vedeni vysokého napé-
ti. Vzhledem ke sloZitym majetko-prdvnim vztahim se nepoda-
filo v poZadovaném Case zaridit prelozku vedeni a bez nasazeni
frézy by se prdce v této oblasti musely prerusit. Duvodem je
situovdni sloupu vysokého napé€ti piimo na hran¢ stavebni jamy
(obr. 8). Pomoci frézy doslo k odtéZeni cca 5 m horniny a po
zahloubeni na tuto droven je jiZ mozno pod vedenim pouZit pro
rozpojovani trhaci prace.

Obr. 6 Rozpojovani trhavinami (04/2010)
Fig. 6 Disintegration by means of explosives (04/2010)

discontinuities gradually started to open, releasing a block of
rock during several days. Taking into consideration the negati-
ve experience, the designer proposed another system of ancho-
ring for the trial section. The 6 m long all-thread bars were
inserted into EKOMENT RT grout along the length of 5 m.
The last metre of the anchor was left free so that the anchor
could be activated with a torque wrench to achieve the pre-ten-
sion value of 50 kN. The normal force introduced into the rock
mass increased friction on a crack and prevented the rock
wedge from slipping out. This anchoring system acquitted itself
in practice and significantly minimised slipping of rock blocks
out. Another deviation from the original proposal was in the
formula for the anchoring grout. The original cement grout
allowed the pre-tensioning to be carried out only after a time in
the order of days. But during this time the rock got signifi-
cantly loosened along predisposed planes and the surface layer
of the rock disintegrated to the depth even exceeding 1 m. With
the aim of preventing this way od disturbing, we used EKO-
MENT RT grout, allowing the activation of anchors after 24 to
30 hours. The anchoring system was proposed in the design to
be carried out in an orthogonal grid 2.5 m x 2.5 m, in a diamond
pattern, which means that the spacing between anchors did not
exceed 1.25 m. In comparison with the original way of ancho-
ring, a rock block slipped out only in several cases and the loo-
sened part of rock was immediately restrained by the high-
strength double twisted mesh (see Fig. 5).

Obr. 7 Skalni fréza
Fig. 7 Rock trencher




Obr. 8 StoZdr VN na hrané jamy
Fig. 8 High-tension line pole at the pit edge

TUNELOVE DRENAZE, VYZTUZ A BETONAZ
DEFINITIVNIHO OSTENI

Po prekondni problému se zajisténim stability stavebni jamy se
mohly kone¢né rozjet stavebni prace na provadéni drendzniho
systému, vyztuZovéani a betonazi definitivniho osténi. I kdyZ se
jednd o hloubeny tunel, jsou pfi provddéni pouZity nékteré prvky
zndmé spiSe z provadéni definitivniho osténi razenych dseku tune-
14. Jednim z nich je provadéni systému bo&nich tunelovych drena-
7i. Vzhledem k rozepreni boki tunelu o sténu stavebni jamy bylo

sv

nutné pred betondzi patek a klenby ostén{ provést osazeni bo¢nich
tunelovych drenazi. ProtoZe jejich obsyp zdroven tvoril rubové
bednéni tunelové patky, bylo nutné misto Stérku pouZit mezerovity
beton (obr. 9). ProtoZze na rozdil od raZenych dseku tuneli je
v hloubeném tunelu propojena vyztuz patky s vyztuZi klenby, bylo
nutné drendZe osazovat pred betondzi patek. Vybetonovanim patek
vznikla pojezdovéd plocha pro masivni bednici viz umoZiujici
betondZ bloku délky 10 m. Vzhledem k absenci hydroizola¢ni f6lie
jsou spary mezi bloky betondZe tésnény pomoci vnitfnich té€snicich
pésu $itky 320 mm (obr. 10). Na kvalité jejich provedeni a na kva-
lit€ betonu zavisi vodonepropustnost osténi a s ni spojend Zivotnost
tunelu. Pfi délce 590 m lze totiz ofekdvat promrzéni v celé délce
konstrukce a piipadné prusaky by mohly zpusobit poskozeni kon-
strukce.

Z hlediska harmonogramu vystavby hraje u hloubeného tunelu
zdsadni roli i betondZ osténi. Na rozdil od raZeného tunelu, kdy
k odbednéni klenby dochézi po 14 az 18 hodinéch, je v pripadé hlou-
beného tunelu tato doba prodlouZena na cca 48 hodin. Montdz vyztu-
Ze probihd u hloubenych tunelt standardné na plasti bedniciho vozu,

Obr. 10 Spdrovy pds
Fig. 10 Waterstop

20. rocnik - €. 4/201

Obr. 9 Bocéni tunelovd drend?
Fig. 9 Tunnel side drainage

A highly discussed topic was the process of rock disintegra-
tion and the impact of blasting operations on the disturbance to
the rock mass and the accuracy adhering to the design shape of
the construction trench. The blasting operations which were
carried out at the beginning led to heavy cracking of the con-
struction trench slopes and contributed to the disintegration
along natural, tectonically conditioned, discontinuities. Seismic
effects induced by blasting operations are probably one of the
main negative factors which accelerated the disintegration of
the surface layers of the rock. During the time, the contractor
adjusted the drill patterns and blast timing with the aim of mini-
mising these effects (see Fig. 6). A Vermeer T1255 rock tren-
cher with a 447 kW Caterpillar engine (see Fig. 7) was applied
in the context of the minimisation of seismic effects and, first
of all, minimisation of overbreaks. Because of the strength and
abrasivity of the granodiorite, this machine was suitable only
for the higher parts of the construction trench. Nevertheless, it
provided an invaluable service, especially in the area of the ent-
rance portal, in the location where the tunnel route is crossed
over by a high-tension line. Because of complicated ownership
relationships the attempts to arrange diverting of the line in the
required time failed and the operations in this area would have
to be suspended without the application of the trencher. The
reason is the fact that a power-transmission pole was located
directly at the edge of the construction trench (see Fig. 8).
About 5 m thick layer of rock was excavated using the trencher.
After the excavation reached this level, it started to be possible
to disintegrate the rock by blasting.

TUNNEL DRAINAGE, FINAL LINING CONCRETE REIN-
FORCEMENT AND CASTING

Once the problems about securing the stability of the con-
struction trench had been overcome, it was finally possible to
start the work on the drainage system installation of the conc-
rete reinforcement and casting of the final lining. Even though
this is the case of a cut-and-cover tunnel, some elements used
during the construction are rather known from the construction
of final linings of mined sections of tunnels. One of them is the
system of side drains along tunnels. Taking into consideration
the bracing of tunnel sides against the construction trench side,
the side drains had to be installed before the casting of footings
and the lining vault. Since the packing of the drains at the same
time acted as the outer formwork for the tunnel footings, it was
necessary to use porous concrete instead of gravel for the pac-
king (see Fig. 9). Because, in contrast with mined sections of
tunnels, the reinforcement of footings and tunnel vaults is inter-
connected in the cut-and-cover tunnel, the drainage had to be



Obr. 11 Stykovdni ramii samonosné vyztuZe
Fig. 11 Joining the components of self-supporting girders

coZ pracovni cyklus déle prodluzuje. U kratkych dseka hloubenych
tunelu nehraje tato skuteCnost tak vyznamnou roli. V pripadé
Votického tunelu s 59 bloky betondZe se jiz jedna o prodlouZeni
doby vystavby a7 v fddu mésici. Na navrh projektanta je proto
vyztuz tunelu navrZzena jako samonosnd, coZ je metoda pouzivana
u definitivniho osténi raZenych dseku tunelu. NavrZzeny zpusob
vyztuZovani zcela eliminuje blokovan{ bednéni pro montaz vyztu-
7e. Formu je mozZno presunout ihned po odbednéni k jiZ priprave-
né samonosné vyztuZi a betondz zahdjit ihned po spravném geo-
metrickém ustaveni bednéni. Samonosnd vyztuz vyzaduje pouZiti
tuhych rama, které tvoii nosnou kostru a na které je pak nésledné
navazovana dalsi vyztuz (obr. 11). Zhotovitel se rozhodl vyztuzeni
provadet z prutové vyztuze. S ohledem na vodonepropustnost osté-
ni a omezeni vzniku trhlin je nutno volit mensi profily vyztuze
s mensi rozte¢i prutd.

Vodonepropustné osténi vyzaduje pouziti betonové smeési
s nizkym vyvinem hydratacniho tepla a kvalitniho tuhého bedné-
ni s moznosti vibrovani. Vnitini bednéni tvori pojizdny ocelovy
most, na jehoz plasti jsou osazeny prilozné vibratory. Vnitini vib-
ratory lze do smési nasadit okny pro betondZ v plasti bedniciho
vozu. Vngjsi bednéni tvori rovnéZ pojizdnad ocelova konstrukce
s pojezdem na prvni lavici nade dnem stavebni jamy (obr. 12).
Navrzené technické reSeni umoznuje proudovy postup vystavby,
kde za téZenim a zajiStovdnim svahu stavebni jamy ndsleduje
betonaz podkladnich betont, osazovani drendZ{, betonaZ patek,
montdz vyztuze a betondz klenby tunelu (obr. 13). Standardni
tunelové pasy délky 10 m jsou navrZeny z betonu C25/30 XC2,

Obr. 12 Vnejsi bednéni
Fig. 12 Outer formwork

TuouHel

placed before the footings were cast. The casting of footings
gave rise to a surface serving as a track for the massive travel-
ling formwork unit allowing 10 m long blocks to be cast. With
respect to the absence of a waterproofing membrane, joints bet-
ween casting blocks are sealed with 320 mm wide inner water-
stops (see Fig. 10). The waterproofing capacity of the lining as
well as the length of the tunnel service life associated with it
depend on the quality of the joint sealing and quality of conc-
rete. At the length of 590 m it is possible to expect that freezing
will affect the whole tunnel length and contingent seepage
could cause damage to the structure.

As far as the works schedule is concerned, the casting of the
concrete lining plays one of major roles in the case of cut-and-
cover tunnels. As opposed to a mined tunnel, where the form-
work is stripped from the vault after 14 to 18 hours, this time,
in the case of a cut-and-cover tunnel, it extended to about 48
hours. Concrete reinforcement in the case of cut-and-cover tun-
nels is placed in a standard way, on the jacket of travelling
formwork. This operation further extends the working cycle.
This fact is not so important where short cut-and-cover tunnels
are concerned. In the case of the Votice tunnel comprising 59
casting blocks, the extension of the construction time would be
in the order of months. For that reason, on proposal of the
designer, the tunnel concrete reinforcement is designed as
a self-supporting structure, which is the method applied to final
linings in mined tunnel sections. The proposed method of rein-
forcing completely eliminates the need of formwork for the
installation of reinforcement. Formwork can be shifted imme-
diately after stripping to the self-supporting reinforcement pre-
pared in advance and casting can commence immediately after
correct geometrical setting of the form. The self-supporting
reinforcement system requires rigid frames to form a load-bea-
ring skeleton, which the other reinforcement elements are sub-
sequently tied to (see Fig. 11). The contractor decided to use
reinforcement bars for the structure. Taking into consideration
the waterproofing capacity of the lining and the requirement for
limiting the development of cracks, it is always necessary to
select smaller reinforcement diameters and narrower spacing of
the bars.

A watertight lining requires concrete mix with low generati-
on of hydration heat and good quality, rigid formwork allowing
the application of vibrators to be used. The inner formwork
consists of a travelling steel gantry with external vibrators

Obr. 13 Proudovy zpiisob vystavby
Fig. 13 Streamlined construction system




Obr. 14 Tunely v zime
Fig. 14 Tunnels in winter

XF1 s povolenou hloubkou prusaku vody 35 mm. Portdlové pasy,
které jsou vice exponované a primo vystavené klimatickym vli-
vam, jsou navrZeny z betonu C30/37 XC2, XF3 s povolenou
hloubkou prasaku vody 25 mm. Za betondZi klenby ndsleduje
betonaZ kabelovodu, chodniku a vnitfniho vybaveni tunelu. Pfed
zahdjenim provozu v tunelu dojde k provedeni zpétnych zdsypu
a navrdcen{ alespon &ésti dzemi ve stope nové trasy Zeleznice do

puvodniho stavu.

ZAVER

Vystavba Votického tunelu byla zahdjena koncem roku 2009.
Provddéni hloubenych tuneld bylo dlouhou dobu povaZzovadno
v porovnani s razenymi tseky tunelt za néco ménécenného ¢&i rutin-
niho. Priklad Votického tunelu ukazuje, jak v pripadé dlouhého
hloubeného tunelu muze zména geotechnickych podminek vystavbu
zkomplikovat jak technicky, tak Casové a ekonomicky. Hleddni
nového technického feSeni pak probiha pri vystavbé za obrovského
tlaku na obnoveni docasné zastavené, nebo omezené stavby.

Zcela ojedinéld byla moZnost ovéfeni nového zpusobu zajis-
tén{ stability skalnich svahti na pokusném tseku délky 30 m,
kterd se podarila pouze diky osvicenému pristupu a na navrh
zdstupce SZDC. Diky tomuto piistupu bylo mozné vyzkouset
vSechny pripadné prvky zajisténi stability jamy v redlnych pod-
minkdch stavby a zku$enosti aplikovat pfi zpracovani provade-
ciho projektu. PouZitim atypickych projek&nich ndvrhu a sta-
vebnich postupt lze docilit optimalizace dimenzi konstrukce
i ziskat Cas ztraceny komplikaci s odliSnymi geotechnickymi
podminkami a novym ndvrhem zajisténi stability jamy. Pri
dimenzovani osténi byly pouZity vypocty s vyuZitim nelinedrni-
ho materidlového modelu betonu, které umoznily dosahnout
i u hloubeného tunelu dspor vyztuze.

Ze podminky pro vystavbu nejsou vzdy idedlni, ukazuje idy-
licky obrazek z letoSni zimy (obr. 14). Investorem stavby je
SZDC Stavebni sprava Praha. Tunel pro sdruZeni VoBen stavi
firma Hochtief CZ na zédklad¢ realizaéni dokumentace zpraco-
vané firmou IKP Consulting Engineers a prvni vlak s ces-
tujicimi projede tunelem dne 25. 11. 2011.

ING. LIBOR MARIK , libor.marik @ikpce.com, IKP
CONSULTING ENGINEERS, s.r. o.
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mounted on its jacket. Immersion vibrators can be installed
through casting gates in the traveller formwork jacket. The
outer shell of the formwork is also formed by a travelling steel
structure, which moves on the first bench above the bottom of
the construction trench (see Fig. 12). The technical solution
proposed by the designer allows a streamlined system to be
applied, where the construction trench excavation and slope
stabilisation operations are followed by pouring of blinding
concrete, installation of drains, casting of footings, installation
of reinforcement and casting of the tunnel vault (see Fig. 13).
Standard 10 m long concrete casting blocks are designed in
C25/30 XC2, XF1 concrete with the permitted water penetrati-
on of 35 mm. The portal blocks, which are more exposed and
directly influenced by climatic effects, are designed C30/37
XC2, XF3 concrete with the permitted water penetration of
25 mm. After the casting of the vault, the concrete cableways
and walkways is cast and the inner equipment of the tunnel is
installed. Before the tunnel is opened to traffic, the structure is
backfilled and at least a part of the area along the footprint of
the new railway route is reinstated.

CONCLUSION

The Votice tunnel construction started at the end of 2009.
Constructing cut-and-cover tunnels used to be considered for
a long time as something inferior or routine in comparison with
mined sections of tunnels. The example of the Votice tunnel
shows how a change in geotechnical conditions of construction
can complicate the works in terms of both the time and econo-
my in the case of a long cut-and-cover tunnel. Subsequent see-
king a new technical solution proceeds during the construction,
under an immense pressure on recommencing the temporarily
suspended or restricted construction work.

The possibility of verifying the new method of stabilising the
rock slopes on the 30 m long testing section was absolutely uni-
que. It was organised only owing to the enlightened approach
and on proposal of the representative of the Railway Infra-
structure Administration. Thanks to this approach, it was pos-
sible to verify all stabilisation system elements being under
consideration in realistic in-situ conditions and apply the expe-
rience during the work on the detailed design. It is possible to
achieve the optimisation of dimensions of the structure and
recover the time lost due to the complication with differing
geotechnical conditions and with the new proposal for the con-
struction trench stabilisation system. The calculations using
a non-linear material model of concrete were applied when
dimensions of the lining were being determined. Owing to them
it was possible to achieve savings in the reinforcement even on
the cut-and-cover tunnel.

The fact that conditions for construction work are not always
ideal is documented in an idyllic picture taken this year during
winter (see Fig. 14). The project owner is the Railway
Infrastructure Administration, state organisation, Civil Engi-
neering Administration Prague. The tunnel is being construc-
ted for the VoBen consortium, the contractor, by Hochtief CZ,
the tunnelling sub-contractor, on the basis of the detailed
design prepared by IKP Consulting Engineers; the first train
with passengers will pass through the tunnel on 25th No-
vember 2011.

ING. LIBOR MAéiK, libor.marik@ikpce.com, IKP
CONSULTING ENGINEERS, s. r. 0.



