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ZAJISTENI USEKU E4 POD JEZEREM MALAREN VE STOCKHOLMU
STABILISATION OF THE E4 SECTION UNDER THE LAKE MALAREN
IN STOCKHOLM

JAN FALTYNEK

ABSTRAKT

FSE209 Bergtunnlar Skirholmen je ndzev projektu, jenZ realizuje od roku 2017 jako generdlni zhotovitel spolecnost SBT Sverige AB
(dcerind spolecnost spolecnosti Subterra a.s.). Je jednim z osmi tisekit E4 Forbifart Stockholm — silni¢niho obchvatu $védské metropole.
Soucdsti FSE209 je i priblizné 240 m dlouhy isek primo pod jezerem Miilaren, ktery predstavoval jednu z nejproblematictéjsich a nej-
rizikovéjSich cdsti vystavby celého obchvatu Stockholmu. Razba v tomto tiseku byla velice komplikovand a ndrocnd. Velkou vyzvou bylo
prekonat velmi nekvalitni zvodnélé horninové prostredi a vyporddat se s nizkou vyskou nadloZi pode dnem jezera. Jako sekunddrni zajistént
vyrubu bylo primo zadavatelem navrZeno masivni, silné vyztuZené monolitické Zelezobetonové osténi s rozpétim klenby 15 m, jehoZ tloustka
dosahuje v nékterych mistech az iictyhodnych 4 m. To prineslo v priibéhu realizace vadu komplikact, se kterymi se bylo treba vyporddat.
O zdkladnich aspektech ndvrhu a realizace této specifické Zelezobetonové konstrukce a dalsich zajimavostech z vystavby tunelového osténi
pojedndvd predloZeny cldnek. Ten tematicky navazuje na predchozi clanky o projektu FSE209, které jsou uvedeny v [1], [2] a pFedevsim
v [3], kde je detailné popisovdna razba pod jezerem Miilaren.

ABSTRACT

FSE209 Bergtunnlar Skirholmen is the name of the project that has been implemented since 2017 by SBT Sverige AB (subsidiary of
Subterra a.s.) as the general contractor. It is one of the eight sections of the E4 Forbifart Stockholm — the road bypass of the Swedish
capital. FSE209 also including an approximately 240m long section directly under Lake Mdlaren, which represented one of the most
problematic and risky parts of the construction of the entire Stockholm bypass. Tunnel excavation in this section was very complicated
and demanding. The big challenge was to overcome the very poor quality water-bearing ground environment and to deal with the low
height of the overburden below the lake bed. A massive, heavily reinforced monolithic concrete lining with a vault span of 15m, whose
thickness reaches respectable 4m in some places, was proposed directly by the client as a secondary support of the excavation. This
brought a number of complications that had to be dealt with during the construction. The presented article discusses the basic aspects of
the design and construction of this specific reinforced concrete structure and other interesting aspects of the construction of the tunnel
lining. Thematically, it is a follow-up to the previous papers on the FSE209 project, which are presented in [1], [2] and especially in [3],
where the excavation under Lake Miilaren is described in detail.

OBCHVAT STOCKHOLMU

Ambicidzni projekt svétového méritka E4 Forbifart Stockholm
tvofi zapadni propojeni severni a jizni Casti $védské metropole
(obr. 1). Ta je pfirozené rozd€lena jezerem Milaren a Baltskym
mofem na ¢ast pevninskou a izolované ostrovy. Diivodem vystavby
obchvatu je predev§im prevedeni tranzitni dopravy z centra mésta
do jeho periférii a sniZeni zranitelnosti velice kiehkého a pretiZe-
ného dopravniho systému Stockholmu, ktery je zavisly piedevsim
na prichodnosti mostnich objekti spojujicich severni a jizni ¢ast

STOCKHOLM BYPASS

The ambitious world-scale project E4 Forbifart Stockholm
forms the western connection between the northern and southern
parts of the Swedish metropolis (Fig. 1). It is naturally divided by
Lake Mailaren and the Baltic Sea into a mainland part and isolated
islands. The reason for the construction of the bypass is primarily
to transfer transit traffic from the city centre to its outskirts and to
reduce the vulnerability of Stockholm‘s very fragile and congested
transport system, which is primarily dependent on the passability

soucasna E18
actual E18

metrll

nad mofem
metres above
the sea level

mlersection_HAGGV'K intersection
- wu intersection HJULSTA I
i v -

soucasna E4
actual E4

nad mofem
metres above
the sea level

Shyoy

©Tomas Ohaling 2011

Obr. 1 Schematicky rez stavby E4 Forbifart Stockholm
Fig. 1 Schematic cross-section through the E4 Forbifart Stockholm project

zdroj Trafikverket, 2022 source Trafikverket, 2022




metropole a fadu malych ostrovi. Nové spojeni usnadni kazZdodenni
Zivot obyvatelim mésta a vytvoii dalsi prilezitosti pro budouci roz-
voj silni¢ni sité. Pro minimalizaci negativniho vlivu stavby na okolni
prostiedi je z celkové délky 21 km celych 18 km vedeno v podzemi.
Cely obchvat je rozdélen na osm ¢asti, jez zadavatel soutéZil samo-
statng. Usek FSE209 Bergtunnlar Skirholmen nachazejici se v jizni
¢asti Stockholmu realizuje od roku 2017 jako generdlni zhotovitel
spolecnost SBT Sverige AB. Zadavatelem je statni organizace Tra-
fikverket (§védsk4 obdoba ¢eského RSD CR nebo slovenské NDS).
Predpokladanym terminem dokonceni celého obchvatu je rok 2035.
Po zprovoznéni vSech ¢asti se E4 Forbifart Stockholm stane jednim
z nejdelSich méstskych silni¢nich tunelovych komplext na svété
s intenzitou dopravy pfiblizné 140 tisic automobili denné [4]. Pro
srovnani denni intenzita nejvytizenéjsi ¢eské dalnice D1 u Prahy je
priblizné 103 tisic automobilt [6].

RAZBY V USEKU POD JEZEREM MALAREN A PRIMARNI
ZAJISTENI VYRUBU

Soucasti useku FSE209 Bergtunnlar Skérholmen s délkou obou
tuneltl hlavni trasy cca 4 km, Ctvefici nijezdovych a vyjezdovych
rampovych tuneltl délky 4 km a 1,5 km tnikovych cest je i pfiblizné
240 m dlouhy tsek pod jezerem Milaren (na obr. 1 Cervené vyzna-
ceny), ktery predstavoval nejproblematictéjsi a nejrizikovejsi Cast
z pohledu vystavby celého obchvatu Stockholmu. Divodem byla
predevsim nizka vyska nadloZi tunelu pode dnem jezera, dosahujici
jen 25 m, a velmi nepfiznivé geologické podminky, ve kterych se
dany tusek nachazi. Ve zvétralych a rozpukanych ruldch byla totiz
zastizena masivni zvodné€ld poruchova zéna tvorena predevsim roz-
rusenym grafitem a kataklazitem.

Pred samotnou razbou tunelG hlavni trasy probihala fada pra-
zkumnych sond jak do dna jezera, tak z predstihovych vrtl vrtanych
z Celby. Na zdkladé vysledka prizkumu bylo rozhodnuto o razbé
dvou boc¢nich obchozich tunelti mensiho profilu, které umoznily pro-
blémovy tsek pod jezerem v predstihu obejit, dikladnéji zmapovat,
provést pruzkumné prace v oblasti poruchovych zén a soucasné po-
kracovat v néslednych razbach dal ke konci useku tak, aby nedoslo
k vyznamnému zpozdéni celého projektu. Na zéklad€ detailnich vy-
sledku ziskanych z dopliiujiciho prazkumu bylo pfistoupeno ke zmé-
né projektové dokumentace zajisténi vyrubu hlavnich tunelti oproti
pivodnimu planu. Horninovy masiv byl v prostoru hlavni trasy za-
bezpecen predstihovymi té€snicimi injektaZemi pfedpoli a kalota mi-
kropilotovym deStnikem. V nejhorSich tdsecich byl vyrub ¢lenén jak
vertikalné, tak horizontdlné, Celba pfitiZena a zajiSténa samozavrtny-
mi kotvami. Primérni osténi tvofi 200 mm silna vrstva vyztuZeného
stifkaného dratkobetonu, jeZ je navic prikotvena radidlnimi kotvami.
Vice podrobnosti 1ze najit v [3], kde je detailné popsana jak razba
pod jezerem Milaren, tak celkova zména zptisobu vyztuzeni vyrubu.

SE_!(UND[\RNi ZAJISTENI VYRUBU POD JEZEREM
MALAREN

V souvislosti se zménou zplsobu raZeb a primarniho zaji$téni hor-
ninového masivu doslo i ke zméné sekundérniho zajisténi vyrubu.
Zadavatel se rozhodl pro niavrh monolitického tunelového osténi,
které je v severskych zemich méné obvyklé. Realizace monolitic-
kého osténi se zpravidla uplatiiuje pouze v priportdlovych dsecich,
kde dochazi k prechodu mezi razenym a hloubenym usekem tune-
Iu. Ve Skandinévii je bézné, pokud vzhledem ke kvalité hornino-
vého masivu zistane vyrub po provedeni primarniho zajisténi dal
jiZ nezabezpeceny, provadét systém sekundarniho osténi jako kom-
binaci prefabrikovanych sténovych paneli zavésenych na horni-

novych svornicich a stropu ze stfikaného betonu. Ten je aplikovan
na membranu, kterd je rovnéz zavéSena na horninovych svornicich
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of bridge structures connecting the northern and southern parts of
the metropolis and a number of small islands. The new connection
will make everyday life easier for the city‘s residents and create
additional opportunities for the future development of the road
network. The entire bypass is divided into eight parts, which the
contracting authority tendered separately. The FSE209 Bergtunnlar
Skérholmen section located in the southern part of Stockholm has
been implemented by SBT Sverige AB as the general contractor since
2017. The contracting authority is the state organisation Trafikverket
(Swedish equivalent of the Czech RSD CR or Slovak NDS). The
anticipated completion date for the entire bypass is 2035. When all
parts are operational, the E4 Forbifart Stockholm will become one of
the longest urban road tunnel complexes in the world with a traffic
volume of approximately 140 thousand vehicles per day [4]. For
comparison, the daily traffic volume on the busiest Czech highway
D1 near Prague is approximately 103 thousand cars [6].

TUNNEL EXCAVATION IN THE SECTION UNDER LAKE
MALAREN AND PRIMARY EXCAVATION SUPPORT

The part of the FSE209 Bergtunnlar Skédrholmen section, with
the length of both tunnels of the main route of approx. 4km, four
entrance and exit ramp tunnels with the length of 4km and 1.5km
of escape routes, is also an approximately 240m long section under
Lake Milaren (marked in red in Fig. 1), which represented the most
problematic and risky part from the point of view of the construction
of the entire bypass of Stockholm. The reason was primarily the low
height of the overburden of the tunnel under the lake bed, reaching
only 25m, and the very unfavourable geological conditions in which
the given section is located. In the weathered and fractured gneiss,
a massive water-bearing fault zone was found, consisting mainly of
deteriorated graphite and cataclasite. Before driving tunnels of the
main route itself, a number of exploration probe holes were carried
out both into the bottom of the lake and from wells drilled ahead
of the face. Based on the results of the survey, it was decided to
excavate two lateral bypass tunnels of a smaller profile, which made it
possible to bypass the problematic section under the lake in advance,
to map it more thoroughly, to carry out survey work in the area of
fault zones, and at the same time to continue subsequent excavations
further towards the end of the section so that there was no significant
delay of the entire project. Based on the detailed results obtained
from the supplementary survey, the design documents of the support
of the main tunnels were changed compared to the original plan. The
rock massif was stabilised in the area of the main route with advance
injections of grout into the advance core and the top heading with a
canopy tube pre-support. In the worst sections, the excavation was
divided both vertically and horizontally, the face was surcharged
and secured with self-drilling anchors. The primary lining consists
of a 200mm thick layer of sprayed reinforced concrete, which
is additionally tied back with radial anchors. More details can be
found in [3], where both the excavation under Lake Milaren and the
overall change in the method of the excavation support are described
in detail.

SECONDARY EXCAVATION SUPPORT UNDER MALAREN
LAKE

In connection with the change in the method of excavation and the
primary support of the rock massif, there was also a change in the
secondary support of the excavation. The client decided to use the
design of a monolithic tunnel lining, which is less common in the
Nordic countries. The construction of a monolithic lining is usually
applied only in the near-portal sections, where there is a transition
between the mined and cut-and-cover section of the tunnel. In
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Scandinavia, if, due to the quality
of the rock massif, the excavation
remains unsecured after the primary
protection has been carried out, it is
common to implement a secondary
lining system as a combination of
prefabricated wall panels suspended
on rock bolts and a shotcrete roof.
Shotcrete is applied to the membrane,
which is also suspended from rock
bolts installed through the shotcrete
layer of the primary lining of the top
heading. This secondary lining system
was used along the entire length of
the Skédrholmen tunnel, except for the
section under Lake Mélaren, where a
unique heavily reinforced monolithic
lining was designed, which is one
of the most complex elements of

the entire FSE209 project. For this
reason, both the design and the actual

zdroj AF Infrastruktur, 2021 source AF Infrastruktur, 2021
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Obr. 2 Pricny rez sekunddrnim tunelovym osténim
Fig. 2 Cross-section through secondary tunnel lining

instalovanych pfes vrstvu stiikaného betonu priméarniho osténi kalo-
ty. Tento systém sekundarniho osténi byl pouZit po celé délce tunelu
Skérholmen, vyjma tseku pod jezerem Milaren, kde bylo navrZeno
unikétni silné vyztuzené monolitické osténi, jeZ patii k nejslozitéj-
§im prvkim celého projektu FSE209. Z tohoto divodu byl jak navrh,
tak samotna realizace pod peclivym drobnohledem zadavatele i au-
torského dozoru.

V kazdé tunelové troubé (HT201, HT202) bylo vybetonovano
celkem pét sekci s proménnou délkou bloku betondZe (maximalné
10 m) a rozpétim klenby 15 m. Celkové délka kritického tseku s ne-
pfiznivym horninovym prostfedim pod jezerem, kde bylo navrZeno
monolitické sekundarni osténi, je 40 m v obou tunelovych troubach.
Kazda sekce je v pri¢ném fezu rozd€lena pracovni sparou s prubéz-
nou vyztuzi na zékladové pasy, dvé stény a horni klenbu (obr. 2).
Kvuli pouZiti mikropilotového deStniku k zajisténi stability vyrubu
pfi razbach a nutnému zhotoveni nik

construction were under the careful
scrutiny of the client and the author‘s
supervision.

In each tunnel tube (HT201,
HT202), a total of five sections were concreted with a variable length
of the concrete casting block (maximum 10m) and the crown span of
15m. The total length of the critical section with unfavourable rock
environment under the lake, where the monolithic secondary lining
was designed, is 40m in both tunnel tubes. Each section is divided
in cross-section by a working joint with continuous reinforcement
into foundation strips, two walls and an upper vault (Fig. 2). Due
to the use of a canopy tube pre-support to ensure the stability of the
excavation during work and the necessary construction of niches for
its drilling, the thickness of the lining in the longitudinal direction
within one concrete casting block is variable, and the theoretical
thickness of the lining reaches 0.8m to 1.8m. One concrete casting
block thus has a ,,funnel shape®. In some places, however, the real
thickness due to high geological overbreaks above the canopy tube

umbrellas is greater and exceeds the limit of 3.5m (Fig. 3). During

pro jeho vrtani je tloustka osténi v po-
délném sméru v ramci jednoho bloku
betondZe variabilni a osténi dosahuje
teoretické tloustky 0,8 m az 1,8 m. Je-
den blok betondZe ma tak ,,trychtyto-
vity tvar®. V nékterych mistech je ale
realna tloustka kvili vysokym geolo-
gickym nadvylomim pod mikropi-
lotovymi destniky vétsi a prekracuje
hranici 3,5 m (obr. 3). To kladlo pfi
realizaci obrovské niroky nejen na
unosnost bednici formy klenby osté-
ni, ale rovnéZ na dopravu a ukladku
Cerstvého betonu a na nésledné chla-
zeni betonové smési pri jeji hydrataci.

Mezi primarni osténi ze stiikané- 1
ho betonu a monolitické sekundéarni !
osténi byla uklddana separacni vrstva
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CM2 distance

1,0
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skute¢nd tloustka tunelového osténi HT201 [m]
actual thickness of tunnel lining of HT201 [m]

z nopové matrace potazené geotexti-
lii. Za ni byly umistény navic drenazni

Obr. 3 Vyhodnoceni skutecné tloustky sekunddrniho tunelového osténi HT201
Fig. 3 Assessment of actual thickness of secondary tunnel lining of HT201




trubice svadéjici vodu z plaste osténi do hlavni tunelové drendze. Na-
vrhova Zivotnost tunelového osténi jakoZto i ostatnich prvkl a ¢as-
ti tunelu je projektovou dokumentaci stanovena na 120 let. VSechny
prvky trvale instalované v tunelu musi mit tuto trvanlivost garan-
tovanou. Tento smluvni pozadavek zadavatel disledné kontroloval
a vyzadoval.

RECEPTURA CERSTVE BETONOVE SMESI

Prvni vyzvou, se kterou bylo nutno se pred vlastni realizaci osténi
vyporadat, byl nivrh Cerstvé betonové smési, kterd by byla vhod-
néd k betondZi osténi téchto dimenzi v danych podminkach. Kvili
nerovnomérnému tvaru a velkym tloustkdm osténi a pozadavku na
co nejdokonalejSi vyplnéni nadvylomti nebylo technicky mozné
pouZzit klasické hutnéné betonové smési pro betondz klenby osté-
ni. Pfilozné vibratory umisténé na plasti formy bednéni nemohou
v tomto pripad€ zajistit dokonalé zhutnéni betonu. Proto bylo nutné
pfistoupit k navrhu samozhutnitelného betonu. Podle projektové do-
kumentace byla navic pfedepsdna pomérné vysokd pevnostni tiida
C35/45, odolnost betonu viici ptisobeni mrazu s CHRL (stuperi vlivu
prostiedi XF4) a dalsi technické specifikace. Povoleno bylo pouZiti
pouze Cistych portlandskych cementd CEM 1. DalSim poZadavkem
se stala protipozarni odolnost osténi s kritérii EI 60 a R 180. Ta vedla
na zakladé pozarnich zkousek betonu k nutnosti doplnit recepturu
o polypropylénova mikrovlakna v davkovani 1 kg/m?®. Kvuli ¢astym
dopravnim komplikacim pfi transportu Cerstvého betonu pres hlavni
mésto byl pridavan navic zpomalova¢ tuhnuti.

Ve spolupraci s dodavatelem betonu a po provedeni velké rady tes-
ti a zkousek k zjisténi deklarovanych vlastnosti jak Cerstvé betonové
smési, tak ztvrdlého betonu byla nakonec nalezena a nasledné zada-
vatelem schvalena vhodna receptura betonu. Vysledkem byl samoz-
hutnitelny, provzdu$nény, vysokohodnotny vldknobeton.

BEDNENI SEKUNDARNIHO TUNELOVEHO OSTENI

Pozadavkem zadavatele, souvisejicim s realizaci Zelezobetono-
vych konstrukci v ramci projektu FSE209, byl zakaz pouziti klasic-
kého radlovani nebo jinych prvki, které nabizeji tradicni dodavatelé
v ramci svych typizovanych fad systémového bednéni. Jedinou moz-
nou alternativou, jak bednéni sepnout a zachytit vodorovné sily, bylo
vyuziti sklolaminatovych nebo nerezovych tahel, ktera po odbednéni
zustanou soucdsti vlastni monolitické konstrukce. Diivodem je oba-
va zadavatele z mozného poruseni vodotésnosti osténi a sniZeni tr-
vanlivosti konstrukce v piipadé€ prasaki skrze ucpavky po radlovani.

Bednéni zakladovych pasti nebylo v ni¢em vyjimecné. Na stény
bylo pouzito jednostranné bednéni, jez bylo zajisténo sklolaminato-
vymi tahly uchycenymi pfimo do horninového masivu. Na realizaci
obou téchto konstrukcnich ¢asti bylo pouzito klasické systémové
bednéni.

Dalsi vyzvou, kterou bylo nutno intenzivné fesit pred zahdjenim
vlastni realizace, byl navrh formy bednéni horni klenby tunelové-
ho osténi. Ze vSech oslovenych dodavatelt bednéni pfedlozil kon-
cepcni navrh pouze jeden. Ostatni poptdvku odmitli kvili obavam
0 bezpecnou tnosnost bedniciho vozu v pribéhu betondze. Dlvo-
dem byla bezesporu kombinace navrZené receptury samozhutni-
telného betonu a vysokych nadvylomut vedoucich k abnormélnimu
tlaku Cerstvé betonové smési. Svétla vyska mezi vrcholem a patou
klenby osténi dosahovala v nékterych mistech az 8§ m. Tento tlak
by v pripadé hydrostatického ptisobeni betonu nebyla Zadna bednici
forma schopna prenést. Proto bylo v navrhu uvaZovano s postupnym
nab&hem pevnosti Cerstvého betonu a naslednou redukci horizontal-
ni slozky zatiZeni na formu bednéni. Ve spolupraci s dodavatelem
betonu a dodavatelem bednéni byl na staveniSti uspofadan test pii
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construction, this placed huge demands not only on the load-bearing
capacity of the formwork of the lining vault, but also on the transport
and placement of fresh concrete and on the subsequent cooling of the
concrete mixture during its hydration.

Between the primary lining made of sprayed concrete and the
monolithic secondary lining, a separation layer made of a dimpled
sheet mattress covered with geotextile was placed. In addition,
drainage tubes were placed behind it, directing water from the
cladding to the main tunnel drainage. The design life of the tunnel
lining as well as other elements and parts of the tunnel is set at
120 years by the design documents. All elements permanently
installed in the tunnel have to have this durability guaranteed. This
contractual requirement was consistently checked and required by
the contracting authority.

FRESH CONCRETE MIX RECIPE

The first challenge that had to be dealt with before the lining
construction itself was the design of a fresh concrete mix that
would be suitable for concreting the lining of these dimensions in
the given conditions. Due to the uneven shape and large thicknesses
of the lining and the requirement to fill the overbreaks as perfectly
as possible, it was technically impossible to use classic compacting
of concrete mixes for the concreting of the lining vault. External
vibrators placed on the shell of the formwork cannot ensure perfect
compaction of the concrete in this case. Therefore, it was necessary
to proceed to the design of self-compacting concrete. According to
the design documents, a relatively high strength class C35/45, frost
resistance of concrete with CHRL (exposure degree XF4) and other
technical specifications were also prescribed. Only CEM 1 pure
Portland cements were allowed to be used. Another requirement was
the fire resistance of the cladding with the EI 60 and R 180 criteria.
Based on concrete fire tests, this led to the need to supplement the
recipe with polypropylene microfibres in a dosage of 1kg/m?®. Due
to frequent traffic complications when transporting fresh concrete
through the capital, a setting retarder was added.

In cooperation with the concrete supplier and after carrying out a
large number of tests and trials to determine the declared properties of
both the fresh concrete mixture and the hardened concrete, a suitable
concrete formula was finally found and subsequently approved by
the client. The result was a self-compacting, aerated, high-quality
fibre reinforced concrete.

FORMWORK OF THE SECONDARY TUNNEL LINING

The request of the client, related to the construction of reinforced
concrete structures within the FSE209 project, was the ban on
the use of classic formwork tying or other elements offered by
traditional suppliers within their typical series of formwork systems.
The only possible alternative to tying the formwork and capturing
the horizontal forces was the use of fibreglass or stainless steel tie
rods, which remain part of the monolithic structure itself after the
formwork is removed. The reason is the client‘s fear of a possible
breach of the waterproofing of the lining and a reduction in the
durability of the structure in the event of leaks through the seals after
formwork tying.

The formwork of the footings was nothing special. One-sided
formwork was used for the walls. It was stabilised by fibreglass ties
attached directly to the rock massif. Classic formwork system was
used for the execution of both of these structural parts.

Another challenge that had to be intensely addressed before
starting the actual construction was the design of the formwork for
the upper vault of the tunnel lining. Of all the formwork suppliers
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contacted, only one submitted a
conceptual proposal. The others
rejected the request due to concerns
about the safe load-bearing capacity
of the tunnel form traveller during
concreting. Undoubtedly, the reason
was the combination of the proposed
self-compacting concrete recipe and
high overbreaks leading to abnormal
pressure of the fresh concrete
mixture. The clearance height
between the top and the bottom of
the lining vault reached up to 8m in
some places. No formwork would be
able to withstand this pressure in the
case of hydrostatic concrete action.
Therefore, the proposal considered
a gradual increase in the strength
of fresh concrete and a subsequent
reduction  of  the  horizontal
component of the
formwork. In cooperation with the
concrete supplier and the formwork

méfeni tlaku
cerstvého betonu
measurement of fresh
concrete pressure

load on the

Obr. 4 Mérent tlaku Cerstvého samozhutnitelného betonu (nahore vysledek mérent, vlevo datalogger umistény na

bednéni, vpravo detail snimace)

Fig. 4 Measurement of pressure exerted by self-compacting concrete (top —measurement result, left — datalogger

installed on formwork, right — transducer detail)

betondzi tunelovych stén, jehoz cilem bylo stanovit skute¢né vodo-
rovné tlaky, které navrZena Cerstva betonova smeés na bednéni vyviji.
Ve tiech vyskovych drovnich byly do bednéni vloZeny tlakomérné
snimace a postupné byl v pribéhu betoniaze zaznamendvan tlak na
bednéni (obr. 4). Vysledky méfeni byly pro navrh bednéni klenby
velice pfiznivé, zméfené hodnoty neodpovidaly teoretickym hod-
notam, byly podstatné nizZsi. Z tohoto diivodu bylo provedeno jeste
opétovné méfeni, aby se, pokud mozno, vyloucily nékteré piipadné
chyby méfeni. I vysledky druhého méfeni potvrdily stejny trend. Pro
ovéreni vSech namérenych dat bylo provedeno jesté klasické mére-
ni tlakd bednéni spocivajici ve sledovani sily v jednotlivych tdhlech
a prepocteni této sily na tlak na bednéni. I toto méfeni ale prokazalo,
Ze redlny tlak Cerstvé betonové smési na bednéni je niZsi neZ teore-
ticky. Po zohlednéni vSech vysledki méfeni a zavedeni patficnych

bezpecnostnich koeficientd byla bednici forma horni klenby osténi

Obr. 5 Bednici forma klenby osténi
Fig. 5 Formwork for vault of lining

supplier, a test was organised on
the construction site during the
concreting of the tunnel walls, the
aim of which was to determine the
actual horizontal pressures that the
designed fresh concrete mixture exerts on the formwork. Pressure
sensors were inserted into the formwork at three height levels
and the pressure on the formwork was gradually recorded during
concreting (Fig. 4). The measurement results were very favourable
for the design of the vault formwork, the measured values did not
correspond to the theoretical values; they were significantly lower.
For this reason, a re-measurement was carried out in order to
exclude, if possible, some possible measurement errors. The results
of the second measurement also confirmed the same trend. In order
to verify all the measured data, a classic measurement of pressure on
formwork consisting of monitoring the force in individual tie rods
and converting this force into pressure on formwork was performed.
Even this measurement proved that the real pressure of the fresh
concrete mixture on the formwork is lower than the theoretical one.
After taking into account all measurement results and introducing
appropriate safety coefficients, the formwork of the upper vault
of the lining was successfully designed and gradually assembled
after several weeks underground (Fig. 5). The total weight of the
formwork of the lining vault exceeded 90 tonnes. After the formwork
of the concrete block was removed, the form was always split in half
at the top of the vault and moved in halves along the rails from one
block to the other, where it was then set up in the correct geometric
position and connected. In order to save time, after all the concreting
of the first tunnel tube was completed, the entire formwork of the
vault was subsequently moved in halves through the tunnel cross
passage. A special six-axle self-propelled carriage was used for this
operation, enabling the transport of excessive loads.

Due to the very high vertical load exerted by the formwork
of the vault during concreting, a static load test of the compacted
gravel layers under the rails was carried out. Based on the results
of measurements and load calculations, for safety reasons and in
order to ensure favourable load distribution and to minimise uneven
subsidence of the formwork during concreting, massive spreading
steel sheets placed under the individual rails were used.




uspésné navrzena a po nékolika tydnech v podzemi postupné sesta-
vena (obr. 5). Celkova hmotnost formy bednéni klenby osténi pre-
sahovala 90 tun. Po odbednéni daného bloku betondZe byla forma
vzdy rozptlena ve vrcholu klenby a po polovinach po kolejnicich
presunuta z jednoho bloku na druhy, kde byla nasledné ustavena do
spravné geometrické polohy a spojena. Z divodu uspory Casu po
dokonceni vSech betonazi prvni tunelové trouby byla nasledné celd
bednici klenba po polovinach pfesunuta pies tunelovou propojku.
K této operaci byl vyuZit specidlni Sestindpravovy samohybny pod-
vozek umoziiujici transport nadmérnych naklada.

Z divodu velmi vysokého vertikalniho zatiZeni od bednéni klenby
v pribéhu betonaze bylo pristoupeno k provedeni statické zatéZovaci
zkousky hutnénych Stérkovych vrstev pod kolejnicemi. Na zakladé
vysledkd méfeni a pfepoctu zatiZeni doslo z bezpecnostnich divodi
a kvuli zajisténi priznivého roznosu zatiZzeni a minimalizaci nerov-
nomérnych poklesti formy bednéni v priibéhu betonaze k pouZiti ma-
sivnich roznaSecich ocelovych plecht umisténych pod jednotlivymi
kolejnicemi.

Uzavieni ¢ilek nebylo mozné zajistit kompletné systémovym bed-
nénim. Kvili vyvedeni t€snicich profilt a nepravidelnému tvaru vy-
rubu zde bylo nutné pouZit fezivo. V nékterych piipadech tak bylo
zhotoveno az 3,5 m Siroké nebo vysoké dfevéné bednéni promén-
nych dimenzi. VSechna ¢ilka byla proti vodorovnym tlakiim zajis-
téna zabetonovanymi ocelovymi tahly, jez vedla po celé délce bloku
betondZe. Pred uzavienim formy bednéni byly do nejvyssich mist
v klenbé vyrubu umistény dvojice tzv. ,,Spioni“, pomoci kterych
bylo moZno kontrolovat, zda do$lo ke spravnému vyplnéni vSech
dutin Cerstvym betonem a zaroveti slouzily k odvzdu$néni prostor
za formou. Tyto kontrolni trubice byly vyvedeny pres Cilko bednéni
k armovacimu voziku, ze kterého probihala vlastni betonaz.

Pro plnéni formy cerstvym betonem bylo na plasti bedniciho vozu
umisténo celkem osmnéct plnicich otvor osazenych tzv. ,,gilotina-
mi“, ke kterym bylo moZno pfipojit hadice betonové pumpy. Ve tfech
pri¢nych profilech bylo umisténo symetricky na kazdé strané bed-
néni klenby ve tfech vySkovych trovnich celkem Sest gilotin. Roz-
misténi jednotlivych plnicich mist bylo sladéno s délkou nejmensiho
bloku betondze a celkovym postupem vystavby. Plnéni formy bedné-
ni nad trovni vrcholu bedniciho vozu bylo zajisténo prostfednictvim
nékolika gilotin osazenych piimo v ¢ilku bednéni. Aby doslo k co
nejlepSimu vyplnéni bednici formy, bylo vZdy alespori jedno plnici
misto vedouci z ¢ilka prodlouZeno prostfednictvim zabetonovaného
ocelového potrubi déle k jiz vybetonovanému bloku osténi. Tim bylo
zajisténo, Ze bude i ve vysSich partiich v podélném sméru plnéni
rovnomérné a nedojde tak k lokdlnimu pretéZovani formy nebo ke
vzniku nezddoucich kaveren.

VY2TUZ SEKUNDARNIHO TUNELOVEHO OSTENI

Klenba osténi je v pficném fezu geometricky tvofena tfemi ob-
louky rozdilnych polomérd. V kombinaci s trychtyfovym tvarem
kazdého bloku betonaze v podélném sméru to mélo za nasledek, Ze
kazdy vnéjsi prut armokoSe osténi mél jinou délku a jiny tvar a musel
byt vyroben individualné na miru. Na zacétku realizace byla snaha
produkovat vyztuz ve specializované armovné. Po nékolika prvnich
dodéavkach a vyméné subdodavatele se vSak ukazalo, Ze bude vy-
hodnéjsi, kdyZ bude vyztuZ vyradbéna piimo na stavbé. Diivodem
byla neschopnost dodavatelt vyrobit a dopravit na stavenisté vyztuz
v potiebné kvalité a predevsim tvaru. Cely armoko$ osténi byl zavé-
Sen na kotvach vrtanych pres primarni osténi a separacni vrstvu do
horninového masivu. Primérné vyztuZeni sekundarniho tunelového
osténi dosahovalo 160 kg na m? betonu. Jako hlavni nosna vyztuz
byly pouzity primarné pruty priméru 25 mm (obr. 6), v nékterych
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It was not possible to completely close the ends with system
formwork. Because of the sealing profiles and the irregular shape of
the excavation, it was necessary to use timber here. In some cases,
up to 3.5m wide or high timber formwork of variable dimensions
was made. All the stop ends were secured against horizontal pressure
by steel tie rods that ran in the concrete along the entire length of
the concreting block. Before closing the formwork, a pair of so-
called ,,spies were placed in the highest places in the vault of the
excavation, with the help of which it was possible to check whether
all the cavities had been correctly filled with fresh concrete and at
the same time they served to de-aerate the space behind the form.
These checking tubes were brought out through the stop end of the
formwork to the reinforcement installation traveller, from which the
actual concreting took place.

To fill the form with fresh concrete, a total of eighteen filling holes
fitted with so-called ,,guillotines* were installed on the shell of the
tunnel formwork traveller, through which the hoses of the concrete
pump could be connected. In three transverse profiles, a total of
six guillotines were placed symmetrically on each side of the vault
formwork at three height levels. The filling of the formwork above
the level of the top of the formwork traveller was secured by means
of several guillotines installed directly in the formwork stop end. In
order to achieve the best possible filling of the formwork, at least
one filling point leading from the stop end was always extended
by means of a steel pipe filled with concrete, further to the already
concreted lining block. This ensured that even in the higher parts in
the longitudinal direction, the filling would be uniform and that there
would be no local overloading of the formwork or the formation of
unwanted cavities.

REINFORCEMENT OF THE SECONDARY TUNNEL LINING

In cross-section, the lining vault is geometrically formed by three
arches with different radii. Combined with the funnel shape of each
concreting block in the longitudinal direction, this meant that the
length and shape of each external rebar of the lining reinforcement
cage was different and had to be individually made to measure. At the
beginning of the work, there was an effort to produce reinforcement
in a specialised rebar processing shop. However, after the first few
deliveries and a change of subcontractor, it became clear that it
would be more advantageous when the reinforcement was processed
directly on site. The reason was the inability of the suppliers to
produce and deliver reinforcement to the construction site in the
required quality and, above all, shape. The entire reinforcement cage
of the lining was suspended on anchors drilled through the primary
lining and the separation layer into the rock massif. The average
quantity of reinforcement of the secondary tunnel lining reached
160kg per m® of concrete. Rebars 25mm in diameter, in some places
of the cross-section placed in up to three layers, were primarily
used as the principal reinforcement (Fig. 6). In all places where the
actual shape of the lining differed from the theoretical one by more
than 0.3m, it was necessary to add reinforcement to the overbreak.
The actual assembly of the reinforcement was carried out from the
reinforcement installation traveller.

To ensure the waterproofing of the lining, a rubber waterbar was
inserted into each transverse joint between the individual blocks of
concreting. The working joints between the strip footings, the walls
and the lining vault were treated by inserting a bentonite sealing
gasket. The entire reinforcement cage of the lining was tied up
and outlets were installed on the surface of the lining to measure
the electrochemical potential and monitor the risk of corrosion of
the concrete reinforcement. The stress in the secondary lining was
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mistech prifezu umisténé a7z ve tfech vrstvach. Ve vSech mistech,
kde se skutec¢ny tvar osténi liSil od teoretického vice nez o 0,3 m,
bylo nutné nadvylom dovyztuzit. Samotna montaZ vyztuze probihala
z armovaciho voziku.

K zajisténi vodonepropustnosti osténi byl do kazdého pii¢ného
spoje mezi jednotlivé bloky betondZe vloZen gumovy tésnici pas.
Pracovni spary mezi zdkladovymi pésy, st€nami a klenbou osténi
byly oSetfeny vloZenim bentonitového tésniciho pasku. Cely armo-
koS osténi byl provazan a na povrch osténi byly instalovany vyvody
pro méfeni elektrochemického potencidlu a sledovani rizika koroze
betonarské vyztuze. Napéti v sekundarnim osténi bylo na kazdém
bloku betonaZe monitorovano v nékolika méfi¢skych profilech stru-
novymi tenzometry. Vzhledem k nepravidelnému tvaru osténi a jeho
dimenzim vznesl zhotovitel na zadavatele dotaz, zda trvd na umisténi
tenzometrt do teoretické polohy s odpovédi, Ze ma byt sledovéan pl-
vodni ndvrh beze zmén.

CHLAZENI BETONOVEHO OSTENI

Jak jiz bylo zminéno v predchozi Casti prispévku, tloustka tune-
lového osténi presahovala v nékterych mistech navrZzené hodnoty
tloustky sekundarniho osténi. Z pohledu technickych norem a pred-
pist se jedna o masivni monolitickou konstrukci i v piipadé, Ze
by byly dodrZeny vSechny teoretické rozméry osténi. Pro zajisténi
spravné hydratace betonu, neprekroceni limitnich hodnot teploty
v jadru prafezu a udrZeni teplotniho gradientu mezi jadrem prare-
zu a povrchem v bezpec¢nych mezich je moZné zvolit vice piistupd.
Ve Skandinavii k této problematice pfistupuji nej¢astéji chlazenim
vlastni betonové konstrukce v pribéhu hydratace betonu. V praxi se
pouzivaji dva zakladni systémy. Prvni, sofistikovanéjsi, vyuzivajici
uzavieny systém cirkulace chladiciho média a druhy, kdy chlazeni
konstrukce zajistuje bézna uzitkova voda, ktera je rozvedena po dél-
ce tunelu. U uzavieného systému, kdy nelze pouzit k chlazeni uZit-
kovou vodu, je tieba zajistit ndkladny vyménik tepla a technologii
k vlastnimu fizeni procesu chlazeni. V ptipadé tunelového osténi pod
jezerem Milaren byl vyuZit systém chlazeni uZitkovou vodou.

Na zdklad€ zvolené receptury Cerstvé betonové smési (predevSim
obsahu a typu cementu), praimérnych dennich teplot v daném mési-
ci, teploty Cerstvého betonu a teploty chladiciho média byl projek-
tantem navrzen systém chladiciho potrubi. Podminkou pro regulaci
pritoku a tlaku v potrubi byl rozdil mezi teplotou chladici kapaliny
na vstupu a na vystupu. Projektantem byla predepsana rovnéZ mini-
mélni doba, po jakou se musi osténi chladit. Soucasné se sledovanim
vSech relevantnich idaji na chladicim potrubi probihalo také méie-
ni teploty vzduchu a zaznamenavéni teplotniho profilu po tloustce
osténi v nékolika profilech. Na kazdé klenbé bylo podle projektové
dokumentace osazeno celkem 28 méficich bodu (obr. 7).

Jednotlivé chladici okruhy, jejichz délka z praktickych diivodii ne-
méla pfesahovat 100 m, byly pfes dievéné cilko vyvedeny vné for-
my bednéni, peclivé oznaCeny a napojeny na zhotoveny distributor
chladiciho média, ktery umozioval zapinat a vypinat kazdy okruh
zv14st a rovnéz regulovat tlak a pritok (obr. 8). Pfed uzavienim bed-
néni a vlastni betonazi bylo doporuceno provést diikladnou tlakovou
zkousku celého chladiciho systému. Voda ohtéta v pribéhu tuhnuti
a tvrdnuti betonu byla shromazdovéana v kéadi, odkud byla nasledné
precerpavana do tunelové drenaze. Samotné chladici potrubi byva
nejcastéji zhotoveno z tenkosténnych ocelovych trubek pripevné-
nych v predepsanych roztecich pres gumovou separaci na armokos.
Cely systém chlazeni je po odbednéni zainjektovan. Spolecné s chla-
zenim osténi bylo nutné chladit i prostor v§ech nadvylomil pridavny-
mi chladicimi okruhy.
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Obr. 6 Armokos vyztuZe pred posunem formy bednéni
Fig. 6 Reinforcement cage before shifting of formwork

monitored on each block of concreting in several measuring profiles
by vibrating wire strain gauges. Due to the irregular shape of the
lining and its dimensions, the contractor asked the client whether
he insisted on placing the strain gauges in the theoretical position,
with the answer that the original design should be followed without
changes.

COOLING OF CONCRETE LINING

As already mentioned in the previous part of the paper, the
thickness of the tunnel lining exceeded the designed thickness of the
secondary lining in some places. From the point of view of technical
standards and regulations, this is a massive monolithic structure even
if all the theoretical dimensions of the lining are observed. Several
approaches can be chosen to ensure proper hydration of the concrete,
not to exceed the limit values of temperature in the core of the cross-
section, and to maintain the temperature gradient between the core of
the cross-section and the surface within safe limits. In Scandinavia,
they most frequently approach this issue by cooling the concrete
structure itself during concrete hydration. Two basic systems are used
in practice. The first one, more sophisticated, uses a closed cooling
medium circulation system, and the other one, is used when the
cooling of the structure is provided by ordinary utility water, which
is distributed along the length of the tunnel. In the case of a closed
system, when utility water cannot be used for cooling, an expensive
heat exchanger and technology for self-control of the cooling
process must be provided. In the case of the tunnel lining under Lake
Milaren, a utility water cooling system was used. Based on the chosen
recipe of the fresh concrete mixture (primarily the content and type
of cement), the average daily temperatures in the given month, the
temperature of the fresh concrete and the temperature of the cooling
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betonové osténi HT201 sténa etapa 5
concrete lining of HT201 stage 5
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Obr. 7 Priklad vystupu z teplotniho méreni vychodni stény 5. sekce tunelu HT201
Fig. 7 Example of temperature measurement of eastern wall of section No. 5 of HT201 tunnel

Dukladnym chlazenim realizované masivni betonové konstruk-
ce, regulaci pfitoku a tlaku v chladicim potrubi a sledovanim vSech
zaznamendvanych teplot bylo dosaZeno bezchybného vysledku
a v obou tunelovych troubdch nebyly pfi inspekcich zaznamenany
zadné teplotni trhliny.

BETONAZ, ODBEDNOVANI A OSETROVANI
SEKUNDARNIHO OSTENI

Testovani Cerstvého betonu probiha podle Svédskych technickych
pfedpisti pouze u betonu z prvnich tif domichdvact, pfi zméné beto-
narny nebo jednou za 8 hodin pfi vyméné obsluhy betonarny, pokud
trva betonaz déle. Vice zkousSek Cerstvého betonu zadavatel nevyZa-
duje. Pro vlastni potiebu a pro kontrolu betondrny bylo zakoupeno
zakladni vybaveni a kazda dodavka betonu na stavbu byla testovana.
Nekolikrat se stalo, Ze byl vracen domichavac¢ uprostred betondze
z divodu nevyhovujiciho provzdusnéni betonu nebo Spatné konzi-
stence. Za predepsanych podminek testovani by tyto negativni od-
chylky nebyly odhaleny. V pitipadé kontroly ztvrdlého betonu plati
ve Svédsku obdobna pravidla jako v Cesku a Slovensku.

Betonaz zakladovych past probihala klasickym zpisobem zhut-
néného betonu. Na betondZ prvni dvojice stén byl pouZit nejpr-
ve samozhutnitelny beton stejné receptury jako pro klenbu osténi.
Davodem byl pozadavek co nejpivétivéjsiho pracovniho prostiedi
v tunelu a omezeni negativniho vlivu vibraci nutnych ke zhutnéni
klasického betonu na lidsky organismus. Ukézalo se ale, Ze je v tako-
vém pripadé velice obtizné dosdhnout pozadované kvality pohledové
strany stény po odbednéni. Pii¢inou byla nemoZnost zajistit souvis-
lou betonéz stén bez jakéhokoli preruSeni predevsim kvili problé-
muim s transportem cerstvého betonu pres centrum meésta v rannich
a odpolednich hodindch. Pokud se betonaZ zastavila pouze na néko-
lik minut, vznikl na povrchu viditelny znak preruseni, ktery nelze
v pfipadé samozhutnitelného betonu efektivné ovlivnit, na rozdil od
hutnéného betonu, kdy je mozné patficné napojeni Cerstvého betonu
zajistit diikladnym provibrovanim jednotlivych vrstev. Vyzkouseno
bylo vice opatfeni, zvyseni konzistence Cerstvého betonu na SF2,
Uprava receptury, vytlatna betonaZ pres plnici otvory pomoci gilo-
tin. Zadné z téchto opatfeni ale nevedlo k uspokojivym vysledkim,
proto doslo po domluvé se zadavatelem pro betonaz stén tunelového

reasons should not exceed 100m,
were led outside the formwork
through a timber stop end, care-
fully marked and connected to a manufactured distributor of the
cooling medium, which made it possible to turn each circuit on and
off separately and also to regulate the pressure and inflow rate (Fig.
8). It was recommended to carry out a thorough pressure test of the
entire cooling system before closing the formwork and concreting.
The water heated during the setting and hardening of the concrete
was collected in a tub, from where it was subsequently pumped into
the tunnel drainage. The cooling pipeline itself is most frequently
made of thin-walled steel pipes attached at prescribed intervals
through a rubber separation to the reinforcement. The entire cooling

Obr. 8 Systém chlazeni stény tunelového osténi
Fig. 8 Tunnel lining wall cooling system
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osténi k pouziti klasického hutnéného betonu konzistence S4. Po této
zméné jiZ k Zadnym podstatnym problémiim s povrchem betonu ne-
dochazelo.

V pripadé betonaze klenby osténi nebylo mozné pouZit klasicky
beton, protoZe ho nelze bez moZnosti piistupu do formy bednéni
patficné zhutnit a vyplnit prostor vSech nadvylomi. Nezbyvalo nez
se pokusit sladit betonaz klenby osténi s dodavkami Cerstvé beto-
nové smési tak, aby bylo zajiSt€no co mozna nejplynulejsi plnéni
formy. Zhotovitel navrhl dodavateli betonu betondZ pfes noc, ktera
by méla nékolik benefitd, z nichZ nejpodstatnéjsi bylo sniZeni tep-
loty Cerstvého betonu, moZnost vyuZiti plné kapacity betondrny jen
pro danou betondz a predevsim plynulejsi dodavky Cerstvého betonu
diky sniZeni rizika plynouciho z transportu betonu ptes hlavni mésto.
Nocni betonaz se vsak nepodafilo s dodavatelem betonu dohodnout.
Pri¢inou byla nevtile zaméstnanct betonarny a dopravce betonu pra-
covat v noci ani za predpokladu thrady vSech patfi¢nych pfiplatki
zhotovitelem.

Nejveétsi kubatura betonaze klenby osténi o objemu cca 480 m®
byla zahdjena v pil Sesté rano a trvala nepretrzité bezmala 18 hodin.
K prepravé betonu byly vyuzity v co nejvyssi mife velkokapacitni
domichéavace o objemu 10 m’. Pro dopravu Cerstvého betonu a za-
bezpeceni rovnomérného plnéni formy bednéni byly pouZzity soucas-
n¢ dvé betonové pumpy (obr. 9). Aby bylo zajisténo také rovnomérné
plnéni v podélném sméru bloku betonéze, byly vytvoreny z betonar-
skych hadic vétve, které spojovaly plnici otvory vzdy v jedné vysko-
vé trovni. Kazda pumpa tak v jeden okamzik plnila alespon dva pl-
nici otvory. Pfed zahajenim vlastni betonaze doslo k tzv. promazani
jednotlivych vétvi pomoci cementové suspenze, aby nedoslo k ucpa-
ni potrubi pfi zahdjeni. Po napojeni hadic na jednotlivé gilotiny po-
kracovala betonaz vzdy do vysky cca jeden metr nad droven daného
plniciho mista. Nasledné doslo k prepojeni vétve na vyssi Groven
s pokra¢ovanim aZ k vrcholu bednéni klenby osténi. Posléze byla
jedna pumpa prepojena ke spodni giloting v ¢ilku a druha pumpa ke
giloting, kterd plnila zadni ¢ast formy bednéni. V pribéhu betonize
byla otvory skrz ¢ilko vizudlné kontrolovana troven cerstvého beto-
nu ve formé. S postupem betondze byly rovnéZ zapinany jednotlivé
chladici okruhy, sledovany teploty na prislusnych snimacich, tlak
a pratok chladiciho média. Po uzavieni horniho sledovaciho okna
doslo ke zpomaleni betonazZe az do chvile, nez zacal vytékat beton
ze SpiondZnich hadic. Poté byla preruSena betondz na nékolik minut,

Obr. 9 Betond? klenby osténi dvéma betonovymi pumpami
Fig. 9 Concreting the lining vault by two concrete pumps

Tuel

system is filled with grout after striking the formwork. Together
with the cooling of the lining, it was necessary to cool the space
of all overbreaks with additional cooling circuits. Thorough cooling
of the completed massive concrete structure, regulation of flow
and pressure in the cooling pipeline and monitoring of all recorded
temperatures resulted in a flawless result and no thermal cracks were
recorded in both tunnel tubes during inspections.

CONCRETE CASTING, FORM STRIKING AND CURING
OF THE SECONDARY LINING

Testing of fresh concrete takes place according to Swedish
technical regulations only for concrete from the first three mixer
trucks, when the concrete batching plant is changed or once
every 8 hours when the batching plant operator is changed, if
concreting takes longer. The contracting authority does not require
more tests of fresh concrete. Basic equipment was purchased for
our own use and for inspection of the concrete batching plant,
and each delivery of concrete to the construction site was tested.
Several times it happened that the mixer truck was returned in the
middle of concreting due to inadequate aeration of the concrete
or poor consistency. Under the prescribed testing conditions, these
negative deviations would not be detected. In the case of checking
on hardened concrete, similar rules apply in Sweden as in the
Czech Republic and Slovakia. The concreting of the strip footings
was carried out using the classic method of compacted concrete.
For concreting the first pair of walls, self-compacting concrete
of the same formula as for the lining vault was used. The reason
was the requirement for the most friendly working environment
in the tunnel and the limitation of the negative influence of the
vibrations necessary for the compaction of conventional concrete
on the human organism. However, it turned out that in such
a case it is very difficult to achieve the desired quality of the
visible side of the wall after striking the formwork. The reason
was the impossibility of ensuring continuous concreting of the
walls without any interruption, mainly due to problems with the
transport of fresh concrete through the city centre in the morning
and afternoon hours. If concreting stopped for only a few minutes,
a visible sign of discontinuity appeared on the surface, which fact
cannot be effectively influenced in the case of self-compacting
concrete, in contrast to manually compacted concrete, where it
is possible to ensure proper connection of
fresh concrete by thorough vibrating the
individual layers. Several measures were
tried: increasing the consistency of fresh
concrete to SF2, adjusting the concrete
recipe, forcing concrete through the filling
holes using the guillotines. However, none
of these measures led to satisfactory results,
so after an agreement with the contractor
for concreting the walls of the tunnel lining,
classic compacted concrete with consistency
S4 was used. After this change, there were no
more significant problems with the concrete
surface. In the case of concreting the lining
vault, it was not possible to use conventional
concrete, because without the possibility of
access to the formwork, it cannot be properly
compacted and fill the space of all overbreaks.
All that was left was to try to coordinate
the concreting of the lining vault with the
delivery of fresh concrete mixture in order to
ensure the smoothest possible filling of the




Obr. 10 Méreni zralosti betonu pro stanoveni casu odbednéni konstrukce
Fig. 10 Measurement of concrete curing state for determination of formwork
striking time

doslo k usazeni Cerstvého betonu a naslednému opatrnému dotlaceni
betonu do vrchliku klenby osténi. Tim byla betondZ klenby tspésné
ukoncena. Po dokonceni betondZe byla ve dne i v noci v n€kolika-
hodinovych intervalech kontrolovana funk¢nost chladiciho systému
a regulovan pratok a tlak chladici vody.

V zavislosti na lhitich stanovenych projektovou dokumentaci
a teplotnim vypoctem mohly byt jednotlivé konstrukéni ¢asti odbed-
nény. Pro klenbu osténi bylo vyZadovéno, aby byla konstrukce tep-
lotné izolovana minimalné 9-14 dni v zavislosti na aktudlnim roc-
nim obdobi a teploté vzduchu. Ta se pohybovala v rozmezi 8,5 °C
v zimnim obdobi, az 18 °C v letnim obdobi. Z pohledu nosné funkce
bylo vyzadovano dosazeni pevnosti v tlaku minimalné 32 MPa. Ve
Svédsku je zvykem stanovit konkrétni dobu odbednéni na zdkladg
prepoctu z teplot méfenych v priabéhu tuhnuti a tvrdnuti betonu. Ten-
to prepocet lze sestavit manudlné na zaklad€ graf a tabulek nebo
automaticky, kdy je tento proces implementovan piimo do datovych
centrdl, které zaznamendvaji jednotlivé teploty (obr. 10). Klasicky
stfedoevropsky pristup zaloZeny na zkousSeni né€kolikadenni pevnosti
betonovych vzorkl v laboratofi, kdy je na zakladé takto zméfené
pevnosti stanovena redlnd doba odbednéni, nenf ve Svédsku obvyk-
ly. V pripadé betonaZe prvni klenby osténi zhotovitel koreloval oba
postupy spolecné s vyuzitim dalSich nedestruktivnich metod, jako je
napf. Schmidtovo kladivko. Bylo dosazZeno pomérné dobré shody,
proto byl v pripadé dalSich kleneb vyuZivan jiZ jen tradi¢ni skan-
dindvsky pfistup. Nutno podotknout, Ze z hlediska izola¢ni funkce
osténi a omezeni rizika vzniku trhlin byla doba 9 az14 dni dostatecna
i k dosazeni potfebné pevnosti betonu nutné k odbednéni konstruk-
ce. Diky tomu, Ze bylo osténi uchovino v bednéni po takto dlou-
hou dobu, nebylo tifeba provadét Zadné oSetfovani povrchové vrstvy
betonu. Odbediovani zakladovych pasi a stén se fidilo podobnymi
kritérii jako odbednéni klenby osténi, jeZ je popsané v predchozi ¢as-
ti textu. Pracovni spara mezi zdkladovymi pasy, st€énami a klenbou
byla vZdy patfi¢né oSetfovana.

Po odbednéni kazdého bloku betonaze klenby doslo vzdy k vy-
plnéni vrchliku osténi, provedeni vizudlni kontroly, brouSeni pra-
covnich spar a opravam vSech povrchovych vad. Zadavatel kladl na
zakladé Svédskych technickych standardl velmi vysoké naroky na
povrchové vlastnosti osténi a nékdy byva dokonce stanoveno, jaky
odstin ma betonovy povrch mit. Proto bylo tfeba nékteré bloky be-
tondZe dodatecné vybrousit, i tfeba jen kvili nékolika skvrnam od
odbediiovaciho oleje. Dalo by se fict, Ze vysledny produkt tak pfi-
pominal pohledovy beton, i kdyZ tak primarné specifikovan nebyl.
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form. The contractor proposed overnight concreting to the concrete
supplier, which would have several benefits, the most important of
which was a reduction in the temperature of the fresh concrete, the
possibility of using the full capacity of the concrete plant only for
the given concreting case and, above all, smoother supply of fresh
concrete due to the reduction of the risk arising from the transport
of concrete through the capital. However, overnight concreting
could not be agreed with the concrete supplier. The reason was
the reluctance of the employees of the concrete batching plant and
the concrete carrier to work at night, even if all the appropriate
surcharges were paid by the contractor.

The largest volume of concreting of the lining vault, with a
volume of approx. 480m?, was started at half past five in the
morning and lasted almost 18 hours non-stop. Large-capacity
readymix trucks with a volume of 10m?® were used as much as
possible for the transport of concrete. Two concrete pumps were
used simultaneously to transport fresh concrete and ensure uniform
filling of the formwork (Fig. 9). In order to ensure uniform filling
also in the longitudinal direction of the concreting block, branches
were created from concrete hoses that connected the filling
openings at one height level. Each pump thus filled at least two
filling openings at one time. Before the actual concreting began,
the individual branches were lubricated with a cement suspension
to avoid clogging of the pipes at the beginning. After connecting
the hoses to the individual guillotines, concreting continued to a
height of approx. one metre above the level of the given filling
point. Subsequently, the branch was connected to a higher level
with a continuation up to the top of the formwork of the lining
vault. Later, one pump was connected to the lower guillotine in
the stop end and the other pump to the guillotine that filled the
rear part of the formwork. During concreting, the level of fresh
concrete in the form was visually checked through holes through
the stop end. As the concreting progressed, the individual cooling
circuits were also switched on; the temperatures on the respective
sensors, the pressure and the flow of the cooling medium were
monitored. After the upper observation gate was closed, concreting
slowed down until concrete began to flow from the spy hoses. After
that, concreting was interrupted for a few minutes, fresh concrete
settled and then the concrete was carefully pressed into the top of
the lining vault. Thus, the concreting of the vault was successfully
completed. After concreting was completed, the functionality
of the cooling system was checked day and night at intervals of
several hours, and the flow and pressure of the cooling water was
regulated.

Depending on the deadlines set by the design and the temperature
calculation, the formwork of individual structural parts could be
stripped. For the lining vault, the structure was required to be
thermally insulated for a minimum of 9-14 days depending on the
current season and air temperature. It ranged from 8.5°C in the
winter to 18 °C in the summer. From the point of view of the load-
bearing function, it was required to achieve a compressive strength
of atleast 32MPa. In Sweden, itis customary to set a specific time for
striking the formwork based on a calculation from the temperatures
measured during the setting and hardening of the concrete. This
conversion can be compiled manually based on graphs and tables
or automatically, when this process is implemented directly into
data centres that record individual temperatures (Fig. 10). The
classic Central European approach based on testing the strength of
concrete samples for several days in the laboratory, when the actual
striking period is determined based on the strength measured in
this way, is not common in Sweden. In the case of concreting the
first vault of the lining, the contractor correlated both procedures
together with the use of other non-destructive methods, such as



32. rocnik - €. 1/2023

ZAVER

Svédské stavebnictvi oproti Geskému a slovenskému pokro&ilo
v digitalizaci vSech stavebnich procesu. Oficidlni komunikace mezi
zhotovitelem a zadavatelem probiha na denni béazi prostfednictvim
databazového chatu. Nékterd vyznamnd témata jsou vsak stéle feSe-
na klasicky formou dopist. Projektova dokumentace existuje pou-
ze digitalné, je digitdlné pripominkovana a nésledné i schvalovana
a sdilena mezi vSemi Ucastniky vystavby online prostiednictvim
cloudového tloziste. Na stejném misté jsou uloZeny i vSechny tech-
nologické postupy, kontrolni a zkuSebni plany, stavebni deniky, z4-
vérecné zpravy a dokumenty, které ma provozovatel tunelu kdykoli
v pribéhu Zivotniho cyklu tunelu k dispozici. VSechny konstrukéni
¢asti jsou modelovany ve 3D a sdruZovany do jednoho 3D modelu
celého useku (obr. 11), ve kterém se kazdy snadno orientuje a ktery
obsahuje odkazy na 2D vykresy a soucasné i néktera zakladni data
a vyméry nutné k vystavbé. Zatim nejde o plné BIM feSeni, nezbyva
ale jiz mnoho a tento systém bude ve Svédsku standardem.

Svédsk4 kultura je na rozdil od té stfedoevropské zaméfena pri-
marné€ na osoby a jejich pracovni prostfedi a komfort a neni tolik
orientovana na cil a vysledek. V pribéhu realizace byla spole¢nost
Subterra vyzvéana ke spolupraci na vyzkumu, ktery provadi Svéd-
sky RISE (Research Institutes of Sweden). Vyzkum se tykal vlivu
pracovniho prostiedi, hluku a vibraci pri hutnéni klasického betonu
ve srovnani s pouzitim samozhutnitelného betonu. Zhotovitel tuto
nabidku spolupréce prijal a pfi betondZzi stén osadil své pracovni-
ky ¢idly méficimi polohu v soufadnicovém systému XYZ a tGroven
hluku, gyroskopy, kamerami apod. Méfeni probéhlo jak pii betonazi
stén tunelového osténi samozhutnitelnym betonem, tak pfi betonazi
klasickym betonem. Zhotovitel poskytl vyzkumnikiim kromé na-
mérenych dat i podklady porovnani ¢asové narocnosti a ekonomic-
ké stranky. Nyni probihd celkové analyza vSech dat.

Svédsko je velice specifickd zemé, Svédové jsou velice oso-
bity a velmi hrdy nédrod. Stejné€ tak je i Svédsky stavebni pramysl
v mnoha aspektech z pohledu zhotovitele velmi zvlaStni. Zajimava
jsou néktera technicka feSeni. Prekvapivé jsou navrhované tloustky
nekterych Zelezobetonovych konstrukci a stupeni jejich vyztuZeni.
Rozporuplné se mize jevit rovnéz §védsky mimotadny diraz na Zi-
votni prostiedi a elektromobilitu, ve chvili, kdy jsou navrhovany
takto masivni konstrukce, a neni dovoleno pouZiti smésnych ce-
mentd. Mimochodem, té€Zebni limity nejvétsiho vyrobce cementu
ve Svédsku na ostrové Gotland jsou uz ponékolikaté docasné zvy-
Sovany. Pri nedostatku cementu probihd dovoz ze zahranici, coz
ekologickou stopu zlep$it nepomiZe. Na tomto kratkém tseku dél-
ky 40 m v obou tunelovych troubdch v rdmci rozsahlého projektu

Obr. 11 3D model FeSeného tiseku
Fig. 11 3D model of the section being solved

Schmidt hammer rebound test. A fairly good agreement was
reached, therefore only the traditional Scandinavian approach was
used in the case of additional vaults. It should be noted that, from
the point of view of the waterproofing function of the lining and
the reduction of the risk of cracks, the period of 9 to 14 days was
sufficient to achieve the necessary strength of the concrete required
for striking the formwork. Due to the fact that the lining was kept
in the formwork for such a long time, no treatment of the concrete
surface layer was necessary. The striking of strip footings and walls
formwork was governed by similar criteria as the stripping of the
lining vault, which is described in the previous part of the text.
The construction joint between the strip footings, walls and vault
was always properly treated. After striking the formwork of each
concrete block of the vault, the lining meniscus was always filled,
a visual inspection was carried out, the construction joints were
grinded and all surface defects were repaired. Based on Swedish
technical standards, the client made very high demands on the
surface properties of the lining, and sometimes it is even determined
what shade the concrete surface colour should have. Therefore, the
surface of some concrete blocks had to be additionally ground, even
if only because of a few stains from the formwork striking oil. One
could say that the resulting product thus resembled architectural
finish concrete, even if it was not primarily specified as such.

CONCLUSION

Compared to the Czech and Slovak construction industry, the
Swedish construction industry has advanced in the digitisation of
all construction processes. Official communication between the
contractor and the client takes place on a daily basis via database
chat. However, some important topics are still dealt with classically
in the form of letters. Design documents exist only digitally, are
digitally annotated and subsequently approved and shared among all
construction participants online via cloud storage. All technological
procedures, inspection and test plans, construction diaries, final
reports and documents available to the tunnel operator at any time
during the tunnel‘s life cycle are also stored in the same place. All
structural parts are modelled in 3D and combined into one 3D model
of the entire section (Fig. 11), in which it is easy to navigate for
everybody and which contains references to 2D drawings as well as
some basic data and dimensions necessary for construction. It is not
yet a full BIM solution, but there is not much left and this system will
be the standard in Sweden.

Unlike the Central European culture, Swedish culture is primarily
focused on people and their working environment and comfort,
and is not so much oriented towards goals and results. During the
construction, Subterra was invited
to cooperate in the research carried
out by the Swedish RISE (Research
Institutes of Sweden). The research
concerned the influence of the
working environment, noise and
vibration during the compaction of
conventional concrete compared to
the use of self-compacting concrete.
The contractor accepted this offer of
cooperation and, during the concreting
of the walls, equipped his workers
with sensors measuring the position
in the XYZ coordinate system and
the noise level, gyroscopes, cameras,
etc. The measurement took place
both during concreting of the tunnel
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Obr. 12 Dokoncené sekunddrni osténi tunelové trouby HT202
Fig. 12 Completed secondary lining of tunnel tube HT202

FSE209 bylo pouzito pfiblizné 5500 m? vysokohodnotného samo-
zhutnitelného, provzdu$néného betonu C35/45 s polypropylénovy-
mi mikrovldkny, 530 t betonéi'ské vyztuze a 8 km chladiciho potru-
bi. Celd vystavba trvala pfiblizn¢ jeden rok s téméf kaZdodennim
nasazenim 15 tesafil a betonafi.

Po precteni tohoto pfispévku ctenare bezesporu napadne velké
mnoZzstvi otdzek. Bylo skute¢né nutné takto masivni zajiSténi této
poruchové zoény? Pokud ano, nebylo by mozné navrzené feSeni
sekundarniho osténi optimalizovat, aby nebylo tak komplikované
z pohledu realizace a Casové naroCnosti vystavby? Jednim z na-
vrhi zhotovitele, jak uSetfit as a nasledné i ndklady, bylo napf.
dvouplastové sekundarni osténi, kdy by prvni vrstva slouzila pou-
ze k vyplni nepravidelnych nadvylomi. Na ni by nasledné mohla
byt osazena klasickd hydroizola¢ni membrana, pod kterou by byla
zhotovena druh4 vrstva osténi konstantni tloustky. SniZily by se tak
naroky na formu bednéni i na armovani osténi a odstranila by se
fada dalSich komplikaci souvisejicich s betondzi a chlazenim. Z ¢a-
sovych diivodll a ndvaznosti dalSich praci vSak k Zddnym zménam
ani optimalizaci nedoslo.

V dobé tvorby tohoto prispévku je jiZ v obou tunelovych troubach
sekundarni osténi kompletné zrealizované a uspésné predané klien-
tovi (obr. 12).
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lining walls with self-compacting concrete and
during concreting with conventional concrete.
In addition to the measured data, the contractor
also provided the researchers with materials for
comparing time requirements and economic
aspects. An overall analysis of all data is now
underway.

Sweden is a very specific country; the Swedes
are a very distinctive and very proud nation.
In the same way, the Swedish construction
industry is also very special in many aspects
from our point of view. Some technical
solutions are interesting. The designed thick-
nesses of some reinforced concrete structures
and their reinforcement content are surprising.
Sweden‘s extraordinary emphasis on the
environment and electromobility can also
appear contradictory, when such massive
structures are being designed, and the use of
blended cements is not allowed. By the way,
the mining limits of Sweden‘s largest cement
producer on the island of Gotland have already
been temporarily increased several times.
When there is a shortage of cement, it is imported from abroad, which
does not help to improve the ecological footprint. Approximately
5,500m* of high-grade self-compacting, aerated concrete C35/45
with polypropylene microfibres, 530t of concrete reinforcement
and 8km of cooling pipes were used in this short 40m long section
in both tunnels as part of the extensive FSE209 project. The entire
construction lasted approximately one year with the almost daily
deployment of 15 carpenters and concrete workers.

After reading this paper, the reader will no doubt have a lot of
questions. Was it really necessary to secure this fault zone so
massively? If so, wouldn‘t it be possible to optimise the designed
solution of the secondary cladding so that it is not so complicated
from the point of view of construction and time-consuming work?
One of the contractor‘s proposals to save time and subsequently
costs was, for example, a two-layer secondary lining, where the
first layer would only serve to fill irregular overcuts. A classical
waterproofing membrane could subsequently be fitted on its surface,
under which a second layer of cladding of constant thickness would
be made. This would reduce the demands on the formwork and on
the reinforcement of the lining, and a number of other complications
related to concreting and cooling would be eliminated. However,
due to time reasons and the continuity of other work operations, no
changes or optimisation took place. At the time of writing this paper,
the secondary lining in both tunnels has already been completed and
successfully handed over to the client (Fig. 12).
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