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ODVODNOVACI STOLA STRAHOVSKEHO AUTOMOBILOVEHO TUNELU
DRAINAGE GALLERY FOR THE STRAHOV AUTOMOBILE TUNNEL
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1 0voD

Strahovsky automobilovy tunel je soucdsti méstského okruhu
v Praze. Jeho vystavba byla zahdjena v 80. letech 20. stoleti a do pro-
vozu byl uveden v roce 1997. Konstrukce tunelu odpovidé v té dobé
dostupnym a obvyklym materidlim a technologiim pouZivanym
v Ceské republice. Jiz od polatku byly patrny netésnosti v osténi
a pruniky podzemnich vod do vnitfnich prostor tunelovych trub.
Viditeln€ se tyto prusaky projevuji zejména v jiznich partiich tunelu.
To samoziejmé nepriznivé ovliviiuje bezpecnost provozu zejména
v zimnim obdobi. Redlné feSeni z vnitiniho prostoru tunela
v podstaté neexistuje, aniz by dlouhodobé nebyla sanovand tunelova
trouba vyrazena z provozu. Tento zpusob opravy by vyZadoval roz-
sdhlé vybourdni vnitinich konstrukci, vybudovéani celoobvodového
izola¢niho pldsté a vloZeni ,,sekunddrni obezdivky. Tésnici injekta-
Ze za rub stdvajiciho osténi nelze povazovat za trvale u¢inné feseni.
Proto byla zvolena metoda, kterd neomezi provoz v tunelu. NavrZzené
feSeni spolivd ve vybudovéani odvodnovaci §toly umisténé mezi oba
tunely pod drovni jejich dna. Predpokladem sprdavné funk&nosti
Stoly, tj. sniZzeni hydrostatického tlaku za rubem osténi tuneld, je
navrh takového osténi $toly, které dlouhodobé umozni prusaky pod-
zemni vody do $toly. Pivodni feSeni navrZzené v dokumentaci pro
stavebni povoleni a v tendrové dokumentaci predpoklddalo ze stan-
dardné vybudované §toly — osténi ze stifkaného betonu — lokdlné, tj.
v mistech predpoklddanych soustfedénych pritoku — vybudovani
jimacich vrtu. Tento zdkladni odvodriovaci systém pak byl doplnén
drenazni geotextilii vloZenou mezi primdrni osténi ze stifkaného
betonu a horninového masivu a dal§imi odvodnovacimi vrty po trase
Stoly, provadénymi do boku Stoly. Po dukladné rozvaze z hlediska
hydrotechnické funk¢nosti a trvanlivosti navrzeného systému bylo
zvoleno nové feseni uplatnéné pri realizaci dila. V tomto ¢lanku je
popsdno navrzené feSeni, jeZ se snaZi v maximalni mife spojit dva
protichudné, aviak zdsadni pozadavky na odvodniovaci $tolu:

a) Zajistit co nejvetsi celoplosnou drendZni schopnost osténi Stoly.

b) Zajistit pozadovanou statickou tinosnost osténi s minimalnimi
dopady razby na povrchovou zdstavbu a zejména na konstrukce tune-
lovych trub Strahovského tunelu.

Investorem Strahovskych automobilovych tuneld a v souasnosti
i odvodnovaci $toly je magistrdt hl. mésta Prahy (hl. mésto Praha),
povérenym investorem — mandatdfem firma VIS, a. s.

2 KONSTRUKCE A VYSTAVBA STRAHOVSKEHO
AUTOMOBILOVEHO TUNELU (SAT)

Strahovsky automobilovy tunel (SAT) je umistén v zdpadnim sek-
toru méstského okruhu mezi ulicemi Plzenskou na Smichové
a PatoCkovou v Brevnové. VyraZen je pod strahovskou ndhorni plo-
Sinou s nedalekou dominantou Prahy — vrchem Petfin. Strahovsky
tunel se sklddd ze dvou dvoupruhovych tubusa, zdpadniho
a stredniho (projektovand tfeti, vychodni tunelovd trouba nebyla rea-
lizovéna). Jeho celkova délka ¢ini 2004 m, z toho 1560 m bylo raze-
no. Autorem projektu Strahovského automobilového tunelu byla
firma PUDIS, zhotovitelem stavby byla firma Metrostav se subdoda-
vatelem nékolika jejich ¢dsti firmou Vojenské stavby [2].

Razba Strahovského tunelu byla provddéna z obou portdlu soucas-
né. Pouzita byla modifikovand jadrovd metoda, pouzivand do tladi-
vych hornin. Nejprve byly pomoci prstencové metody v celé délce
raZené Césti tuneli vyraZeny opérové tunely (s osténim z pre-
fabrikovanych Zelezobetonovych dilci — tubingl). Tyto opérové
tunely byly nésledné CdsteCné vybetonovény, aby tvofily opéry pro
razbu pristropi (kaloty). Posléze byla pomoci specidlné sestaveného

1 INTRODUCTION

The Strahov Automobile Tunnel is part of the City Ring Road (the
inner ring) in Prague. The construction work on the tunnel commen-
ced in the 1980s and ended by the commissioning in 1997. The tun-
nel structure corresponds to the materials and technologies which
were available in the Czech Republic at that time. It was since the
very beginning that leaks in the lining and seepage of ground water
into the internal spaces of the tunnel tubes had been observed. The
leaks are visible first of all in the southern parts of the tunnel. Of cour-
se, they adversely affect the safety of traffic, most of all in winter sea-
sons. In substance, there is no realistic solution to be implemented
from within the tunnel without putting the tunnel out of operation for
a long time. This way of repair would require extensive demolition of
inner structures, installation of a closed waterproofing system and
insertion of a “secondary” lining. Sealing grouting behind the existing
lining cannot be considered to be a permanently effective solution.
For that reason a method which will not threaten traffic in the tunnel
was adopted. The proposed solution consists of a drainage gallery to
be driven between the tunnel tubes, at the level of the tunnel bottom.
A condition for proper functioning of the gallery, i.e. reduction in the
hydrostatic pressure behind the tunnel lining, is that the gallery lining
design must allow water to seep into the gallery in the long term. The
original solution proposed in the final design and tender documents
assumed that abstraction wells would be locally bored from a gallery
driven in a standard manner (lined in shotcrete), in the locations
where the concentrated inflows would be anticipated. This basic dra-
inage system was subsequently modified by adding drainage geotex-
tile between the primary shotcrete lining and the rock mass, together
with additional drainage holes to be drilled to the gallery sides along
the gallery route. After thorough consideration from the aspect of
hydrotechnical functionality and longevity of the proposed system,
a new solution was adopted, the one which was eventually applied to
the works. This paper describes the proposed solution, endeavouring
after joining the following two contradictory but principal require-
ments for the drainage gallery to the maximum extent possible:

a) to ensure as large as possible full-area drainage capacity of the

gallery lining.

b) to ensure the required load-bearing capacity of the lining with
minimum impacts of the excavation on existing buildings and,
first of all, on structures of the Strahov tunnel tubes.

The owner of the Strahov automobile tunnel project and, currently,

even of the drainage gallery project, is Prague Municipality, repre-
sented by VIS a.s. as a client-mandatary.

2 THE STRUCTURE AND CONSTRUCTION OF THE STRAHOV
AUTOMOBILE TUNNEL (SAT)

The Strahov automobile tunnel (SAT) is located in the western
sector of the City Ring Road (the inner ring) between Plzenska Street
in the district of Smichov and PatoCkova Street, the district of
Brevnov. It passes under the Strahov Plateau with its dominant -
Petfin Hill. The Strahov tunnel consists of two double-lane tubes, the
western and central ones (the planned third tube, the eastern one, has
never been built). The total length amounts to 2004m; 1560m of this
length were constructed by mining methods. The author of the design
for the Strahov automobile tunnel was PUDIS, the contractor was
Metrostav with Vojenské Stavby acting as a sub-contractor for seve-
ral parts of the project. [2].
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nemechanizovaného polostitu od jihu a pomoci ool e
ukladace — erektoru od severu razena kalota, '
opéii a dno. Osténi kaloty je provedeno
z prefabrikovanych dilcu — Zelezobetonovych
tubingt, vzdjemné Sroubovanych. Kontakt
a tésnost tohoto osténi s okolnim horninovym
masivem jsou zajiStovdny pomoci kontaktni
a tésnici injektdze [1]. Obdobné je provedena
pocva. Je tvorena ze tif Zelezobetonovych pre-
fabrikovanych dila, v loZnych spérdch spoje-
nych trny, ve sty¢nych spdrdch bez spojovacich
prostiedku. Kontakt s opérami byl aktivovén
pomoci list a ndsledné zmonolitnén. Vzhledem
k pouzitému pri¢nému systému vétrani je pod
horni klenbou zavé$en monoliticky strop s délici
pri¢kou, ktery vytvaii prostor pro vzduchotech-
nické kandly. Odvodnéni tuneli je zajisténo
oboustrannymi podélnymi prubéZznymi odvod-
fiovacimi Zlaby podél obrubniki vozovky. Do
téchto zlabu je svedena jednak technologickd
voda z ddrzby tunelu, jednak podzemni voda,
kterd pronikla do tuneli stropni konstrukci.
Voda ze Zlabu je svedena u jizniho portdlu do
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jimky a ddle do vefejné kanalizace. Podzemn{
voda, kterd nechténé pronikd do spodni klenby,
se protlacuje skrz vypliiovy beton pod vozovkou
a trhlinkami v kontinudlné vyztuZené a betonované vozovce tl.
200 mm na jeji povrch. Tato skute¢nost zejména v zimnim obdobi{
predstavuje zdvazné dopravni riziko. Voda z vozovky se ddle samo-
voln& shromazduje v kanaliza¢nich Sachticich, kde pies permanentni
udrzbu zpusobuje ucpéavani drendzniho systému. Doposud skrytou,
avSak dlouhodobé pasobici a mnohem nebezpelnéjsi skuteCnosti je
pusobeni vysoce agresivni podzemni vody na rub nosné konstrukce
Strahovského tunelu. Koncentrace siranového iontu se podle hydro-
geologickych pruzkumu, ale i novych provedenych chemickych roz-
bord pohybuji v rozmezi od 1096,3 mg/l do extrémni hodnoty
5224 mg/l, co je dle CSN EN 206-1 (73 2403) stupeii XA2 (stfedné
agresivni) az XA3 (vysoce agresivni prostiedi). Tato skute¢nost by
v budoucnu mohla postupné vést i k poruse nosného systému tunelu.

Razba Strahovskych tuneli probihala v ordovickych hornindch
paleozoika barrandiénu, prevazné v bridlicich, méné v kfemencich.
Problematické z hlediska podminek razby byly vyrazné podrcené
zlomové zény, pri razbé v nich byly zaznamenény zvySené deforma-
ce jak v podzemi, tak i na terénu. RaZba Strahovskych tuneld byla
provadéna v celé své délce pod hladinou podzemni vody. Hladina
podzemni vody vlivem razby tunell nejprve vyrazné poklesla na dno
tunelt a po ukonleni vystavby tuneld opét nastoupala ve vétSiné
trasy nad tunelové trouby.

3 PROJEKT ODVODNOVACI STOLY POD PROVOZOVANYMI
STRAHOVSKYMI TUNELY

Utelem stavby odvodiiovaci $toly je docilit odvodnéni horni-
nového prostiedi kolem tuneld, a tim zdsadné eliminovat mnoZstvi
prusaka do interiéru Strahovského tunelu. Stavajici systém odvodné-
ni ve Strahovskych tunelech se velmi rychle zands{ (,,zasyntrovava®)
a prestdvd byt funkéni. Vybudovanim odvodnovaci $toly jako plno-
profilového drénu s jimacimi rozrdzkami doplnénymi o jimaci vrty je
vytvofena moznost odvodnéni horninového prostfedi kolem obou
tunelt. Cilem projektované a v soucasné dobé budované stavby je
dlouhodobé snizeni hladiny podzemni vody kolem osténi tuneld
a sniZeni hydrostatického tlaku (pfipadné i vztlaku) na konstrukci
Strahovskych tuneli. Tim dojde k podstatnému sniZeni mnoZstvi
prasakovych vod do tuneld. Autorem projektu odvodiiovaci toly ve
stupni pro povoleni stavby (DSP) je firma SATRA, s. r. o., realizac-
ni projektovou dokumentaci zajistuje pro dodavatele EUROVIA CS,
a.s., firma PUDIS, a. s. Zhotovitelem stavby je EUROVIA CS, a.s.,
s podzhotovitelem PRAGIS, a. s.

Obr. 1 Prehledna situace Strahovskych tunelu a odvodriovaci $toly
Fig. 1 Synoptic layout of the Strahov tunnels and the drainage gallery

The Strahov tunnel was driven simultaneously from both portals.
A modified side-drift method used for squeezing ground was applied.
Abutment tunnels (with a segmental lining consisting of precast conc-
rete tubbings) were driven first throughout the length of the mined
part of the tunnel. The abutment tunnels were subsequently partially
filled with concrete to form supports for the calotte. Then the calotte,
core and bottom excavation followed. A specially assembled non-
mechanised semi-shield drove the tunnel from the south, whilst the
erector method was used from the north. The lining of the calotte con-
sists of precast segments — reinforced concrete tubbings, bolted with
each other. The contact of this lining with surrounding ground and its
sealing was ensured by contact and sealing grouting [1]. The bottom
lining is constructed similarly. It is made up of three reinforced conc-
rete precast elements, connected in radial joints with dowels, whilst
no means of joining were used in circumferential joints. The contact
with the abutments was activated by hydraulic jacks and was subse-
quently made monolithic. Because of the transverse ventilation sys-
tem used, a cast-in-situ slab is suspended under the upper vault, with
a partition forming spaces for ventilation ducts. The tunnel drainage
is ensured by means of continuous drainage troughs running on both
sides along roadway curbs. These troughs collect process water from
tunnel maintenance operations as well as ground water seeping to the
tunnel through the suspended slab structure. Water from the troughs
is directed to a sump at the southern portal and further to public sewe-
rage. Ground water seeping accidentally to the invert forces itself
through the infill concrete under the roadway and, through small
cracks in the continually reinforced, 200mm thick concrete roadway
to its surface. This fact poses significant risk to traffic, first of all
during winter seasons. Water from the roadway is further spontane-
ously collected in sewerage manholes, where, despite permanent
maintenance, it causes clogging of the drainage system. Much more
dangerous in the long-term acting effect, which has remained hidden
till now, is the impact of highly corrosive ground water on the exter-
nal surface of the load-bearing structure of the Strahov tunnel (accor-
ding to hydrogeological surveys as well as newly conducted chemical
analyses, the concentrations of sulphatic ions vary from 1096.3mg/L
to an extreme value of 5224mg/L, which is of the XA2 degree (medi-
um corrosive) according to CSN EN 206-1 (73 2403) to XA3 degree
(highly corrosive environment). This reality could gradually lead to
a defect of the structural system of the tunnel in the future.

The Strahov tunnel was driven through the Barrandian Palacozoic
Era, Ordovician Period rocks, mostly shales, less through quartzites.
In terms of the excavation conditions problematic were significantly
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4 HYDROGEOLOGICKE POMERY A RESENI ODVODNENI( sheared and faulted zones, where increased deformations were recor-
ded during the excavation both in the underground and on the surfa-
ce. The excavation of the Strahov tunnels passed throughout its length
under the water table. In the beginning the water table substantially
dropped owing to the tunnel excavation, but after the completion of
the tunnel construction it again rose above the tunnel tubes along
a prevailing part of the route length.

Hydrogeologické poméry v oblasti Strahovskych tuneld jsou rela-
tivné slozité. Samotné automobilové tunely byly raZeny v ordo-
vickych hornindch — v horninovém prostredi s puklinovou propust-
nosti. Zde byla pied razbou tunell a ndsledné je i po vystavbé tune-
10 vyvinutd ordovickd zvoden s trovni hladiny podzemni vody
v prevdzné vetsing trasy nad tunelovymi tubusy. Kromé této ordo-
vické zvodné existuje jeSte v prostoru strahovské plosiny dalsi zvo-
den v kfidovych piskovcich, které jsou od ordovickych hornin oddé-
leny izoldtorem z vrstvy kifidovych jilovet. Kiidové piskovce, na

3 DESIGN FOR THE DRAINAGE GALLERY UNDER
THE OPERATING STRAHOV TUNNELS

rozdil od hornin ordoviku, jsou horninovym prostfedim s pru- The purpose of constructing the drainage gallery is to drain the
linovou propustnosti. Tato kiidovd zvoden se v prevdzné veétSiné ground environment around the tunnels so that the amount of seepage
prelévd na okraji kiidovych sedimentt do prostfedi zvétralych ordo- into the Strahov tunnels interior is substantially minimised. The drai-
vickych hornin ¢i do deluvidlnich sedimentt (pokryvnych dtvart). nage system in existing Strahov tunnels has been quickly clogging (fil-
Preliv podzemni vody z kfidovych hornin do deluvdlnich sedimen- ling with sinter) and its functionality has been ending. The develop-
tu byl téz prfi¢inou sesuvu télesa lanové drdhy na Petiin v 60. letech ment of the drainage gallery as a full-profile drain with short abstrac-
20. stol. V prostou Strahovskych tunelt se v3ak kiidové zvoder pre- tion adits supplemented by abstraction wells will make dewatering of
1évd pouze do puklinové ordovické zvodné. Pfi razbé Strahovskych the ground environment around the tunnels possible. The objective of
tuneld, respektivé pri hloubeni Sachet u technologického centra na the project which is currently under construction is to reduce the water
Strahové, doSlo pravdépodobné i pres provedené injektdZze table level around the tunnel lining and reduce the hydrostatic pressu-
k propojeni téchto dvou zvodni. Na prusaky do interiéru Stra- re (possibly even the uplift forces) acting on the Strahov tunnel struc-
hovskych tunell (nejen v oblasti Strahova, ale i v dalSich tsecich) tures in the long term. As a result, the amount of water seeping into the

reagoval v 90. letech 20. stol. dopliiujici hydrogeologicky pruzkum tunnels will be substantially reduced. The author of the final design for
s pokusy eliminovat pfitoky podzemni vody do jiz hotovych tunelt the drainage gallery is SATRA s.r.o., while PUDIS a.s. carries out the

pomoci odleh&ovacich vrti. U&innost tdchto opatfeni viak nebyla detailed design for EUROVIA CS, a.s., the construction contractor.

dostacujici. Proto byla navrZena koncepce odvodnéni horninového PRAGIS is a sub-contractor for EUROVIA CS, as.

prostiedi v okoli Strahovskych tunelti pomoci vystavby odvodiiova-

cf Stoly. 4 HYDROGEOLOGICAL CONDITIONS AND THE SOLUTION
Principem odvodnovaci funkce této Stoly a ochrdnéni konstrukei FOR THE DRAINAGE

Strahovského tunelu pred ¢inky tlakové, vysoce agresivni podzem-
ni vody je vytvoreni gravitaéniho dvouetdZzového drendzniho systé-
mu. Je tvofen souvislou horni etdZi, kterd je provedena ze 150 mm
mocné propustné vrstvy praného kacirku frakce 8—16 mm. Tato horn{
etdZ je hydraulicky zausténd do dolni etdZe odvodnéni, kterou tvori
po obvode perforované drendzni potrubi DN 200 mm. Podélné dre-
néaZe jsou dve, umisténé na bocich $toly. Provedeni dvou drendZi je
nezbytné pro oddéleni rozdilnych hydraulickych tlaku, které mohou
pusobit na obou stranéch §toly, a zaji§téni volného odtoku vody doln{
etdzi. Kalirek je péchovdn za Zelezobetonové paziny a rdmy
z ocelové dulni vyztuZe profilu K 21. Celd tato skladba tvori primar-
ni osténi. Sekunddrni ostén{ neni v této fazi realizovdno. Po vyhod-
noceni funkce 3toly, a jejich dopadd na sniZeni prusaka do
Strahovskych tunelt bude rozhodnuto o eventudlnim prodlouZeni
odvodnovaci Stoly k severnimu portélu Strahovskych tunelu. Teprve
po vyraZzeni celého dila bude vybudovdno sekunddrni osténi
z monolitického betonu.

Hydrogeological conditions in the area of the Strahov tunnels are
relatively complicated. The automobile tunnels themselves were driven
through Ordovician rock forming an environment featuring fissure per-
meability. An Ordovician aquifer had developed in this environment
before the tunnel excavation, with the water table level found to a major
extent above the tunnel tubes. In addition to this aquifer there is anot-
her aquifer in the Strahov Plateau area, existing in Cretaceous sandsto-
nes, which are separated from Ordovician rocks by an isolator formed
by a layer of Cretaceous claystone. The Cretaceous sandstones, in con-
trast with Ordovician rocks, form an intrinsic permeability rock envi-
ronment. This Cretaceous aquifer in the majority overflows at the edge
of Cretaceous sediments to a rock environment consisting of weathered
Ordovician rocks or deluvial sediments (surface deposits). Overflowing
of ground water from Cretaceous rocks to deluvial sediments was one
of the causes of a slide of the Petfin funicular track in the 1960s.
Fortunately, the Cretaceous aquifer in the area of the Strahov tunnels
only overflows to the fissure-permeability Ordovician aquifer. Despite
extensive grouting, the two aquifers got probably interconnected during
the excavation of the Strahov tunnels (sinking the shafts at the service

5. POLOHOVE A VYSKOVE VEDENI ODVODNOVACI STOLY

Portdl odvodnovaci $toly se nachdzi v podzemnim obsluzném centre on Strahov hill). In the 1990s a supplementary hydrogeological
vjezdu do Strahovskych tuneld. Piistup pro vystavbu 3toly je z ulice survey responding to the seepage to the Strahov tunnel interiors (not
Kobrovy v Praze 5 (obr. 1). Odvodnovaci $tola se sklddd ze dvou only in the area of Strahov but also in other sections) was conducted
¢asti. Do stani¢eni km 0,160 se jednd o pristupovou ast odvodnova- and attempts were made to eliminate ground water inflows into the
ci Stoly, kterd zprava obchdzi jdmu hloubeného dseku Strahovskych completed tunnels by means of relief wells. Unfortunately, effective-

ness of these measures was insufficient. This is
why the concept of draining the rock environ-
ment in the Strahov tunnels surroundings by
means of a new drainage gallery was proposed.
The principle of the draining effect of this
gallery and protecting the Strahov tunnel against
effects of the highly corrosive ground water
found in the condition of high pressure is the
creation of a double-stage gravity drainage sys-
tem. It consists of a continuous upper stage for-
med by a 150mm thick permeable layer of was-
hed pea gravel with the grain-size fraction of 8
— 16mm (around the gallery circumference).

T g At

. z This upper stage is hydraulically connected to
Obr. 2 Pohled na jizni portdl Strahovskych tunelu the lower stage of the drainage system, consis-
Fig. 2 A view of the southern portal of the Strahov tunnels ting of DN 200mm drainage pipes perforated
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Pistupova stola Odvodriovaci &tola around the circumference. There are two longi-
Access gallery Drainage gallery tudinal drains there, which are located on the

. 180 m i 590 m | sides of the gallery. Two drains are necessary
so that the different hydraulic pressures poten-

tially existing on the sides of the gallery are
separated and free discharge of water through
the lower drainage is secured. The pea gravel is
tamped behind reinforced concrete lagging and
K21-profile colliery arches. The complete
above-mentioned assembly forms the primary

navazky — made-ground

opuky-kfida - greywacke-Cretaceous

kaolinické piskovce - kida - kaolinitic sandstones

bazalni jilovce - kida - basal claystone - Cretaceous

dosah zvétravacich pochodi - weathering pre rea f'/ — llmr.lg. The secondary lining is not implemen-
o y_.‘*' fomts ted in this phase. When the assessment of func-
L 7 -i/rstvy sirecké ;'Ep tioning of the gallery and its impacts on redu-
o o /—/ : < 4 11§ SirkaBeds .5'§ : cing the seepage i.nt.o the_ Strahov tunnels is
gee;\“‘q&«"" - ;'f T 5“ completed, the decision will be made whether
1" v ] (7] . .
\yi@\‘\:\\,i\"’\% = o // IS éfﬁ il the drainage will be extended up to the nort-
P 4
2 HPV ; Iy 05'5",{' H hern portal of the tunnels. Only after the com-
- S g i H pletion of the whole gallery will the cast-in-situ
- i oEE g ; §i { b concrete secondary lining be erected.
vrstvy dobrotivské . * Strahovsky tunel ~ ‘é_",-;_,'w-" =
“Dobrotiv Beds Strahov tunnel: & [ ===7F" " vrstry
: w2 e TS .’? . bohdalecké 5 HORIZONTAL AND VERTICAL ALIGN-
ot £ fa e S Sohialaeeds MENT OF THE DRAINAGE GALLERY

The portal of the drainage gallery is found at
the underground service entry to the Strahov
tunnels. The access to the gallery excavation
workplace is from Kobrova Street, Prague 5
(see the layout in Fig. 1). The drainage gallery
consists of two parts. Up to chainage km 0.160
o A, it is the part providing access to the drainage
gallery, which usually bypasses the constructi-
on trench in the cut-and-cover section of the

vrstvy skalecké
Skalec Beds

S =N

Obr. 3 Podélny Fez odvodriovaci $tolou (5x prevyseno)
Fig. 3 Longitudinal section through the drainage gallery (5 times exaggerated) Strahov tunnels. From chainage km 0.160 up to

tunelt. Od stani¢eni km 0,160 az do jejiho AL g K 0,200

konce km 0,750 se jednd o vlastn{ odvodiiova- | —— — =T — T — T —
cf Stolu, kterd je od staniceni km 0,190 situo-
védna pod Strahovskymi tunely (obr. 2). Zde
Stola jiz plni svou drendzni funkci.

V mistech s nejvet§simi zaznamenanymi pri-
toky do Strahovskych tunelu jsou jako dopliiu-
jici opatfeni navrzeny jimaci Stoly délky 25 m, .
které jsou kolmé na odvodnovaci Stolu. MEASURED ON THE SURFACE
Z téchto jimacich $tol jsou jesté vyprojektova-
né u zvodnélych dseka ve Strahovskych tune-
lech jimaci vrty. O umisténi a proveden{ zmi-
nénych doplnujicich konstrukci bude rozhod-
nuto az v prubéhu budovani dila na zakladé
vyhodnoceni pfitoka do odvodiiovaci $toly.

6 PROBLEMATIKA STATICKEHO RESEN[

Jak jiz bylo zminéno v dvodu, do problema-
tiky ndvrhu konstrukce a jejtho statického
feSeni zasahl zejména stiet protichadnych
pozadavku geotechniki a vodohospodéri.
Koncepce ,,sklddaného osténi“, viz niZe,
vychdzela z nékolika statickych posouzeni
pomoci matematického modelovdni metodou DOBROTIV FORMATION » Clay-silty Shaks
kone¢nych prvki (MKP). Vypolet MKP [TECTEROCALLY SUNTIREED]
zohlednoval stav horninového masivu po rea-
lizaci razeb Strahovskych tuneld, tedy zhodno-
til redlné zatéZovaci podminky vyplyvajici
z dané geologické stavby a parametry zhutné- Obr. 4 PFicny ez (ve staniceni 0,200 km) v blizkosti raZeného jizniho portdlu Strahovskych tunelii - patr-
né vrstvy kadirku zji§téné méfenim na stavbé. 1€ umisténi odvodriovaci $toly; ve Strahovskych tunelech a odvodriovaci Stole jsou vyznaceny pomoci Sipek
Privé diskuse o kvalité uloeni ,kalirkové“ deformace zmérené geotechnickym monitoringem raZby odvodiiovaci §toly a vyznacen presiometricky pru-

Kladky iako pl filového dré . .. zkumny vrt do horninového pilife do nadloZi odvodnovaci stoly
zakladky Jako pinoprofrioveho drenu a jeji - p ig. 4 Cross section (at chainage km 0.200) in the vicinity of the mined southern portal of the Strahov tun-

ndsledné Zﬁvedeni do vypoctu vyvolévalvo nels with the location of the drainage gallery marked in it; Deformations measured in the Strahov tunne-
znacnou nejistotu. Proto byly provedeny ove- s and the drainage gallery by the monitoring of the drainage gallery excavation and a pressuremeter
fovaci zkousky ,.in situ“ pro ovéfeni redlné exploratory hole drilled into the rock pillar in the drainage gallery overburden are marked by arrows

CONVERGENCE MEASURMENT IM DRAINAGE GALLERY (Profile No. 108)




Obr. 5 Rozpérnd statickd zatéZovaci zkouska pouZitd pro zjisténi redlnych
hodnot modulu pretvdrnosti drendZni §térkové vrstvy v osténi odvodriovaci
Stoly

Fig. 5 The plate loading test used for the determination of real values of
modulus of deformation of the the drainage gravel layer in the gallery lining

hodnoty modulu pretvdrnostu uloZené vrstvy kacirku. Dvéma static-
kymi rozpérnymi zatéZzovacimi zkouskami (obr. 5) byla ovéfena redl-
nad mira zhutnéni drendZnich zdsypu v osténi odvonovaci Stoly
a zjisténé hodnoty byly doporuCeny pro zminéné statické vypolty.
Navrh Zelezobetonovych paZin vychdzi téZ ze zatiZeni, kterd byla
ovérovdna matematickym modelovani MKP.

Vysledkem celkové analyzy bylo stanoveni hranice kvality horni-
nového prostiedi s danymi geotechnickymi charakteristikami, které
spolehlivé zaru€uji stabilitu navrZzené konstrukce ,,sklddaného osté-
ni“ s plnoprofilovym drénem. Tato podminka je pevné zakotvena
v systému GTM a vyzaduje zvySeny geologicky a geotechnicky
dozor. V pripadé zastiZeni niZSich geotechnickych charakteristik
(lokaln{ tektonickd poruchové pasma apod.), neni mozné predpokla-
dat stabilni chovan{ systému ,,drendZniho* osténf a je nutno prejit do
systému s ocelovymi prvky a stfikanym betonem. Samoziejmé Ze
v tomto okamZiku je potlacena drendZni schopnost Stoly. Proto je
v nezbytném rozsahu navrzen systém stfidani typu osténi, tj. ostén{
ze stifkaného betonu je po urlité vzddlenosti preruSeno vloZenim
,»okna“ z drendzniho osténi — kacirku.

7 RESENi PRIENYCH PROFILU

Puvodni projekt provizorniho do¢asného osténi odvodiiovaci §toly
(autor Satra, s. r. 0.) uvazoval s osténim tvorenym stiikanym beto-
nem se svarovanymi sit€émi a vyztuznymi oblouky — podle zdsad
NRTM. Takto byla navrZena jak pristupovd, tak odvodnovaci ¢ést
Stoly. Po podrobném posouzeni poZadovanych hydrotechnickych
vlastnosti odvodnovaci §toly bylo rozhodnuto v odvodnovaci ¢ésti
provést konstrukéni zmény. V odvodnovaci ¢asti Stoly od stanice-
ni km 0,190 do 0,750 je nyni navrZeno ostén{ $toly jako silné pro-
pustné. Generelné toto osténi tvori podajné Zelezné vyztuzné dilni
oblouky typu K 21 (korytkova vyztuz) s rozte¢i 1 m se Zelezobeto-
novymi paznicemi (o délce 1 m, $ifce 0,15 m, tloustce 0,06 m), za
kterymi se ukladd drendzni vrstva $térku — praného kacirku (frakce
8—16 mm) o tloustce minimdlné 150 mm.

Profil odvodnovaci $toly je uzavien kruhovou protiklenbou
z ocelovych oblouku a Zeleznou siti vyztuZeného stiikaného betonu.
Celkové plocha teoretického vyrubu odvodriovaci Stoly je 10,51 m2.
Sitka nezajisténého vyrubu je 3,7 m a vyika 3.9 m. Charakteristicky
pri¢ny fez vCetné provizorniho osténi s drendzni §térkovou vrstvou je
na obr. &. 6. V pripadé, Ze geotechnické poméry budou vyrazné
nepriznivé, napriklad razba odvodnovaci Stoly bude prochdzet moc-
nou zlomovou zénou, bude v téchto oslabenych zéndch horninového
masivu pouzit ze statického hlediska vyhodnéjsi puvodné navrhova-
ny systém osténi z armovaného stifkaného betonu a ocelovych
vyztuznych oblouk bez $térkové drendZni vrstvy.
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the end of the gallery at km 0.750 it is the drainage gallery itself.
From chainage km 0.190 the gallery runs under the Strahov tunnels
(see the longitudinal section in Fig. 2). Here the gallery already fulfils
its drainage function.

Water extraction adits 25m long, perpendicular to the drainage gal-
lery, are designed as an additional measure for the locations where the
greatest inflows into the Strahov tunnels were registered. In addition,
extraction wells are designed to be drilled from the extraction adits in
the water-bearing sections of the Strahov tunnels. The decision on the
locations and implementation of the above-mentioned structures will
be made later, during the works, on the basis of assessment of inflows
into the drainage gallery.

6 STRUCTURAL DESIGN PROBLEMS

As mentioned in the introduction, the clash of contradictory requi-
rements of geotechnical engineers and hydraulic engineers affected
most of all the problems of the structural design and structural calcu-
lations. The concept of the segmental lining (see below) was based on
several structural analyses using mathematical modelling by means of
the Final Element Method (FEM). The FEM calculation took into con-
sideration the condition of the rock mass after the completion of the
Strahov tunnel excavation, which means that it assessed the real loa-
ding conditions following from the given geological structure and
parameters of the compacted pea gravel layer determined by in-situ
measurements. It was the discussion about the quality of the placement
of the pea gravel packing serving as a full-profile drain and the subse-
quent introduction of the packing into calculations that was a source of
a significant uncertainty. For that reason in-situ verification tests were
conducted to verify real values of the modulus of deformation of the
pea layer. Two plate loading tests (see Fig. 5) were conducted to veri-
fy the real degree of compaction of the drainage backfill of the draina-
ge gallery and the values determined by the tests were recommended
for the above-mentioned structural calculations. The structural design
for the reinforced concrete lags is, among others, based on the loads
which were verified by the FEM mathematical modelling.

The overall analysis resulted in the determination of limits for the
quality of ground environment with the given geotechnical characte-
ristics, which reliably guarantee stability of the proposed structure of
the segmental lining with the full-profile drain around it. This condi-
tion is firmly incorporated in the GTM system and requires increased
geological and geotechnical supervision. In the case that lower geo-
technical characteristics are encountered (local fault zones etc.), it is
impossible to assume that the “drainage” lining system will behave in
a stable manner, therefore it is necessary to switch to the system
employing steel elements and shotcrete. Of course, the draining capa-
city of the gallery is suppressed at that moment. For that reason,
a system in which the lining designs alternate, meaning that the shotc-
rete lining is interrupted at certain intervals by “windows” where the
gallery is provided with the draining lining using pea gravel, has been
designed to the necessary extent.

7 DESIGN FOR CROSS SECTIONS

The original design for the temporary lining of the drainage galle-
ry (by Satra s.r.0.) proposed a lining consisting of shotcrete with wel-
ded mesh and support arches — according to the NATM principles.
This system was designed for both the access portion and draining
portion of the gallery. A decision was made after a detailed assess-
ment of required hydrotechnical properties of the drainage gallery
that structural changes would be implemented in the draining portion.
A heavily permeable lining is now designed for the draining portion
of the gallery from chainage km 0.190 to km 0.750. In general, this
lining consists of K21-type TH colliery yielding arches installed at
1.0m spacing and reinforced concrete lags (1m long, 0.15m wide and
0.06m thick), with a minimally 150mm thick drainage layer of gravel
— washed pea gravel (size fraction 8 — 16mm) packed behind it.

The profile of the drainage gallery is closed by circular invert con-
sisting of steel arches and shotcrete reinforced with welded mesh. The
total theoretical excavated area of the drainage gallery is 10.51m?2.
The width and height of the unsupported excavation is 3.7m and 3.9m
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O \Lcuvuuﬂovacl STOLA

LEGENDA / LEGEND
1 - drendzni vrstva 150 mm / drainage layer 150mm
prany kacirek frakce 8-16mm / washed pea gravel 8-16mm fraction
- zelezobetonové paznice 50 mm / reinforced concrete lags 50mm thick
- ocelova dlilni vyztuz K 21 / K21-profile colliery arches
- prostor pro def. osténi 150 mm / space for final lining of 150mm
- hrana budouci definitivni konstrukce / edge of future final structure
- VZT / ventilation
- osvétleni/ lighting
- kabely / cables

o B w N

- vytlak / pressure pipe-line
- beton 30/37 SVC-XA3 / concrete 30/37 SVC-XA3
- poklop — kompozitni mfizka (rost) / cover — composite grid (grate)
- plastova drendzni Sachtice Vario DN 400 / plastic drainage manhole Vario DN 400
0 - beton C 30/37 SVC-XA3 / concrete C 30/37 SVC-XA3
- geotextilie / geotextile
- prany kacirek frakce 8-16 / washed pea gravel 8-16mm fraction
- beton 30/37 SVC-XA3 / concrete C 30/37 SVC-XA3
11 - drendzni truky PE 100-200x11,4 ; 2/3 dérované, Stérbiny podéiné se $itkou 6 mm
PE 100-200x11.4 drainage pipes; 2/3 perforated, longitudinal slots 6mm wide

— © N>

Obr. 6 Vzorovy pri¢ny fez a pohled na vybudované doc¢asné osténi odvodrio-
vaci $toly s drendzni §térkovou vrstvou

Fig. 6 Typical cross-section and a view of the completed drainage gallery
primary lining with the drainage gravel layer

Konstrukce provizorniho docasného osténi je navrZena na dobu
urcitou (do 5 let od vybudovéni). V soucasnosti neni je§té projektové
reSené osténi definitivni. Predpoklada se vSak jako osténi z litého beto-
nu. Na obr. 6 je ve vzorovém pri¢ném fezu naznacen dosah definitiv-
niho osténi do vyrubu. Samotnd realizace definitivniho osténi je odvis-
14 od rozhodnut{ pripadného prodlouZeni odvodnovaci $toly, které by
nésledovalo po vyhodnocenti jeji dosavadni funkce. Razba odvodnova-
ci Stoly je v soucasnosti provddéna v jilovitoprachovitych bridlicich
pomoci raziciho stroje — vyloznikové frézy. S tim souvisi i to, Ze pric-
ny profil §toly byl uzptsoben strojovému vybaveni stavby — nejen razi-
cimu mechanismu, ale i kolové dopravé. Pfi ndsledné uvazované razbé
v pevnych kfemencich se predpoklddd pouZiti trhacich praci.

8 DOPLNUJICI GEOTECHNICKE PRUZKUMY V PRUBEHU
RAZBY ODVODNOVACI STOLY

Pro vlastni projekt odvodnovaci Stoly se vychédzelo pouze ze zna-
losti vysledku geotechnickych prazkumt pro Strahovské automobi-
lové tunely. Nebyly tedy pred zapoletim razby Stoly realizovdny
74dné nové prazkumné prace s terénnimi zkouskami mechaniky hor-
nin, které by ovérily soucasné geotechnické charakteristiky vystihu-
jici stav horninového masivu po dokonceni stavebnich konstrukci
Strahovskych tunelu.

Proto bylo nutné provést v nékolika mistech odvodnovaci Stoly dopl-
fujici geotechnické pruzkumy, které by upfesnily soucasny stav geo-
technickych poméru v okoli odvodnovaci 3toly. Jednalo se zejména
o misto podchodu odvodnovaci §toly pfimo pod tubusem Strahovského
tunelu [5], ddle pak v blizkosti vyhodnocovaciho sdruzeného profilu ve
stani¢eni 0,200 km [6] (obr. 4) a v souCasnosti také v predstihu

respectively. The typical cross-section, including the temporary lining
with the gravel drainage layer, is shown in Fig. 6. If the geotechnical
conditions are substantially unfavourable, for example if the excava-
tion passes through a thick fault zone, the originally designed system
of lining consisting of reinforced shotcrete and steel arches without
the drainage gravel layer will be applied within such weakness zones
of the rock mass. This solution is more favourable in terms of the
structural calculation.

The temporary lining structure is designed for a determinate time
(ending 5 years after its completion). The design for the final lining
has not been finished yet. It is expected that the structure will be in
cast-in-situ concrete. The reach of the final lining into the excavated
space is outlined in Fig. 6. The construction of the final lining itself
depends on the decision on contingent extension of the drainage gal-
lery, which would follow after assessing its function till that time is
carried out. The excavation of the drainage gallery is currently proce-
eding through clayey-silty shales using a tunnelling machine —
a cutter boom. The fact that the cross-section of the gallery was adap-
ted to the mechanical equipment (not only the driving equipment but
also rubber-tyred haulage) also relates to the use of this machine. The
drill and blast technique is expected to be used during the subsequent
excavation passing through strong quartzites.

8 SUPPLEMENTARY GEOTECHNICAL SURVEYS DURING THE
COURSE OF THE EXCAVATION OF THE DRAINAGE GALLERY

The design for the drainage gallery itself started only from the
knowledge of results of geotechnical surveys which had been con-
ducted earlier for the Strahov automobile tunnels. No new surveys
comprising rock mechanics field tests, verifying the current geotech-
nical properties giving a true picture of the rock mass state after the
completion of the Strahov tunnels had been carried out before the
commencement of the gallery excavation.
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Obr. 7 Provddént dopliiujiciho geotechnického pruzkumu pomoci presiome-
trickych zkousek v pruzkumnych vrtech. Vpravo pretvdrny diagram — vyhod-
noceni presiometrické zkousky

Fig. 7 Implementation of a supplementary geotechnical survey by means of
pressiometric tests in survey boreholes. For the right — the stress-strain curve
— evaluation of the pressiometric test

z tunelové propojky TP 1 Strahovskych tuneld (ve stanieni Stoly
0,400 km — obr. 8). V poslednich dvou uvadénych piikladech byly pru-
zkumné vrty a terénni geotechnické zkousky (presiometrické zkousky)
zaméreny na overeni soucasnych geotechnickych vlastnosti horninového
pilite Strahovskych tuneld, ktery je v piimém nadlozi odvodiiovaci Stoly.
Cilem provadénych dopliujicich geotechnickych pruzkumu bylo ziskat
aktudlni geomechanické charakteristiky horninového masivu pro static-
ké vypocty, provddéné pomoci matematického modelovéni, metodou
kone&nych prvku. VSechny tfi dopliiujici prazkumy vyrazné upfesnily
mistni geotechnické charakteristiky, zejména pretvarné vlastnosti horni-
nového masivu. Zvlaste presiometrické zkousky provadéné ze Stoly
v blizkosti vyhodnocovaciho profilu 0,200 km (obr. 4) a v predstihu
i provedené zkousky z tunelové propojky Strahovskych tunell (obr. 8)
ovetily deformaéni vlastnosti vyrazné zlomove tektonicky porusenych
péasem dobrotivskych jilovitoprachovitych bridlic s nizkymi hodnotami
presiometrického modulu pretvarnosti. U vyhodnocovaciho profilu
0,200 km byla v navétralém, tektonicky poruseném horninovém masivu
naméfena prumérnd hodnota Edef,p 54 MPa. U pravé realizovanych
zkousek z tunelové propojky €. 1 Strahovského tunelu lze ocekdvat
obdobné nizké hodnoty. Vysledky dopliiujicich geotechnickych prazku-
mu jsou nejen pouZivdny pro Upravu statickych vypoctu, ale i pro pii-
padnou volbu pouziti alternativniho systému provizorniho osténi napf.
v tektonicky oslabenych zénich horninového masivu, kde ocekdvame
zvySené deformace pri razbé odvodnovaci Stoly.

9 GEOTECHNICKY MONITORING RAZBY ODVODNOVACI STOLY

V prubéhu vystavby odvodiiovaci $toly jsou od poatku razby
X/2009 méfeny a ndsledné vyhodnocovany deformace na realizova-
né konstrukci odvodniovaci Stoly (konvergencni méfeni) a také defor-
mace konstrukce Strahovskych tuneli a povrchové zéstavby vcetné
terénu (geodetickd méfeni). V prubéhu raZeb jsou téZ kontinudlné
sledovany inzenyrskogeologické, geotechnické a hydrogeologické
poméry na nezajisténém Cele vyrubu. Naplni geotechnického moni-
toringu pii razbé odvodniovaci Stoly je prabézné oveérovani shody
predpokladu danych projektem se skute¢nosti — zejména zda bylo, i
nebylo dosaZzeno maximdlnich meznich deformaci, resp. projektem
definovanych varovnych stava.

V ramci geotechnického monitoringu jsou realizovdna i dopro-
vodnd méfeni a sledovani jako jsou kontrolni dynamicka a akustickd
méfeni, pasportizace objektld nadzemni zdstavby apod.

For the above reason it was necessary to carry out supplementary
geotechnical surveys in several locations of the drainage gallery,
designed to refine the information on the current state of geotechnical
conditions in the drainage gallery surroundings. Among the locations,
there was for example the passage of the drainage gallery directly
under one of the Strahov tunnel tubes [5], a location in the vicinity of
the combined assessment profile at chainage km 0.200 [6] (see Fig. 4)
and, currently, even in advance from the cross passage TP1 conne-
cting the Strahov tunnel tubes (gallery chainage km 0.400 — see Fig.
8). In the latter two cases the exploration boreholes and field geo-
technical tests (pressuremeter tests) were focused on the verification
of current geotechnical properties of the rock pillar between the
Strahov tunnel tubes, which is found directly above the drainage gal-
lery. The objective of the supplementary geotechnical surveys which
were conducted was to gather topical geomechanical characteristics
of the rock mass required for structural analyses using mathematical
modelling by means of the Finite Element Method. All of the three
supplementary surveys significantly improved the existing informati-
on about local geotechnical characteristics, first of all the deformati-
onal properties of the rock mass. Especially the pressuremeter tests
which were carried out from within the galley in the vicinity of the
monitoring profile at km 0.200 (see Fig. 4) and tests carried out in
advance from within the cross passage connecting the Strahov tunne-
Is (see Fig. 8) verified the deformational properties of the markedly
faulted zones of the Dobrotiv clayey-silty shales, featuring low valu-
es of the pressiometric modulus of deformation. The average value of
Edef,p of 54 MPa was measured at the assessment profile at km
0.200, found in little weathered, tectonically disturbed rock mass. It is
possible to expect that similarly low values will be determined by the
tests which are currently being conducted in the cross passage No. 1.
The results of the supplementary surveys are not only used for adjus-
ting structural calculations but also for the contingent selection of an
alternative system of the primary lining, e.g. for sections passing
through fault zones in the rock mass, where increased deformations
during the course of the drainage gallery are expectable.

9 GEOTECHNICAL MONITORING OF THE DRAINAGE
GALLERY EXCAVATION

Deformations of the drainage gallery structure (convergence measu-
rements) and deformations of the Strahov tunnel structures and exis-
ting buildings, including the settlement of the ground surface (topo-
graphical measurements), have been measured and assessed during the
course of the drainage gallery excavation since the beginning of the
excavation in October 2009. Engineering geological, geotechnical and
hydrogeological conditions at the unsupported excavation face are also
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9.1 Popis a vysledky vybranych méreni

Geologicko geotechnické sledovani vyrubu

Prabézné s razbou odvodriovaci $toly je provddéna geologicko
geotechnickd dokumentace nezajisténého Cela vyrubu. V soucasné
dobé (X1/2010) je Stola vyrazena do stani¢eni km 0,340 a razba pro-
zatim probihd v ordovickych hornindch dobrotivského souvrstvi.
Z litologického hlediska se jednd o jilovité az prachovité bridlice,
které jsou mistné silné rozpukané a v nekterych mistech se v nich
vyvinula i nékolik metrd mocnd poruchovéd padsma s vyplni podrcené
horniny charakteru zeminy. V téchto mistech dochédzelo k zvySenym
deformacim nosného systému Stoly.

Meéreni poklesu terénu a objektu nadzemni zastavby

V dusledku razby odvodiiovaci §toly se na povrchu tzemi vytvari
poklesovd kotlina sledujici osu dila, a to jak v pfiném, tak
i podélném sméru. Z matematického modelovani vyplynul predpo-
klad jejiho rozsahu, a tedy i dosahu ovlivnéni razby na nadzemni
zastavbu. V projektu byly definovany ocekdvané i maximdlni dovo-
lené hodnoty poklest terénu (i zdstavby), coz bylo 12 mm
a maximalni dovoleny sklon poklesové kotliny s ohledem na zastav-
bu 1:800.

Pro sledovani prab&hu poklesové kotliny byly osazené geodetické
body jednak na terénu (nad osou $toly a ve 3 pricnych vyhodnoco-
vacich profilech) a také na objektech nadzemnf{ zdstavby uvnitf zony
ovlivnéni. Maximdlni zméfeny pokles terénu prozatim cinnf
10,2 mm a byl zaznamenan v mistech, kde byly méreny nejen zvy-
Sené deformace osténi v odvodnovaci §tole, ale také i na konstrukci
Strahovskych tuneld. Horninovym masivem v téchto mistech pro-
chdzi vyraznd tektonickd poruchovd (zlomovd) zdéna (obr. 4).
Maximaélni zméfeny pokles objekti nadzemni zdstavby prozatim
¢inni 8,9 mm. Maximélni zméfené a vyhodnocené nerovnomérné
seddn{ prozatim ¢innf 1:16000.

Meéreni deformaci ve Strahovskych automobilovych tunelech

Odvodnovaci §tola se prevdzné razi v horninovém pilifi mezi std-
vajicimi Strahovskymi tunely (respektive pod nimi), a tedy ob¢ tune-
lové roury lezi v poklesové zéné Stoly. Pohyb konstrukci tubust
Strahovskych tunell se proto kontroluje jednak nivelaénim méfenim
bodu na okraji vozovky, a také pomoci 3D vyhodnocovacich profilu,
které jsou méfeny trigonometricky a jsou osazovdny do nosnych
konstrukei Strahovskych tunelu. U téchto profilt jsou vyhodnocova-
ny pri¢né i podélné posuny vici ose tunelu a predeviim také seddni.
Maximdlni dovolené hodnoty poklest u bodi ve vozovce byly sta-
noveny na 14 mm. U 3D bodi byla stanovena maximalni dovolend
deformace ve svislém sméru 14 mm a ve vodorovném 4 mm.

Pro sledovéani deformaci ve Strahovskych tunelech bylo osazeno
celkem 22 geodetickych bodu na vozovce a 17 3D vyhodnocovacich
profild. Maximalni zméfeny pokles bodu na vozovece Strahovskych
tunelt prozatim ¢inni 9,1 mm. U 3D profild byl prozatim zméfen
maximdln{ pokles 13,9 mm na profile 5 v blizkosti jiZ zminéné poru-
chové zény (tyto deformace ve Strahovskych tunelech jsou vyznace-
né na obr. 4). Podélné deformace ve 3D profilech nejsou vyrazné —
pohybuji se do 3 mm, pri¢né dokonce jen do 2 mm.

Meéreni deformaci v odvodnovaci Stole (konvergenéni méreni)

Pomoci konvergen¢niho méfeni ziskdvdme informace o radidlnich
deformacich primérniho osténi odvodnovaci §toly s cilem ovérit jak
stabilitu nosného systému, tak i tvarové zmény vyztuZeného profilu
Stoly. Deformace nosného systému jsou na odvodnovaci §tole mére-
né v tiibodovych konvergen&nich profilech. Vzdélenost konvergenc-
nich profilu se zde pohybuje v rozmezi 15 az 25 m zévislosti na
vysce nadloZi, predpoklddanych inZenyrskogeologickych pomérech
¢i na poloze predpoklddanych rizikovych mist stavby (napf. podchod
pod tunelovou troubou Strahovskych tunel). V pripadé zastizeni
zhorSenych podminek na cele vyrubu (tektonickd poruchovd pdsma)
jsou vzdy operativné vloZeny dal§i konvergenéni profily.

Maximdlni dovolené konvergence byly definovadny projektem jak
pro osténi ze stifkaného betonu, tak pro osténi s drendZni §térkovou
vrstvou mezi Zelezobetonovymi paznicemi a horninovym masivem.
Ve svislém sméru byla definovédna projektem jako maximdlni dovo-
lend hodnota 20 mm a ve vodorovném sméru 15 mm. Pfi konver-
genénim mereni byla skute¢n€ zaznamendna maximélni hodnota
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continually monitored during the course of the excavation. The focus
of the geotechnical monitoring during the course of the drainage gal-
lery excavation is to continually verify the agreement of assumptions
contained in the design with the reality — first of all whether maximum
limit deformations or the warning states specified by the design have
or have not been reached.

In addition, the geotechnical monitoring comprises attending mea-
surements and observations, such as checking dynamic and acoustic
measurements, condition surveys of existing buildings etc.

9.1 Description and results of selected measurements
Geological and geotechnical monitoring of excavation
Geological and geotechnical documentation of the unsupported

excavation face is maintained simultaneously with the drainage galle-
ry excavation. As of today (November 2010), the gallery excavation,
still passing through Ordovician rocks of the Dobrotiv Beds, has been
completed up to chainage km 0.340. From the lithological point of
view, the rocks comprise clayey to silty shales, which are locally hea-
vily fractured, with several metres thick fault zones filled with broken
rock of the soil character developed in these zones. Increased defor-
mations of the gallery excavation support system were recorded in
these locations.

Measurements of the settlement of ground surface and existing
buildings

A settlement trough has been developing on the surface as a result
of the underground excavation of the drainage gallery, following the
centre line of the gallery both in transverse and longitudinal directi-
ons. The prediction for its extent and the reach of the impacts on exis-
ting buildings followed from the mathematical modelling. The design
defined the anticipated and maximum permissible values of the terra-
in (and buildings) subsidence to be 12mm, and the maximum permis-
sible settlement trough slope value taking into consideration the exis-
ting buildings to be 1:800.

Survey points for monitoring of the development of the settlement
trough were installed both on the surface (above the gallery centre
line and at 3 assessment profiles) and on the buildings found within
the zone affected by the gallery excavation. The maximum till now
measured terrain subsidence has amounted to 10.2mm. It was recor-
ded in the location where increased deformations had been measured
not only in the drainage gallery but also on the Strahov tunnel struc-
tures. In this location the rock mass is cut through by a significant
fault zone (see Fig. 4). Till now the maximum subsidence of buildings
has reached 8.9mm. The maximum measured and evaluated differen-
tial settlement value has amounted to 1:16000.

Measurements of deformations inside the Strahov automobile
tunnel tubes

The drainage gallery is mostly driven through the rock pillar bet-
ween the existing Strahov tunnel tubes (under their bottom level); the-
refore both tunnel tubes are found in the zone of settlement induced
by the gallery excavation. For that reason the movement of the
Strahov tunnel tubes is checked both by levelling survey of points
installed at the edge of the roadway and by means of 3D assessment
points, which are installed in load-bearing structures of the Strahov
tunnel, to be surveyed trigonometrically. Transverse and longitudinal
movements relative to the tunnel centre line and, first of all, the sett-
lement values are assessed at these profiles. The maximum permis-
sible settlement values set for the points in the roadway are 14mm.
The maximum allowable vertical and horizontal deformations set for
the 3D points are 14mm and 4mm, respectively.

The total of 22 survey points were installed in the roadway and 17
3D assessment profiles were established for the purpose of monito-
ring deformations inside the Strahov tunnel tubes. The maximum till
now measured subsidence of the points in the Strahov tunnel road-
ways has amounted to 9.1mm. As far as the 3D profiles are concer-
ned, maximum subsidence of 13.9mm was measured at profile No. 5,
in the vicinity of the above-mentioned fault zone (these deformations
in the Strahov tunnel tubes are marked in Fig. 4). The longitudinal
deformations at the 3D profiles, reaching up to 3mm and transverse
deformations not exceeding 2mm, are not significant.
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CROSS SECTION AT ABSOLUTE POSITIONG KM 0,403

STREET “NA HREBENRACH"

MEASUHED OM THE FURFACE

Measurements of deformations in the
drainage gallery (convergence measure-
ments)

Convergence measurements provide
information on radial deformations of the
drainage gallery primary lining, allowing us
to verify both the stability of the load-bea-
ring system and changes in the geometry of
the profile of the gallery profile provided
- with the primary support. Deformations of
= the load-bearing system of the drainage gal-
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PRESSURMETRIC TESTS IN EXTENSOMETRIC
AND HYDROGEOLOGICAL HOLE

lery are measured at three-point convergen-
ce profiles. The convergence profiles are
installed at intervals ranging from 15 to
25m, depending on the overburden height,
= the anticipated engineering geological con-
ditions or the locations where risk conditi-
ons are expected (e.g. the passage under the
Strahov tunnel tube). If worsened conditi-
ons are encountered at the excavation face
(fault zones), additional convergence mea-
surement profiles are always operatively
inserted.

The maximum permissible convergen-
ces were defined by the design for both the
shotcrete lining and the lining containing the
drainage gravel layer between reinforced
concrete lagging and the rock mass. The
values of 20mm and 15mm were defined by
the design as maximum allowable for the
vertical and horizontal directions, respecti-
vely. The maximum horizontal and vertical
convergence values actually registered by
the convergence measurements were
28.22mm and 18.22mm, respectively. These
values were measured on the lining contai-
ning the above-mentioned drainage pea gra-
vel layer, during the course of the excavati-
— | ON passing through the pronounced fault
zone at chainage km 0.200. It was exactly
the location where both the maximum

BRI WA TR TAR

Obr. 8 Navrzeny sdruzeny pruzkumny a vyhodnocovaci profil ve stani¢eni 0,403 km v problematickém tiseku

razby pod ul. Na Hrebenkdch v Praze 5-Smichov

Fig. 8 The combined survey and assessment profile proposed for the chainage km 0403, found in

a problematic excavation section under Na Hrebenkdch Street

konvergence ve vodorovném sméru 28,22 mm a ve svislém sméru
pak bylo zméfeno max. 18,22 mm. Téchto hodnot bylo dosaZeno na
ostén{ z vySe zminénou drendzni §térkovou vrstvou kacirku, a to pfi
razbé ve vyrazném tektonickém poruchovém pdsmu ve stani¢eni
0,200 km. Bylo to pfesn¢ v misté, kde byly namereny jak maximal-
ni poklesy terénu, tak i maximdlni deformace na konstrukcich
Strahovského tunelu (to je opét patrné na obr. 4). Z divodu prekro-
¢eni maximadlnich hodnot deformaci jak ve vodorovném, tak i ve
svislém sméru a z divodu dal$iho nepfiznivého trendu deformaci
osténi $toly se muselo v tomto tseku pristoupit k dodate¢nému vyz-
tuZeni tohoto osténi s drendzni vrstvou jednak pomoci dokotven{
(radidlnimi kotvami o délce 6 m), a také byla dodate¢né pridand vrst-
va stfikaného betonu vyztuzeného ocelovymi sitémi.

Na zédkladé poznatkl z vyhodnocovaciho profilu v km 0,200 (obr.
4), kde byly v poruchové zlomové z6né v prachovitojilovitych dob-
rotivskych bridlicich naméfeny nejvétsi deformace v odvodnovaci
Stole, ve Strahovskych tunelech i na terénu, byl navrZzen dalsi sdru-
Zeny pruzkumny a vyhodnocovaci profil ve strani¢eni km 0,403
(obr. 6) — v misté tunelové propojky ¢. 1 mezi Strahovskymi tunely,
pod ul. Na Hfebenkdch. Tento profil byl vybrdn predev§im
z duvod, Ze pii razbé Strahovskych tuneli zde byly naméfeny nej-
vétsi deformace 81 mm, a to v extenzometru, situovaném do horni-
nového pilifi mezi tunely [1]. Tyto deformace z drovné tunelu se

ground surface settlement values and the
maximum deformations of the Strahov tun-
nel structures were registered (this is also
shown in Fig. 4). Because of exceeding the
maximum values of deformations in this
section, both horizontal and vertical, and with respect to the continu-
ing unfavourable trend in deformations of the gallery lining, it was
necessary to install additional reinforcement of this lining (containing
the drainage gravel layer) not only by additional anchoring (6m long
radial anchors), but also by adding a layer of shotcrete reinforced with
welded mesh.

Based on findings gathered at the assessment profile at km 0.200
(see Fig. 4), where the greatest deformations were measured in the
fault zone consisting of the silty-clayey Dobrotiv Shale (in the drai-
nage gallery, in the Strahov tunnel tubes and on the ground surface),
additional combined survey and assessment profile was designed for
chainage km 0.403 (see Fig. 6), which is the location of the cross pas-
sage No. 1 between the Strahov tunnel tubes, found under Na
Hrebenkach Street. This profile was selected first of all because of the
fact that this was the location where the greatest deformations had
been measured during the Strahov tunnel tubes excavation, reaching
81mm (on the extensometer installed in the rock pillar between the
tunnel tubes [1]). These deformations gradually copied themselves
from the tunnel level up to the terrain surface. The increase in the
deformations induced by the Strahov tunnel tubes excavation was
again caused by the presence of a fault zone.

A supplementary geotechnical survey by means of pressuremeter tests
conducted in boreholes to be used both for extensometer measurements
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postupné prokopirovaly na terén. ZvySené deformace od razby
Strahovskych tuneli byly zpusobeny opét pritomnosti zlomové
poruchové zény.

Ve vyse jmenovaném vyhodnocovacim profilu ve strani¢eni km
0,403 (v misté tunelové propojky Strahovskych tuneld) byl nyni
(X1/2010) v predstihu pred razbou (vzdélenou cca 60 m) realizovan
doplnujici geotechnicky pruzkum pomoci presiometrickych zkousek,
realizovanych ve vrtech, jeZ budou vyuZité jednak pro extenzome-
trickd méfeni a jednak pro hydrogeologickd méfeni (piezometr).
Kromé extenzometru a piezometru jsou zde také jiz instalovdny na
konstrukcich Strahovkych tuneli vyhodnocovaci 3D profily a na
terénu nivela¢ni body. To v§e je patrné na obr. 8.

V tomto profilu se opét ofekdvaji zvySené deformace od razby
odvodnovaci $toly.

10 ZAVER
Razba odvodnovaci Stoly je v dne$ni dobé pfiblizné v jedné treti-
né celkové své planované délky a zasluhou komplexniho a v€asného
vyhodnocovéni geotechnického monitoringu a také zasluhou realiza-
ce dopliujicich geotechnickych prazkumu (presiometrické zkousky,
jadrové vrty do predpoli Stoly apod.) nedoslo k Zddnym mimorad-
nym uddlostem — zZddnym havériim. Geotechnicky monitoring pri-
spél i k dspésnému prekondni geotechnicky problematickych mist
v pribéhu razby, jako bezesporu bylo podchézeni provozovanych
Strahovskych tunelu ¢i razba v tektonickém zlomovém pdsmu, které
mélo charakter zeminy. Pravé v mistech silného tektonického poru-
Seni horninového masivu se ndm osvéd¢ilo realizovat sdruzené
vyhodnocovaci profily s méfenimi v odvodnovaci $tole, na kon-
strukcich Strahovskych tunelu, tak i na terénu. Zde na zakladé kom-
plexniho vyhodnoceni vSech téchto mefeni doslo v problematickych
usecich razby k vEasnému zesileni osténi odvodnovaci $toly, coz
piesné odpovidd principim observaéni metody ndvrhu razby.
Vystavba odvodnovaci §toly s nové navrZenym systémem oste-
ni (s Stérkovou zaklddkou jako plnoprofilovym drénem) je z hlediska
statiky i z hlediska vyhodnoceni provddéného geotechnického moni-
toringu bedlivé sledovdna a proveéfovdna. Problematickymi dseky
razby byly pro tento systém razby vyrazné tektonické poruchy (poru-
chova pdsma) v horninovém masivu, kde tato metoda musela byt
operativné prizpusobena zastizenym geologickym pomérum.
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and for hydrogeological measurements (a piezometer) was installed
in November 2010, in advance of the excavation (at the distance of
about 60m) at the above-mentioned assessment profile at chainage km
0.403 (the location of the cross passage between the Strahov tunnel
tubes). Apart from the extensometer and the piezometer, 3D assess-
ment profiles have been established in the Strahov tunnel tubes, and
levelling points were installed on the ground surface. All of this is
shown in Fig. 8.

Increased deformations induced by the excavation of the drainage
gallery are again expected at the above-mentioned profile.

10 CONCLUSION

The excavation of the drainage gallery has till now proceeded app-
roximately to one third of the total planned length and, owing to com-
prehensive and timely assessing of the geotechnical monitoring
results and thanks to the implementation of supplementary surveys
(pressuremeter tests, core holes drilled into the gallery excavation
face-advance core etc.) no extraordinary events — no incidents — were
experienced. The geotechnical monitoring also contributed to
successful overcoming geotechnically problematic locations during
the course of the excavation; the passage under the operating Strahov
tunnels or driving the gallery through a fault zone having the charac-
ter of soil undoubtedly belong among them. It was especially in the
locations heavily disturbed by faulting that the implementation of
combined assessment profiles proved itself best, allowing measure-
ments to be carried out inside the drainage gallery, on the Strahov tun-
nel structures and on the ground surface. The lining of the drainage
gallery was timely reinforced on the basis of the comprehensive
assessment of all of the above-mentioned measurements, exactly in
line with principles of the observational excavation method proposed
by the design.

The construction of the drainage gallery with the newly designed
lining system (comprising the gravel packing acting as a full-profile
drain) has been thoroughly followed and examined in terms of struc-
tural calculations and the geotechnical monitoring being conducted.
The excavation sections which were problematic for this tunnelling
system comprised profound tectonic faults (fault zones) in the rock
mass, where this method had to be operatively adapted to the actual-
ly encountered geological conditions.
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