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Vazeni ¢tenari ¢asopisu TUNEL,

dostalo se mi cti a moZnosti se s vdmi, vdZenymi konzumenty obsaht stranek naseho Casopisu, podélit o ndzory a pocity, které
jsou spojeny prave s timto nasim predvano¢nim &islem nebo cheete-1i piibéhem. Mohlo by se zdat, Ze dne$ni pohnutd, az turbu-
lentné nestabilni doba nemuZe v naSich myslich generovat prili§ velkd ofekdvéni bohatych vdnoc¢nich svétka, které musi byt
u pravovérnych tuneldru predstavovany pravé darky v podobé dalich nové zahajovanych podzemnich staveb. Ale presto je zde
namisté jistd mira optimismu, kterou v naSem stylizovaném vano¢nim pribéhu ,, O tom jak ke stavbé nového podzemniho dila Cesky
a slovensky tuneldr prisel” mohou symbolizovat prave spole¢nosti ARCADIS GEOTECHNIKA, a. s., a ELTODO EG, a. s., kte-
rym je toto ¢islo vénovano.

Symboliku a spojitost hledejme ve spole¢né funkci a formulaci dvodu a zavéru kazdého literarniho dila stejné jako v nasem
pripadé v zahdjeni a dokoncéeni kazdého podzemniho dila.

ARCADIS GEOTECHNIKA, a. s., je geotechnickd a konzultacni spolecnost s dlouholetou tradici a z principu svych ¢innos-
ti stoji mimo jiné na za&dtku kazdého podzemniho projektu, kterému do jeho vinku muze zaddvaci formulaci své dvodni staté
dat potencial k uspésné realizaci.

Vlastni a dnes jiZz samoziejma stfedni realizalni stat’neni pfedmétem naseho vdnocniho ptibéhu, a proto rovnou muZeme pri-
stoupit k jeho zaveru.

ELTODO EG,; a. s., je spolecnosti vyznacujici se komplexnosti technologickych dodavek spojenych zejména s bezpecnosti
a provozem podzemnich d¢l, a tim davajici predpoklad, Ze na§ vano¢ni darek prezentovany nasim pribéhem bude tspesné dokon-
Ceny a uzivatelsky bezpené provozovany.

Proto si prejme, aby takovych véno¢nich pribéhu, resp. darka, bylo pro nasi tuneldfskou komunitu pod stromeckem nachysta-

v

no pro pristi rok co nejvice, i kdyz vime, Ze zdzraky se Casto nedéji ani o Vanocich, takze Stastné a veselé.

ING. BORIS SEBESTA
¢len redakéni rady

Dear readers of TUNEL journal,

It is my honour that I have been allowed to share my opinions and feelings regarding this pre-Christmas issue, or if you wish
a story, with you, esteemed consumers of the content of our journal pages. It could seem that the present stirring and turbulent-
ly unstable time cannot generate in our minds too high expectations of rich Christmas holidays, which must be represented in
the minds of orthodox tunnellers by presents in the form of newly commenced underground construction projects. However,
a certain level of optimism is in order. In our styled Christmas story, or a fairy tale, about how a Czech tunneller and a Slovak
tunneller came by a new underground construction contract, this optimism can be symbolised by ARCADIS GEOTECHNIKA,
a. s. and ELTODO EG, a. s., which are the companies this issue is dedicated to.

Let us seek the symbolism and relationship in the common function and formulation of the introduction and conclusion of each
literary work, which is identical with the commencement and completion of each underground working dealt with in our case.

ARCADIS GEOTECHNIKA, a. s. is a geotechnical and consultancy company with a long-standing tradition. It follows from
the principle of its activities that, among others, it is present at the beginning of each underground construction project where it
can endow it with a potential for successful realisation by its initial geological report and geotechnical interpretation.

The middle construction realisation part itself, which is today already common, is not the subject of our Christmas story, the-
refore we can proceed to its conclusion.

ELTODO EG, a. s., is a company distinguishing itself by the complexness of equipment supplies associated, first of all, with
the safety and operation of underground workings, giving the assumption that our Christmas present in the form of our story will
be successfully completed and operated in a way friendly to the users.

For that reason our wish is that there are as many as possible similar Christmas stories or presents prepared under the
Christmas tree for our tunnelling community, even though we know that miracles are infrequent even during the Christmas time.
Anyway, we wish you Merry Christmas.

ING. BORIS SEBESTA
Member of the Editorial Board
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VAZENI CTENARI,

je pro mne a pro celou na$i spole¢nost ARCADIS
Geotechnika, a. s., poctou, stru¢né vam v tomto ¢isle ¢asopisu
Tunel predstavit nase aktudlni aktivity a zdméry v oboru pod-
zemniho stavitelstvi.

Konstantou nasi podnikatelské strategie je trvald orientace na
komplexn{ inZenyrskou a konzulta¢ni ¢innost v oboru geotech-
niky pro podzemnf stavitelstvi a odhodlani provadét ji pro nase
klienty na nejvyssi mozné dosazitelné trovni.

Nase sluzby, jak zndmo, zahrnuji takrka tplné spektrum geo-
technickych specializaci. Od geotechnickych pruzkumu pro
tunely a podzemni stavby, pres konzultaéni ¢innost pri jejich
projektové pripravé vletné analyzy geotechnickych rizik.
V prubéhu vystavby realizujeme geotechnicky dozor
a geotechnicky monitoring, véetné fizeni geotechnickych rizik,
zaméfeny na optimalizaci mezi ndklady stavby, na plnéni tech-
nicko-kvalitativnich pozadavkua projektu a bezpenost pii jejim
provadéni.

Zkusenosti a znalosti v oboru podzemniho stavitelstvi, které
mdme, jsou zaloZeny na mnoho desitek let trvajicim pusobeni
na nejvyznamnéjsich podzemnich stavbéch jiz od vzniku CSR.
V poslednich letech se naSi tunelovi specialisté uplatiujf
i v zahrani¢i. Jen v tomto roce pusobili v Ciné, Chile, Srbsku,
Slovensku a ve Francii.

Zézemi pro préci specialisti na podzemnich stavbdch tvori
v na$i firmé laboratof mechaniky hornin a zemin, stfedisko
matematického modelovéni geotechnickych problému, praco-
vi§té terénnich zkouSek a pracovisté inZenyrské geodézie,
vybavené nejmodernéjsi optickou technikou, a skupina geo-
technickych specialistd systematicky pracujicich na vyzkumu
a technickém rozvoji.

Trvalou soucdsti rozvoje firmy je aplikovany vyzkum.
V soucasném obdobi fesi specialisté ARCADIS Geotechnika,
a. s., fadu vyzkumnych tkolu a rozvojovych projekta oriento-
vanych pfimo nebo nepfimo na problematiku podzemniho sta-
vitelstvi. V ndvaznosti na né¢ byly do praxe zavddény napiiklad
moderni metody geotechnického monitoringu.

K vyznamnym polinim naSich specialistd v oblasti tunelo-
vého stavitelstvi patfi napriklad vypracovani , TP 76-C
Geotechnicky prizkum pro tunely pozemnich komunikaci*
a ,, TP 237 Geotechnicky monitoring pro tunely pozemnich
komunikaci“.

Je jen prirozené, Ze nase spole¢nost ARCADIS Geotechnika,
a. s., také podporuje aktivity nasi narodni skupiny CzTA. Je
napriklad zlatym sponzorem konference Podzemni stavby
2013. Nasi specialisté se podileji na ¢innosti redakéni rady
Casopisu Tunel, aktivné se dcastni tunelarskych odpoledni, atp.

Jsem presvédCen, Ze i v budoucnu budeme pevnou souldsti
nasi ,,tuneldrské komunity” a budeme se podle nasich moznos-
ti podilet na rozvoji ¢eského podzemniho stavitelstvi.

Preji viem CEtendfum Casopisu Tunel a ¢lenum
CzTA mnoho dspéchu v podnikatelské Cinnosti -

i v osobnim Zivoté.

i o)
@l

DEAR READERS,

it is an honour for me and for our ARCADIS Geotechnika a. s. as
a whole to be allowed to introduce our current activities and plans in the
area of underground construction to you in this TUNEL journal issue.

The strategy of permanent orientation to comprehensive engineering
and consultancy activities in the area of geotechnics for the underg-
round engineering industry and the determination to perform them for
our clients at the highest achievable level is a constant feature of our
business strategy.

Our services, as generally known, comprise nearly the complete
spectrum of geotechnical specialisations, ranging from geotechnical
investigations for tunnels and underground structures through con-
sultancy during the design stage, including analyses of geotechnical
risks. During the course of construction, we carry out geotechnical
supervision and geotechnical monitoring, including the management
of geotechnical risks focused on the optimisation the relations of
construction costs, meeting technical and qualitative requirements of
the design, and safety during the works.

Our experience and know-how in the sphere of underground con-
struction is based on activities in most important underground con-
struction projects, lasting already from the origination of the
Czechoslovak Republic. In recent years our tunnelling specialists
have asserted themselves even abroad. Only this year, they worked
in China, Chile, Serbia, Slovakia and France.

The hinterland for the work of our specialists on construction sites
is provided in our company by a rock and soil mechanics laboratory,
a centre for mathematical modelling of geotechnical problems,
a field testing workplace, an engineering land survey workplace equ-
ipped with state-of-the-art optical technologies, and a group of geo-
technical specialists systematically working on research and techni-
cal development.

Applied research is a permanent part of the company develop-
ment. At present, ARCADIS Geotechnika a. s. specialists are solving
several research problems and development projects oriented direct-
ly or indirectly towards underground construction. As a follow-up to
them, for example, modern geotechnical monitoring methods were
put into practice.

Among important deeds of our specialists in the field of tunnel con-
struction engineering there are, for instance, the elaboration of tech-
nical specifications “TS 76-CK Geotechnical Investigation for Road
Tunnels* and ,,TS 237 Geotechnical Monitoring for Road Tunnels®.

Naturally, our company, Arcadis Geotechnika, also supports the
activities of our national ITA-AITES CzTA. It is, for example,
a golden sponsor of the Underground Construction 2013
Conference. Our specialists participate in the activities of the
Editorial Board of TUNEL journal, actively participate in the Tunnel
Afternoon meetings etc.

I am convinced that we will be a firm member of our “tunnel buil-
ding community” even in the future and will participate in develo-
ping the Czech underground construction industry wherever we can.

I wish all readers of TUNEL journal and the
ITA-AITES CzTA members lots of success in their
entrepreneurial activities and their private lives.

ING. VACLAV HOREJSIi, MBA
feditel a predseda predstavenstva spolecnosti ARCADIS Geotechnika, a. .

CEO and Chairman of the Board of Directors of ARCADIS Geotechnika, a. s.
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VAZENI CTENARI CASOPISU TUNEL!

Spole¢nost ELTODO, kterd v zai{ leto$niho roku oslavila 21 let své
existence, je od svého zaloZeni tzce svdzdna s vyvojem novych per-
spektivnich systému pro Fizeni technologického a dopravniho vybave-
ni v silni¢nich tunelech. Soucasné jsme v leto§nim roce oslavili patnéc-
tileté vyro¢i otevieni Strahovského automobilového tunelu, kde byla
technika vyvinutd ELTODO nasazena poprvé. Stoji za to pfipomenout,
Ze systémy ELTODO zaloZzené na fidicim systému Kerberus jsou
v soutasné dobé instalovany ve 26 tunelech v Ceské republice, na
Slovensku a v Turecku.

Soucasnd tiziva ekonomicka situace v nasi zemi s sebou kromé mno-
hych rizik spojenych s nedostatkem zakdzek pfinasi rovnéZ nebezpeli
odlivu zkuSenych odborniki z oblasti tunelovych technologii do jinych
sektora ekonomiky, popifpadé do zahrani¢i. Spole¢nost ELTODO se
snazila vzdy po celou dobu své existence prinést svym zaméstnancum
praci na zajimavych projektech, které zajiStovaly stabilitu profesniho
tymu. Abychom v tomto byli schopni pokracovat i do budoucna, snazi-
me se dlouhodobé orientovat na nové perspektivni technologie. Tyto
technologie se vyznacuji durazem na zlevnéni a zefektivnéni technolo-
gickych doddvek v oblasti tunelovych a ddlni¢nich staveb. Clanky pub-
likované v tomto &isle Casopisu Tunel jsou t€mto novym trendim véno-
vany.

Technologické doddvky v oblasti tunelovych staveb byly vzdy spo-
le¢nosti ELTODO vnimdany jako komplexni sluzby, které spolecnost
zajiStuje od zpracovani projektové dokumentace, pres zajisténi montd-
71, doddvku softwaru, oZiveni, uvedeni do provozu, provadéni zkuseb-
niho provozu, aZ po ndsledné zajiStovani ddrzby dodaného zafizeni.
Nejdualezitéjsi etapou komplexni doddvky technologického vybaveni
kazdé tunelové stavby z hlediska investi¢nich a provoznich ndklada je
optimdlni ndvrh jejtho technologického vybaveni. Na striktnim dodrZo-
van{ standardu zaloZené projektovani se zdd v soucasné dobé ¢dstené
prekonané, protoze rigidni sledovani pozadavku norem a technickych
podminek vede mnohdy ke zbyte¢nému prodrazovani staveb. ELTODO
se podili na védeckych a vyzkumnych projektech SAFETUN, OPTUN
a ZET, které se zabyvaji problematikou optimalizace ndvrhu
a stanoveni optimdlni miry rizika s cilem zefektivnit a zlevnit techno-
logické vybaveni tuneli. Vyznamnym polinem v této oblasti, ktery
ELTODO uvedlo v Zivot, je systém evidence mimorddnych uddlosti
v tunelech AZMUT, provozovany pracovniky spolecnosti v datovém
prostredi Narodniho dopravniho informaéniho centra v Ostrave.

Vyznamnym prvkem bezpecnostniho vybaveni kazdého tunelu je
fidici systém technologie a dopravy. V jednom z &ldnku je rozebrdna
problematika fidictho systému komplexu tunelt Blanka. Tato stavba
svoji velikosti a charakterem predstavuje opravdovou vyzvu pro pro-
jektanty a programdtory fidictho systému. Kromé vlastniho rozsahu
fizené stavby je nutné fesit fadu problému spojenych s integraci tune-
lového komplexu do fizeni dopravy ve mésté a rovnéz je tieba se vypo-
fddat s mimorddné slozitym systémem vzduchotechniky. DuleZitou
souddsti navrhu takto sloZitého systému je rovnéz kvalitni softwarovy
projekt, na jehoz pripravé se pracovnici ELTODO rovnéz podileji.

Dalsi ¢lanek je vénovan procesu vyhodnocovani zkusebniho provo-
zu tunelovych a ddlni¢nich staveb na silni¢nim okruhu kolem Prahy,
kterého se pracovnici ELTODO aktivné tucastni. Pro
ucely vyhodnocovdni takovychto staveb vyvinulo
ELTODO specidlni software, ktery je na této stavbe
vyuZzivan. ZkuSenosti s novou metodikou vyhodnocova-
ni mohou byt dspésné vyuzity i na jinych stavbdch.

\

(&Y

DEAR READERS OF TUNEL JOURNAL!

ELTODO company, which celebrated 21 years of its existence in
September this year, has been associated since its foundation with the
development of new emerging systems for the management of technical
and traffic-related equipment in road tunnels. At the same time, we have
celebrated the 15th anniversary of the opening of Strahov tunnel to traffic.
It was the first tunnel where equipment developed by ELTODO was instal-
led. It should be noted that ELTODO systems based on the Kerberus mana-
gement system are currently installed in 26 tunnels in the Czech Republic,
Slovakia and even in Turkey.

Among numerous other risks associated with the lack of orders, the cur-
rent distressing economic situation in the Czech Republic brings the risk
from “brain-drain” in the area of tunnel technologies to other sectors of
economy or abroad. ELTODO, has always during its existence made
efforts to provide its employees with work on interesting projects, ensuring
the stability of the professional team. We endeavour to focus our objecti-
ves on new emerging technologies so as to be able to continue even in the
future. These technologies distinguish themselves by the stress put on
reducing prices of technological supplies in the area of tunnel and motor-
way structures and increasing their effectiveness. Papers published in the
TUNEL journal issue are dedicated to these new trends.

Supplying technological systems for tunnel structures has always been
considered by ELTODO to be comprehensive services, which are provided
by the company from the creation of design documents, through securing
the installations, supplying the software, activating, bringing into operati-
on, commissioning up to subsequent maintaining of the equipment suppli-
ed by the company. The most important stage of the comprehensive supp-
ly of a technological equipment system for each tunnel construction pro-
ject in terms of investment costs and operating costs is the creation of an
optimum design for the tunnel equipment. Designing based on strict adhe-
ring to standards seems today to be partly outdated because the rigid obse-
rvation of requirements of standards and technical specifications often
leads to unnecessary increased costs of projects. ELTODO participates in
the scientific and research projects SAFETUN, OPTUN and ZET, dealing
with the problems of the optimisation of designs and determination of the
optimum risk level with the aim of increasing the effectiveness and redu-
cing the cost of tunnel equipment. Among important initiatives implemen-
ted in this area by ELTODO is the AZMUT system of the registration of
extraordinary events in tunnels, which is operated by the company’s per-
sonnel in the data environment of the National Traffic Information Centre,
Ostrava.

A significant element of the safety equipment of each tunnel is the equ-
ipment and traffic management system. The issue of the management sys-
tem for the Blanka complex of tunnels is analysed in one of the papers.
Owing to its magnitude and character, this project has been a real challen-
ge for designers and programmers of the management system. In addition
to the scope of the structure to be managed, it is necessary to solve many
problems associated with the integration of the complex of tunnels into the
traffic management system in the whole city and, in addition, it is neces-
sary to cope with the extremely complicated system of ventilation. Even
the good-quality software design, the preparation of which also proceeds
with ELTODO personnel participating, is an important component of the
design for such the complicated system.

Another paper is dedicated to the process of assessing the trial operati-
on of tunnel and motorway structures on the Prague City Ring Road.
ELTODO employees actively participate in this process.
ELTODO a. s. developed special software to be used for
the assessing of such structures. It has been applied to this
construction. Experience with the new assessment metho-
dology can be successfully used even by other projects.

ING. JIRI REHAK
vyrobné-technicky Feditel a ¢len predstavenstva ELTODO EG, a. s.

Chief Technical and Operating Officer and Member of the Board of Directors of ELTODO EG, a. s.
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MODERNI MONITOROVACI METODY PRO RAZBU TUNELU
V MESTSKE ZASTAVBE

MODERN MONITORING METHODS FOR TUNNELLING
IN URBAN DEVELOPMENT

ONDREJ HORT, TOMAS EBERMANN, ALEXANDR ROZSYPAL, MAREK ZALESKY, JAKUB BOHATKA

uvoD

Pouzivani a rozvoj monitorovacich metod pro reseni rozli¢nych
geotechnickych problému mé ve spole¢nosti ARCADIS Geo-
technika, a. s. (dfive Stavebni geologie-Geotechnika, a. s., ddle
jen spole¢nost Arcadis) velmi dlouhou tradici. Jeji pocétky se poji
s vystavbou sypanych i gravitalnich prehrad béhem povdilec¢né
industrializace CSR v padesitych a $edesétych letech. V dalsim
obdobi, v sedmdesatych letech, byla pozornost presmérovana na
zakldddni ndro¢nych a na nerovnomérna sedani citlivych objekta.
Tyto prace vyustily ve zpracovani zndmé, az doneddvna Siroce
pouzivané, normy CSN 73 1001 (1988) ,,Zdkladovd piida pod
plosnymi zdklady “.

V osmdesatych letech minulého stoleti nastala éra vyvoje moni-
torovacich metod pro feSeni stability vysokych svahli vyvoland
rozvojem povrchové tézby uhli.

Je proto jen prirozené, Ze s rozvojem dopravni infrastruktury,
zejména tunelového stavitelstvi v poslednich letech, se spolecnost
Arcadis zafadila mezi spolecnosti, které pocaly uddvat tén
v rozvoji monitorovacich metod i pro podzemni stavitelstvi.

Moderni monitorovaci metody na stavby méstskych tunela
v CR se zaGaly zavadét v prvni poloviné 90. let minulého stoleti.
Plati to o méfeni v podzemi (konvergenéni méfeni osténi tunelo-
vych vyrubu, méfeni napéti tlakovymi poduskami) i o méfeni na
povrchu (prubéhy poklesovych kotlin, rizné typy méreni defor-
maci na objektech nadzemni zastavby).

Byla to spole¢nost Arcadis, kdo prisel s konceptem, Ze monito-
ring neni jen méfeni (vybér méridel, jejich instalace, sbér dat
a jejich zpracovani), ale Ze jeho nedilnou soucdsti je i rozhodovaci
proces vychézejici z principu observa¢ni metody, jehoZ cilem je
nepretrzité optimalizovani postupu vystavby a projektu. Zavedeni
praxe Rady monitoringu (RAMO) na tunelovych stavbéch, kde se
za Ulasti vSech kompetentnich Glastniki vystavby vysledky
méfeni projednévaji a pfijimaji i prislu$nd rozhodnuti, je dusled-
kem tohoto pristupu.

P1i existenci obrovského mnozstvi prakticky kazdy den vznika-
jicich dat z fady ruznych typu méfeni a nepietrZitého rychlého
postupu vystavby bylo nezbytné jejich operativni zpracovani
a okamzity transport vysledku zpracovdni ke viem déastnikum
vystavby. Spole¢nost Arcadis proto jako prvni v Ceské republice
spustila puvodni webovou aplikaci pro prezentaci a sprdvu
vysledkt monitoringu — systém BARAB®.

Spole¢nost Arcadis se profilovala nejen jako dodavatel mérent,
ale jako komplexni geotechnicky konzultant, schopny méfeni pro-
vést i vyhodnotit a formulovat doporuceni pro dal§i postup
vystavby.

Relativné vyznamny prispévek pro rozvoj monitorovacich
metod mohla spole¢nost poskytovat i diky fadé vyzkumnych pro-
jektu zaméfenych na rozvoj monitorovacich metod. Jsou to pro-
jekty financované zpravidla MPO CR, Grantovou agenturou CR
nebo Technologickou agenturou CR. Spole¢nost Arcadis v nich
vystupuje bud jako nositel celého projektu, nebo jako spolufesitel
ur¢ité jeho Césti.

V neposledni rade je spole¢nost Arcadis autorem fady normativ-
nich predpisu, napr. technickych podminek Ministerstva dopravy
CR &. 237 ,,Monitoring tunelii na dopravnich komunikacich“ a TP
76-C ,,Geotechnicky prizkum pro tunely pozemnich komunikaci*

INTRODUCTION

Using and developing monitoring methods for the solution to
various geotechnical problems has a very long tradition in
ARCADIS Geotechnika a. s. (formerly Stavebni geologie -
Geotechnika, a. s.). Its beginning is associated with the develop-
ment of earthfill dams and gravity dams during the post-war
industrialisation of the Czechoslovak Republic in the 1950s and
1960s. During the subsequent period, in the 1970s, the attention
was redirected to the foundation of complicated structures sensi-
tive to uneven settlement. These operations led to the developing
of the well known standard CSN 73 1001 (1988) ‘Foundation
ground under spread foundations’.

The era of the development of monitoring methods for solving
the stability of high slopes, which was brought by the develop-
ment of opencast coal mining, came in the 1980s.

It is therefore only natural that, with the development of tran-
sportation infrastructure, ARCADIS Geotechnika a. s. ranked
among the companies which set the tone for the development of
monitoring methods even for underground construction enginee-
ring.

The introducing of modern monitoring methods for constructi-
on projects for urban tunnels in the Czech Republic started in the
first half of the 1990s. This applies both to underground measu-
rements (convergence measurements of tunnel linings, measure-
ments of stresses induced by pressure pads) and to measurements
carried out at the surface level (the development of settlement
troughs, various types of measuring deformations on surface
buildings and structures).

It was ARCADIS Geotechnika a. s. who came up with the con-
cept that monitoring is not only the process of measuring (selec-
tion of measuring gauges, their installation, data collection and
processing), but that its inseparable part is also the decision-
making process based on principles of the observational method,
the aim of which is also continuous optimising of the excavation
procedure and the design. The introduction of the praxis of the
Monitoring Board (MB) on tunnelling construction sites, where
the results of measurements are discussed and respective decisi-
ons are made with the participation of all competent parties to the
project, is a result of this approach.

With respect to the existence of the immense volume of practi-
cally every day originating data from a range of various measu-
rement types and to the uninterrupted quick advancing of the
construction, it was necessary to secure the operative processing
of the data and immediate transfer of the processing results to all
parties to the project. ARCADIS Geotechnika a. s. therefore, as
the first company in the Czech Republic, put into operation an
original web application for the presentation and administration
of monitoring results, the system BARAB®.

ARCADIS Geotechnika a. s. created its distinctive image not
only as a provider of measurements, but also as a complex geo-
technical consultant capable of both conducting and assessing the
measurements as well as formulating recommendations for sub-
sequent construction advance.

The company was able to offer a relatively significant contri-
bution to the development of monitoring methods even thanks to
a number of research projects focused on the development of
monitoring methods. These projects are usually financed by the
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a ve Slovenské republice vypracovala do Technicko-kvalitativnych
podmienok Slovenskej spravy ciest Cast’ 28 ,, Geotechnicky monito-
ring pre tunely a prieskumné $tolne “.

V predlozeném textu déle autofi struéné popisuji jak vyvoj
monitorovacich metod, tak i aplikaci jejich vystupu pfi feSeni
geotechnickych problému souvisejicich s vystavbou méstskych
tunelovych staveb v CR a nékteré pfi tom ziskané zkugenosti.

SHRNUTI VYVOJE MONITORINGU NA MESTSKYCH
TUNELECH V CR

Geotechnicky monitoring na méstskych tunelech se vyvijel
spolu s rozvojem vystavby méstskych podzemnich staveb.

Prvni vlaStovkou byl monitoring na pokusném vyrubu na trase
metra 1.C v Praze v prostoru Fiignerova ndmésti (1968, duln{
vyztuz). U méstskych silni¢nich tunelt byl poprvé geotechnicky
monitoring provddén pii razbé Strahovského automobilového
tunelu (80. aZ 90. 1éta, modifikovand jadrova metoda).

Rozsdhlejsi a predev§sim komplexni vyuziti geotechnického
monitoringu v CR je viak vdzano pravé na moderni tunelovaci
metody (dominujici NRTM, zatim solitérné vyuZitou metodu
obvodového vrubu a nejnovéji i mechanizované strojni razby).
Prukopniky modernich metod razby v CR byly tunely Hrebeg,
Pisdrecky a trasa IV.B metra v Praze. Ty vSak byly v prvnich dese-
ti letech po zméné spolefenskych poméra v roce 1989 prakticky
jedinymi zapocatymi a dokon¢enymi dopravnimi tunely v CR.

Vystavbu vice neZ dvaceti dopravnich tuneld po roce 1999
odstartovala Mrazovka (1999-2004), Veprek (2000-2004), trasa
metra IV.C1 (2000-2004) a Brezno (2000—2007). Z celého toho-
to obdobi vSak lze k ryze méstskym rfadit jen tunely prazskych
staveb Mrdzovka, metro IV.C1 a IV.C2 (2004-2008), tunelovy
komplex Blanka (2007-2014), metro V.A (2010-2014) a z Brna
tunel Krdlovopolsky (2008-2012).

Nejen metoda razby, ale také spoleenské a ekonomické zmény
na konci 80. let napomohly k duslednéjsi aplikaci geotechnické-
ho monitoringu. Casté negativni ovlivnéni soukromych majetkd
rychle prestalo byt snadno zduvodnitelné pouze ,,spoleenskym
zdjmem*. Riziko spojené s dopady stavby na majetek a zdjmy
tretich osob at’ uz fyzickych, nebo pravnickych se stalo jednim
z novych fidicich prvku vystavby tunelt ve méstech. Touto zmé-
nou ndhledu se stalo jednim z hlavnich cili monitoringu pfi
vystavbé méstskych tunela prokazovéni skuteéného vlivu vystav-
by na okoli.

Jiz od tunelu Mrédzovka je samozrejmosti podrobnd pasportiza-
ce objektd nadzemni zdstavby pred zahdjenim stavby a ndsledny
prubézny monitoring zaméfeny na deformacni a seizmické ovliv-
néni budov. Zavére¢nd repasportizace potom sumarizuje zmeny,
které vznikly v prubéhu raZeb, a spoleéné s vyhodnocenim moni-
toringu ddv4 odpovéd na otdzku, které poruchy mohly souviset
s vystavbou a které jsou ddny prirozenou degradaci/chovdnim
budovy. Jak pasportizace, tak repasportizace by méla byt
v optimdlnim pripadé zpracovana formou znaleckého posudku
pro pripad soudnich sport o nahradu $kod s majiteli. Vhodné je
i uzavieni smlouvy s majiteli o strpéni ¢innosti souvisejicich se
zajisténim objektu, s jejich monitoringem a predevsim o opravé
nebo ndhradé skod vzniklych v souvislosti se stavbou. Tyto typy
smluv byly uzavirdny napf. na tunelech Mrdzovka a Krdlo-
vopolském.

Metody geotechnického monitoringu byly na prvnich mést-
skych tunelech v CR po roce 1989 vyuzity prakticky ve stejné
Skale, presnosti a kvalit¢ méfeni, jako jsou pouZivany
v soucasnosti. Pfesto se objevilo nékolik zcela novych zpusobu
geotechnického sledovani. Hlavni zména za poslednich patnéct
let ale nastala predevsim ve zpusobu prenosu dat, jejich prezen-
taci a postupné automatizaci nékterych metod monitoringu.

ROZVOJ AUTOMATIZACE MERENI A POKROK
V PRENASENI DAT

Uz od projektu prvnich méstskych tunelt byl nékterymi firma-
mi zavddén automatizovany monitoring. Jednalo se ale vzdy

Ministry of Industry and Trade of the CR, the Grant Agency of the
CR or the Technology Agency of the Czech Republic. ARCADIS
Geotechnika a. s. acts in these projects either as the holder of the
entire project or a co-solver of a particular part of the project.

At last but not least, ARCADIS Geotechnika a. s. is the author
of a range of normative regulations, e.g. technical specifications
of the Ministry of Transport of the CR No. 237 on ‘Monitoring of
road tunnels’ and TP 76-C specifications on ‘Geotechnical rese-
arch for road tunnels’. In the Slovak Republic, the company car-
ried out the section 28 of ‘Geotechnical monitoring for roads and
exploratory galleries’.

In the text submitted to publishing, the authors further briefly
describe both the development of monitoring methods and the
application of their outputs to solving geotechnical problems
associated with the development of urban tunnelling structures in
the CR, and some experience gained during this process.

SUMMARY OF DEVELOPMENT OF MONITORING OF
URBAN TUNNELS IN THE CR

Geotechnical monitoring in urban tunnels developed along
with the development of the construction of urban underground
structures.

The first swallow was the monitoring on the trial excavation on
the Line I.C of Prague metro, in the area of Flignerovo Square
(1968, colliery arches). At urban road tunnels, the first applicati-
on of geotechnical monitoring took place during the course of the
excavation of the Strahov automobile tunnel (the 1980s through
1990s, the modified side-drift method).

The more extensive utilisation of geotechnical monitoring in
the Czech Republic is associated with modern tunnelling met-
hods (the dominating NATM, the until now solitarily used
mechanical pre-cutting method and the newest full-face mecha-
nical driving). Pioneers of modern tunnelling methods in the CR
were the HrebeC tunnel, the Pisarky tunnel and the Line IV.B of
Prague metro. However, during the initial 10 years after the chan-
ge in social conditions, these tunnels were practically the only
transport tunnels commenced and completed in the CR.

The development of over twenty transport tunnels after 1999
was commenced by the Mrazovka tunnel (1999-2004), the
Veprek tunnel (2000-2004), the metro Line IV.C1 (2000-2004)
and the Bfezno tunnel (2000-2007). However, from this period,
in its entirety, it is possible to number among genuinely urban
structures only the following tunnels in Prague: the Mrdzovka
tunnel, metro Lines IV.C1 and IV.C2 (2004-2008), the Blanka
complex of tunnels (2007-2014), metro Line V.A (2010-2014),
and the Kralovo Pole tunnel in Brno (2008-2012).

Not only the tunnelling method but also social and economic
changes at the end of the 1980s contributed to the more consistent
application of geotechnical monitoring. Frequent negative influ-
encing of private properties quickly ceased to be easy to justify by
‘social interest’. The risk associated with the effects of construc-
tion on properties and interests of third parties, no matter whether
physical or juristic persons, has become one of the new control-
ling elements for the construction of tunnels in cities. After this
change in opinions, one of the main objectives of monitoring
during the construction of urban tunnels became the proving of
actual influence of the development on the surroundings.

Detailed condition surveys of buildings before the commence-
ment of the works and subsequent continual monitoring focused
on deformational and seismic influencing of the buildings have
become a commonplace since the Mrdzovka tunnel construction.
In the end, the final condition survey summarises the changes
which originated during the underground excavation and, toget-
her with the assessment of the monitoring, gives an answer to the
question which defects could be associated with the construction
and which defects result from the natural deterioration/behaviour
of the building. In an optimum case, both the condition survey
and the final condition survey should be carried out in the form
of an expert opinion in case of a legal dispute with property
owners over compensation of damages. It is even recommendab-
le to conclude a contract with the owners about the toleration to



TuouHel 21. rocnik - €. 4/2012

spiSe o aplikaci jedné metodiky, nebo pouze né¢kolika vybranych activities associated with the stabilisation of buildings, monito-
snimacu. Napiiklad na tunelu Mrdzovka bylo poprvé vyuZito ring over them and, first of all, repairs or compensations for the
automatickych deformetra. Zdznamy z deformetra byly kabely damages which originated in the context of the construction acti-
prendSeny do ustfedny umisténé v budové a odtud prendSeny bez- vities. These types of contracts were concluded, for example, for
dratové do kanceldfe monitoringu k vyhodnoceni a pfes mobilni the Mrdzovka and Krdlovo Pole tunnels. Geotechnical monito-
telefony pfimo odpovédnym pracovnikim investora, dodavatele ring methods were applied to the initial urban tunnels in the CR
stavby a projektanta. after 1989 in the range, accuracy and measurement quality iden-

VyuZiti automatickych totdlnich stanic pro sled deforma- tical with those which are used today. Although, several absolu-
ci objektd zahdjily spolecnosti Zakldddni staveb, a. s., tely new methods of geotechnical observation have emerged. The
a ANGERMEIER Engineers, spol. s r. 0. Prvni aplikaci byl sled | main change for previous fifteen years took place, first of all, in
deformaci bytovych domi v ulici Ostrovského na stavbé tunelu | the data processing technique, its presentation and gradual auto-
Mrézovka v souvislosti s provadénim kompenzacnich injektdZi. mation of some monitoring methods.

Stejné spolecnosti pouzily sit’ deviti automatizovanych totalnich
stanic také jako doprovodného méfeni kompenzaénich injektdzi | DEVELOPMENT OF MEASURING AUTOMATION

na Krélovopolském tunelu v Brné. Primérn{ vyuziti dat slouzilo | AND PROGRESS IN DATA TRANSMISSION

pro potfeby zhotovitele kompenzacnich injektdZzi. Pfenosem dat Automated monitoring has been implemented by some firms
do databizového systému BARAB® bylo zajidténo i vyuZiti already since the first urban tunnelling projects. However, these
méfeni pro cely geotechnického monitoringu. were always rather the cases of the application of single metho-
Spole¢nost Arcadis poprvé uspé$né pouZila automatizované dology or only several selected transducers. For example, the
totdlnf stanice na tunelu Blanka pro sled deformaci bytovych Mrazovka tunnel was the first case of the application of automa-
domil na Letné (tzv. budovy Molochov). Systém vyuZival pfenos tic deformeters. Records were transferred from the deformeters
dat pifmo do databazového systému monitoringu BARAB®. by cables to a switching centre installed in the building and from
Za zminku v této souvislosti stojf, a¢ nenf méstskym tunelem, | this place they were wireless transmitted to the monitoring office
Zelezni¢ni tunel Jablunkov, kde spole¢nost Arcadis poprvé insta- to be assessed and, via mobile phones, were transferred directly
lovala automatickou totdlni stanici s kontinudlnim sbérem dat to responsible employees of the client, contractor and designer.
o deformaci tunelového osténi pfimo v tunelu. Jednalo se The use of automatic total stations for the observation of defor-
o méfeni deformaci osténi v provozovaném Zelezni¢nim tunelu, mations of structures was started by Zaklddani staveb a. s. and
ktery byl v z6né ovlivnéné razbou tunelu velkého vyrubniho pro- ANGERMEIER Engineers spol. s r. 0. The first case of the appli-
filu v jeho sousedstvi. Méfeni mélo garantovat bezpecnost pro- cation was the observation of deformations of blocks of flats in
vozu exponované dopravni cesty. Ostrovského Street for the Mrdzovka tunnel construction, in the
Na novéjsich projektech je v hydrogeologickych vrtech jiz context of the compensation grouting activities. The same com-
standardné vyuZzivan kontinudlni zdznam hladiny podzemni vody, | panies used a network of nine automated total stations as an
ktery miize byt doplnén i o ddlkovy prenos dat. accompanying measurement system on the Krdlovo Pole tunnel
Podstatny vyvoj od tunelu Mrdzovka zaznamenal zplisob zpra- in Brno. The primary use of the data was for the needs of the con-
covdn{ a prenosu dat od zhotovitele monitoringu k uZzivateli (zpo- tractor for compensation grouting. The use of the measurements
&étku elektronicky prenos dat nardZel na technické limity posky- for the purposes of geotechnical monitoring was secured through
tovateld pfipojeni k internetu v Ceské republice). Na tunelu | the transfer of data to the BARAB® data base system.
Mrdzovka bylo jesté plné vyuZito modelu rozesilani vysledkd ARCADIS Geotechnika a. s. for the first time successfully
méfeni na e-maily at’ uZ pifmo, nebo prostiednictvi programu used automated total stations for the first time on the Blanka tun-

nel for the observation of blocks of flats in Letna (the so-called
Molochov buildings). The system used the transmission of data
directly to the database of
the BARAB® monitoring
e system.

Despite the fact that the
GEQID! Jablunkov railway tunnel
g is not an urban tunnel, it is
worth mentioning. ARCA-
DIS Geotechnika a. s. for
the first time installed an
automated total station
with continuous collection
of data on deformations of
: the tunnel lining directly

Prozrdesiy ’ oy inside the tunnel. It was
THEA b ki e | | =3 2 i - a case of measuring defor-
R Nt o b mations of the lining inside

an operating railway tun-
nel, which was located in
a zone affected by the
excavation of a large tun-

PR o nel profile in its neigh-
O S E R R T B S S N R B I bourhood. The measure-
ment was intended to gua-
rantee the safety of opera-
tion on an busy transport
route.

Continuous recording of
water table level, to which
long-distance transfer of
data can be added, has

ArtecView. Zminény program umoZznoval jak zpracovani, tak
vizualizaci zaslanych dat z konvergenénich méreni u koncového
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Obr. 1 Priklad vystupu z programu ArtecView (ARCADIS Geotechnika, a. s.)
Fig. 1 An example of an output from ArtecView program (ARCADIS Geotechnika, a. s.)
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uzivatele. Rozesildni dat e-maily vSak byla pouze provizorni
cesta publikace vysledku.

JiZ na tunelech budovanych v obdobi od roku 2000 uvedla spo-
le¢nost Arcadis na trh puvodni webovy prohlize¢ vysledku geo-
detickych méfeni BARAB®. Systém od pocatku vyuZival relativ-
né jednodussiho zpracovani geodetickych dat a publikace mére-
nych hodnot, ale jiZ bez nutnosti vyuzivdni emailu, nebo instala-
ce zvlastniho softwaru. Jedinou podminkou bylo internetové pfi-
pojeni a verifikace pfistupovych prav k projektu.

Prakticky od poc¢étku byly v aplikaci BARAB® publikovany
geologické dokumentace Celeb. Brzy byla doplnéna i moZnost
ukldddni dalSich statickych dokumenti umoZnujici prezentaci
prakticky jakéhokoli typu méreni. Statické dokumenty jsou vSak
Casové ndro¢néjsi na zpracovani a neumoznuji jakékoli dalsi
efektivni vyhodnoceni dat. Vyjma inklinometrt a tzv. 3D méfen{
deformaci ve vrtech se poc¢inaje projektem metro V.A publikuji
veskeré méfitelné metodiky monitoringu pomoci &iselného vstu-
pu do databdze. Statickymi dokumenty tak dnes zustdvaji kromé
vy$e zminénych pouze protokoly o stavu stavebnich objektu
a dokumentace Celeb. Podstatnou zménou pro uzivatele je varia-
bilnost grafického vystupu a moznost stazeni jakykoli dat
v tabeldrn{ formé prostrednictvim souboru formétu csv.

Systém od samotného pocatku umozioval zobrazeni projektu
a méfenych mist ve webovém GIS prohlizeéi. Pozdéji bylo
umoZnéno i oboustranné propojeni s aplikaci BARAB® pres kon-
krétni metici misto.

ZAVADENI NOVYCH METOD GEOTECHNICKEHO
MONITORINGU

K inovativnim metoddm monitoringu, které na stavbdch prv-
nich tuneltl nebyly vyuZity, patfi napf. 3D méfeni deformaci po
vysce sledovaného vrtu tzv. 3D inklinometry. Tato méreni kom-
binuji funkci extenzometra a inklinometri. Obdoba inklinome-
trickych paznic s vodicimi drdZzkami pro posuvny ndklonomér je
zpravidla v metrovych vzddlenostech doplnéna flexibilnimi spoji
s méficimi zna¢kami, mezi kterymi je proméfovdna jejich aktudl-
ni vzdjemnd vzddlenost. Vyhodou metodiky je vystup obdobny
vysledkum méfeni na inklinometru, ktery je doplnény o prubéh
svislych deformaci po vySce vrtu. Pfinosem je i vyhodnoceni
svislych deformaci prakticky spojité po vySce vrtu a ne jen
v diskrétnich bodech, jako je tomu u klasickych extenzometra.
Nevyhodou je kromé vys§ich ndkladu na instalaci a méfeni také
praktickd nemoZnost automatizace méreni.

Dal$im doplnénim standardniho portfolia monitoringu pri
razbé méstskych tunelt bylo vyuZiti automatickych stanic pro
sledovdni pripadnych tnika plynu ve vybranych objektech nad
Krélovopolskym tunelem. K vyuZiti tohoto méfeni bylo pfistou-
peno s ohledem na o¢ekdvand relativné vysokd deformacni ovliv-
nén{ vybranych objektu, a tedy i vy33i riziko poSkozeni rozvodu
plynu v oblasti prostupu pripojek plynu do objektu. VEtSina pri-
pojek sice byla kvuli razbé upravena na pripojky flexibilni, ale
k prostupu plynu do objektu nemus{ dojit pouze kvuli poruse na
vlastni pfipojce, ale také napf. pronikdnim plynu v propustnéj$im
prostiedi zpétnych zdsypu venkovnich rozvodu. Automatické sta-
nice se snimaci koncentrace plynu rozesilaly pfi prekroceni limit-
ni hranice varovné signdly formou SMS skrze branu GSM zhoto-
viteli monitoringu i zdstupci stavby. V pripadé varovného signd-
Iu nésledovala kontrola ru¢nim detektorem plynu a pfipadnd dals{
opatreni.

SPECIALNI METODY GEOTECHNICKEHO
MONITORINGU NA STAVBE METRA V.A

Diky vyuZiti modernich mechanizovanych zeminovych §titu je
vystavba metra V.A v prostiedi CR prulomovym projektem. To se
projevilo i na fad¢ inovaci z pohledu monitoringu, které nebyly
z duvodu absence zku§enosti se strojni razbou a poznatki o stavu
razbou podchdzenych budov soucasti puvodni dokumentace pro
vybér zhotovitele monitoringu. Snad nebude predéasnym konsta-
tovani, Ze i diky operativnim, casto i podstatnym Udpravdm

already been used as a standard on newer projects in hydrologi-
cal boreholes.

Substantial development was registered on the Mrazovka tun-
nel in the system of processing and transmission of data from the
contractor for monitoring to the user (in the beginning the elec-
tronic transmission encountered technical limits set by of the
internet service providers in the Czech Republic). A model of
distribution of measurement results through e-mails, either
directly or through the ArtecView program, was still fully used
on the Mrazovka tunnel. The above-mentioned program allowed
both the processing of data obtained from convergence measure-
ments and its visualisation at the end user’s place. The distributi-
on of data using e-mails was only a temporary way of the publi-
cation of results.

It was as early as on tunnels built during the period starting in
2000 that ARCADIS Geotechnika a. s. marketed the original
BARAB® Web browser displaying results of survey measure-
ments. In the beginning the system used relatively simpler pro-
cessing of survey data and publication of measured values, but no
more with the necessity for using e-mails or installing special
software. The only condition was the Internet connection and
verification of access rights to the project.

Geological documents on tunnel headings were published in
the BARAB® application virtually from the beginning. The appli-
cation was soon complemented by the addition of the possibility
of storing other static documents, owing to which the presentati-
on of virtually any type of measurement was possible. However,
static documents are more demanding in terms of processing time
and do not make any subsequent effective processing of data.
Starting by the Metro V.A project, all measurable methodologies
of monitoring, with the exception of inclinometers and 3D bore-
hole measurements of deformations, are published by means of
a numeric entry into the database. Apart from the above-mentio-
ned documents, only protocols on the condition of building struc-
tures and documents on tunnelling headings remain to be static
documents. The variability of the graphical output and possibili-
ty of downloading any data in a tabular form through CSV for-
mat files is a significant change for users.

The system allowed imaging of designs and measured locati-
ons in the GIS-Browser. The double-sided connection with the
BARAB® application through a concrete measurement location
was made possible later.

IMPLEMENTATION OF NEW METHODS
OF GEOTECHNICAL MONITORING

Among the innovative monitoring methods which were not
applied on the construction sites of first tunnels there are, for
example, 3D borehole measurements of deformations along the
depth of the borehole being observed, the so-called 3D inclino-
meters. These measurements combine the function of extensome-
ters and inclinometers. An analogy of inclinometer casing pipes
with guiding grooves for the sliding inclinometer is complemen-
ted with flexible joints with measurement marks installed usual-
ly at one metre intervals; the current distance between them is
continuously measured. The advantage of this methodology is the
output similar to results of inclinometer measurement, which is
complemented by the values of vertical deformations along the
borehole depth. Another contribution is the information on verti-
cal deformations provided virtually continually along the bore-
hole depth, not only in discrete points as it is with classical exten-
someters. A disadvantage is that, apart from higher installation
and measurement costs, the automation of measuring is practi-
cally impossible.

Another complementation of the standard portfolio of monito-
ring during the course of the excavation of urban tunnels was the
application of automatic stations for the observation of contingent
escape of gases in selected buildings above the Krdlovo Pole tun-
nel. The decision to use this type of measurement was made with
respect to the anticipated relatively high deformational influen-
cing of selected buildings, thus also a higher risk of damage to gas
distribution pipelines in the area of entries of gas services to the




monitoringu probihaji vlastni razby uspé$né a v podstaté
v mantinelech pivodniho harmonogramu. Geotechnicky monito-
ring na stavbé metra V.A provadi spolenost Arcadis, kterd je
vedoucim sdruZeni, jehoZ druhym ¢lenem je firma Inset, s. r. o.

Slozitym tkolem bylo vyreSeni monitoringu bytového komple-
xu ,,Hvézda“ na Petfindch a péti Ctrndctipatrovych panelovych
dom na sidlisti Cerveny Vrch. Obé tyto oblasti byly piimo pod-
chdzeny razbami obou tunelovacich stroju a mély své stavebn{
specifika.

Rozsdhly bytovy komplex ,,Hvézda“ pochdzi z 90. let a jak se
ukdzalo, kvalita stavby je poplatna tomuto prekotnému obdob.
Prakticky ihned po dokonceni komplexu se zacaly projevovat
problémy se statikou objektu. Hlavnimi problémy monolitické-
ho Zelezobetonového skeletu, zjisténymi pri pasportizaci objek-
tu, bylo zaloZeni na patkdch bez zohlednéni velice proménli-
vych geologickych poméra v udrovni zdkladové spdry a také
neprabézné dilataéni spdry. Tyto konkrétni problémy byly zjis-
tény pri pasportizaci komplexu pred jeho ovlivnénim vlastnimi
razbami.

Po odmitnuti stavebné-technického pruzkumu objektu vlastni-
ky nemovitosti bylo rozhodnuto o instalaci rozsdhlého systému
monitoringu v suterénnich gardzich objektu, jehoz cilem bylo
pripadny vznik nepfijatelného deformacniho chovdni objektu
vcas signalizovat. S ohledem na stav objektu i rychlost postupu
strojni razby byla smysluplnd jediné varianta automatizovaného
monitoringu, umoznujici reagovat na pripadny nepfiznivy vyvoj
v prubéhu raZeb v&as. Na nosné sloupy a stény v suterénu byla
nainstalovana plné automatizovana sit’ totdlnich stanic a méficich
tercu (tfi totdlni stanice a desitky odraznych hranolt).

Na vybrané trhliny bylo osazeno 15 automatickych deformetru
a na nosné zdi 15 automatickych ndklonoméru. V obou pripadech
bylo vyuzito délkového prenosu dat a automatické publikace
vysledki méfeni v databdzovém systému BARAB®. Auto-
matickym monitoringem, ktery byl v provozu v fddu mésicu, a to
i v obdobi mimo razby pod objektem, bylo prokdzano, ze defor-
macni ovlivnéni objektu teplotnimi zménami je stejné, ne-li vétsi
nez ovlivnéni objektu vlastni razbou. Vysoka teplotni citlivost
budov se projevovala i pfi extrémnich klimatickych vykyvech jak
v zimé, tak v 1été, kdy zéstupci vlastniki upozornovali na nové
poruchy, které viak prokazatelné stavbou zpusobeny nebyly.

Podobné jako na komplexu ,Hvézda“ byl koncipovan
i monitoring panelovych domd na sidlisti Cerveny Vrch. Pét
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Obr. 2 Stanovisteé totdlni stanice v podzemnich gardzich komplexu ,,Hvézda“
(foto sdruzeni Arcadis — Inset)

Fig. 2 Total station set up in the underground garages of the Hvézda
housing estate (Arcadis — Inset consorcium)
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buildings. It is true that the majority of gas services were modifi-
ed to flexible tubes, but gas does not have to penetrate a building
due to a defect on the service itself. It also may penetrate through
a more permeable environment formed by backfills of external
pipelines. When the limit was exceeded, the automatic stations
with gas concentration sensors distributed warning signals in the
form of SMS sent through a GSM gateway to the contractor for
monitoring and a representative of the contractor. In the case of
receiving a warning signal, inspection followed using a hand-held
gas detector and contingent additional measures followed.

SPECIAL GEOTECHNICAL MONITORING METHODS
FOR METRO V.A CONSTRUCTION

Owing to the use of modern mechanised Earth Pressure
Balance Shields, the construction of the metro line V.A is
a breakthrough project in the environment of the Czech Republic.
It manifested itself even on numerous innovations in the field of
monitoring, which were not parts of original documents for
monitoring services because of the absence of experience in full-
face mechanical excavation and knowledge about the condition
of the buildings being passed under by the excavation. Hopefully,
the statement will not be premature that the tunnelling operations
are proceeding successfully and, in substance, are being mainta-
ined within the boundaries of the original schedule owing to ope-
rative and often substantial modifications proposed by monito-
ring services. Geotechnical monitoring for the Metro V.A con-
struction are provided by ARCADIS Geotechnika a. s., which is
the leader of the consortium the second member of which is Inset
S.T.0.

There was a difficult task for the monitoring to solve the moni-
toring of the Hvézda housing estate in Petfiny and five fourteen-
storey panel buildings located in the residential area of Cerveny
Vrch. The two areas were directly passed under by the excavati-
on using both full-face tunnelling machines and had their own
civil engineering specifics.

The extensive housing estate of Hvézda originated in the 1989s
and, as it has turned out, the construction quality is indebted to
this feverish period. It was virtually immediately after the com-
pletion of the complex that problems with the structural conditi-
on of the building started to emerge. The foundation on footings
without allowing for very variable geological conditions at the
foundation base level and non-continuous expansion joints were
the main problems of the cast-in-place reinforced concrete frame,
which were revealed during the building condition survey. These
specific problems were identified during the condition survey
before the effects of tunnelling operations started to take place.

After the owners of the property refused the structural conditi-
on survey, the decision was made that an extensive system of
monitoring be installed in basement garages in the building the
aim of which was to signal in time contingent origination of una-
cceptable deformational behaviour of the building. With respect
to the building condition and the advance rate of the mechanical
tunnelling, the only reasonable variant was automated monito-
ring, making a response to contingent unfavourable development
during the course of the underground excavation possible in time.
A fully automated network of total stations and survey targets (3
total stations and tens of retro-reflective prisms) were installed
on structural columns and walls in the basement.

The total of 15 automatic deformeters and 15 automatic tiltme-
ters were installed on selected cracks and structural walls, res-
pectively. Long distance data transmission and automatic publi-
cation of measurement results in the BARAB® database system
was used in both cases. Owing to the automatic monitoring,
which was in operation for a period in the order of months, even
when no excavation was carried out under the building, it was
proved that the deformational influencing of the building by tem-
perature changes was identical, if not greater than the influencing
of the building by tunnelling operations themselves. The high
sensitivity of buildings to temperatures manifested itself even
during extreme climatic fluctuations both in winter and in sum-
mer, where representatives of owners gave notices of new
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&trnéctipodlaznich panelovych domu tvofi dvojice budov zaloZe-
nych ve dvou vyskovych drovnich. Monitoring byl v tomto pfi-
padé opét plné automatizovany s vyuZitim deformetra (28 ks)
a ndklonomért (31 ks) rozmisténych po celé vySce objekta.
Dvojice totdlnich stanic umisténych na okolnich budovédch
naproti jizni i severni fasddé sledovala na kazdém z domu Ctveri-
ci odraznych hranola. Obdobné jako v pfipadé monitoringu kom-
plexu ,,Hvézda“ bylo prokdzano, ze deformacni ovlivnéni objek-
tu teplotnimi zménami je vétsi neZ ovlivnéni objektu vlastni raz-
bou. Vysokd teplotni citlivost budov se projevovala zejména na
dilata¢nich spardch, jak dokumentuje ndsledujici obrizek 3.

Dalsi vyznamnou metodikou z projektu metro V.A, kterd je u nds
novinkou, je vyuziti obrdceného extenzometru pro méfeni extruze
Celby pfi razbé VZT tunelu pod ulici Evropskd v prostredi kvartér-
nich sedimenta pod hladinou podzemni vody. Extenzometry byly
osazovany do subhorizontdlnich vrtu vedenych soubéZné s osou
tunelu priblizné ve stiedu kaloty. Hlava extenzometru byla uloZe-
na u paty vrtu a s postupujici t€Zbou se postupné odtézovaly jed-
notlivé kotvy extenzometru. Stdle v§ak bylo mozné odecitat data
o zméné vzdalenosti jednotlivych kotev vaci hlavé extenzometru.
Meéfenimi byla dobre prokazana dostatecna stabilita Celby a jeji
deformace. Hodnoty extruze nepresahly 20 mm. Extruze se proje-
vovala az nékolik mélo metru pied &elbou.

Méfreni extruze Celby je u nds dosud zanedbdvanou metodou,
prestoZe omezenim extruze, napft. kotvenim Celby, lze dosdhnout
vyznamného zmenseni deformaci.

Ojedinéld byla rovnéz instrumentace kanalizaéni stoky vedené
tésné nad timtéZ VZT tunelem. V prfipadé havérie zdéného patet-
niho kanaliza¢niho fadu hrozila nejen propagace deformaci na
ulici Evropskou, ale také znac¢na degradace horninového masivu
v okoli stoky, kterd by mohla ohrozit i bezpecnost razeb vlastni-
ho tunelu. Proto byly do stoky instalovany tfi konvergenéni pro-
fily tvorené dvojicemi automatizovanych tylovych konvergo-
metri (jeden vodorovny a jeden svisly). Systém byl doplnén
i 0 kamerovy systém s osvétlenim, takze byly k dispozici nepre-
trzit¢ informace o stavu stoky bez nutnosti vstupu do stoky
(fyzicky obtizné feSitelné, protoZe kanalizani vstupy jsou ve
vozovce).

Tyto metodiky monitoringu se osved¢ily predevsim pfi prova-
déni predstihového zaji§téni z tryskové injektdZze nad budouci
klenbou tunelu, kterd jen t€sné podchézela dno stoky. Pii zjisténi
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Obr. 3 Zmeny $irky dilataéni spdry ve dvou rovindch v mikrometrech a zmény
dennich teplot (sdruZeni Arcadis — Inset)

Fig. 3 Changes it the width of an expansion joint in two planes in micromet-
res and changes in temperatures during day (Arcadis — Inset consortium)

defects, which were demonstrably not caused by the works.

The monitoring of panel buildings in the Cerveny Vrch housing
estate was drafted similarly to the monitoring in the Hvézda com-
plex. Five fourteen-storey panel buildings form pairs of buildings
founded at two depth levels. In this case, monitoring was again
fully automated using deformeters (28 pieces) and tiltmeters (31
pieces) distributed throughout the height of the buildings. The
pair of total stations installed on neighbouring buildings across
both the southern and northern facades observed groups of retro-
reflective prisms installed on each of the buildings. Similarly to
the case of the monitoring of the Hvézda housing estate, it was
proved that the deformational influencing of the building by tem-
perature changes was greater than the influencing of the building
by the tunnelling itself. The high sensitivity to temperature chan-
ges manifested itself first of all on expansion joints, as documen-
ted by the following Figure 3.

Another important methodology implemented on the Metro
V.A project, which is a novelty in the Czech Republic, is the use
of a reverse-head extensometer for the measurement of the extru-
sion of the excavation face during the excavation of the ventila-
tion tunnel under Evropska Street, in the environment formed by
Quaternary sediments below water table. The extensometers
were installed in sub-horizontal boreholes running in parallel
with the tunnel centre line, approximately at the centre of the top
heading. The heads of extensometers were installed at the ends of
boreholes and individual extensometer anchors were step-by-step
cut away during the advancing excavation. Although, it was still
possible to read data on the changes in the distances of individu-
al anchors from the extensometer heads. Sufficiently stable exca-
vation face and its deformations were well proved by the measu-
rements. The extrusion values did not exceed 20 mm. The extru-
sion started to manifest itself only several few metres ahead of
the face.

Measuring of excavation face extrusion is a method which has
been neglected in the Czech Republic till now, despite the fact
that it has been proved that it is possible to achieve significant
diminishing of deformations by restricting the extrusion, e.g. by
face anchoring.

The instrumentation of the sewer running just above the above-
mentioned ventilation tunnel was also unique. Not only the pro-
pagation of deformations to Evropskd Street but also significant
deterioration of the rock mass in the sewer vicinity, which could
even jeopardise the safety of the tunnel itself, threatened in the
case of a collapse of the main masonry sewer. This was the rea-
son why 3 convergence profiles consisting of pairs of automated
rod-type convergence meters (one of them vertical and the other
horizontal) were installed inside the sewer. The system was even
complemented by the addition of a camera system with lighting;
uninterrupted information on the sewer condition was therefore
available without necessity for entering the sewer (which task is
physically difficult to solve because of the fact that entrances are
in the roadway).

These monitoring methodologies acquitted themselves well
first of all during the execution of jet grouting pre-support above
the future tunnel vault, which passed just below the sewer bot-
tom. When a change in the deformation of the sewerage tunnel
lining (the closing of the egg-shaped structure) was identified or
when intrusion of grouting mix into the tunnel was captured by
the cameras, the grouting procedure was modified or the progress
was suspended.

A number of measures, including complements and amend-
ments to the monitoring system, were implemented after the
emergency which took place in Evropskd Street on 8th July 2012,
which was connected with the generally poor condition of the
road subgrade. One of the main changes was motivated by the
need for identifying movements of the subgrade under consoli-
dated road layers and tram tracks in time. Classical measure-
ments of subsidence carried out on levelling pins installed on the
surface of the rigid roadway creating ‘bridges’ over the settling
soft subgrade would not have allowed it.

With this aim, the shallow extensometer principle was for the
first time applied to the monitoring of urban tunnels. Groups of
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Obr. 4 Schéma celbového extenzometru ¢. 2 (sdruZeni Arcadis — Inset)
Fig. 4 A chart of the front-face extensometer No. 2 (Arcadis — Inset consortium)

zmény deformace osténi §toly (sevieni vejéitého tvaru), nebo pri
zachyceni prunikt injektaZni smési do §toly kamerami byl postup
injektdZe upraven/pozastaven.

Po mimoradné uddlosti na ulici Evropskd ze dne 8. 7. 2012,
kterd souvisela s celkovym Spatnym stavem podlozi komunikace,
byla prijata fada opatfeni v¢etné doplnéni a dprav monitoringu.
Jedna z hlavnich zmén byla motivovdna potfebou zjistit vCas
pohyb podlozi zpevnénych vrstev komunikace a tramvajové trati.
Klasické méfeni poklest na niveladnich hiebech osazenych na
povrch tuhé komunikace vytvdrejici ,,mosty* nad sedajicim mék-
kym podloZim by to neumoZnilo.

four levelling points fixed at a depth under stabilised road layers
were step-by-step installed in transverse profiles, throughout the
length of the route driven under Evropska Street by shields. The
fixation of these points was carried out in a way securing the
embedding of the levelling mark under the rigid roadway struc-
ture as a matter of principle as deep as the level of unconsolida-
ted layers in the roadway or tram track subgrade. Contingent
cases of settlement of the deep marks were transferred to the road
surface by a rod protected by a special casing pipe and a head,
where it was surveyed using standard surveying methods. The
experience gained till now shows that the initial response to the

Celkova vzdalenost kotev extenzometru od hlavy (,+“ pfiblizeni; ,,—,, oddaleni) / vzdalenost ¢elby od hlavy / Total distances of extensometer
anchors from the head (,,+“ closing; ,,-“ parting) / excavation distance from the head
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Obr. 5 Priklad vysledki éelbového extenzometru &. 2 (sdruZeni Arcadis — Inset)

Fig. 5 An example of results of the front-face extensometer No. 2 (Arcadis — Inset consortium)
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Obr. 6 Automaticky monitoring deformaci stoky (foto sdruZeni Arcadis —
Inset)

Fig. 6 Automatic monitoring of the sewer deformations (Photo courtesy of the
Arcadis — Inset consortium)

Pro tento cil bylo pfi monitoringu méstskych tunelu poprve
vyuZito principu mélkého extenzometru. Po celé trase razby
stitu pod ulici Evropskd byly postupné instalovédny Ctvefice
hloubkové stabilizovanych bodua v pii¢nych profilech.
Hloubkové stabilizace bodu byla provedena tak, aby nivelaén{
znacky byly vetknuty pod tuhou vozovku zdsadné az do nezpev-
nénych vrstev v podloZi vozovky, resp. tramvajové trati.
Piipadnd seddni hloubkovych znaéek byla ty&i, pod ochranou
specidlni paZnice a zhlavi, pfendsena na povrch vozovKky a tam
standardnimi geodetickymi metodami mérena. Dosavadni zku-
Senosti ukazuji, Ze prvni reakce na razbu je na téchto bodech
patrnd v predstihu pred klasickymi nivelaénimi body osazenymi

excavation is noticeable on these points in advance of the classi-
cal levelling points embedded directly in the roadway structure.
Nevertheless, the total values of the deformation measured by
both ways (deep-stabilisation points and points fixed directly to
the roadway) become equal during several few days. The advan-
ce can be seen in the picture 7 — in the order of 1 to 2 days,
i.e. about 15 — 30 metres. The advance of such the information is
very important for timely proposal and implementation of con-
tingent measures.

The above-mentioned applications of the new special monito-
ring methods to the Metro V.A project were realised by an
ARCADIS - INSET consortium.

RESEARCH PROJECTS FOCUSED ON THE DEVELOPMENT
OF MONITORING

Applied research is permanently in the centre of attention and
forms one of fundamental pillars of the long-term strategy of
ARCADIS Geotechnika a. s. The following projects belonged
among the most important tasks in the field of underground con-
struction engineering:

The Grant Agency of the CR project No. 103/09/2016
,, Building structures affected by underground activities — pre-
diction of the development of stress, strain and failure” (2009 —
2011)

ARCADIS Geotechnika a. s. was the project co-resolver. The
main resolver was the Professional Association for Science,
Research and Consultancy of CSSI. The grant project subject was
the elaboration of a theory and methodologies for the prediction
of the development of strain field with time, relative to changes
in the stress field around the excavation and the tunnel excavati-
on face in various types of ground environment and the elabora-
tion of the methodology of the processing of measurement data.
Among other issues, the project was engaged in theoretical
assumptions for the implementation of the engineering risk ana-
lysis with the perspective of its use in engineering related risk
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Obr. 7 Srovndni pozorovanych deformaci na klasickém nivelaénim bodé a na hloubkové stabilizovaném nivelacnim bodé (sdruzeni Arcadis — Inset)
Fig. 7 Comparison of deformations observed on a classical levelling point and a deep-fixed levelling point (Arcadis — Inset consortium)




pfimo do konstrukce vozovky. Celkova hodnota deformace se
vsak v fddu prvnich dnd u obou typa méfen{ (hloubkové znalky
a body fixované pfimo do vozovky) srovnava. Predstih je vidét
na obr. 7 —fadové 1 aZ 2 dny, tj. cca 15-30 m. Predstih takovych
informaci je velmi vyznamny pro v€asny ndvrh a provedeni pri-
padnych opatreni.

Vyse uvedené aplikace novych specidlnich metod monitoringu
na projektu metra V.A byly realizovdny sdruzenim Arcadis—Inset.

VYZKUMNE PROJEKTY ZAMERENE NA ROZVOJ
MONITORINGU

Aplikovany vyzkum je trvale v centru pozornosti a tvori jeden
ze zdkladnich pilifi dlouhodobé strategie spolecnosti Arcadis.
V oblasti podzemniho stavitelstvi a monitoringu patfily mezi nej-
vyznamnéjsi tikoly ndsledujici projekty:

Projekt Grantové agentury CR 103/09/2016 ,, Stavebni kon-
strukce ovlivnéné podzemni &innosti — predikce vyvoje namdhdni,
pretvoreni a poruSeni* (2009-2011)

Spole¢nost Arcadis byla spolufesitelem projektu. Hlavnim
feSitelem byla Odbornd spolecnost pro védu, vyzkum a po-
radenstvi CSSI. Predmétem grantového projektu bylo vypracova-
ni teorie a metodik pro predikci vyvoje pole pretvoreni v za-
vislosti na zménach pole napéti okolo vyrubu a ¢elby tunelu se
zohlednénim ¢asu v ruznych typech horninového prostiedi
a zdokonaleni metodiky zpracovéni vysledki méfeni. Projekt se
kromé jiného zabyval teoretickymi pfedpoklady pro zavadéni
analyzy inZenyrskych rizik s perspektivou jejiho uplatnéni pri
fizeni inZenyrskych rizik béhem vystavby inZenyrskych staveb.

Vystupy feSeni projektu vytvorily predpoklady pro nové postu-
py vypracovavani efektivnich metod vedoucich k zajisténi spo-
lehlivosti predikce skute¢ného pusobeni stavebnich konstrukef
ovlivnénych podzemni &innosti. Dvéma konkrétnimi vystupy
z feSeni projektu jsou technické podminky Ministerstva dopravy
CR &. 237 ,»Monitoring tuneli na dopravnich komunikacich“
a ve Slovenské republice Technicko-kvalitativne podmienky
Slovenskej spravy ciest Cast’ 28 ,, Geotechnicky monitoring pre
tunely a prieskumné $tolne* rovnéz zpracované tymem specialis-
tu spolecnosti Arcadis.

Projekt CBU &. 61 — 08, Monitoring podzemnich objekni
v etapé uZivani“ (2008-2010)

Tento projekt byl feSen spole¢né s firmami Energie—stavebni
a banskd, a. s., a Metroprojekt Praha, a. s. Poskytl podklady pro
obnovu a doplnéni predpisové zdkladny monitoringu podzem-
nich objektt v etapé provozu. Nositelem tkolu byla spole¢nost
Energie—stavebni a banskd, a. s.

Spole¢nost Arcadis se ve svych pracich zaméfila na vypraco-
vani zdsad trvalého monitorovani nosné konstrukce podzemni
stavby v ndvaznosti na monitoring v prubéhu vystavby tak, aby
nemohlo dojit k havériim s velkymi materidlnimi Skodami nebo
sniZeni funk¢énosti podzemniho dila.

Projekt CBU — ¢&. 3805 , Vedeni podzemnich del v souvislé
méstské zdstavbe “ (2005-2007)

Nositelem tohoto dkolu byla spolecnost Arcadis spolu
s Energii—stavebni a banskou, a. s. Pfedmétem feSeni spole¢nosti
Arcadis bylo pfedev§im vypracovani metod komplexniho monito-
ringu v oblastech vystavby dopravnich tuneli ve méstech. Mo-
nitoring byl zaméfen i na sledovani a kontrolu deformaéniho pro-
cesu objektl nadzemn{ zdstavby ovliviiovanych razbou tuneld.

Soucdsti v;’IStuEﬁ byl mimo jiné i ndvrh paragrafovaného znéni
novely vyhldsky CBU ¢. 55/1996 Sb. (k inovaci vyhlasky pak doslo
po diskusi 3ir§tho okruhu odborniki CzTA a do vyhldsky byla
zapracovdna klauzule o nezbytnosti geotechnického monitoringu).

Projekt VaV MPO CR — ¢&. FT-TA5/128 ,, Komplexni FeSent sta-
bilizace zemniho, resp. horninového prostredi pro vystavbu pod-
zemnich objektii“ (2008-2010)

Predmétem tohoto vyzkumného projektu byl vyvoj novych
progresivnich technologii stabilizace horninového prostredi,
zlepSovani fyzikdlné-mechanickych vlastnosti hornin a vyvoj
typovych postupu pro stabilizaci horninového prostiedi podle
hlavnich typt horninového prostfedi.
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management during the development of civil engineering pro-
jects.

The outputs of the solution to the project formed assumptions
for new procedures for elaborating effective methods leading to
securing of the reliability of the prediction of actual response of
building structures affected by underground construction activiti-
es. There are two concrete outputs from the project solution,
namely the Technical Specification of the Ministry of Transport
of the CR No. 237 on the “Monitoring of road tunnels” and, in
the Slovak Republic, the Technical Specifications of the Slovak
road administration part 28 on “Geotechnical monitoring for road
tunnels and exploratory galleries”, which were also elaborated by
Arcadis.

The project of the Czech Mining Authority No. 61-08 on the
,Monitoring of underground structures at the stage of operati-
on* (2008-2010)

This project was solved jointly with Energie - stavebni
a banskd a. s. and METROPROEKT Praha a. s. It provided
grounds for renewing and complementing the regulatory base for
the monitoring of underground structures at the stage of operati-
on. The project holder was Energie - stavebni a banskd a. s.

In its papers, ARCADIS Geotechnika a. s. focused itself on the
elaboration of rules for continuous monitoring of a load-bearing
part of an underground structure in the context of the monitoring
during the course of construction, intended to prevent collapses
causing serious material damages or reducing the underground
working functionality.

The project of the Czech Mining Authority No. 3805 on
., Carrying out underground workings in continuous urban deve-
lopment” (2005-2007)

The holder of this project was ARCADIS Geotechnika
a. s. jointly with Energie - stavebni a banska a. s. The subject of
the solution carried out by Arcadis was, first of all, the elaborati-
on of methods for comprehensive monitoring in urban areas
where transport areas are to be constructed. The monitoring was
even focused on the observation and checking of the process of
deformation of surface buildings affected by tunnelling operati-
ons.

Part of the outputs was, among other things, even a draft of the
articulated text of the amendment to the Decree No. 55/1996 of
the Czech Mining Authority (the decree was later amended after
a discussion among a wider circle of experts of the CzTA;
a clause about the indispensability of monitoring was incorpora-
ted into the Decree).

The project of the Department of Research and Development of
the Ministry of Industry and Trade of the CR No. FT-TA5/128
., The comprehensive solution to the stabilisation of ground envi-
ronment for the development of underground structures”
(2008-2010)

The subject of this research project was the development of
new progressive technologies for the stabilisation of rock envi-
ronment, improvement of physical-mechanical properties of
ground and the development of types of procedures for the stabi-
lisation of ground environment according to main ground envi-
ronment types. .

The project of the Ministry of Industry and Trade of the CR No.
FR-TI3/609 ,, The research into and development of the detection
and checking observation of critical locations of geotechnical
structures, first of all for the underground engineering industry,
mining industry and other civil engineering construction* (2011
-2013)

The main resolver is ARCADIS Geotechnika a. s., the co-resol-
vers are the Faculty of Civil Engineering of the Czech Technical
University in Prague and SAFIBRA, s. r. 0. As an example of the
previous procedure of the work we can present the trial installa-
tion of optical cables on the primary lining in a tunnel for a dead-
end-tail track at the Metro V.A construction. The objective of
this project was to verify the procedure proposed for the installa-
tion of optical cables in praxis, with the construction works run-
ning, and detect deformations of the primary lining induced by
tunnelling shields passing in close proximity. The measurements
are conducted using the BOTDA (Brillouin Optical Time Domain
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Projekt MPO CR FR-TI3/609 , Vyzkum a vyvoj detekce
a kontrolniho sledovdni kritickych mist geotechnickych konstruk-
ci zejména podzemniho stavitelstvi, bdrniského primyslu i ostat-
nich inZenyrskych staveb* (2011-2013)

Hlavnim feSitelem je spole¢nost Arcadis, spolufesiteli jsou
Stavebni fakulta CVUT v Praze a Safibra, s. r. 0. Jako piiklad
z dosavadniho postupu praci uvddime zkuSebni instalaci optic-
kych kabeli na primarni osténi obratového tunelu na stavbé
metro V.A. Cilem bylo ovéfit navrZzeny postup osazeni optickych
kabell v praxi za provozu stavby a detekovat deformace primér-
niho osténi vyvolanych razicimi §tity, které prochdzely v tésné
blizkosti. Méfeni jsou provddéna metodou BOTDA (Brillouin
Optical Time Domain Analysis). Tento projekt je realizovdn za
finan&ni podpory z prostiedku stdtniho rozpo&tu prostrednictvim
Ministerstva prumyslu a obchodu.

NEKTERE POZNATKY ZISKANE PRI MONITORINGU
VYSTAVBY MESTSKYCH TUNELU

Standardni proces vyhodnoceni vysledki monitoringu by mél
zahrnovat nékolik kroka. Ponékud odli§né je pfitom hodnoceni
monitoringu s automatickym odeftem meérenych dat a monito-
ringu s manudlnim odeCtem dat.

V prvni fadé by mély byt veskeré vysledky hodnoceny z hle-
diska relevantnosti extrému (anomadlif) ve zméfenych hodnotdch.
Ojedinélé extrémy nebo anomalie 1ze po podrobnéj$im prozkou-
mani vetSinou prisoudit poskozeni méficiho mista, nestandardni-
mu ovlivnéni technologii razby nebo napr. $patnou stabilizac{
métického bodu. Pro posouzeni téchto nahodilych vlivu je vy-
hodnéjsi provadét kontrolni ruéni odefty méfeni, u kterych je
méfiem automaticky provdadéna i kontrola méfictho mista
i SirSiho stavebniho okoli.

Po odfiltrovdni vy$e zminénych extrému by se na vysledky
mélo pohlizet z hlediska mozného ovlivnéni parazitnimi jevy
(napr. klimatické vlivy, nahodild zatiZeni atd.). V pfipadé jasné
znadmych zavislosti na parazitnim jevu je mozné vysledky o tato
zkresleni opravit. Dal§i vyhodnoceni vysledka je uz komplexni
pohled na zjisténd data, pii kterém je jeSte¢ nékdy mozné odhalit
i chybu méfeni nebo chybu pfi zpracovani dat. SpiSe uz se vSak
jednd o analyzu zmérenych dat predevs§im v kontextu aktudlnich
postupu praci na stavbé, vysledku souvisejicich méfeni, geolo-
gické skladby i dalSich okrajovych podminek. Na zméfrend data
se musi nahliZet s citem pro zdkladni zdkony statiky, fyziky
a geologie/geotechniky.

Pokud se vSak nenalezne pri¢ina anomdlnich jevu, je nutno hle-
dat jejich fyzikdlni vysvétleni a posoudit platnost prijatych hypo-
téz a predpokladi o chovéni pozorovanych konstrukci.

Z4kladni pravidlo je hodnoceni trendt v chovéni sledovanych
systému. Trendy jsou vZdy duleZité€j§i neZ absolutni hodnoty.
Diky prakticky libovolné Cetnosti méfeni je hodnoceni trenda
u automatického monitoringu velmi usnadnéno. Tato vyhoda je
umocnéna, pokud existuje dostate¢ne dlouhé ¢asové obdobi pro-
vadeéni méfeni jiz pred ovlivnénim stavebnimi pracemi. V ta-
kovém piipadé Ize vysledky oéistit o fadu parazitnich jevu, které
jinak vysledky méfeni mohou zna¢né zkreslit. Asi nejpodstatnéj-
§im parazitnim vlivem je ovlivnéni teplotni. Nejednd se pouze
o zkresleni vysledku aktudlni atmosférickou teplotou, ale také
o vlivy od oslunéni mérenych konstrukei a o dlouhodobéjsi tren-
dy prohfivani nebo prochladnuti konstrukei v pribéhu roénich
obdobi. Pfikladem parazitniho vlivu zmén teploty na zmény Sitky
dilata¢ni spdry je uveden vySe na obrdzku 3.

Dal§im pfirozenym vlivem jsou zmény trovné hladiny pod-
zemni vody.

Pii dlouhodobéjsim kontinudlnim sledovani lze ale filtrovat
i vlivy pravidelné se opakujicich vyznamnéjsich nahodilych
zmén/pohybu. Typickym pifkladem mohou byt napf. deformace
parkovaciho domu v dasledku jeho proménlivé obsazenosti.

Presnost nékterych meéreni zkresluji i dalSi parazitni jevy,
jejichz eliminace je jiz podstatné naro¢néjsi. Naptiklad u pouziti
totalnich stanic pro automatickd sledovani polohovych zmén se
v exteriéru nepfiznive projevuje vliv refrakce laserového paprsku

Analysis) method. This project is being implemented with
a financial support from the means of the national budget through
the Ministry of Industry and Trade.

SOME PIECES OF KNOWLEDGE OBTAINED DURING
THE MONITORING OF URBAN TUNNELS

The standard process of assessing monitoring results should
comprise several steps. The assessment of monitoring with auto-
matic readout of measured data and monitoring with manual data
readout are slightly different.

First of all, all results should be assessed from the aspect of the
relevancy of extremes (anomalies) in the measured values.
Isolated extremes or anomalies can be after examination mostly
assigned to a damage caused to the measurement point, non-stan-
dard impact of the tunnelling technology or, for example, wrong
stabilisation of the measuring point. To be able to assess these
random effects it is more advantageous to carry out manual rea-
ding of measurements, where the person carrying out measure-
ments also automatically performs checking of the measurement
point and wider construction surroundings.

After filtering out the above-mentioned extremes, the results
should be viewed from the point of view of the possible impact
of parasitic phenomena (e.g. climatic effects, random loads etc.).
If clearly known dependence on the parasitic phenomenon is the
case, it is possible to rectify the results by allowing for these dis-
tortions. The subsequent assessment of results is already
a comprehensive view of the ascertained data, where it is still
sometimes possible even to detect a measurement error or an
error in the processing of data. However, it is rather a case of the
analysis of measured data, first of all in the context of current
work procedures on site, results of related measurements, geolo-
gical structure and other boundary conditions. The measured data
must be viewed with feeling for basic laws of static, physics and
geology/geotechnics.

Anyway, if the cause of the anomalous phenomena is not
found, it is necessary to seek a physical explanation for them and
assess the validity of adopted hypotheses and assumptions regar-
ding the structures being observed.

The basic rule is the assessment of trends in the behaviour of
monitored systems. Trends are always more important than abso-
lute values. Owing to the arbitrary frequency of measurements,
the assessment of trends in automatic monitoring is made much
easier. This advantage is enhanced if a sufficiently long period of
the execution of measurements exists before the effects of con-
struction work start to act. In such a case it is possible to refine
the results by removing many parasitic phenomena, which other-
wise can significantly distort measurement results. Probably the
most significant parasitic phenomenon is the affection by tempe-
rature. It is not only the case of skewing the results, but also
effects of the sun exposure of the structures being measured and
longer-term trends in heating up or cooling down of structures
during the course of the seasons of the year. An example of the
parasitic impact of temperature changes on the width of an
expansion joint is presented above in Figure 3.

Another natural effect lies in changes in the water table level.

However, at longer-term continual observation it is possible to
filter out even the effects of regularly repeating more significant
random changes/movements. Deformations of the car parking
building induced by the variable occupancy can be used as
a typical example.

The accuracy of some measurements is even skewed by other
parasitic phenomena, the elimination of which is already signifi-
cantly more complicated. For example, in the case of the appli-
cation of total stations to the automatic observation of position
changes in the exterior, the refraction of laser beam at the inter-
face between air layers with different temperatures has an adver-
se influence. The influence of wind gusts may also be problema-
tic when measurement stations or points are installed on less
tough and high buildings. Another example is the monitoring of
basement garages of the Hvézda housing estate (see above),
where an also interesting parasitic influence of temperature was




na rozhrani rizné teplych vrstev vzduchu. A problematicky muZe
byt i vliv poryva vétru pri umisténi méfici stanic nebo bodu na
relativné méné tuhych a vysokych budovdch. Dal§im prikladem
je monitoring suterénnich gardzi obytného komplexu ,, Hvézda“
(viz vyse), kde byl pozorovan rovnéZ zajimavy parazitni vliv tep-
loty — ackoli se jednalo o méfeni v interiéru, stavalo se, Ze docha-
zelo k refrakci laserového paprsku ddlkoméru pii zdmérach tésné
nad kapotami zaparkovanych vozidel s jesté teplym motorem.

ZAVER - POUCENI PRO PRISTi PROJEKTY

Uplatnéni monitorovacich metod u nds, ve srovnani se zahra-
ni¢im, ma nepochybné vysokou troven. Do b€zné praxe jsou
zavedeny vSechny potfebné metody s odpovidajici spolehlivosti.
Vyjimkou dosud bylo méreni extruze elby. S pomoci monitorin-
gu se jiz i u nds bézné fidi geotechnickd rizika béhem raZeb.
VEtSi rezervy jsou ale jesté v optimalizaci ndkladu pfi vystavbé
v situacich, kdy vysledky méfeni prokazuji zanedbatelnd rizika
s moznosti prijmout opatfeni vedouci k dsporam.

Budoucnost monitoringu bezpochyby patii automatizaci nékte-
rych metod monitoringu s kontinudlnim sbérem a ddlkovym pre-
nosem dat. Ne vSechny metody Ize ale automatizovat a ne pro
vSechny dlohy se hodi kontinudlni sbér dat. Napriklad konver-
genéni méfeni v tunelu optickymi stanicemi lze automatizovat
jen Castené (z jednoho stanovi$té totdln{ stanice) a kontinudlni
sbér dat v tomto pripadé ani nemd smysl.

Automatizaci vybranych metod monitoringu a ddlkovym pre-
nosem vSech zméfenych dat ke geotechnikovi a dal§im tdcastni-
kam vystavby se zkrdti prodleva mezi provedenim méfenf a jeho
interpretaci. To umozni skute¢né operativni fizeni razeb na
zdkladé vysledki monitoringu. Vzhledem k rozvoji rychlych
strojnich razeb i v podminkach Ceské republiky ani jind cesta
neni mozZnd.

Na druhou stranu je tfeba si uvédomit, Ze monitoring neni vse-
1ék. Monitoring sleduje projevy interakce horninového prostred{
a stavebni Cinnosti. Nékteré jeho projevy vSak zaznamendvat
nemuZe nebo by to nebylo ekonomické. Pokud je pfi€inou nepfi-
jatelného chovani sledovaného systému fenomén, ktery neni
predmétem méfeni a sledovdni, tak ani pfijatelné vysledky mére-
nf ostatnich parametri nejsou zdrukou bezpe&né razby.
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observed — even though the measurements were conducted in the
interior, distance meter laser beam refraction was from time to
time encountered in the cases of sight lines running just above
hoods of parking vehicles with engines still hot.

CONCLUSION - LESSONS FOR FUTURE PROJECTS

The level of the monitoring methods which have been applied
in the Czech Republic is undoubtedly high in comparison with
foreign countries. All required methods guaranteeing relevant
reliability have been introduced in common praxis. Measuring
of the excavation face extrusion has so far been an exception.
Monitoring has already become a common tool for the manage-
ment of geotechnical risk during the course of tunnelling opera-
tions. More significant reserves still exist in the optimisation of
costs during construction in situations where measurement
results demonstrate negligible risks with the possibility of imple-
menting measures leading to savings.

The future of monitoring indisputably belongs to the automati-
on of some monitoring methods with continuous collection and
long-distance transmission of data. On the other hand, not all
methods can be automated and the continuous data collection is
not suitable for all tasks. For example, convergence measure-
ments inside a tunnel using optical stations (from one total stati-
on set up) can be automated only partially and continuous data
collection has no sense in this case.

Owing to the automation of selected monitoring methods and
long-distance transmission of all measured data to the geotechni-
cian and all other parties to the construction, the lag between the
measurement execution and its interpretation is shortened. It will
make the real operative management of tunnelling operations
based on monitoring results possible. With respect to the deve-
lopment of high advance rate mechanical tunnelling even in the
conditions of the Czech Republic, no other way is certainly pos-
sible.

On the other hand, it is necessary to realise that monitoring is
not a panacea. Monitoring observes manifestations of the inter-
action between ground environment and construction activities.
Although, it cannot register all of the interaction manifestations
or it would be uneconomic. If a phenomenon which is not the
subject of measurements and observation is the cause of the una-
cceptable behaviour of the system being observed, even the
acceptable results of measurements of the other parameters are
not a guarantee of safe tunnelling.
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INZENYRSKOGEOLOGICKA A GEOTECHNICKA PROBLEMATIKA VYSTAVBY
NOVE TRASY METRA V.A V PRAZE

ENGINEERING GEOLOGICAL AND GEOTECHNICAL PROBLEMS
OF THE NEW METRO LINE V.A CONSTRUCTION IN PRAGUE

JIRI TLAMSA, TOMAS EBERMANN, JAKUB BOHATKA, LUCIE BOHATKOVA, JIRI ROUT

ovoD

Prodlouzeni trasy metra V.A v Praze vede geologicky velmi
slozitym udzemim, které je v mnoha ohledech specifické
a vymykd se geologickym podminkdm tak, jak je zndme z vnitini
Prahy. Kromé toho se razba poprvé v CR provadi technologif
plnoprofilovych razicich §titi s podporou &elby (dale jen EPB).
Obé tyto skuteCnosti, spolu s netiplnymi znalostmi geologického
prostiedi v dobé pripravy stavby, jsou pri¢inou fady nestandard-
nich geotechnickych problému, s kterymi se mus{ stavba vypo-
rdddvat. Autori se vénuji predev§im inZenyrskogeologické pro-
blematice, kterd s feSenim téchto problému souvisi.

Nova trasa metra s celkovou délkou cca 6,2 km se nachazi
v zdpadni Cdsti mésta a vede od stdvajici konelné stanice
Dejvickd po nejvétsi prazskou nemocnici Motol. Jeji soucdsti
jsou 4 nové stanice — 3 stanice raZené pomoci Nové rakouské
tunelovaci metody (déle jen NRTM) (Cerveny Vrch/Bofislavka,
Veleslavin a Petfiny) a jedna stanice hloubend (Motol). Hlavnim
specifikem z pohledu projektového feSeni a technologie vystav-
by je zejména skuteCnost, Ze prevdznou &dst trasy (zhruba 4,8
km) tvori jednokolejné tratové tunely realizované pomoci dvou
razicich 3tith EPB o praméru 6 m. Na tzemi CR jde o vibec
prvni vyuZiti této technologie raZzeb. Pouze v okoli stanice Motol

- PETRINY.

Obr. 1 Prehlednd situace trasy metra VA v Praze
Fig. 1 General map of the Metro V.A Line in Prague

INTRODUCTION

The fifth extension of the Prague Metro Line A (Line V.A)
runs across a geologically very complicated area, which is in
many respects specific and goes beyond the scope of geologi-
cal conditions as we know them from inner Prague. In addition,
it is for the first time that the excavation is carried out using
earth pressure balance shields (EPB). The two facts, together
with the incomplete knowledge of the geological environment
during the construction planning stage, are the cause of a range
of non-standard geotechnical problems, which the project
management must often cope with. The authors devote the-
mselves first of all to engineering geological problems, which
are connected with these problems.

The new metro line with the total length of 6.2 km is located
in the western sector of the city, running from the existing ter-
minus, Dejvickd station, up to Motol Hospital, which is the cur-
rently largest hospital in Prague. The line extension contains 4
new stations — 3 of them mined (Cerven)'/ Vrch / Borislavka,
Veleslavin and Petfiny stations) using the New Austrian
Tunnelling Method (the NATM) and one cut-and-cover station
(Motol station). The main specific feature from the design solu-
tion and tunnelling technique point of view is first of all the
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1000 m (access and operational galleries)
— hloubené tunely a jamy dokoncené z 95 %
95% of cut-and-cover tunnels and pits completed




je nova trasa metra tvofena dvoukolejnymi tratovymi tunely
razenymi metodou NRTM (z &4sti rovnéz hloubené). Témér celd
trasa metra V.A se nachdzi v husté zastavéné oblasti mésta
s mnoha budovami, frekventovanymi komunikacemi, podzemni-
mi inZenyrskymi sitémi nebo Zelezni¢ni a tramvajovou trati.
Stavebni prace ve formé prvnich razeb pristupovych Stol a hlou-
beni stavebnich jam byly zapoc¢até v kvétnu 2010. Zahdjeni pro-
vozu metra je na této nové trase pldnovano na konec roku 2014.
Prehledna situace trasy s oznaenim hlavnich stavebnich objek-
tu je uvedena na obr. 1.

V prubéhu dosavadni vystavby se vyskytla fada geotechnic-
kych problému a mimoradnych situaci. Na takovéto neocekéva-
né problémy bylo vZdy nutné adekvatné a operativné reagovat at’
uz formou realizace dopliikového inZenyrskogeologického pru-
zkumu pro overeni nebo uprfesnéni geotechnickych podminek
vystavby, adaptaci projektového feSeni ¢i technologie vystavby
nové zjisténym podminkam, nebo modifikaci metod a rozsahu
geotechnického monitoringu. Hned v tivodu je treba fici, Ze diky
operativni spoluprdci vSech ucastniku vystavby se feSeni tako-
vychto problému dafi vétSinou vas.

Spole¢nost ARCADIS Geotechnika, a. s., se jako u témér
vSech v minulosti realizovanych rozsahlych tunelovych staveb
na dzemf{ Prahy na feSeni t€chto problému vyznamné podili. Od
prvnich pripravnych praci ve formé archivnich reSersi
a jednotlivych etap geologickych pruzkumnych praci po soudas-
né aktivity v pribéhu vystavby v podobé komplexniho geotech-
nického monitoringu a konzulta¢ni ¢innosti v oblasti geotechni-
ky, hydrogeologie, povrchového a podzemniho stavitelstvi.

GEOLOGICKE PRUZKUMNE PRACE PRED ZAHAJENIM
VYSTAVBY

Pocdte¢ni znalosti o geologickém prostredi v dobé zahdjeni
pripravnych praci na projektu byly velmi omezené, protoze roz-
sah geotechnického pruzkumu byl, jako ostatné velmi &asto
v jinych pfipadech, jeho zaddnim omezen. Nicméné postupne
s rozvojem piipravy stavby a v dobé jejitho zahdjeni a prabéhu
byla provedena fada vyznamnych doplikovych priazkumu, které
tento nedostatek alespon ¢astecné vykompenzovaly.

V tplném pocatku pripravnych praci se spole¢nost ARCADIS
Geotechnika, a. s., podilela na sbéru a vyhodnoceni dostupnych
archivnich ddaju pro moznost predbézného zhodnoceni podmi-
nek vystavby a sestaveni prvotniho projektového reSeni nové
trasy metra. V dal$im obdobi v letech 2007-2008 byla predme-
tem jeji ¢innosti nejprve spoluprdce na geofyzikdlnim méfeni pri
provadéni prazkumu pro dokumentaci pro dzemni rozhodnuti
(DUR) a posléze provedeni a vyhodnoceni pruzkumnych praci
zahrnujici jiz komplexni spektrum metod v podobé geologické-
ho mapovdni, realizace inZenyrskogeologickych vrta, laborator-
nich a polnich zkousek, geofyzikdlniho méreni apod. pro vypra-
covani dokumentace pro stavebni povoleni (DSP) a vybér zhoto-
vitele stavby (DVZ).

Po provedeni prvni etapy pruzkumnych praci byly geotechnic-
ké podminky vystavby v prevazné &ésti trasy hodnoceny jako
velmi slozité a misty pro dané projektové feSeni jako znacné
nepfiznivé. Zavery pruzkumnych praci ukézaly, Ze prevdzna Cést
projektované trasy metra V.A se nachazi v horninovém prostred{
s velmi pestrou a komplikovanou strukturné-geologickou stav-
bou. Jednotlivé projektované stanice a tratové tunely se nacha-
zeji v proménlivém prostredi paleozoickych sedimentdarnich
a vulkanickych hornin prazské panve (jilovité bridlice, prachov-
ce, kfemence, tufy, diabasy), sedimentarnich hornin kiidovych
plosin (piskovce, prachovce, jilovce) a misty také kvartérnich
sedimenti (spraSové hliny, svahoviny, terasové 3térky).
V zdjmovém lzemi bylo rovnéz identifikovano nékolik vyznam-
nych tektonickych z6n a také oblasti cetnych fosilnich svaho-
vych pohybu pfi okrajich kiidovych plosin.
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fact that the major part of the route (about 4.8 km) is formed by
single-track running tunnels driven by two 6 m-diameter EPB
shields. It is the case of the first application of this tunnelling
technique in Prague. The new line is formed by double-track
running tunnels driven using the NATM (also with a cut-and-
cover part) only in the vicinity of Motol station. Nearly the
entire metro V.A route is located in a densely developed area of
the city, containing many buildings, busy roads, underground
engineering networks or a railway and tram tracks. The con-
struction operations in the form of initial driving of access tun-
nels and excavation of construction trenches commenced in
May 2010. The opening of the metro operation on this line is
planned for the end of 2014. A synoptic layout of the route with
the main structures marked in it is presented in Fig. 1.

A number of geotechnical problems and extraordinary situa-
tions have been encountered during the course of the construc-
tion till now. It was always necessary to adequately and opera-
tively, either by executing a supplementary geological survey
with the aim of verifying or specifying geological conditions
for the construction, adaptating the design solution or the con-
struction technology to the newly determined conditions or by
modifying the methods and scope of the geotechnical monito-
ring. It is necessary just in the beginning to say that, owing to
the operative collaboration of all parties to the construction,
such problems have been mostly successfully solved in time.

ARCADIS Geotechnika a. s. significantly participates in sol-
ving these problems, similarly to nearly all extensive tunnelling
construction projects completed in Prague in the past. Their
participation comprises initial planning work in the form of
archive information retrieval and individual stages of geologi-
cal investigation operations, up to the current activities during
the course of the construction in the form of comprehensive
geotechnical monitoring and consultancy in the field of geo-
technics, hydrogeology, at-grade structures and underground
structures.

GEOLOGICAL EXPLORATORY WORK BEFORE
THE CONSTRUCTION COMMENCEMENT

The initial knowledge of the geological environment at the
moment of starting the work on the project was very limited
because the scope of geotechnical investigation was restricted
by the contract, similarly to many other cases. Nevertheless,
numerous important supplementary investigations were carried
out gradually, with the development of the construction prepa-
ration and at the beginning of the construction works, which
partially compensated for this drawback.

In the very beginning of the preparation work, ARCADIS
Geotechnika a. s. participated in collecting and assessing archi-
ve data available, which was carried out to make a preliminary
assessment of the construction conditions and compilation of
an initial design solution for the new metro line possible.
During the following period, in 2007 — 2008, the subject of its
activities first of all comprised the initial collaboration on
geophysical measurements during the investigation required
for the issuance of the zoning and planning permission and,
later, the execution and assessment of survey work covering the
already complex spectre of methods in the form of geological
mapping, carrying out engineering geological boreholes, labo-
ratory tests and field tests, geophysical measurements etc.,
required for the elaboration of the final design and procurement
documents for the construction works.

After the completion of the initial stage of the investigation,
geotechnical conditions for the construction were assessed as
very complicated for the major part of the alignment, locally
significantly unfavourable for the particular design solution.
The conclusions of the investigation showed that the major
part of the Metro V.A alignment being designed is located in
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GEOLOGICKE PRUZKUMNE PRACE PO ZAHAJENI
VYSTAVBY - DOPLNKOVE PRUZKUMY

I pres maly rozsah pruzkumnych praci provedenych v letech
2007-2008 (pouze 21 pruzkumnych vrtd na cca 6,2 km trasy —
rozsah praci zde byl pevné stanoven objednatelem) a misty znac-
né nepriznivé geotechnické podminky, na coz bylo v zdvérech
pruzkumu pro DSP z roku 2008 upozorfiovdno, bylo pfi nedo-
state¢nych znalostech o horninovém prostfedi postupné zahajo-
vano zpracovdvdni dokumentace pro provedeni stavby (DPS)
a na nékterych usecich trasy metra i samotnd vystavba. Po zapo-
Ceti prvnich praci v podobé razeb pristupovych $tol a hloubeni
stavebnich jam ¢i Sachet se v§ak na mnoha mistech trasy brzo ve
veétsi ¢i mensSi mife postupné ukdzalo, Ze znalost geologické
stavby hostitelského prostiedi opravdu neni dostate¢né podrob-
nd. Prvotni predpoklady geotechnickych podminek, misty zalo-
Zenych pouze na udajich z geologickych map bez primého ove-
feni prizkumnymi vrty, se od téch skute¢nych pomérné Casto
vyrazné odliSovaly.

V prabéhu let 2010 az 2012, tedy po zahéjeni prvnich razicich
a vykopovych praci, byla proto pro doplnéni informaci
o geotechnickych podminkdch vystavby v rdmci celé trasy metra
V.A postupné provedena fada doplikovych inZenyrskogeologic-
kych a geofyzikélnich prazkumu. Tyto doplnkové prazkumné
préce, které provadela spole¢nost ARCADIS Geotechnika, a. s.,
byly realizované prevdzné v prostoru projektovanych stanic
metra, hloubeného dvoukolejného tunelu za stanici Motol
a problematického tseku razby EPB mezi stanici Cerveny Vrch
a Dejvickd. V rdmci téchto dopliikovych pruzkumnych praci
bylo k polovin€ roku 2012 provedeno celkem 55 pruzkumnych
vrti, coz zhruba odpovidd i puvodné doporucenému poctu
doplrikovych vrtu ze zdvéru inZenyrskogeologického pruzkumu
pro DSP z roku 2008. Kromé pruzkumnych vrtd provddénych
z povrchu bylo vzhledem k misty velmi nepfiznivym geotech-
nickym podminkdm a komplikované strukturné-geologické stav-
bé dzemi nutné v nékolika pripadech rovnéZ realizovat pru-
zkumné vrty z podzemi. Takovéto vrtné prace pro upresnéni
nebo ovéreni podminek razby byly realizované pii razbéch sta-
nic Veleslavin a Cerveny Vrch (obr. 2) a také v prostoru vzdu-
chotechnické Stoly v blizkosti stanice Motol, kde byla razbou
neocekdvané zastiZzena stard $tola s drevénou vyztuzi (vice viz
nize).

Nedostate¢nd prozkoumanost tizem{ ve fazi pripravy projektu
stavby v kombinaci se sloZitou strukturné-geologickou stavbou

Obr. 2 Realizace dopliikovych pruzkumnych vrtu a presiometrického méreni
ve stanici Cerveny Vrch pro potieby upfesnéni strukturné-geologické stavby
a geotechnickych parametrii horninového masivu (foto D. Moravansky)

Fig. 2 Realisation of supplementary survey boreholes and pressuremeter
measurements at Cerveny Vrch station, required for the specification of
structural-geological composition of the ground mass (Photo courtesy of
D. Moravansky)

ground environment with very variable and complicated struc-
tural-geological composition. Individual stations and running
tunnels being designed are located in the variable environment
of Palaeozoic sedimentary and volcanic ground of the Prague
Basin (clayey shales, siltstone, quartzites, tuffs, diabases),
sedimentary rocks of the Cretaceous plateaus (sandstone, silt-
stone, claystone) and locally also Quaternary sediments
(secondary loess, colluvial deposits, terrace gravels). Even
several significant fault zones and areas with the occurrence of
numerous fossil slope mass movements at the edges of the
Cretaceous plateaus were identified in the area of operations.

GEOLOGICAL SURVEYS AFTER THE CONSTRUCTION
COMMENCEMENT — SUPPLEMENTARY SURVEYS

Even despite the small extent of survey operations carried
out in 2007 — 2008 (only 21 exploratory boreholes along the
about 6.2 km long alignment — this scope was prescribed by
the client) and the locally significantly unfavourable geotech-
nical conditions, which fact was notified of in the conclusions
of the survey for the final design from 2008, the work on the
detailed design gradually commenced despite the inadequate
knowledge of the ground environment, even the construction
work started in some sections of the metro route. Although, it
soon gradually turned out in larger or smaller extent in many
locations of the route, after the commencement of initial work
operations, having the form of driving assess tunnels and exca-
vating construction trenches or shafts, that the knowledge of
the geological structure of the host environment is really not
sufficiently detailed. The initial assumptions about the geolo-
gical conditions, which were locally based only on data from
geological maps, without direct verification by means of
exploratory boreholes, relatively frequently significantly dif-
fered from reality.

For that reason a number of supplementary engineering
geological and geophysical surveys were step-by-step con-
ducted during the 2010 — 2012 period, after the commence-
ment of initial tunnelling and excavation operations, with the
aim of complementing information about geotechnical condi-
tions for the construction within the framework of the entire
metro V.A line. These supplementary surveys were carried out
by ARCADIS Geotechnika a. s., mostly in the area of the
designed metro stations, the cut-and-cover double-track tun-
nel beyond Motol station and a problematic section of the
EPB tunnelling between Cerveny Vrch and Dejvick4 stations.
The total of 55 exploratory boreholes were carried out within
the framework of these supplementary surveys until the end of
the half of 2012, which number roughly corresponds to the
originally recommended number of supplementary boreholes
based on the conclusions of the engineering geological survey
for the final design from 2008. Apart from the exploratory
boreholes carried out from the surface, it was in several cases
necessary with respect to the locally very unfavourable geo-
technical conditions and the complicated geological structure
of the area to carry out the drilling from the underground.
Such drilling operations for the specification or verification of
tunnelling conditions were realised during the excavation of
Veleslavin and Cerveny Vrch stations (see Fig. 2) and also in
the area of a ventilation tunnel in the vicinity of Motol stati-
on, where the excavation unexpectedly encountered an aban-
doned gallery with timber support (for more information see
the text below).

The insufficient scope of surveys carried out in the construc-
tion design preparation phase in combination with the complex
structural-geological composition led, in some cases, to
encountering diametrally different geotechnical conditions just
before the commencement or during the course of excavation
and tunnelling operations. It in many cases fundamentally
affected the construction procedures. Sometimes it was even
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Obr. 3 Pricny geologicky Fez v prostoru stavebni jamy stanice Motol v iizemi postiZeného fosilnimi blokovymi pohyby kiidovych piskovcu; na obrdzku je dobre
patrnd spojitost geologické stavby a reakce horninového masivu na postupné odtéZovdni stavebni jamy (zprac. J. Tlamsa)

Fig. 3 Geological cross-section in the area of construction pit for Motol station, the area affected by fossil block movements of Cretaceous sandstone. The rela-
tionship between the geological structure and the ground mass response to the gradual excavation down to the construction pit bottom is well visible in the pic-

ture (prepared by J. Tlamsa)

vedla v nékterych pripadech k zastizeni diametrdlné odli§nych
geotechnickych podminek t€sné pred zahdjenim nebo v prabéhu
vykopovych a razicich praci. To mélo v mnoha pripadech zdsadni
dopad do postupu vystavby. Nékdy bylo dokonce potieba pristou-
pit k jinému projektovému feSenf a technologii (zdména razeného
tunelu za hloubeny, pouziti skalni frézy misto drapaku, zména ¢le-
néni vyrubt a postupu razby, ndro¢néj§i zajisténi vyrubu, narond
stavebni opatfeni pro zaji§téni okolnich objektu, dprava rozsahu
a metodiky monitoringu apod.).

Vyznam pruzkumnych praci adekvdtniho rozsahu a kvality se
téméf ve vsech pripadech dobre prokazal po dokonceni jednotli-
vych stavebnich objektd, kdy se dopliikovymi prazkumy ocekdva-
né geologické podminky vzdy v prijatelnych mezich shodovaly
s realitou. Problematika pfipravy a realizace vystavby vlivem
zmén podminek pak ndzorné ukdzala, Ze provedeni pruzkumnych
praci podle vSeobecné znamych a platnych zdsad je v pripadé
takovéto rozsdhlé stavby zcela nezbytné.

GEOTECHNICKY MONITORING VYSTAVBY

Vedle doplikovych prazkumnych praci je hlavni ndplni praci
spolec¢nosti ARCADIS Geotechnika, a. s., v rdmci vystavby nové
trasy metra V.A provadéni komplexniho geotechnického
a hydrogeologického monitoringu. Geotechnicky monitoring je
provadeén ve sdruzeni s firmou INSET, s. r. 0., kdy vedoucim ¢le-
nem sdruZeni je spolecnost Arcadis.

Cilem geotechnického monitoringu je sledovéni vlivu povrcho-
vé a podzemni vystavby na pretvareni horninového masivu

necessary to proceed to another design solution and technology
(replacing mining with cut-and-cover procedure, the use of
a roadheader instead of a clamshell excavator, changing the
excavation sequence and the tunnelling procedure, more
demanding excavation support, demanding construction mea-
sures for stabilising buildings in the neighbourhood, modifying
the scope and methodology of monitoring etc.).

The importance of adequate scope and quality surveys was
nearly in all cases well proved after the completion of individu-
al structures, where the geological conditions anticipated by the
supplementary surveys were always within acceptable limits
identical with reality. The problems of the preparation and rea-
lisation of the construction caused by changes in the conditions
clearly demonstrated that in the cases of such an extensive con-
struction project the execution of surveys according to well
known and valid principles is absolutely indispensable.

GEOTECHNICAL MONITORING OF THE CONSTRUCTION
PROCESS

Apart from supplementary exploration, the main component
of the ARCADIS Geotechnika a. s. work within the framework
of the construction of the new metro Line V.A is the execution
of comprehensive geotechnical and hydrogeological monito-
ring. The geotechnical monitoring is carried out by a consor-
tium where ARCADIS Geotechnika a.s. is the leader and the
other member is INSET s. r. o.
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(sledovani odezvy horninového masivu na razbu a hloubeni
pomoci inklinometrického a extenzometrického méfeni ve vrtech,
konvergenéni méfeni vyrubu, sledovdni seddni povrchu apod.)
a zmeény v rezimu proudéni podzemni vody (kontinualni mérfeni
trovni hladiny podzemni vody, sledovdni vydatnost{ pramend,
poklesy vody ve studnich, zmény chemismu apod.). Dal§im tiko-
lem monitoringu je sledovani chovani novych stavebnich kon-
strukcf (ostén{ tuneld, stény stavebnich jam, vyztuzné prvky atd.)
a jejich interakce s horninovym prostifedim ovlivnénym stavebni-
mi pracemi. V neposledni fadé se sleduje reakce stavajicich nad-
zemnich konstrukcei na razby (ndklony a poruSeni budov, defor-
mace komunikacf a koleji, poruchy kanaliza¢nich sit{ atd.).

Spektrum pouZzitych monitorovacich metod a pfistrojové tech-
niky odpovidd charakteru a ndrocnosti jednotlivych stavebnich
objektl a geotechnickym podminkdm. Pfedmétem Einnosti geo-
technického monitoringu je tak kupfikladu komplexni sledovani
rozsdhlych stavebnich jam v méstském intravildnu (napf. jama
hloubené &4sti stanice Veleslavin) nebo ve vyrazné nepfiznivych
geotechnickych podminkdch (napf. jdma stanice Motol — obr. 3),
déle pak rozsdhlych razenych stanic v podminkéch silné poruse-
ného horninového masivu (napf. stanice Cerveny Vrch — obr. 7)
a velmi nizkého nadloZi (napf. stanice Veleslavin) nebo razba
jednokolejnych tratovych tunelt pomoci nové technologie EPB
v extrémné nepiiznivych podminkdch kvartérnich sedimentt
(isek Cerveny Vrch — Dejvicka).

INZENYRSKOGEOLOGICKA DOKUMENTACE VYSTAVBY

Nedilnou soucdsti geotechnického monitoringu je inZenyrsko-
geologickd dokumentace horninového prostredi. Hlavnim tko-
lem inZenyrskogeologické dokumentace je pak posuzovani
shody ¢i miry odli$nosti skutecné zastizenych geotechnickych
podminek vystavby vagi pfedpokladu realizaéniho projektu.

Geotechnickd a inZenyrskogeologickd dokumentace se provd-
di podle TP 237 , Geotechnicky monitoring tunelii pozemnich
komunikaci“, ve kterych je metodika provadéni téchto praci
podrobné definovdna v ndvaznosti na geotechnicky monitoring
a zatfidovani do technologickych tfid vyrubu. TP 237 vstoupily
v platnost v Cervenci roku 2011 a byly vypracoviany pod vede-
nim kolektivu specialistd spole¢nosti Arcadis.

V pripadé razeb pomoci NRTM se na zdkladé zhodnoceni
inZenyrskogeologické dokumentace a posouzeni pripadnych
odliSnosti mezi predpoklady a zastizenou skute&nosti prizpuso-
buje technologie razby (tj. technologické tfidy NRTM) v podobé
&lenén{ vyrubu, délky zdbéru, tloustte priméarniho osténi, poctu

Obr. 4 InZenyrskogeologickd dokumentace postupného odtéZovdni hloubené-
ho tunelu pro obratové koleje pri stanici Motol v prostredi tektonicky poruse-
ného horninového masivu a fosilnich svahovych pohybu (foto J. Tlamsa)
Fig. 4 Geological documentation of the gradual excavation for the cut-and-
cover tunnel for the turn-back track tunnel at Motol station, in the environ-
ment formed by faulted ground mass and fossil slope mass movements (Photo
courtesy of J. Tlamsa)

The objective of the geotechnical monitoring is to observe
the impact of at-grade and underground construction on defor-
mations of ground mass (the observation of the response of
ground mass to underground excavation and digging by means
of inclinometer and extensometer measurements in boreholes,
convergence measurements of excavated openings, observation
of the settlement of the surface etc.) and the changes in the
groundwater flow regime (continual measurement of water
table level, observation of the yield of springs, dropping of
water in wells, changes in the water chemistry etc.). Another
monitoring task is the observation of the behaviour of new
structures (tunnel linings, walls of construction pits, reinfor-
cing elements etc.) and their interaction with the ground envi-
ronment affected by construction processes. At last but not
least, it follows responses of existing surface structures to
underground excavation (tilting of buildings and their deterio-
ration, deformations of roads and rail tracks, defects of sewera-
ge networks etc.).

The spectrum of the monitoring methods and instrumentati-
on used corresponds to the character and demands of individu-
al structures and geotechnical conditions. The subject-matter of
the activities of geotechnical monitoring is, for example, com-
prehensive observation of large construction pits in urban
areas (e.g. the construction trench for the cut-and-cover section
of Veleslavin station) or in markedly unfavourable geotechnical
conditions (e.g. the construction pit for Motol station — see Fig.
3), as well as the observation of extensive mined stations in the
conditions formed by heavily disturbed ground mass (e.g. Cer-
veny Vrch station — see Fig. 7) and very thin overburden (e.g.
Veleslavin station) or the driving of single-track running tunne-
Is by means of the new technology using EPB shields in extre-
mely unfavourable conditions of the Quaternary sediments (the
section between Cerveny Vrch and Dejvickd stations).

GEOLOGICAL DOCUMENTATION
OF THE CONSTRUCTION WORKS

Geological documentation of the ground environment is an
inseparable part of geotechnical monitoring. The main task of
the geological documentation is to assess the conformance or
degree of deviation of actually encountered geotechnical con-
ditions if compared with assumptions of the detailed design.

Geotechnical and geological documentation are elaborated
according to the technical specifications TP 237 on ‘Geotech-
nical monitoring or road tunnels’, where the methodology of
the execution of these works defined in detail in relation to geo-
technical monitoring and categorisation into excavation sup-
port classes. The TP 237, which were carried out under the lea-
dership of a team of ARCADIS Geotechnika a.s. specialists,
came in effect in July 2011.

In the case of the NATM, the excavation procedure (i.e. the
excavation support classes) in the form of the excavation sequ-
ence, excavation round length, thickness of the primary lining,
number of supporting elements etc., is modified on the basis of
the assessment of geological documentation and the assessment
of contingent differences between assumptions and the reality
encountered. The conditions encountered form the factor cruci-
al for the selection of suitable excavation procedure (in the
form of various degrees of the face support in the extraction
chamber provided by the muck itself or by compressed air — see
Fig. 4) even in the case of the EPBM tunnelling. The docu-
mentation of actually encountered engineering geological and
geotechnical conditions is, apart from other purposes, indis-
pensable for the correct assessment and interpretation of results
of all measurements conducted within the framework of the
geotechnical monitoring.

As opposed to other underground construction projects in
the Czech Republic, there is a specific activity carried out
during the course of the geological documentation for the




Obr. 5 Odbér vzorki horniny z prostoru tézni komory EPB S-609 (Tonda) pro
stanoveni fyzikdlné-mechanickych parametru véetné abrazivnosti podle CAI
(foto J. Rout)

Fig. 5 Taking samples of ground from the EPB S-609 (Tonda)extraction
chamber for the purpose of determining physical-mechanical parameters,
including abrasivity according to CAI (Photo courtesy of J. Rout)

vyztuznych prvku apod. RovnéZ v pripadé raZeb pomoci EPB
jsou zastizené podminky rozhodné pro zvoleni optimdlni tech-
nologie razby v podobé ruzného stupné podpory Celby v téZni
komore (samotnou rubaninou nebo pomoci pretlaku vzduchu).
Obdobné u hloubeni stavebnich jam jsou zastiZené geotechnické
podminky rozhodné pro posouzeni dostate¢ného dimenzovani
vyztuznych prvki a celkového zajisténi (obr. 4). Dokumentace
skuteéné zastizenych inZenyrskogeologickych a hydrogeolo-
gickych podminek je mimo jiné také nezbytnd pro sprdavné
vyhodnoceni a interpretaci vysledkt v§ech méfeni provddénych
v ramci geotechnického monitoringu.

Mezi specifikum ¢innosti inZenyrskogeologické dokumentace
pri vystavbé metra V.A je oproti jinym podzemnim stavbam na
tizemi CR sledovéani geotechnickych podminek raZby pomoci
§titd EPB, které jsou v podminkéch nas{ republiky pouZity vabec
poprvé. V pripadé této technologie razby, kdy je primd doku-
mentace horninového prostiedi znadné omezena (pfi idedlnich
podminkdch pfistup na ¢elbu zpravidla jen 1-2 za tyden, tj. pri
maximalni rychlosti postupu stroje po cca 100-200 m, pres odté-
Zovaci otvory v hlavé EPB je viditelna jen cca 1/4 plochy ¢elby),
se vedle standardni dokumentace Cela vyrubu z prostoru téZni
komory posouzeni geotechnickych podminek razby opird
vyhradné o inZenyrskogeologickou dokumentaci vyvazené ruba-
niny. Specifickou ¢innosti provadénou pracovniky spole¢nosti
Arcadis pri hodnoceni podminek razby pomoci EPB jsou také
odbéry vzorku z Cela vyrubu (obr. 5) pro posuzovani fyzikalné-
-mechanickych vlastnosti zastizenych hornin (vedle standard-
nich ddaju napf. abrazivnost dle CAI).

Kromé ovérovani predpokladanych geologickych podminek
razeb je tkolem inZenyrskogeologické dokumentace i provadéni
prognéz vyvoje podminek pro dalsi dseky. Tato ¢innost je dule-
7itd zejména v pripadé prostiedi s nizkym stupném prozkouma-
nosti nebo velmi slozitych strukturné-geologickych podminek,
kde je i pfi realizaci velkého po&tu pruzkumnych sond obtizné
presné ur€it stavbu horninového masivu. V pripadé zastizen{
neo¢ekavanych podminek razby nebo hloubeni jsou pak poznat-
ky z peclivé inZenyrskogeologické dokumentace neocenitelnym
zdrojem informaci slouzicim jako jakysi dalii stupeni prazkum-
nych praci, na jejichz zakladé lze detailnéji zhodnotit nejen dalsi
useky razby, ale také geotechnické podminky okolnich staveb-
nich objektu.

Z téchto davodu také vétSina pristupovych Stol, Sachet nebo
mensich razenych objektt velmi dobre poslouZila jako podzemni
pruzkumnd dila (napiiklad pfistupova Stola a strojovna vzducho-
techniky Markéta pri stanici Petfiny, pristupova $tola FrantiSek
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metro V.A construction, namely the observation of geotechni-
cal conditions of the tunnelling using EPB shields. This tech-
nique is used in the conditions of the Czech Republic for the
first time. In the case of this particular tunnelling technique,
where the direct documentation of ground environment is sig-
nificantly limited (at ideal conditions the access to the excava-
tion face is possible only 1 — 2 times per week, i.e. at the maxi-
mum EPB machine advance rate it means an inspection con-
ducted approximately every 100 — 200 m; it is carried out
through cutterhead openings providing the visibility of about
/4 of the excavation face) the assessment of the excavation
geotechnical conditions is, in addition to the standard docu-
mentation of the excavation face, solely based on the geolo-
gical documentation of the muck transported to the surface.
A specific activity carried out by employees of ARCADIS
Geotechnika a. s. when assessing the EPB tunnelling conditi-
ons is also collecting samples from the excavation face (see
Fig. 5) for the assessment of physical-mechanical properties of
the rock encountered (for instance, in addition to standard
data, the abrasivity according to CAI).

Apart from the verification of anticipated tunnelling geologi-
cal conditions, the task of geological documentation is to pro-
vide prognoses of the development of the conditions even for
subsequent sections. This activity is important first of all in the
case of the environment with the low degree of knowledge pro-
vided by surveys or very complicated structural and geological
conditions, where it is difficult to exactly determine the struc-
ture of rock mass despite the big number of completed explo-
ratory probes. In the case of encountering unexpected conditi-
ons for tunnelling or excavation from the surface, the pieces of
knowledge gained from thoroughly carried out geological
documentation are an invaluable source of information, serving
as a sort of another degree of survey, on the basis of which it is
possible to objectively assess not only the section which will
follow, but also geotechnical conditions of neighbouring buil-
ding structures.

Obr. 6 Tektonicky nasunuté horniny kosovského souvrstvi (Sedé jilovité brid-
lice a kiemence — levd Cdst Celby) a siluru (¢erné jilovitoprachovité bridlice)
v prostredi ordovickych bridlic bohdaleckého souvrstvi (Sedé jilovité bridlice
— pravd &dst Celby); dukladnd dokumentace tektonické stavby umoZnila pro-
gnozu podminek razby prilehlé Stoly VZT (foto D. Schaffner)

Fig. 6 Tectonic overthrust formed by the Kosov strata (grey clayey shales and
quartzites — the left-hand side of the face) and the Silurian (black clayey-silty
shales) in the environment formed by the Ordovician shales of the Bohdalec
strata (grey clayey shales — the right-hand part of the face). The thorough
documentation of the tectonic structure made the prognosis of the conditions
for the excavation of the adjacent ventilation tunnel possible (Photo courtesy
of D. Schaffner)
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pri stanici Cerveny Vrch nebo raZena prelozka kanalizace pri
stanici Veleslavin). Obdobné byly mnohokrdt vyuZity i poznatky
z dokumentace stavebnich jam (napf. poznatky z hloubeni stani-
ce Motol pro tvodni tdsek dvoukolejného tratového tseku
v prostiedi sesuvného tdzemi). Typickym piikladem vyuzit
dokumentace razeb pro okolni objekty je situace vzduchotech-
nické Stoly v Motole, jejiZ geotechnické podminky razby byly
kromé doplnkového vrtného a geofyzikédlniho pruzkumu zhodno-
ceny z velké ¢asti pravé na zdkladé zjisténych strukturné-geolo-
gickych podminek v pfilehlém dvoukolejném tratovém tunelu
(obr. 6).

INZENYRSKOGEOLOGICKA A GEOTECHNICKA
PROBLEMATIKA VYSTAVBY

Podobné jako u jinych rozsdhlych staveb ve slozitych geo-
technickych podminkdch a méstském intravildnu se rovnéz
v pripadé nové trasy metra V.A vyskytla fada neofekdvanych
geotechnickych probléma. Hlavni pfi¢inou vzniku takovychto
problému pfi raZbéch $tol, tuneld a stanic nebo hloubeni staveb-
nich jam bylo zastiZeni odliSnych geotechnickych podminek,
neZ predpoklddal realizacni projekt. Tyto odli$nosti byly zpuso-
bené jednak nedostate¢nym prozkoumdnim horninového pro-
stredi s velkou variabilitou ve fazi pfipravy stavby, pripadné
nedostate¢nym respektovanim zdvéru a doporuceni provede-
nych pruzkuma (takto vzniklym problému se tedy dalo do zna&-
né Casti predejit). Krajnim pfipadem pak byly pri¢iny v podobé
neocekdavaného zastizeni podzemnich prostor.

V pripadé razeb pomoci NRTM neolekdvané a vyrazné
nepriznivé geotechnické podminky Casto sniZily stabilitu cela
a boku vyrubu, zpusobily vyrazné deformace horninového masi-
vu a primdrniho osténi (konvergence, seddni povrchu), misty se

For the above reason, the majority of access tunnels, shafts
or smaller mined structures very well served as underground
exploratory workings (for example the Markéta access tunnel
and ventilation plant cavern at Petfiny station, the assess tun-
nel Frantiek at Cerveny Vrch station or the mined diversion
adit for a sewer near Veleslavin station). Pieces of knowled-
ge gained from the documentation of construction pits (e.g.
the use of pieces of knowledge from the excavation of Motol
station pit for the initial section of the double-track running
tunnel in a land sliding area environment). A typical example
of the use of the documentation of underground excavation
for adjacent structures is the situation of the ventilation drift
in Motol, the geotechnical tunnelling conditions of which
were assessed not only on the basis of a supplementary bore-
hole and geophysical survey, but also largely just on the basis
of the structural geological conditions determined on the adja-
cent double-track running tunnel (see Fig. 6).

ENGINEERING GEOLOGICAL AND GEOTECHNICAL
PROBLEMS OF THE PROJECT

Similarly to other extensive construction projects imple-
mented in complicated geotechnical conditions and urban
areas, numerous unexpected geotechnical problems were
encountered also in the case of the new metro Line V.A. The
main cause of the origination of such problems during the
excavation of adits, tunnels and stations or excavation of con-
struction pits was the encountering of geotechnical conditions
different from those anticipated by the detailed design. These
differences were caused both by the insufficient exploration
of the highly variable ground environment during the project
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Obr. 7 PFi¢ny geologicky profil stanici Cerveny Vrch v prostiedi silné poruseného horninového masivu (Q — kiemence, B — navétralé biidlice, Bz — zvétralé bFid-
lice, Be — rozloZené bridlice, Qd — deluvidlni sedimenty, An — navdzky); vpravo zndzornéna reakce masivu na postupnou razbu ve formé vysledku konvergené-

niho a inklinometrického meéreni (zprac. J. Tlamsa)

Fig. 7 Geological cross-section through éervenj Vrch station running through an environment formed by heavily disturbed ground mass (Q — quartzites,
B - slightly weathered shales, Bz — weathered shales, Be — decomposed shales, Qd — deluvial sediments, An — made ground). The ground mass response to the
progressing excavation is shown on the right side in the form of results of convergence and inclinometer measurements (prepared by J. Tlamsa)




projevily vznikem geologicky podminénych nadvylomu variabil-
niho rozsahu (od mdlo vyznamnych nadvylomu v fadu prvnich m3
po vyznamné nadvylomy az zdvaly v rddu né€kolika desitek m3)
nebo neocekdvané silnymi pritoky podzemni vody apod.
Takovéto problémy si podle charakteru a zdvaznosti zpravidla
vyzadaly dodate¢nd opatfeni v podobé tpravy projektu technolo-
gie razeb (vyprojektovani ndro¢néjsich technologickych tiid,
v nékterych pripadech pak i zménu trasy a nivelety podzemniho
dila), pfizpusobeni geotechnického monitoringu (vEtSi Cetnost
meéfeni, pripadné aplikace specidlnich monitorovacich metod),
provedeni doplnkovych prazkumi pro ovéfeni dal§ich podminek
razby nebo zjisténi rozsahu vzniklych kaveren v okoli vyrubu.

V pripad¢ hloubenych stavebnich jam se neofekdvané horsi
geotechnické podminky projevily zpravidla v podobé naro¢néjsi
realizace jamy z hlediska obtiZnéjsi téZitelnosti zastiZenych hor-
nin, prekvapivych pritoki podzemni vody nebo neZddoucimi
deformacemi stén jam ¢&i okolniho horninového prostiedi.
I v pripadé stavebnich jam zmény geotechnickych podminek
zpravidla vedly k nutné dpravé projektu zajistén{ jamy, techno-
logie jeji realizace nebo rozsahlejstho monitoringu horninového
masivu, novych a stavajicich stavebnich konstrukei.

Prikladem zastizeni odlisnych geotechnickych podminek pfi
razbéch, které se daly predvidat, je stanice Cerveny Vrch. Zde
nebylo respektovano doporuceni provést pred zahdjenim vystav-
by doplnkové pruzkumné vrty v prostoru stanice (v rdmci pru-
zkumnych praci pred zahdjenim vystavby byl ve stanici proveden
jen jeden bezjadrovy vrt nedostate¢né hloubky). Toto pak vyusti-
lo v situaci, kdy se v kritké dobé pred planovanym zahdjenim
razeb stanice (pfi razbé pristupové Stoly) zjistily zcela odlisné
geotechnické podminky vystavby (namisto ocekdvanych masiv-
nich kfemencu se v prostoru stanice vyskytuji polohy silné tekto-
nicky porusenych bridlic — obr. 7) znamenajici nutnou zménu
projektu.

Jingm prikladem neolekdvanych geotechnickych podminek
pri hloubeni a zajisténi stavebnich jam, které by byvalo bylo
mozné v¢as zjistit, je stanice Motol. Zde rovnéz nebylo respek-
tovdno doporuceni provést dopliikové pruzkumné vrty primo
v prostoru projektovanych stavebnich objektd (v rdmci pru-
zkumnych praci pred zahdjenim vystavby byly provedeny pouze
dva vrty, a to pouze pri jednom okraji jamy). V protilehlé ¢asti
stavebn{ jamy se pfi provddéni inklinometrickych vrti pro geo-
technicky monitoring krdtce pred vystavbou zjistily masivni
velmi pevné vulkanické horniny a v prostoru ve svahu nad jamou
byly identifikované rozsdhlé fosilnimi sesuvy rozvlecené bloky

Obr. 8 Zaval pri razbé vzduchotechnické Stoly v Motole pri zastiZeni Stoly
z obdobi druhé svétové vdlky; pri pravém okraji snimku je v rubaniné a &elbé
patrnd drevénd vyztuZ (foto J. Tlamsa)

Fig. 8 The collapse during the excavation of the ventilation tunnel in Motol
when a tunnel from World War 2 was encountered. Timbering is visible in the
muck and at the face at the right-hand edge of the picture (Photo courtesy of
J. Tlamsa)

21. rocnik - €. 4/2012

planning stage and by insufficient respect paid to conclusions
and recommendations following from the completed surveys
(it was to a large extent possible to prevent the problems
which originated in this way). The causes in the form of the
unexpected encountering of underground spaces were an
extreme case.

As far as the NATM excavation is concerned, unexpected
and significantly unfavourable geotechnical conditions frequ-
ently reduced the stability of the excavation face and side
walls, caused serious deformations of the ground mass and
primary lining (convergences, terrain surface settlement),
locally manifested themselves by the origination of geologi-
cally conditioned overbreaks with variable extent (ranging
from lithe significant overbreaks in the order of first m3 up to
serious collapses in the order of several tens of m3) or by
unexpectedly strong inflows of groundwater etc. Such pro-
blems, depending on their character and gravity, required
additional measures in the form of a change in the design for
the tunnelling technology (designing more demanding exca-
vation support classes, in some cases even changes in hori-
zontal and vertical alignment of the underground working),
modification of the geotechnical monitoring (larger frequency
of measurements or even the application of special monitoring
methods), the execution of supplementary surveys for the
verification of conditions for subsequent tunnelling or deter-
mination of the extent of caverns developing around the exca-
vated openings.

As far as the open excavation pits are concerned, unexpec-
tedly worse conditions manifested themselves usually in the
form or more complicated excavation ii terms of more diffi-
cult excavation classes of the ground encountered, surprising
groundwater inflows or undesirable deformations of excavati-
on walls or the surrounding ground environment. Changes in
geotechnical conditions usually led to changes in the excava-
tion support design, excavation procedure or to more extensi-
ve monitoring of the rock mass and new or existing building
structures.

Cerveny Vrch station is an example of different geotechni-
cal conditions encountered during the underground excavati-
on, which could be anticipated. In this case, the recommenda-
tion to carry out supplementary exploratory boreholes in the
area of the station prior to the commencement of construction
(only one full-hole borehole with an insufficient depth was
carried out for the station within the framework of the survey
before the construction started) was not heeded. As a result,
completely different geotechnical conditions for the construc-
tion (heavily faulted shales instead of expected massive quart-
zites — see Fig. 7) were identified shortly before the commen-
cement of the station excavation operations (during the dri-
ving of an access tunnel) in the station area. They meant the
necessity for modifying the design.

Another example of unexpected geotechnical conditions
encountered during the work on the excavation and support of
construction pits is Motol station. Nor in this case the recom-
mendation to carry out supplementary exploratory boreholes
directly in the area of the structures being designed was hee-
ded (only 2 boreholes were drilled within the framework of
the surveys prior to the commencement of the construction
operations, moreover only at one edge of the construction pit).
Massive, very hard volcanic rock was found shortly before the
construction works commencement in the opposite part of the
construction pit during the execution of inclinometer boreho-
les for geotechnical monitoring and extensive blocks of creta-
ceous sandstone spread by fossil landslides, representing sig-
nificant risk of the loss of stability of the slope above the pit
were identified in the slope above the pit (see Fig. 3). This
situation led to a necessary change in the technique of the
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kifdovych piskovcu predstavujicich zna¢né riziko ztrity stabili-
ty svahu nad jamou (obr. 3). To vedlo k nutné zméné technolo-
gie hloubeni podzemni stény pro zajisténi jamy, masivnéjsimu
zajisténi celé jamy a rozsireni jejtho monitoringu.

Prikladem neocekdvanych geotechnickych podminek pfi raz-
bédch, kterym se naopak dalo jen obtizné piedejit, je dvoukolejny
tunel z Motola do Petfin a prilehld vzduchotechnickd Stola. Na
tomto misté byly pri razbach zastizeny geologické anomdlie
v podobé tektonickych poruchovych pdsem a poloh hornin
nepriznivych geotechnickych vlastnosti, které vedly ke vzniku
vyznamnych nadvylomu. V pfipadé vzduchotechnické $toly byla
razba navic zkomplikovdna souasnym zastizenim starého pod-
zemniho dila v podobé $tol pldnovaného stanovisté ambulance
a prvni pomoci pri Pomocné nemocnici v Motole z konce roku
1944 (obr. 8).

Pro stanici Cerveny Vrch bylo proto operativné provedeno
nékolik inZenyrskogeologickych doplikovych prazkumu (reali-
zovanych z povrchu i v podzemi — obr. 2). Ty umoZnily doda-
te¢né podrobnéji popsat strukturné-geologickou stavbu hornino-
vého masivu a jednotlivym horninovym typum pfiradit repre-
zentativni geotechnické parametry umoznujici adekvdtni dpravu
projektu razeb a zajiSténi stanice i okolnich stavebnich objektu.
V pripadée zajisténi stavebni jamy ve stanici Motol bylo ovéreni
skuteénych geotechnickych podminek provedeno doplikovymi
pruzkumnymi vrty, pomoci dokumentace samotného hloubeni
jdmy a vrtu pro potieby geotechnického monitoringu. Ten byl
pro ucely dostatecného sledovani reakce horninového masivu
a rezimu proudéni podzemni vody na stavebni zdsah spole¢né se
sledovanim stavebnich konstrukci svym rozsahem a metodikou
pfizpusoben vyraznéji neptiznivéj§im podminkdm vystavby.

Pri razbé dvoukolejného tratového tunelu pri stanici Motol
byly zji$téné didaje o charakteru a prubéhu tektonickych poruch
uspésné vyuzity pro predikci dalSich podminek razby v prostoru
prilehlé vzduchotechnické Stoly. V prfipadé vzduchotechnické
Stoly byl po neocekdvaném zastizeni podzemnich prostor
a souvisejictho vzniku vyznamného nadvylomu realizovan povr-
chovy a podzemni vrtny a geofyzikdlni prizkum pro ovéfeni
rozsahu podzemnich prostor, rozsahu vzniklé kaverny v okoli
Stoly a upfesnéni strukturné-geologické stavby horninového
masivu v dal$im dseku raZeb.

BUDOUCNOST - CO NAS NA NOVE TRASE METRA V.A
JESTE CEKA

V soucasné dobé (konec zari 2012) je prevaznd Cast razeb
a hloubeni stavebnich jam jiZ dokonc¢ena. V dalS$im obdobi zbyvd
dokoncit zejména razbu stanice Veleslavin (stiedni diléi vyrub
a inikovy objekt) a jednokolejné tratové tunely mezi stanici Cer-
veny Vrch a Dejvickd veetné tunelovych propojek. I v pripade
téchto zbylych razeb bude nutné vénovat velkou pozornost pre-
dikovanym geotechnickym rizikim.

U stanice Veleslavin spocivd potencidlni problém zejména
v razb€ v horninovém prostredi s nepfiznivymi geotechnickymi
parametry a s velmi nizkym nadloZim tvofenym vyhradné kvar-
térnimi zeminami a navdzkou v prostoru ulice Evropskd. Diky
prognéze podminek razby z inZzenyrskogeologické dokumentace
razeb obou bo¢nich vyrubu i okolnich objekta (dnikovd Stola
a raZené prelozky kanalizaci) a prazkumnych sond by viak mélo
byt riziko vzniku nepfipustné ¢i nezvlddnutelné reakce hornino-
vého masivu na razbu prijatelné.

U raZeb jednokolejnych tratovych tunela pomoci EPB je
nebezpedi stabilitnich problému a nepfijatelnych deformaci hor-
ninového masivu spojeno s moznym vyskytem jeho oslabeni
v dusledka ptipadnych poruch soubézné kanalizace. Toto nebez-
peci by v§ak méelo byt minimalizovano pravé diky probihajicimu
doplnujicimu geofyzikdlnimu a vrtnému pruzkumu v celé délce
ulice Evropskd (obr. 9). Kromé toho se provadi rozsahld sanace
podloZi tohoto udseku, pfedev§im pak v mistech prazkumnymi
pracemi zjiSténych anomdlii indikujicich hor§i geotechnické
podminky.

excavation for a diaphragm wall supporting the pit, more mas-
sive system of support of the whole pit and extension of the
scope of its monitoring.

An example of unexpected geotechnical conditions encoun-
tered during tunnelling operations, which were, on the contra-
ry, hard to prevent, is the double-track running tunnel from
Motol to Petfiny and the adjacent ventilation tunnel. In this
location, the tunnelling work encountered geological anoma-
lies in the form of fault zones and layers of rocks with unfa-
vourable geotechnical properties, which led to the origination
of significant overbreaks. The underground excavation of the
ventilation tunnel was in addition complicated by the encoun-
tering of an abandoned mine working in the form of tunnels
for a planned ambulance and first aid station of the Subsidiary
Motol Hospital from the end of 1944 (see Fig. 8).

This was the reason why several supplementary enginee-
ring geological surveys were operatively carried out for Cer-
veny Vrch station (both from the surface and from the
underground — see Fig. 2). Owing to them it was subsequent-
ly possible to describe the structural-geological composition
of the ground mass and assign more representative geotech-
nical parameters to individual ground types in a more detai-
led way, allowing an adequate modification of the design for
tunnelling and stabilisation of the station surroundings and
building structures in the vicinity. In the case of the Motol
station construction pit support, the verification of actual
geotechnical conditions was carried out by means of supple-
mentary surveys, the documentation of the pit excavation
itself and boreholes drilled for the needs of geotechnical
monitoring. The scope and methodology of the monitoring,
together with the observation of building structures, was
adapted for the purposes of the sufficient observation of the
ground mass response and the groundwater flow regime to
the construction intervention to the conditions significantly
more unfavourable for the construction.

The information gained on the character and paths of faults
was successfully used during the excavation of the double-
track running tunnel adjacent to Motol station for the predic-
tion of conditions for subsequent excavation in the area of the
adjacent ventilation tunnel. In the case of the ventilation tun-
nel, a drilling and geophysical survey was carried out from the
surface and from the underground after the unexpected
encountering of underground spaces and the origination of
a significant collapse associated with it, with the aim of veri-
fying the extent of the underground spaces, the extent of the
cavern which originated in the tunnel neighbourhood and the
specification of the structural-geological composition of rock
mass in the subsequent tunnelling section.

THE FUTURE — WHAT STILL AWAITS US
ON THE NEW METRO LINE V.A

Currently (the end of September 2012) the greater part of
tunnelling work and excavation of construction pits is finis-
hed. In the subsequent period of time it is necessary to com-
plete first of all the underground excavation of Veleslavin sta-
tion (the central drift and the escape structure) and the single-
track running tunnels between Cerveny Vrch and Dejvickd
stations, including ventilation tunnels. Significant attention
will have to be paid to the predicted geotechnical risk even in
the case of these remaining tunnelling operations.

Regarding Veleslavin station, a potential problem lies first
of all in the passage of the excavation through a ground envi-
ronment with unfavourable geotechnical parameters, under
very shallow overburden solely consisting of the Quaternary
soils and man-made ground in the area of Evropskd Street.
However, owing to the prognosis of the conditions for tunnel-
ling derived from the engineering geological documentation




Obr. 9 Realizace prizkumného vrtu pro ovéreni geotechnickych podminek
razby a sanace podloZi vozovky a tramvajové trati v prostoru ulice Evropskd
nad jednokolejnymi tratbvymi tunely raZenymi pomoci EPB (foto J. Tlamsa)
Fig. 9 Realisation of an exploratory borehole for the verification of geotech-
nical conditions for the underground excavation and stabilisation of the road
and tram track subgrade in the area of Evropskd Street, above the EPBS-dri-
ven single-track running tunnels (Photo courtesy of J. Tlamsa)

Dusledny a komplexni geotechnicky monitoring horninového
prostiedi a stavebnich konstrukci zustane podminkou dspésné
razby tunelt metra az do jejich dokondent.

ZAVER

V prubéhu piipravy a samotné vystavby nové trasy metra V.A
v Praze se vyskytla fada geotechnickych problému ruzného cha-
rakteru, vyznamu a pri¢in. Z pohledu inZenyrské geologie se
zejména nazorné ukdzalo, jak podcenéni potieby realizace roz-
sahem dostate¢ného a kvalitntho pruzkumu v pripadé takto
naro¢né stavby ve sloZitych podminkdch muZe vést ke vzniku
vyznamnych stabilitnich problému pri razbéach, nutnosti zmén
projektového feSeni a technologie vystavby podzemnich
i povrchovych objektt nebo aplikaci rozsahlejiiho monitoringu
horninového masivu a stavebnich konstrukci.

Na druhou stranu je mozné konstatovat, Ze se diky tcinné
a profesiondln{ spolupraci viech tcastniku vystavby dafilo po&4-
te¢n{ deficit v poznani geologického prostiedi stavby pfi prabéz-
né realizaci dopliikovych pruzkumu véas snizovat na prijatelnou
miru a viechny problémy pomérné uspesné vyresit bez vzniku
vaznejsich mimoradnych uddlosti. VySe uvedend problematika
je také dobrym piikladem pro moZnost se z takovychto chyb
poucdit a v pripadé dalSich obdobnych staveb zajistit jejich bez-
problémovou pripravu a realizaci bez zbyte¢ného ¢asového pro-
dlen{ a navySeni finan¢nich nakladu.
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of the excavation of both side-wall drifts and of documentati-
on of the adjacent structures (an escape gallery and mined
sewer diversions), as well as exploratory boreholes, the risk of
the origination of a non-permissible or uncontrollable respon-
se of the rock mass to the underground excavation should be
acceptable.

In the case of the EPB excavation of single-track running
tunnels, the danger of stability problems and unacceptable
deformations of rock mass is associated with the possible
occurrence of its weakening caused by contingent defects of
parallel sewerage. However, this danger should be minimised
owing to the supplementary geophysical and drilling survey,
which is currently in progress throughout the length of
Evropska Street (see Fig. 9). In addition, extensive rehabilita-
tion of the subbase in this section is being carried out, first of
all in locations of anomalies detected by the survey, indicating
worse geological conditions.

Consistent and comprehensive geotechnical monitoring of
ground environment and building structures will remain to be
a condition for successful driving of metro tunnels until their
completion.

CONCLUSION

Many geotechnical problems of various character, signifi-
cance and causes were encountered during the course of the
planning stage and the construction itself of the new metro
line V.A in Prague. From the engineering geology point of
view, it was first of all shown how the underestimation of the
need for the execution of adequate and good-quality survey in
the case of such demanding construction in complicated con-
ditions may lead to the origination of significant stability pro-
blems during underground excavation, the necessity for chan-
ging the design solution and the technology of the constructi-
on of both underground and surface structures or the applica-
tion of more extensive monitoring of ground mass and buil-
ding structures.

On the other hand, it is possible to state that, owing to
effective and professional collaboration between all parties
to the construction, the initial deficit in the knowledge of the
geological environment of the construction in time gradually
reduced to an acceptable level (thanks to the step-by-step
carried out supplementary surveys) and solve all problems
relatively successfully, without the origination of more seri-
ous emergencies. The problems described above are even
good examples for the possibility of learning lessons of such
mistakes and, in the case of other similar construction pro-
jects, securing trouble-free planning and implementation of
the projects without unnecessary delay and increasing of
financial expenses.
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VYZKUM VLASTNOSTI HORNINOVEHO MASIVU PRO NAVRH
A REALIZACI PODZEMNICH OLOZIST

RESEARCH INTO ROCK MASS PROPERTIES FOR DESIGNING
AND CONSTRUCTING UNDERGROUND REPOSITORIES

JIR[ ZARUBA, KAREL SOSNA, JAN NAJSER

ABSTRAKT

V poslednich letech vénuje Ministerstvo prumyslu a obchodu
velkou pozornost pripravé budoucich tlozist produktu energetické
¢innosti ve velkych hloubkdch horninového masivu. Na tdzemi
Ceské republiky se jako optimalni geologické prostiedi pro hlu-
binnd ulozisté jevi granitoidni horniny. V soucasnosti provozova-
ny kavernovy zasobnik plynu na Pfibrami, ktery je pro budouci
stavby tohoto typu modelem, je v granitech stejné jako navrhova-
né hlubinné dlozisté vyhorelého paliva.

V uplynulych letech byla v rdmci jizZ ukonceného vyzkumného
tkolu pracovniky ARCADIS Geotechnika, a. s., velmi podrobné
studovdna problematika puklinové propustnosti —granitu.
V soucasné dobé probiha projekt zamereny na migraéni vlastnosti
horninové matrice (makroskopicky neporuSeného horninového
prostiedi) granitoidnich hornin. ReSeni obou zminovanych projek-
tu zahrnovalo rozséhlé série laboratornich i terénnich zkousek na
radé lokalit, béhem nichz doslo k vyvinuti unikdtnich metod pro
vyzkum propustnosti v prostredi s extrémné nizkou hydraulickou
vodivosti. Podstatnou soucdsti praci bylo rozsahlé matematické
modelovani zamérené jak na predikci, tak nasledné ovéreni zmére-
nych dat.

Jednim z vysledku vyzkumnych praci je i metoda zkouSeni puk-
linové propustnosti, kterd je predmétem udéleného patentu.
V soucasné dobé probiha fizeni k udéleni patentu provadéni vod-
nich tlakovych zkouSek v hornindch s velmi malou propustnosti.

UVOD DO PROBLEMATIKY

Proudéni podzemni vody a transport kontaminanti podzemni
vodou v prostred{ krystalinickych horninovych formaci se svym
charakterem vyrazné odlifuji od procest, které probihaji
v prostorech sedimentarnich panvi. Horninové prostredi hydroge-
ologickych masivu se z hlediska proudéni a transportu projevuje
jako silné heterogenni a anizotropni. Dominantn{ vliv na proudéni
a transport v tomto prostiedi md puklinova sit, jeji charakter
a hustota. Samotnd horninovd matrice se na proudéni vody
z kvantitativniho hlediska podili neporovnatelné mensi mirou.
Puklinové kolektory hydrogeologickych masiva byly v minulosti
opomijeny vzhledem k limitované moZnosti dlouhodobého
a intenzivniho vodohospoddrského vyuziti.

V poslednich desetiletich se problematika puklinovych kolekto-
ri dostdvd do popredi spolecenského i védeckého zdjmu.
Generelné nizkd propustnost hornin masiva a jejich vysokd pev-
nost jsou idedlnimi vlastnostmi pro budovani podzemnich zasob-
nikd plynu nebo tloZist' odpada véetné vysoce aktivniho vyhorelé-
ho jaderného paliva. Hlavnim poZadavkem na funkcénost hlubinné-
ho dlozisté radioaktivnich odpadu je bezpené a dlouhodobé (fddo-
vé desitky az stovky tisic let) oddéleni uloZenych nebezpecnych
latek od Zivotniho prostredi, resp. potravniho fet€zce. K tomu musi
slouzit kromé primdrni fixace radionuklida v dloZzném kontejneru
také geologické prostredi a inZenyrské bariéry. Za inzenyrské bari-
éry jsou povazovany tésnici materidly vyplnujici manipulacni
a technologické prostory podzemniho tlozisté i puklinovy systém
geologické struktury. Hydrogeologicky masiv, predstavovany sta-
rymi, tektonicky stabilnimi, krystalinickymi horninovymi celky,
spliiuje velmi dobfe ndroky na bezpenost takovych uloZist.
Obzvlaste v pripadé, pokud jsou ulozné prostory dobfe zatésnény

ABSTRACT

In the recent years the Ministry of Industry and Trade has dedi-
cated considerable attention to the preparation of future repositori-
es for products of power generation activities, to be developed at
great depth of rock mass. An optimum geological environment for
deep repositories in the Czech Republic appears to exist in granito-
id rocks. The currently operating underground gas storage cavern
near Pfibram, which is a model for the future project of this type, is
in a granitic environment, identically with the design draft for the
deep repository for spent nuclear fuel.

Problems of fissure permeability of granites were studied in
a detailed way by employees of ARCADIS Geotechnika a. s.
during recent years, within the framework of an already finished
research project. At present, a project focused on migration proper-
ties of rock matrix of granitoid rocks (for a macroscopically undis-
turbed rock environment) is underway. The solution to both above-
mentioned projects comprised extensive series of laboratory tests
and field tests on many localities, during which unique methods for
the research into permeability in an extremely low hydraulic con-
ductivity environment were developed. Substantial part of the
works was formed by extensive mathematical modelling focused on
both the prediction and subsequent verification of measured data.

One of the results of the research activities is the method for the
testing of fissure permeability, which is the subject of a patent
which was obtained. At the moment proceedings for obtaining
a patent for the execution of pressure tests in a very low permeabi-
lity rock environment are underway.

INTRODUCTION INTO PROBLEMS

The character of the process of groundwater flow and transport of
contaminants by ground water within an environment formed by
crystalline rock formations significantly differ from the character of
processes running in the areas of sedimentary basins. In terms of
groundwater flow, the rock environment of hydrogeological mas-
sifs manifests itself as strongly heterogeneous and anisotropic. The
dominating influence on the flow and transport within this environ-
ment is provided by the fissure network, its character and density.
The contribution of the rock matrix itself to the water flow is quan-
titatively smaller. Fissure aquifers in hydrogeological massifs were
neglected in the past because of the limited possibility for long-term
and intensive use for water management purposes.

During the course of the past decades, the issue of fissure aqui-
fers has come to the front of social and scientific interest. The gene-
rally low permeability of rocks forming the massifs and their high
strength are ideal properties for developing underground gas stora-
ge facilities or for disposal of soil, including repositories for spent
nuclear fuel. The main requirement for the functionality of a deep
repository for spent nuclear fuel is the safe and long-term (in the
order of tens- to hundreds of thousands of years) separation of the
deposited dangerous substances from the living environment, or
from the food chain. This requirement must be fulfilled, apart from
the primary fixing of radionuclides in a storage container (a cask),
also by the geological environment and engineering barriers.
Sealing materials filling the handling and technological spaces of
an underground repository and the fissure system of the geological



a situovany do dostatecnych hloubek pod povrchem. Vyznamnym
limitujicim faktorem v tomto sméru je tektonické poruseni horni-
ny a podzemni voda, predstavujici hlavni rizikovy faktor pro rea-
lizaci ulozist jako prakticky jediné dynamické médium celého pro-
stiedi. Problematika propustnosti horninové matrice nabyva na
vyznamu v souvislosti s funkénosti inZenyrského dila v fadu sto-
vek tisic let.

PREHLED VYZKUMNYCH AKTIVIT

Vyvoj metodik a postupt hydrogeologického vyzkumu puklino-
vého prostredi pevnych hornin s velmi nizkou propustnosti dosdhl
v poslednich 20-30 letech zna¢ného rozsahu v souvislosti
s vyhleddvanim vhodnych lokalit pro hlubinné dlozisté radioaktiv-
niho odpadu. V dusledku odlisnych geologickych podminek
v riznych zemich neni moZné vysledky ziskané v rdmci ndrodnich
vyzkumnych programu aplikovat obecné. Metody hydrogeologic-
kého vyzkumu jsou proto vyvijeny a aplikovdny vzdy v zdvislosti
na konkrétnich geologickych pomérech, vrtné technologii, pramé-
ru vyzkumnych vrti, pouZivaném technickém vybaveni a soft-
warovych néstrojich pro vyhodnoceni. Ze stéta, kde je této proble-
matice vénovana velkd pozornost, maZeme uvést napiiklad Svéd-
sko (http://www.skb.se), Finsko (http://www.posiva.fi), Francii
(http://www.andra.fr), §v3’/carsko (http://www.nagra.ch), §panél—
sko (http://www.enresa.es), Kanadu (http://www.nwmo.ca),
a Velkou Britanii (http://www.nirex.co.uk). V Ceské republice se
touto problematikou zabyva Sprdva ulozist radioaktivniho odpadu
http://www.surao.cz.

VYZKUM MIGRACNICH VLASTNOSTI PUKLINOVEHO
PROSTREDI GRANITOVYCH HORNIN

Vyzkumny kol , Metody a ndstroje hodnoceni vlivu inZenyr-
skych bariér na vzddlené interakce v prostredi hlubinného iiloZis-
t¢“ byl zaméfen na testovani prostfedki a ndstroju pro analyzu
hydrogeologickych vlastnosti puklinového prostiedi v grani-
toidnich hornindch. Zameéreni dkolu bylo koncipovano tak, aby byl
navrzen, otestovdn a popsdn metodicky postup hydrogeologického
pruzkumu a matematického modelovani tohoto prostredi, ktery by
mohl byt prakticky pouZit pro dlohy konkrétné zaméfené na apli-
kace inZenyrskych bariér do puklinového prostredi.

Vyzkumny tkol byl realizovan v letech 2004 az 2009. Podilely
se na ném celkem &tyfi organizace. Pracovnici ISATech, s. r. o.,
ARCADIS Geotechnika, a. s., a GIU AV CR, v. v. i., zaji§tovali
laboratorni a terénni, hydrogeologicky a geomechanicky vyzkum,
pracovnici PROGEQO, s. r. 0., provddéli matematické modelové
simulace. Prace byly v prabéhu fesent tikolu rozdéleny do tfi hlav-
nich etap. V prvni etapé byla provedena reserSe a vyber vhodnych
modelovacich programa, v druhé etapé byly realizovény laborator-
ni hydraulické a transportni testy a jejich matematické modelové
simulace a ve treti etapé byly provedeny terénni hydraulické
a transportni testy, jejich matematické modelové simulace a findIn{
modelova predikce transportu stopovace.

Béhem dvodni etapy projektu bylo velmi duleZzité zhodnotit
pozadavky, které budou kladeny pri zpracovani tikolu na modelo-
va feSeni. Ze zaméfeni tikolu vyplynul pozadavek na konceptualn{
pristup matematického modelovéni. Bylo nezbytné zvolit program
nebo kombinaci vice programu, které umozriuji diskrétni popis
prostiedi puklin s maximalnim zohlednénim pfirodni heterogenity
a anizotropie prostredi. Dal§im pozadavkem, ktery vyznamné zizil
vybér vhodné aplikace, byla volba programu, jejichZ funk&nost
a pouZitelnost byla dostate¢né ovefena na mezindrodnich projek-
tech souvisejicich s ukldddnim v prostredi krystalinickych hornin.
Po zvézeni viech dalich pozadavka na programy vyplyvajicich
z harmonogramu praci tkolu byla pro modelovédni zvolena dvojice
programi NAPSAC a FEFLOW.

V pribéhu druhé etapy byly v laboratofi testovény tfi typy gra-
nitovych vzorkd. Jako prvni byla zkouSena télesa typu vlec.
Télesa byla 150 a 200 mm vysokd. Prumér téles Cinil 83, 105
a 137 mm. Testovdny byly vzorky bez viditelného tektonického
poruseni a vzorky tektonicky porusené, a to bud s vyhojenou,
nebo otevienou puklinou. Ddle byla testovdna dvé télesa typu
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structure are considered as the engineering barriers. A hydro-
geological massif represented by old, tectonically stable crystalline
rock formations very well meets requirements for the safety of such
storage facilities and repositories. It is so especially in the case of
very well sealed disposal spaces, which are located at sufficient
depths under ground surface. A limiting factor significant from this
viewpoint is tectonic disturbance of rock and groundwater, which
represents the main risk factor for the implementation of reposito-
ries as virtually the only dynamic medium existing in the entire
environment. The importance of the issue of rock matrix permeabi-
lity grows in the context of the functionality of an engineering pro-
ject the duration of which is in the order of hundreds of thousands
of years.

OVERVIEW OF RESEARCH ACTIVITIES

During the course of the previous 20 — 30 years, the development of
methodologies and procedures for hydrogeological research into the fis-
sure environment of hard rocks with very low permeability has reached
significant extent in the context of the search for locations suitable for
repositories for radioactive waste. The results obtained within the fra-
mework of national research programs cannot be applied generally with
respect to varying geological conditions in various countries.
Hydrogeological research methods are therefore developed and applied
always in the dependence on particular geological conditions, the dril-
ling technology, the diameter of research boreholes, the technical equ-
ipment and software tools used for the assessment. Of the states where
these problems are dedicated great attention, we can mention, for exam-
ple, Sweden (http://www.skb.se), Finland (http://www.posiva.fi),
France (http://www.andra.fr), Switzerland (http:/www.nagra.ch), Spain
(http://www.enresa.es), Canada (http://www.nwmo.ca) and Great Britain
(http://wwwairex.co.uk). In the Czech Republic, these problems are
dealt with by the Radioactive Waste Repository Authority
http://www.surao.cz.

RESEARCH INTO MIGRATION PROPERTIES OF FISSURE
ENVIRONMENT FORMED BY GRANITOID ROCKS

The research project on “Methods and tools for assessing the
influence of engineering barriers on remote interactions within
a deep repository environment” was focused on the testing of the
means and tools for analysing hydrogeological properties of
a fissure environment formed by granitoid rocks. The concept of
the project focus was determined with the aim of guaranteeing
that the methodological procedure for the hydrogeological survey
and the mathematical modelling of this environment were propo-
sed, tested and described which could be capable of practical
using for tasks concretely focused on the applications of enginee-
ring barriers into a fissure environment.

The research project was realised during 2004 — 2009. The total of
four organisations participated in it. Employees of ISATech, s. r. o.,
ARCADIS Geotechnika a. s. and Institute of Geology of the Academy
of Sciences of the CR provided hydrogeological and geomechanical
research, whilst employees of PROGEO, s. r. 0. conducted mathema-
tical model simulations. The operations were divided during the cour-
se of solving the tasks into three main stages. During the first stage,
suitable modelling programs were searched for and selected; during
the second stage, laboratory hydraulic and transport tests and their
mathematical model simulations were carried out and, during the
third stage, field hydraulic and transport tests, their mathematical
model simulations and the final model prediction of the transport of
the tracer were conducted.

During the initial project stage it was very important to assess
the requirements which would be posed during the work on the
task for model solutions. A requirement ensued from the task
focus on a conceptual approach of the mathematical modelling. It
was necessary to select a program of a combination of more pro-
grams which make the discrete description of the environment of
fissures with the maximum consideration of natural heterogeneity
and anisotropy of the environment possible. Another requirement,
which significantly reduced the choice of suitable applications,
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hreben s uméle vytvorenou puklinou. Jednalo se vzdy o dvojici
granitovych kvadri o rozmérech 800x600x300 mm do sebe vza-
jemné sesazenych. Jako posledni byla testovdna t€lesa typu blok
s prirozenymi puklinami. T¢lesa méla tvar krychle, resp. osmiste-
nu o hrané podstavy 600, resp. 250 mm. Zakladem prvni faze
laboratornich testt byly hydrodynamické a migra¢nf testy spole&-
né s mérenim fyzikédlnich vlastnosti, zejména pérovitosti (otevre-
né i celkové), objemové hmotnosti, rychlosti ultrazvukovych vin
s frekvenci 1 MHz, ddle pak celkovy charakter testované diskon-
tinuity (geometrie a rozevreni). Hydrodynamické testy byly pro-
vadény na vSech tiech typech laboratornich téles. Testy probihaly
za podminek ustdleného proudéni pri konstantnim hydraulickém
gradientu v nasyceném prostredi. Kazdy vzorek byl testovan
minimalné pro tfi rozdilné hydraulické gradienty. Vystupem byly
objemové prutoky vzorkem a koeficienty hydraulické vodivosti.
Migraéni testy probihaly na hiebenech a blocich, rovnéz pfi pod-
minkdch ustdleného proudéni. Jako konzervativni stopovaci latka
byl zvolen roztok chloridu sodného a Na-fluoresceinu. Detekce
stopovaci latky probihala méfenim elektrické konduktivity, resp.
intenzity zéfeni stopovae v modrém svétle pomoci kamer.
Kamery byly vybaveny dvéma optickymi filtry a zdroji svétla
umoznujici detekci stopovace v redlném Case. Pri pouZiti oranzo-
vého svétla a filtru bylo moZno pozorovat jednotlivé objekty pred
kamerou. Pfi pouziti modrého svétla definované vinové délky 490
nm a oranzového filtru bylo moZzno kamerou sledovat pouze fluo-
rescenci roztoku Na-fluoresceinu. Cernobily televizni signal
z kamery byl veden do televizni karty nainstalované v PC, ktera
sekvence snimku uklddala. Vystupem byly prunikové kiivky
zaznamendvajici pruchod stopovae. V druhé fazi byly vybrany
inZenyrské bariéry vhodné k injektdZi puklin, zaloZené na bazi
bentonitu a cementového pojiva. U vybranych materidli byla
uréena receptura michdnf a pripravy vzorka a byla odlita zkuSeb-
ni laboratorn{ télesa. Pfi pripravé vzorka byly stanoveny zdkladni
parametry injek¢énich smési, mezi néz ndlezi viskozita, dekantace
a objemovéa hmotnost. ZkuSebni laboratorni télesa byla podrobena
testam urcujicim jejich pevnost v prostém tlaku a koeficient hyd-
raulické vodivosti. Ve tfeti fazi byla télesa typu hieben a blok par-
cidlné injektovdna vybranou inZenyrskou bariérou a hydro-
dynamické a migracni testy se zopakovaly. Testy probihaly jako
v prvni fazi za podminek ustdleného proudéni pii konstantnim
hydraulickém gradientu v nasyceném prostfedi. Konzervativn{
stopovaci latkou byly opét roztoky chloridu sodného a fluo-
resceinu. Vystupem byly objemové prutoky vzorky, koeficienty
hydraulické vodivosti inZenyrské bariéry a prunikové kiivky
zaznamendvajici prichod stopovale. Na analogickych simulacich
byly otestovény schopnosti programi NAPSAC a FEFLOW, byla
vypracovdna metodika simulace pro méfitko laboratornich vzor-
ku, otestovany zpusoby mozného koncepé&niho pristupu, alterna-
tivntho zaddvédni vstupnich parametra a kalibrace modelu.
Vzhledem k faktu, Ze modelovani v konkrétnim prostredi pukli-
novych diskrétnich siti neni béznd hydrogeologickd tdloha, byla
laboratorn{ ¢4st projektu z hlediska modelovani velmi daleZita pro
ziskani zkuSenosti a pfipravu na modelové prace v prostredi terén-
ni lokality.

V rdmci tieti etapy byl jako testovaci polygon vybran granitovy
kamenolom v katastru obce Panské Dubenky, ktery mél jednodu-
chy puklinovy systém, jehoZ znalost byla nezbytna k jednoznacné
interpretaci v8ech terénnich méfeni a experimentu. Pro objasnéni
prirodnich poméra lokality byl proveden geologicky, geofyzikdlni
a geochemicky pruzkum. Pomoci zavéra z geologické stavby okoli
a geofyzikdlntho prazkumu bylo vytypovadno nejvhodnéjsi misto
pro umisténi vyzkumného polygonu o rozmérech 14x12 m se Ctr-
ndcti monitorovacimi vrty, které byly hluboké 2,90 az 8,55 m.
V prubéhu fesen{ projektu byly provedeny Cerpaci zkousky, jejichZ
cilem bylo poskytnuti informaci o okrajovych podminkdch poly-
gonu pro matematické modelovéni. V rdmci terénnich praci byly
provedeny cross-hole testy (C-H testy, obr. 1) provddéné na dvoji-
cich vrta. Tyto testy slouZily jednak ke kalibraci parametru stied-
niho rozevreni puklin puklinové sité v matematickém modelu, dale
k stanoveni moZnosti predikce matematického modelovdni a také
posouzeni vlivu inzenyrskych barier na zménu hydrodynamickych

was the selection of programs the functionality and usability of
which had been sufficiently verified on international projects
related to the disposal in an environment formed by crystalline
rocks. After weighing up all other requirements for programs
ensuing from the task works schedule, a couple of programs
NAPSAC and FEFLOW was chosen for the modelling purposes.

During the course of the second stage, three types of granite
samples were laboratory tested. Cylinder-type specimens were
tested first. The specimens were 150 mm and 200 mm high, res-
pectively. Their diameters were 83 mm, 105 mm and 137 mm.
Both specimens without visible tectonic disturbance and tectoni-
cally disturbed specimens either with a healed or open fissure
were subjected to testing. Further on, 2 comb-type specimens
with an artificially carried out fissure were tested. Each of them
consisted of a pair of granite blocks with the dimensions of
800x600x300 mm assembled one into the other. The last testing
covered the block-type specimens with natural fissures. The spe-
cimens had the shape of a cube or an octahedron with the edge of
the base of 600 and 250 mm, respectively. The first stage of
laboratory tests was based on hydrodynamic and migration tests
together with measurements of physical properties, first of all
porosity (both open and total), volume weight, velocity of ultra-
sonic waves with the frequency of 1 MHz, and the general cha-
racter (geometry and aperture) of the discontinuity subjected to
testing. The hydrodynamic tests were conducted on all of the
three types of laboratory specimens. The tests proceeded in the
steady flow conditions at a constant hydraulic gradient in
a saturated environment. Each specimen was tested at least for
three different hydraulic gradients. The output comprised the
volume flow rate and coefficients of hydraulic conductivity. The
migration tests were carried out on the combs and blocks, also in
the steady flow conditions. Sodium chloride and Na-fluorescein
solutions were selected as the preserving tracer. The tracer detec-
tion was carried out by means of measurements of electric con-
ductivity, or intensity of the tracer radiation in blue light by
cameras. The cameras were equipped with two optical filters and
sources of light allowing the detection of the tracer in real time.
When orange light and the filter were used, it was possible to
observe individual objects in front of a camera. When blue light
with the defined length of wave of 490 nm and the orange filter
were used, the camera was only able to observe the fluorescence
of the Na-fluorescein solution. The black-and-white television
signal from the camera was transferred to a television card instal-
led in the PC, which downloaded the picture sequences. The out-
put consisted of intersection curves recording the passage of the
tracer were. During the second stage, the engineering barriers
suitable for injecting bentonite-based grout with a cement binder
into fissures were selected. The formula for mixing and the pro-
cess of the preparation of specimens were determined for the
selected materials and laboratory test specimens were cast. Basic
parameters of grouting mixtures, with viscosity, decantation and
volume weight among them, were determined during the prepa-
ration of the specimens. The laboratory test specimens were sub-
jected to tests determining their unconfined compressive strength
and the coefficient of hydraulic conductivity. In the third phase,
the comb-type and block-type specimens were partially grouted
with the selected engineering barrier and the hydrodynamic and
migration tests were repeated. The tests were conducted in the
same way as those in the first phase, i.e. in the steady flow con-
ditions at a constant hydraulic gradient in a saturated environ-
ment. Sodium chloride and fluorescein solutions were again used
as the preserving tracer. The output consisted of the volume flow
rate of the specimens, coefficients of hydraulic conductivity of
the engineering barrier and intersection curves recording the pas-
sage of the tracer. The abilities of the NAPSAC and FEFLOW
programs were tested on analogical simulations, the methodolo-
gy for the simulation for the laboratory specimens scale metho-
dology was elaborated on their basis and the ways of possible
conceptual approach, the alternative specifying of input parame-
ters and the calibration of models were tested. With respect to the
fact that modelling in a particular environment formed by discrete
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Obr. 1 Schéma usporddadni cross-hole testu (C-H testy)
Fig. I Cross-hole tests (C-H tests) arrangement chart

a migraénich parametru puklinového prostredi. C-H testy byly pro-
vedeny pri umélém hydraulickém gradientu. Obéh podzemni vody
byl Cdste¢né uzavieny. Testovand puklina byla v injekénim vrtu
izolovdna obturdtorem. Na jednotlivé pukliny byly v Cerpaném
vrtu umistény detekéni kamery. Pri testech byly méfeny hodnoty
pratoku systémem, hladiny podzemn{ vody v testovanych vrtech
(ve vymezeném useku vtlaceciho vrtu a v celém dseku vrtu Cerpa-
ciho) a lokalizace a Cas pritoku stopovace (Na-fluoresceinu) do
Eerpaciho vrtu. Vysledka C-H testl ukazuji, Ze jednotlivé vrty jsou
nejcastéji propojeny subhorizontdlnimi puklinami, které s mirnym
sklonem zapadaji smérem od lomové steny. Jejich rozevreni je cca
0,8 mm. Toto zji§tén{ velmi dobre koresponduje s vysledky struk-
turné-geologického meéfeni puklin v zdjmovém polygonu a také
s ddaji orientatnich sméru a sklonu ziskanych pii prohlidce vrtu
pomoci kamer. Vertikdlni pukliny maji vétSinou funkci tésnici,
jejich rozevreni je cca 0,3 mm. Vysledky terénniho vyzkumu hod-
notil napr. Sosna (2009).

Matematicky model slouzil v této etapé predev§im jako ndstroj
ke stanoveni geometrickych, hydraulickych a transportnich para-
metril nepfistupnych pfimému méfeni a jako néstroj pro predikci
vysledka projektovanych testi. Doplnéni dat nepfistupnych primé-
mu méfeni bylo realizovdno pomoci kalibrace inverzni modelové
tlohy. Jednim z nejvyznamnéjsich takto stanovenych parametra
byla hodnota stfedniho hydraulického rozevreni puklin (transmisi-
vity puklin). Modelové simulace predikujici dcinnost inZenyr-
skych bariér v puklinovém horninovém prostredi testovaci lokali-
ty byly provedeny v zdvéreéné fazi reSeni projektu. Srovndni
vysledka téchto simulaci s referenénimi méfenimi poskytlo infor-
mace o mife moznosti predikce proudéni a transportu pomoci
matematického modelu v diskrétni puklinové siti (obr. 2), do které
byla aplikovana inZenyrska bariéra. Matematické simulace popsal
napt. Poldk (2009).

VYZKUM MIGRACNICH VLASTNOSTI HORNINOVE
MATRICE GRANITOVYCH HORNIN

Projekt ,, Vyzkum vlivu mezizrnné propustnosti graniti na bez-
pecnost hlubinného ukldddni do geologickych formaci a vyvoj
metodiky a meFict aparatury* (2009-2013) je zaméren na proble-
matiku propustnych zén ve zdanlivé kompaktni nerozpukané
hmoté Zulovych hornin. ReSeni vyzkumného tikolu se orientuje na
problematiku migrace ldtek (potenciondlné kontaminantl) systé-
mem mikrotrhlin v Cerstvé a alterované Zule v laboratornich pod-
minkdch a in situ na testovaci lokalité. Cilem celého vyzkumného
projektu je odpovédét na otdzku, zdali je mezizrnnd propustnost
(pracovni ndzev charakterizujici propustnost horninové matrice)
typickou vlastnosti granitovych hornin, nebo je podminéna

-'_K?nera 2

Kamera 3

Kamera 4

fissure networks is no common hydrogeological problem,
the part of the project carried out in laboratory conditions
is very important from the aspect of modelling for gathe-
ring experience and the preparation for model operations
in the terrain locality environment.
— The granite quarry in the cadastral district of the villa-
— ge of Panské Dubenky was selected as a testing polygon
within the framework of the third stage. This quarry had
a simple fissure system, the knowledge of which was
indispensable for the unambiguous interpretation of all
field measurements and experiments. A geological, geop-
hysical and geochemical survey was carried out with the
aim of making the natural conditions of the locality clear.
The most suitable location for establishing the survey
polygon with the dimensions of 14x12 m with fourteen
monitoring boreholes 2.90 to 8.55 m deep was identified
by means of the conclusions made on the basis of the
geological structure of the surrounding area and the
geophysical investigation. Pumping tests were conducted
during the course of the process of solving the design
with the objective to provide information on boundary
conditions of the polygon for mathematical modelling.
Cross-hole tests (C-H tests, see Fig. 1) on the pairs of boreholes
were carried out within the framework of the field work operati-
ons. These tests served both to the calibration of parameters of
the moderately wide discontinuities in the fissure network in the
mathematical model, to the determination of the possibility for
the prediction of mathematical modelling and for the assessment
of the influence of engineering barriers on changes in the hydro-
dynamic and migration parameters of the rock environment. The
C-H tests were conducted at an artificial hydraulic gradient. The
groundwater circulation system was partially closed. The tested
fissure in the borehole being pumped out was isolated by
a packer. Detection cameras were installed on individual fissures
in a borehole being subjected to pumping. The values of the rate
of the flow through the system, water table levels in the tested
boreholes (along a specified section of the injection borehole and
throughout the depth of the abstraction borehole) and the time at
which the tracer (Na-fluorescein) was located and at which it
approached the extraction borehole were measured during the
course of the tests. The C-H tests results show that individual
boreholes are most frequently interconnected by sub-horizontal
discontinuities, which dip at a moderate gradient out of the quar-
ry face. Their aperture is about 0.8 mm. This finding very well
corresponds to the results of structural-geological measurements
of discontinuities inside the polygon of operations and also to the
data on the fissure trends and dips obtained during the camera
inspection of the boreholes. The majority of vertical discontinui-
ties have the sealing function; their aperture is about 0.3 mm. The
results of the field survey were assessed, for example, by Sosna
(2009).

The mathematical model was used at this stage first of all as
a tool for determining geometrical, hydraulic and transport-related
parameters which were inaccessible for direct measurements and
as a tool for the prediction of results of the tests being designed.
Data inaccessible for direct measuring was supplemented by
means of the calibration of an inverse model problem. One of the
most important parameters determined in this way was the value of
the medium hydraulic aperture of discontinuities (transmissivity of
discontinuities). Model simulations predicting the effectiveness of
engineering barriers within a fissured rock environment of the tes-
ting locality were carried out during the final stage of solving the
design. The comparison of the results of these simulations with
reference measurements provided information about the rate of the
possibility for flow and transport prediction to be carried out by
means of a mathematical model in a discrete fissure network (see
Fig. 2) with an engineering barrier applied into it. The mathemati-
cal simulations were described, for example, by Poldk (2009).



Obr. 2 Model puklinového prostredi Panské Dubenky
Fig. 2 Model of Panské Dubenky fissure environment

geochemickymi ¢i hydrogeochemickymi procesy, pfipadné geotech-
nickymi ¢i fyzikdlnimi zménami v zdvislosti na ¢ase. Déle vyzkum
otevird otdzku zpusobu vyhodnocovani pritomnosti mezizrnné pro-
pustnosti geologickoprizkumnymi metodami za pouZiti matematic-
kého modelovén{ verifikovanymi a validovanymi softwary.

Na feSeni projektu se podili celkem Sest organizaci. Pracovnici
ARCADIS Geotechnika, a. s., Ceské > geologické sluzby, ISATech,
s. 1. 0., Ustavu Jaderneho vyzkumu Rez, a. s., a Ustavu struktury
a mechaniky hornin AV CR,v.v.i., realizuji laboratorni a terénni,
hydrogeologicky a geomechanicky vyzkum. Pracovnici PROGEO,
s. I. 0., provadéji matematické modelové simulace. Laboratorni
vyzkum je soustfedén na studium vrtnych jader do hloubky zhruba
100 m z osmi archivnich vrti a jedenécti novych vrta, realizova-
nych v mistech vrta archivnich. Jednim z cila laboratorniho vyzku-
mu je porovndni mechanicko-fyzikdlnich vlastnosti archivnich
anovych vrtu a studium potencidlni degradace archivnich vrta ulo-
Zenych desitky let ve skladech. Vrty byly vybrdny tak, aby zahr-
nuly vét§inu vyznamnych granitovych masivii v Ceské republice.
Vrty jsou situovany v Melechovském masivu, v Centrdlnim mol-
danubickém a Trebi¢ském plutonu v kraji Vysocina, v Cinoveckém
a Cistecko-jesenickém masivu a pni Lesnd v Usteckém kraj,

Obr. 3 Lokalizace studovanych hornin v ramci Ceské republiky (granitoidni
horniny jsou vyznaceny ervené) 1 — Krdsno, 2 — Potii¢ky-Podlesi, 3 — Lesnd,
4 - Cinovec, 5 - Tis u Blatna, 6 — Pribram, 7 — Melechovsky masiv, 8 — Ctetin,
9 — Panské Dubenky, 10 — Pozdiitky

Fig. 3 Locations of rocks being studied within the framework of the Czech
Republic (granitoid rocks are marked in red): 1 — Krdsno, 2 — Potucky-
Podlesi, 3 — Lesnd, 4 — Cinovec, 5 — Tis u Blatna, 6 — Pribram, 7 — Melechov
massif, 8 — Ctétin, 9 — Panské Dubenky, 10 — Pozditky

RESEARCH INTO MIGRATION PROPERTIES
OF ROCK MATRIX OF GRANITIC ROCKS

The project on “The research into the influence of intergrain
permeability of granites on the safety of deep deposition into geo-
logical formations and the development of the methodology and
the measuring apparatus” (2009 — 2013) is focused on the issue of
permeable zones within a seemingly compact non-fissured mass
of granitic rocks. The solution to this research project is oriented
towards the problems of the migration of substances (potential
contaminants) and the system of microfissures in fresh and altered
granite in laboratory conditions and in sifu, in the testing locality.
The objective of the entire research project is to answer the ques-
tion whether the intergrain permeability (a working name charac-
terising the permeability of rock matrix) is a typical property of
granitic rocks or it is conditioned by geochemical or hydrogeo-
chemical processes or geotechnical or physical changes taking
place with time. In addition, the research opens the question of the
process of assessing the presence of intergrain permeability by
geological-survey methods using mathematical modelling by
means of verified and validated software tools.

The total of six organisations have participated in the solution
to the project. Employees of ARCADIS Geotechnika a.s., Czech
Geological Survey, ISATech, s.r.o., the Nuclear Research Institute
Re7 Ltd. and the Institute of the Rock Structure and Mechanics of
the Academy of Sciences of the Czech Republic, v. v. i. carry out
laboratory and field research and hydrogeological and geomecg-
hanical research. Employees of PROGEO, s. r. 0. carry out mat-
hematical model simulations. The laboratory research is focused
on the study into borehole cores down to the depth of about 100 m
obtained from eight archive boreholes and eleven new boreholes,
which were carried out in the locations of the archive boreholes.
One of the laboratory research objectives is to compare cores
from the archive boreholes and new boreholes and to study poten-
tial deterioration of cores from the archive boreholes which have
been deposited in stores for tens of years. The boreholes were
selected in a way guaranteeing that the majority of significant gra-
nitic massifs in the Czech Republic were embraced. The boreho-
les are located in the Melechov massif, in the Central Moldanubic
and Trebi¢ pluton in the Region of Vysocina, in the Cinovec and
Cistd-Jesenice massif and the Lesnd body in the Region of Usti
nad Labem, in the Blatnd massif and Krudum massif in the Region
of Karlovy Vary, in the Central Bohemian pluton in the Central
Bohemian Region and in the Zeleznd Hory pluton in the Region
of Pardubice.

Compact specimens of the rock matrix are subjected to a wide
range of laboratory tests, which are focused on the determination
of their main mechanical-physical parameters. The open porosity
of laboratory samples is determined using the triple-weighing
method, which determines the porosity value from the difference
between the weight of a saturated specimen and a dried specimen.
The distribution of sizes of pores in the rock mass is studied by
means of mercury porosimetry. This method is based on the phe-
nomenon of mercury capillary depression, where mercury pene-
trates into pores through the action of pressure.

The interconnection of pores and their shapes are studied in
a UV optical microscope on fluorescent resin saturated specimens
and in a scanning electron microscope with the detection of secon-
dary and recoiled electrons on polished speciments. The structure
of microfissures is statically analysed using software tools; it ser-
ves as input information for numerical modelling (see Fig. 4).

Mineral composition and petrographical description of rocks are
determined by means of a silicate analysis and by studying slices
in an optical microscope. The advection flow of water is studied by
measuring the hydraulic conductivity of specimens and by dye-tra-
cing tests. Hydraulic conductivity is determined in pressure triaxi-
al cells (see Fig. 5). The tests are run at a constant hydraulic gra-
dient on pressure controllers acting on the bottom and upper base
of a water-saturated specimen. The pressure acting on both bases
is chosen in a way guaranteeing that the average effective stress in
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v Blatenském masivu a masivu Krudum v Karlovarském kraji,
v Stfedoeském plutonu v Stfedodeském kraji a v Zeleznohorském
plutonu v Pardubickém kraji.

Kompaktni vzorky horninové matrice jsou v laboratofi podrobe-
ny Siroké $kdle testi, které se soustfeduji na uréenf jejich hlavnich
mechanicko-fyzikdlnich parametra. Oteviend pérovitost laborator-
nich vzorka je stanovena pomoci metody trojiho véZeni, kterd
urcuje hodnotu pdrovitosti z rozdilu hmotnosti vodou nasyceného
a vysuSeného vzorku. Distribuce velikosti péra v horniné je studo-
véana pomoci rtutové porozimetrie. Tato metoda je zaloZena na jevu
kapildrn{ deprese rtuti, kdy rtut vnikd do péra pusobenim tlaku.

Propojeni a tvar péru se studuje na vybrusech sycenych fluores-
cendni pryskyfici v optickém mikroskopu s UV svétlem a na leste-
nych ndbrusech pomoci rastrovaciho elektronového mikroskopu
s detektorem sekunddrnich a zpétné odraZenych elektronu.
Struktura mikrotrhlin se statisticky analyzuje za pomoci softwaro-
vych néstroju a slouZi jako vstupni informace pro numerické
modelovani (obr. 4).

Minerdlni sloZeni a petrologicky popis hornin jsou stanoveny
pomoci silikdtové analyzy a studiem vybrust v optickém mikro-
skopu. Advekéni proudéni vody je studovano merenim hydraulic-
ké vodivosti vzorki a pomoci stopovacich zkouSek s barvivy.
Hydraulicka vodivost je ur€ovéana v tlakovych komorach (obr. 5).
Testy probihaji pri konstantnim hydraulickém gradientu vyvoze-
ném rozdilem tlakt na tlakovych kontrolerech pusobicich na dolni
a horni podstavé vodou nasyceného vzorku. Tlak na obou podsta-
vdch je zvolen tak, aby prumérné efektivni napéti ve vzorku odpo-
vidalo napéti in situ v misté odbéru vzorku.

Vystupem stopovacich zkousek jsou prunikové kiivky prostupu
stopovac¢e horninovymi vzorky. Vyzkum migrace stopovacich
latek, kde je hlavnim transportnim mechanismem diftize latek ve
sméru klesajictho koncentra¢niho spddu, je studovan pomoci pra-
nikovych difuznich a elektromigra¢nich experimentu, které uréuji
hodnoty efektivniho diftizniho koeficientu a formacniho faktoru.
Horninovy vzorek je béhem téchto experimentl umistén mezi dvé
nddrze. Prvni nddrz obsahuje roztok se zdjmovym prvkem
o definované koncentraci, zatimco ve druhé je koncentrace prvku
nulovd. Zdjmovy prvek difunduje horninovym vzorkem a dochdz{
k narustu koncentrace ve vystupnim roztoku. Analyzu migra¢nich
parametrii horninové matrice zkoumanych hornin provedli napf.
Havlova et al. (2012) nebo Najser et al. (2011).

Petrofyzikalni méfeni anizotropie magnetické susceptibility
odrazi velmi citlivé litologii granita z hlediska jejich magmatické-
ho vyvoje a ukazuje na prednostni orientaci paramagnetickych
horninotvornych minerala, jako jsou slidy a amfiboly. Usmérnéni
slid detekované pomoci anizotropie magnetické susceptibility
odpovidd nejpocetnéj§imu vyskytu bazdlnich rovin biotitovych zrn
a tim nepfimo indikuje smer mikrotrhlin v téchto minerdlech. Dals{

Obr. 5 Tlakové komory pro méFeni hydraulické vodivosti horninovych vzorku
Fig. 5 Pressure triaxials cells for measuring hydraulic conductivity of rock
specimens
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Obr. 4 Ukdzka softwarové digitalizace puklin
Fig. 4 Example of the software digitisation of fissures

the specimen corresponds to the stress in situ, in the sampling lo-
cation.

The output of the tracing tests is in the form of intersection cur-
ves for the tracer passage through rock specimens. The research
into the migration of tracer substances, where the main transport
mechanism is the diffusion of the substances in the direction of
the dropping concentration gradient, is studied by means of inter-
section diffusion and electromigration experiments determining
the values of the effective diffusion coefficient and formation fac-
tor. During these experiments, the rock specimen is placed betwe-
en two tanks. The first tank contains a solution with the interest
element with the defined concentration, while the concentration
of this element in the other tank is zero. The interest element dif-
fuses through the rock specimen and its concentration in the out-
put solution grows. The analysis of the migration parameters of
the rock matrix of the rocks being examined was carried out, for
example, by Havlova et al. (2012) or Najser et al. (2011).

Petrophysical measurements of the anisotropy of magnetic sus-
ceptibility very sensitively reflect the lithology of granites in
terms of their magmatic development and point at the preferenti-
al orientation of paramagnetic rock-forming minerals, such as
mica and amphiboles. The aligning of mica detected by means the
anisotropy of magnetic susceptibility corresponds to the most fre-
quent occurrence of basal planes of biotite grains, thus indirectly
indicating the direction of microfissures in these minerals.
Another petrophysical method allowing the determination of the
anisotropy of pore space is measuring of electric resistivity. The
lowest resistivity is displayed by the rocks in directions parallel
with the bedding or foliation, whilst the lowest is in the direction
perpendicular to these planes.

Mechanical properties of the granites being studied are tested
by means of tests, which determine their unconfined compressive
strength, tensile splitting strength, modulus of elasticity and com-
pressive modulus of deformation and Poisson’s ratio. Another
method showing the mechanical-physical condition of rock is the
velocity of P- and S-waves propagation. The anisotropy of the
speed of P-wave propagation, identically with the anisotropy of
magnetic susceptibility and electric resistivity, indicates the pre-
ferential orientation of minerals and the micro-fissure network.
The relative correlation between results of individual tests was
described, for example, by Novdkova (2011) and Sosna (2011).

The field research is first of all focused on the verification of
the fissure environment, mechanical-physical properties of rock
matrix and hydrogeological conditions in eleven localities of ope-
rations. The field research was conducted in three phases. The
borehole survey was carried out in the first phase. Its results were



21. rocnik - €. 4/2012

petrofyzikdlni metodou, kterd umoznuje stanovit anizotropii péro-
vého prostoru, je méreni elektrické rezistivity. NejniZsi rezistivitu
vykazuji horniny ve smérech paralelnich s vrstevnatosti ¢i foliaci,
nejvyssi ve sméru kolmém k témto rovindm.

Mechanické vlastnosti studovanych granita se testuji pomoci
zkousek, které urluji jejich pevnost v prostém tlaku a pri¢ném
tahu, modul pruZznosti a pretvdrnosti v tlaku a Poissonovo &islo.
Dalsi metodou, kterd vypovidd o mechanicko-fyzikdlnim stavu
horniny, je rychlost §iteni P a S-vIn. Anizotropie rychlosti Sifeni P-
vln, stejné jako anizotropie magnetické susceptibility a elektrické
rezistivity, indikuje prednostni orientaci minerdld a sité mikro-
trhlin. Vzdjemnou korelaci vysledka jednotlivych zkouSek popsali
napt. Novdkovd (2011) a Sosna (2011).

Terénni vyzkum je zaméfen na ovéreni puklinového prostredi,
mechanicko-fyzikdlni vlastnosti horninové matrice a hydro-
geologické poméry jedendcti zdjmovych lokalit. Terénni pru-
zkum probihal ve tfech fazich. V prvni fdzi byla provedena karo-
tdzni méfeni. Jejich vysledky byly pouZzity pfi druhé fazi, kdy
byly realizovany hydrodynamické testy. Ve treti fizi byly pomo-
cf uniaxidlniho lisu Goodman Jack zji§tény pretvarné parametry
hornin.

Pomoci karotdZe byly urceny fyzikaln{ vlastnosti horniny a vody
ve vrtech, prubéh tektoniky a stupen poruSeni hornin, hydrodyna-
mické a geomechanické parametry. Gama karotaZz mérila sumarni
prirozenou radioaktivitu hornin, kterd je dmérnd zastoupeni radio-
aktivnich prvku; v béZnych hornindch predev§im drasliku K40. Ten
je v granitech obsaZen v draselnych Zivcich a ve slidach. Neutron-
-neutron karotdZ méfila tok zpomalenych sekundarnich tepelnych
neutronu. Ten ukazuje na obsah vodiku, ktery v hornindch pfimo
souvisi s obsahem vody v pérech a v puklindch a s obsahem jilo-
vitych minerdld. Gama-gama karotdZ stanovila objemovou hmot-
nost horniny. ElektrokarotdZ? meftila zdanlivy mérny elektricky
odpor. Elektrokarotdz byla spolu s gama karotdzi, neutron karota-
Zi, akustickou karotdzi a gama-gama karotdzi zdkladni metodou
pro stanoveni stupné alterace a tektonického poruseni hornin.
Termometrie, kterd spojité mérila teplotu vody, detekovala verti-
kdlni proudéni vody ve vrtu. Mista prfitoku, pohyb vody
a vydatnost proudéni byly uréeny podle anomdlii na resistivime-
trickych kiivkdch a ze skute¢nych Casu méfeni. Pomoci akustické
vrtni televize (obr. 6), kterd méfila odraz rotujiciho akustického
signdlu a jeho amplitudu, bylo interpretovdno prostorové zobraze-
ni puklin protinajicich vrt, dklon a smér tklonu puklin, rozliseni
otevienych a uzavienych puklin.

Akustickd karotdZ s registraci plného vlnového obrazu umozZni-
la vyhodnoceni rychlosti podélnych a pri¢nych vin a vypocet dal-
§ich geomechanickych parametrii hornin, jako jsou Poissonovo
¢islo, modul pruznosti ve smyku a v tlaku.

Zikladem hydrogeologického vyzkumu ve vrtech jsou vodni tla-
kové zkousky, které jsou realizovany etdZové, na tsecich vrtu izo-
lovanych pomoci dvojice obturdtorii. Pii etdZové vodni tlakové
zkousce je do oddéleného tseku vrtu vtlatovdna voda pfi kon-
stantnim zkuSebnim tlaku. Tlak je méfen tlakovym snimaem na
usti vrtu. Soucasné je kontinudlné méfena spotreba vtlicené vody
a vysSka hladiny vody ve vrtu nad testovanou etdzi. Vodni tlakové
zkousky jsou aplikovany v jednostupnové podobé s konstantnim
vstupnim tlakem. Ke sledovéni reakci na hydrodynamické zkous-
ky v okoli testovaného vrtu se pouzivd multipakrovy systém. Ze
zdznamu reakci na vodni tlakovou zkousku v sousednich vrtech je
mozné zjistit hloubku vyznamnych komunikujicich puklin a miru
propojeni puklinovych systému na lokalit€. Déle se provadéji Cer-
paci a stoupaci zkousky v celém vrtném stvolu a odebird se smés-
ny vzorek podzemni vody, jejiZ chemismus je nédsledné analyzo-
van. Vysledky vodnich tlakovych zkousek hodnoti Rukavickova
(2011).

Modul pruznosti a pretvdrnosti se zjiStuji pomoci uniaxidlniho
lisu Goodman Jack. Zarizeni se sklddd z hydraulického vdlcového
lisu pruméru 76 mm s dvéma zabudovanymi snimaci posunu
LVDT a hydraulického Cerpadla. Zkousky se provddéji s dvéma
zatézovacimi cykly do 20 MPa a 40 MPa.
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Obr. 6 Zdaznam z akustické kamery ve vrtu
Fig. 6 Record from an acoustic camera in a borehole

used during the second phase, where hydrodynamic tests were
realised. In the third phase, deformational parameters of rocks
were determined using a Goodman Jack uniaxial press.

The borehole logging was used for the determination of physical
properties of rock and water in boreholes, the course of tectonics and
the degree of rock disturbance, hydrodynamic and geomechanical
parameters. Gamma ray logging measured the summary natural
radioactivity of rocks, which is in proportion to the representation of
radioactive elements, in common rocks first of all calcium K40, It is
contained in granites in potassium feldspar and micas. Neutron-neu-
tron logging measured the flow of moderated secondary thermal
neutrons. This flow indicates the content of hydrogen, which is
directly connected with the content of water in pores and fissures
and with the content of clayey materials in rocks. The gamma-
gamma ray logging determined the volume weight of the rock.
Electrical logging measured apparent electrical resistivity. The elec-
trical logging together with gamma logging, neutron logging, acous-
tic logging and gamma-gamma logging was the basic method for the
determination of the degree of alteration and tectonic disturbance of
rocks. Thermometry, which continually measured water temperatu-
re, detected the vertical flow of water in a borehole. The inflow loca-
tions, water movement and water flow yield were determined accor-
ding to anomalies in resistivimetric curves and on the basis of actu-
al measurement times. Acoustic borehole televiewer (see Fig. 6),
measuring the refraction of an acoustic signal and its amplitude, was
used for the interpretation of spatial images of discontinuities cutting
through the borehole, the dip and trend of discontinuities, and for
the recognition of open fissures and closed fissures.

The acoustic logging, registering the complete wave image,
made the assessment of the velocity of longitudinal and transver-
se waves and the calculation of other geomechanical parameters
of rocks, such as Poisson’s ratio, modulus of elasticity in shear
and compression, possible.

Borehole hydraulic tests are the basis of hydrogeological rese-
arch. They are carried out stage by stage, in borehole sections iso-
lated by a couple of packers. During the staged hydraulic test,
water is injected into the separated borehole section under
a constant test pressure. The pressure is measured by a pressure
transducer installed at the borehole mouth. At the same time, the
consumption of injected water and the water table in the boreho-
le above the tested stage are continually measured. The hydraulic
tests are applied in a single-stage form, with a constant input pres-
sure. A multi-packer system is used for the observation of respon-
ses to hydrodynamic tests in the surroundings of the borehole
being tested. It is possible to identify the depth of significant com-
municating fissures and the degree of the interconnection betwe-
en fissure systems in the locality from the record of responses to
hydraulic tests in neighbouring boreholes. In addition, pumping
and recovery tests throughout the well bore depth are conducted
and a composite sample of groundwater is obtained. Its chemistry




Obr. 7 Matematicky model horninové matrice
Fig. 7 Mathematical model of a rock matrix

Matematické modelovéni je zaméfeno na analyzu vysledku zis-
kanych pfi laboratornich a terénnich testech. Zaméteni vyzkumné-
ho dkolu na mikroméfitko prostredi granitovych hornin klade spe-
cifické ndroky na aplikaci obvyklych postupi matematického
modelovani proudéni a transportu. Validované programy pro
modelovdni v oblasti hydrogeologie (MODFLOW, FEFLOW,
NAPSAC) jsou primdrné navrzeny a téméf vyhradné pouZzivany
pro makromefitko odpovidajici velikosti zdkladniho elementar-
niho objemu v fddu jednotek a7 desitek metra. Pfechod do dloh
s diskretizaci v fddu jednotek milimetri a men3{ je experimen-
taln{ zdleZzitosti. PouZiti standardnich modelovych néstroju pro
simulace tloh proudéni a transportu v mikromeéfitku vyzaduje
rozsdhlé testovani moZnych postupt a provedeni citlivostnich
analyz na ruzné modelové parametry. Pro geometricky
model horninové matrice jsou zvoleny konceptudlni pristupy,
které pomoci diskrétnich puklin simuluji jednotlivé mikrotrhliny
(obr. 7). Vstupnimi daty modelovych simulaci jsou informace
o velikosti, rozevieni a mnoZstvi mikrotrhlin a ddaje o kon-
figuraci testu (okrajové a pocate¢ni podminky, velikost vzorku).
K ovéfeni modelovych vystupt proudéni a transportu jsou pou-
zity mérené hodnoty pdérovitosti, hydraulické vodivosti a di-
fuzniho koeficientu. Matematické modelovani podrobné popisu-
je napt. Gvozdik (2010).

PRINOSY PROJEKTU A UPLATNENI JEJICH VYSLEDKU

V prubéhu feSeni dkolu , Metody a ndstroje hodnoceni viivu
inZenyrskych bariér na vzddlené interakce v prostiedi hlubinného
loZiste“ se prokdzalo, Ze matematicky model je velmi d&inny
nastroj pfi hydrogeologickém hodnoceni vlastnosti horninového
prostedi, které predstavuje tzv. oblast vzddlenych interakci pri
hlubinném ukladani, a to i v pfipadé velmi heterogenniho a anizo-
tropniho prostfedi. Kvalita geometrického modelu a kvalita kalib-
race hydrogeologického a transportniho modelu je vzdy zdvisld na
mnozstvi a kvalité vstupnich a kalibraénich dat. V prostfedi pukli-
novych kolektora krystalinického masivu je ziskdni dostate¢ného
mnozstvi informaci pro sestaveni vérohodného modelu velmi
nesnadnym tikolem ndro¢nym na mnoZstvi vrtnych praci, provede-
nych zkousek a méfeni a v neposledni fadé také na ¢asovy horizont
feSeni a na finan¢ni prostfedky. VyuZiti postupti a vysledki mode-
lovych praci provedenych béhem feSeni tikolu umozni 1épe pred-
vidat a eliminovat mnohé problémy a vyuZit ndstroje matematic-
kého hydrogeologického modelovdni v této oblasti efektivnéji.

K prohlidce vrti a ndslednym stopovacim zkouskdm zjistujicim
proudéni podzemni vody mezi vrty byly v rdmci reSeni dkolu pou-
zity specidlni televizni kamery. Jejich hlavni vyhoda spocivala
v moznosti jejich pfesného umisténi na studovanou strukturu, oka-
mzitého zjisténi Casu prichodu stopovaci latky a kontinudlniho
zdznamu dat. Princip méfeni pomoci takové kamery je predmetem
patentu podaného na zdkladé vysledku prezentovaného vyzkumu.

Pii feSeni projektu zabyvajiciho se hydraulickymi vlastnostmi
horninové matrice patfila mezi nejvetsi vyzvy adaptace stavajicich
metod méfeni hydraulické vodivosti na horniny s extrémné nizkou
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is subsequently analysed. Results of the hydraulic tests are asses-
sed by Rukavickova (2011).

The modules of elasticity and deformation are determined by
means of a Goodman Jack uniaxial press. The facility consists of
a hydraulic cylinder press 76 mm in diameter, with two built-in
LVDT movement transducers and a hydraulic pump. The tests are
conducted with two loading cycles up to 20 MPa and 40 MPa.

Mathematical modelling is focused on analysing results gained
by laboratory and field testing. The focusing of the research pro-
ject on the micro-scale of the granitic rocks environment imposes
requirements for the application of usual procedures for mathe-
matical modelling of flow and transport. Validated programs for
modelling in the area of hydrogeology (MODFLOW, FEFLOW,
NAPSAC) are primarily designed and nearly solely used for
a macro-scale corresponding to the volume size of the basic ele-
mentary volume in the order of up to tens of metres. The transiti-
on to problems involving the discreditation in the order of several
millimetres and smaller is a matter of experiments. The applicati-
on of standard modelling tools for the simulations of problems of
flow and transport on a micro-scale requires extensive testing of
possible procedures and the execution of sensitivity analyses for
various model parameters. Conceptual approaches have been cho-
sen for the geometrical model of a rock matrix simulating indivi-
dual micro-fissures by means of discrete fissures (see Fig. 7). The
input data for the model simulations provide information on the
size, aperture and quantity of micro-fissures and data on the test
configuration (boundary and initial conditions, the specimen
size). Measured values of porosity, hydraulic conductivity and
diffusion coefficient are used for the verification of the model
procedures for flow and transport. The mathematical modelling is
described in detail, for example, by Gvozdik (2010).

BENEFITS BROUGHT BY THE PROJECTS
AND THE APPLICATION OF THEIR RESULTS

It was proved during the course of the process of solving the pro-
ject “Methods and tools for assessing the influence of engineering
barriers on remote interactions within a deep repository environ-
ment” that a mathematical model is a very effective tool in hydro-
geological assessing of rock environment properties, which repre-
sents the so-called area of remote interactions existing during the
deep deposition. It is so even in the case of highly heterogeneous and
anisotropic rock environment. The quality of the geometrical model
and quality of the calibration of the hydrogeological and transport
models always depends on the amount and quality of input and cali-
bration data. The gaining of volume of information sufficient for the
creation of a credible model for an environment formed by fissure
aquifers in a crystalline massif is a very difficult problem, which is
demanding in terms of the amount of drilling work, tests and mea-
surements to be conducted, and at last but not least, the time horizon
for the solution and financial means. The application of the proce-
dures and results of the model works carried out during the process
of solving the project will make it possible to better predict and eli-
minate many problems and use tools for mathematical hydrogeolo-
gical modelling in this area more effectively.

Special television cameras were used within the framework of
the project solution for the inspection of boreholes and subsequ-
ent tracing tests determining the flow of groundwater between
boreholes. The main advantage of the cameras was that it was
possible to position them accurately on the structure being studi-
ed, immediately to identify the time of the arrival of the tracer and
to obtain a continual record of the data. The principle of the mea-
surement by means of such the camera is the subject of a patent
applied for on the basis of the results of the presented research.

One of the greatest challenges encountered during the process of
solving the problem dealing with hydraulic properties of rock mat-
rix was the adaptation of existing methods for measuring hydraulic
conductivity to the rocks with extremely low permeability. The mea-
surement of hydraulic conductivity even in the order of 10-14 m.s-!
was successfully verified within the framework of laboratory tests,
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propustnosti. V rdmci laboratornich testi bylo pfi testech v tla-
kovych komorédch tspésné ovéreno méreni hydraulické vodivosti
ivfadu 10-14 m.s-1. Takova presnost se ukdzala jako dostate¢nd pro
naprostou vétSinu testovanych vzorku (koeficient hydraulické
vodivosti byl dspé§né stanoven u 163 ze 166 vzorku). Pfi terénnim
méfeni hydraulické vodivosti horninové matrice musel byt zpusob
detekce prutoku oproti standardnim vodnim tlakovym zkouSkdm
opét modifikovdn. Noveé vyvinuté metody, které jsou vysledkem
provedenych vyzkumnych praci, umoznily snizZit spodni limit
detekee pratokt z cca 1 ml.min-! u béZnych zkousek az o 4 fady.
Vyvinutd terénni aparatura pro méreni extrémné nizkych hydrau-
lickych vodivosti je predmétem Zddosti o patent.

Zakladnim predpokladem pro terénni mereni bylo presné vyty-
&eni makroskopicky neporusenych tisekt ve vrtech. V tomto sméru
se prokdzal mimofddny pfinos modernich karotaZnich metod, které
umoznuji s vysokou rozliSovaci schopnosti detekovat veskeré
nehomogenity ve sténé studovaného vrtu. S pomoci zdznamu
z akustické karotdZe a metodik zpracované v ramci feSeni dkolu
mohla byt také dodateéné zorientovana vrtnd jadra prislusnych
vrta, ¢fmZ byla umoZnéna prostorova interpretace vysledku labo-
ratornich zkouSek a petrofyzikdlnich analyz vrtného jadra.

Vysledky vyzkumu provddénych v rdmci dkoli Ministerstva
prumyslu a obchodu prokdzaly, Ze uvnitf kazdé horninové matrice
granitoidnich hornin existuje spojitd sit mikrotrhlin. V pripadé¢ nee-
xistence ¢i zat€snéni makroskopickych puklin v okoli podzemniho
ulozisté se tato sit’ stdva hlavni migracni cestou pro potencidln{
Sifeni kontaminantd. Prezentovany vyzkum vyrazné prispivd ke
zmapovani mikrotrhlinové sité a popisu jejich migraénich charak-
teristik. Jednd se o velmi vyznamny fenomén, ktery pfi planovani
podzemniho tloZisté zejména vzhledem k extrémné dlouhé dobé
jeho funk¢nosti nelze opominout. Velmi nizké propustnosti, které
Ize pri feSeni obvyklych geotechnickych tloh zanedbat, se totiz
stavaji pri dobe proudéni ve stovkdch tisic let velmi vyznamnymi.
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during tests conducted in pressure chambers. Such the accuracy tur-
ned out to be sufficient for absolute majority of tested specimens
(the hydraulic conductivity coefficient was successfully determined
for 163 of 166 specimens). The standard hydraulic test had to be
again modified for the method for detecting the flow rates during the
field measurements of hydraulic conductivity of rock matrix. The
newly developed methods which are the result of the completed
research work made the reducing of the lower limit for the flow
detection from about Iml.min-! applicable for common tests by up
to 4 orders of magnitude possible. The field apparatus for measuring
low hydraulic conductivities is the subject of a patent application.

The basic requirement for field measurements was the precise
determination of locations of macroscopically undisturbed secti-
ons in boreholes. In this regard, an extraordinary contribution of
modern borehole logging methods allowing the detection of all
inhomogeneities in a borehole wall being studied with high defi-
nition capability was proved. It was also possible owing to the
record from the acoustic logging and the methodology developed
within the framework of the work on the project to sufficiently
orient the cores from respective borehole, thus to allow the spati-
al interpretation of the results of laboratory tests and petrophysi-
cal analyses of the borehole cores.

The results of research operations carried out within the frame-
work of projects prepared by the Ministry of Industry and Trade
proved that a continuous network of micro-fissures exists inside
any rock matrix formed by granitoid rocks. In the case of non-exi-
stence of macroscopic fissures in the underground disposal site
surroundings or if these fissures are sealed, this network becomes
the main migration route for potential spreading of contaminants.
The presented research significantly contributes to the mapping of
the micro-fissure network and the description of its migration cha-
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neglected in the process of planning of underground disposal sites,
first of all with respect to the extremely long time of its functio-
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ved, become very significant taking into consideration the durati-
on of the water flow continuing for hundreds of thousands years.
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VYBAVENI SILNICNICH TUNELU
A PRIMERENA BEZPECNOST PROVOZU
ROAD TUNNEL EQUIPMENT AND ADEQUATE OPERATIONAL SAFETY

PAVEL PRIBYL

ovoD

Tento prispévek pojedndvé o problematice ,,optimédlniho* vy-
baven{ tuneld zafizenim a technologickymi systémy z hlediska
poskytovéni pfimérené bezpecnosti pro jeho uZivatele, v tomto
pripadé osddkdm projizdéjicich vozidel. Vzdy existuje jisté
mordalni dilema projektanti, a zodpovédnych osob obecné, mezi
vybavenim tunelu a drovni bezpecnosti, kterou poskytuje tunel.
Nikdy neni moZné vybavit tunel tak, aby byl absolutné bezpec¢-
ny. Na druhé strané, kazdé dalsi zarizeni ¢i systém, které nejsou
nutné pro zachovani primérené bezpeénosti, s sebou prinaseji
vyS8i investi¢ni ndklady a Casto vysoké a dosud prislusné nedo-
cenované provozni ndklady.

Vzhledem k tomu, Ze se pojem ,,pfimeéfend bezpecnost™ §pat-
né definuje, dochdzi u nds Casto k tomu, Ze se tunely vybavuji
striktné podle norem a nékdy se i néco ,,pro jistotu* pfida navic.
Tento, ryze formalisticky, pristup muze vést k tomu, Ze se tunel
prodrazi. Diskuse, jak optimdlné vybavit tunel technologiemi,
patrné nikdy neskonéi, ale v rdmci pracovnich diskusi ve vybo-
ru C3.3 ,,Road Tunnel Operation“ Mezinarodni silni¢ni asocia-
ce pribyvaji ndzory, Ze je nutné, pii hleddni kompromisu ve
vybaveni tuneldi, vyuZivat nejenom rigidné normy. Cldnek
v krétkosti seznamuje s timto novym pristupem kombinujicim
normy a matematické metody pro odhadovanf rizik.

Ministerstvo dopravy vénovalo znaénou pozornost vyzkumu
technologického a bezpecnostniho vybaveni tuneli pozemnich
komunikaci v projektech OPTUN a SAFETUN. Ve druhé ¢ésti
¢lanku je predstaven softwarovy produkt, ktery byl vyvinut
v rdmci tohoto vyzkumu, umoznujici centrdlné zaznamendvat
a statisticky vyhodnocovat mimorddné uddlosti ve vSech naSich
tunelech.

VYSVETLENI ZAKLADNICH POJMU

Nebezpecim jsou minény okolnosti, které mohou zpusobit jevy
s moznymi nezddoucimi Ucinky, ale které lze jen obtiZné uspo-
kojivym a pfesnym zpusobem definovat. VEtSina definic pova-
Zuje za nebezpeci situaci nebo stav systému, ve kterém existuje
uritd predvidatelnd moZnost nezamysleného poSkozeni osob
nebo fyzickych prvka v systému. Z hlediska analyzy rizik vSak
tyto okolnosti nemusi nezbytné¢ nastat.

Pojem riziko potom pouzivime na kvalitativni a/nebo kvanti-
tativni ohodnoceni nebezpeci. Je to tedy ocekdvany rozsah
nésledku nepfiznivych jeva pro osoby, ¢i to jsou ekonomické
ztraty nebo ztrity z poSkozeni Zivotniho prostiedi. Prijatelné
riziko je stupen rizika, které jesté neni jednotlivcem nebo spo-
le¢nosti vnimdno jako vdzné, ale které muze byt povazovéno za
referenéni bod v kritériu rizik. Obecné se vi, Ze vnimani rizik
spole¢nosti ovliviuji kulturni, spole¢enska, psychologickd, eko-
nomickd a dalsi hlediska. Mdlokdo se pozastavi nad tim, Ze za
tyden zahyne na nasich silnicich v praméru osmnéct lidi. Oproti
tomu smrt tfi lidi v tunelu je Siroce diskutovana médii.
Tolerovatelné riziko je stupen rizika, ktery jsou jednotlivec nebo
spole¢nost ochotni podstoupit k zajisténi jistych vyhod za pred-
pokladu, Ze riziko bude odpovidajicim zpusobem fizeno. Plati,
Ze tolerovatelné riziko nemusi byt zanedbatelné, musi vSak byt
pod stdlou kontrolou. V souvislosti s tunely se mluvi spiSe
o prijatelném nez tolerovatelném riziku.

INTRODUCTION

This paper deals with the problems of “optimum” equipment of tun-
nels with facilities and technological systems in from the aspect of
providing adequate safety for their users, i.e. in this case, passengers
of vehicles passing through them. There is always a certain moral
dilemma for designers and responsible persons in general between the
tunnel equipment and the level of safety provided by the tunnel. It is
never possible to equip a tunnel in a way guaranteeing absolute safe-
ty. On the other hand, any additional facility or system which is not
necessary for maintaining adequate safety brings with it higher invest-
ment costs and frequently high and till now underestimated operatio-
nal expenses.

With respect to the fact that the term ‘adequate safety’ is difficult to
define, it happens relatively frequently in the conditions of the Czech
Republic that tunnels are equipped strictly in compliance with stan-
dards and, sometimes something more is even added ‘to be on the safe
side’. This approach, which is purely formalistic, can lead to inade-
quately increased cost of the tunnel. Discussions on how the optimum
tunnel equipment is to be designed will probably never end.
Nevertheless, the number of opinions grows within the framework of
working discussions in the C3.3 committee of the International Road
Association on ‘Road Tunnel Operation’ that it is not necessary to use
only standards in a rigid way when seeking compromising require-
ments for the equipment of tunnels. The paper briefly informs about
this new approach, combining standards and mathematical methods
for the identification of risks.

The Ministry of Transport paid significant attention to the research
into the technological and safety equipment of road tunnels in the
OPTUN and SAFETUN projects. The second part of the paper intro-
duces a software product which was developed within the framework
of this research, making central recording and statistical assessing of
extraordinary events in all our tunnels possible.

EXPLANATION OF BASIC TERMS

Hazard is for the circumstances which may cause phenomena with
possible undesired effects, but which are difficult to define in
a satisfactory and precise manner. The majority of definitions consider
a hazard to be a situation or state of a system in which a certain pre-
dictable possibility of unintentional damage to persons or physical ele-
ments in the system exists. From the risk analysis point of view, these
circumstances do not have to necessarily take place.

The term of risk is used in our terminology for qualitative and/or
quantitative assessing of a hazard. It is therefore the anticipated extent
of consequences of adverse phenomena for persons or economic los-
ses or losses resulting from environmental damages. Acceptable risk
is for the potential for risk which is not considered by an individual
person or the society to be serious, but which can be considered to be
a reference point within the risk criterion. It is generally known that
the perception of risks by the society is affected by cultural, societal,
psychological, economic and other viewpoints. Hardly anybody is
taken aback by the fact that eighteen people perish on our roads in ave-
rage per week. In contrast, the death of three people in a tunnel is
widely discussed by media. Tolerable risk is for the degree of risk
which an individual or the society is willing to run to secure certain
advantages under the assumption that the risk will be managed in an
adequate way. It applies that a tolerable risk does not have to be negli-
gible, but it has to be under permanent control. The term acceptable is
used rather than the tolerable risk in the context of tunnels.
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Samotné riziko byva v odborné a védecké literature neformal-
né vyjadfovdno mnohymi zpusoby, nejéastéji viak jako:

— pravdépodobnost nezadouci uddlosti;

— dusledek neZddouci udalosti;

—ofekdvand hodnota ndsledku, jako nédsobek pravdépodob-

nosti neZddouci uddlosti a jejiho dusledku.

Prvni dvé definice jsou vétSinou povaZovany za neudplné,
nebot’ vyzdvihuji pouze jediny aspekt rizika (v prvnim pripade
pravdépodobnost vyskytu nezddouci udélosti, ve druhém pripa-
dé jeji dusledek), coz vede k nepfesnému posouzeni téch udalos-
ti, které jsou malo pravdépodobné, avSak maji katastrofické
dusledky, a naopak. Velmi mélo pravdépodobny poZir s mnoha
obétmi bude pro vétSinu lidi vice rizikovy nez Cetnéj$i malé
dopravni nehody nemajici dusledky na zdravi a Zivoty.

Velmi Casto jsou $patné pojmenovéna zafizeni a subsystémy,
které ovliviiuji bezpecnost. UvaZzuje se jen nékolik technologic-
kych celku, jako napiiklad elektropoZdrni signalizace ¢i kamero-
vy dohled, které jsou takto zatfidény i v normdch. Stile je nutné
mit na zreteli, Ze do hodnoceni bezpe¢nosti je nutné nejenom
zahrnout technologické subsystémy tunelu, ale i cely bezpec-
nostni management, v¢. dispeCert a sloZek integrovaného
zdchranného systému, socidlni subsystém, Zivotni prostredi
a dalsf entity, které mohou mit vliv na bezpe¢nost. Tunel musi
byt z hlediska bezpecnosti zkouman jako holisticky systém.

V Ceské republice se jiz od 90. let minulého stoleti povazuje
tunel za dopravné-telematicky systém (Pribyl, 1998), charakteri-
zovany tim, Ze jsou ruznd zafizeni tvorici jednotlivé funkéni
celky integrovdna do jednoho celku s jednotnym pristupem.
Integrovany pristup také znamend, Ze veskeré vstupni a vystupni
proménné jsou k dispozici fidicimu systému v libovolném case
a libovolném misté systému. V dal$im textu je tedy technologic-
kym vybavenim tunelu minéno v8e, co muZze v jednotlivych situ-
acich ovlivnit miru bezpecnosti. Nejednd se tedy jen
o bezpe€nostni systém vyjmenovany v TP98 , Technologické
vybaveni tuneli pozemnich komunikaci“. Jen takovyto pristup
umozni zkoumat bezpecénost z holistického pristupu.

PRESKRIPTIVNI PRISTUP K VYBAVOVANI TUNELU
TECHNOLOGI(

Bezpecnostni ndvrh je zatim u nds, stejné jako v rade jinych
zemi, postaven hlavné na standardech. Tyto dokumenty jsou
vyvijeny po desitky let a jsou zaloZeny na kazdodennich zkuse-
nostech véetné zkuSenosti pii feSeni mimorddnych uddlosti.
Navic jsou tyto standardy kontinudlné harmonizoviny s doku-
menty jinych zemi. V praxi to znamend, Ze ndvrhdr systému
striktné dodrZuje to, co mu fikd norma CSN 73 7507
., Projektovdni tunelii na pozemnich komunikacich“ a fada dal-
Sich technickych podminek a dokumentu.

Takovyto preskriptivni pfistup md svd omezeni pro jistou kate-
gorii nebezpedi (Kohl, 2009). Plati totiz, Ze i pokud tunel splniu-
je dokonce vSechny pozadavky predpisu, je zde jisté zbytkové
riziko, které nemuZe byt nikdy specificky adresovatelné. Ddle
také plati, Ze v fadé predem specifikovanych pripada je aktudln{
situace odlisnd od predpokladu, které méli tvarci predpisu na
mysli, a potom ndsledky nehody zdviseji i na vhodné reakci lidi
(dispecefi, zdchranny systém) a také na interakci lidi
a technickych systému. Znamend to, Ze i pfi dusledném pouziti
standardu existuje vZdy néjaké zbytkové riziko, které dokonce
ani nenf, pfi tomto pfistupu, pojmenovano.

Dal$im a mdlo diskutovanym nebezpe¢im tohoto pfistupu je,
7e se navrhovatel systému jisti a rad¢ji zarizeni predimenzuje,
coZ zvySuje cenu tunelu. Pifklada se v na${ republice najde néko-
lik. Typickou ukdzkou je pfistup k ndvrhu a provedeni tniko-
vych chodeb v tunelu Libouchec na délnici D8. V dokumentaci
pro stavebni povoleni a v dokumentaci pro zadani stavby byla
navrZzena tnikovd chodba mezi obéma tunelovymi troubami
o rozmérech 3x3 m zhruba v poloviné tunelu, pricemz
i v nejnepfiznivéjsim pripadé byla unikova cesta dlouhd
270 metru.

In technical and scientific literature, the risk itself is usually expres-
sed informally by many ways, most frequently as follows:

— probability of the undesired event;

— consequence of the undesired event;

— anticipated value of consequences, as a multiple of probability

and the consequence.

The first two definitions are mostly considered as incomplete
because of the fact that they accentuate only one aspect of risk (in the
first case the probability of the occurrence of the undesired event,
while the event consequence is accentuated in the second case), which
leads to inaccurate assessment of the events which are little probable
but have catastrophic consequences, and vice versa. For the majority
of people, a very little probable fire with many victims will be more
risky than more frequent small traffic accidents having no consequen-
ces as far as health and lives are concerned.

The facilities and sub-systems influencing the safety are frequently
incorrectly named. Only several equipment complexes are taken into
account, for example the fire alarm and detection system or camera
surveillance system, which are categorised in this way even in stan-
dards. It is still necessary to keep in mind the fact that the assessment
of safety has to contain not only tunnel equipment sub-systems but
also the entire safety management system including operators and
components of the integrated rescue system, the social sub-system,
environment and other entities, which may influence the safety. In
terms of safety, a tunnel has to be examined as a holistic system.

In the Czech Republic, a tunnel has been considered to be a traffic-
telematic system since the 1990s (Pfibyl, 1998), which is characteri-
sed by the integration of various facilities forming individual functio-
nal complexes into a single complex with a unified approach. In addi-
tion, the integrated approach means that all input and output variables
are at disposal of the system manager at any arbitrary time and any
arbitrary place of the system. The meaning of the tunnel technological
equipment in the further text is everything that can influence the
degree of safety in individual situations. It is therefore not a mere case
of the safety system defined in the TP98 specifications on ‘Road
Tunnel Equipment’. This is the only approach which will make the
examination of safety on the holistic basis possible.

PRESCRIPTIVE APPROACH TO EQUIPPING TUNNELS
WITH TECHNOLOGIES

A safety design in the Czech Republic has been, similarly to other
countries, based first of all on standards. These documents have been
developed for tens of years and are based on everyday experience inclu-
ding experience in dealing with emergencies. In addition, these stan-
dards have been continually harmonised with documents issued by other
countries. In practice this means that the system designer strictly adhe-
res to the requirements of the CSN 73 7507 standard on ‘Design of Road
Tunnels’ and many other technical conditions and documents.

Such a prescriptive approach has its own limitations for a certain
category of hazards (Kohl, 2009). The reason is the fact that it applies
that certain residual risk which can never be specifically addressable
exists even if the tunnel meets all requirements of regulations. It furt-
her applies that in many pre-specified cases the current situation dif-
fers from the assumptions which the authors of regulations kept in
mind. Accident consequences then depend even on the proper reacti-
on of people (operators, the rescue system) and also on the interaction
of people and technical systems. This means that some residual risk,
which is not even named at this approach, exists always, even when
standards are consistently applied.

Another and little discussed danger of this approach is the fact that
the system designers protect themselves and prefer overdimensioning
of the facility, which increases the tunnel cost. There are several exam-
ples available in the Czech Republic. A typical illustration is the app-
roach to the design and execution of escape galleries in the Libouchec
tunnel on the D8 motorway. An escape gallery with the dimensions of
3x3 m was proposed in the final design and the tender design, to be
driven between the two tunnel tubes roughly in the middle of the tun-
nel. In this case, the escape route was 270 m long even in the most
unfavourable case.

The building permit issued by the Road Department of the Ministry
of Transport in Clause 29.1 reduces the escape route length to 170 m




Vydané stavebni povoleni Ministerstvem dopravy odborem
pozemnich komunikaci v ¢lanku 29.1 zkracuje délku unikové
cesty na cca 170 m vybudovdnim dvou propojek. Zduvodnéni
uvadi, Ze pro nejslozitéjsi variantu poZaru je délka tniku 270 m,
coz presahuje ,,povolenou vzddlenost v norme, kterd je 250 m.

Na zddost zdstupcu supervizniho sdruZeni byl zpracovén zna-
lecky posudek, ktery mél shrnout pozadavky vyplyvajici ze zahra-
ni¢nich standardu, zvlasté pak Direktivy Evropského parlamentu
a Rady 54/2004/ES z dubna roku 2004, a provést vypocet evaku-
acnich dob. V posudku je analyzou sedmi predpist ukdzéno, Ze
vétsina vyspélych tunelovych zemi pozaduje zachovat vzdalenost
unikovych vychodu 300 m. Evropskd direktiva se smifuje dokon-
ce s 500 metry. Pro $pickové hodiny provozu 12 500 vozidel za
den v predikci pro rok 2010 a 14% podil ndkladnich vozidel byly
pro tunel Libouchec mikro-simulaénimi modely simulovény ruzné
dopravni situace po vzniku nehody. Doba tniku, pro poZzar pfimo
u unikového vychodu, byla vypocitdna na 300 s. Doba tniku se
prodlouzila o 20 s oproti normé (250 m), pokud by byla trasa
uniku del§i o 20 m!!! Presto bylo nakonec konstatovdno, Ze by
tunel nevyhovoval normé a byly vybudovidny dvé propojky po
170 m s navySenou cenou odhadem o 7 az 10 mil. K¢.

KVALITATIVNI METODY PRO HODNOCENI RIZIK

Kvalitni ndvrh bezpe¢ného tunelového systému s priméfenou
mirou rizik by se mé¢l odehrdvat ve dvou fazich. V prvni fézi se
systém navrhuje podle predpist, které se netykaji jenom technolo-
gického vybaveni (CSN 73 7507, TP98), ale i organizace Cinnosti
a prace s dispecery (TP154,2004). Po tomto navrhu, ktery by mél byt
i iroce diskutovan odborniky, by mély ndsledovat metody, které kva-
litativné ohodnot{ rizika a pripadné najdou slabd mista v projektu.

Velmi efektivni metodou, a relativné snadno realizovatelnou,
ktera hodnoti riziko na relativn{ stupnici, predstavuje SAFMEA,
jejiz principy jsou popsany (Tichy, 2006). Postup analyzy rizik
SAFMEA je zaloZeny na expertnim posuzovani a ndsledném sta-
tistickém vyhodnoceni. Metoda tedy nevyzaduje statisticka data,
ale zato tym odbornika. Cely proces fidi rizikovy analytik, ktery
je znaly problematiky rizikového inZenyrstvi a mél by mit
i schopnost prace s kolektivem experti. Proces hodnoceni je
zalozen na ndsledujicich krocich:

e Identifikace moZnych nebezpeci (poruch/udélosti): riziko-

vych faktoru;

* Identifikace a ocenéni moZnych nésledku rizikovych faktoru;

¢ Kvalifikace a reprezentace rizik na ordindlni stupnici hodnot.

Vypovidaci schopnost analyzy roste s poftem expertl, a proto
by jejich pocet nemél byt nizsi nez pét. ProtoZe se metoda osved-
¢ila pro hodnocenf rizik v tunelech (Kraj¢ir, 2008) nebo dokon-
ce pro hodnoceni staveb (Bina, 2008), byla zapracovdna jako
doporuceni i v novych technickych podminkdch TP229 , Bez-
pecnost v tunelech pozemnich komunikaci“ (Ptibyl, 2010). SAF-
MEA je pomérné nendro¢nou a presto efektivni komplementarn{
metodou k presktiptivnimu pfistupu.

Pravdépodobnostni a deterministické metody

Metody, které ndm pfimo uréi miru rizika ve formé numerické
hodnoty, udavajici pocet poskozenych osob, ekonomické ztraty
apod. pro razné situace, jsou obecné vzato nejobjektivnéjsi, nebot’
jsou pomérné dobre kontrolovatelné. V zdsadé je délime na meto-
dy pracujici se statistikami, jejichZ vysledkem je pravdépodob-
nost rizika (poctu usmrcenych osob,...) a na metody vyuzivajici
hlavné dopravni a fyzikdlni modely a determinujici pro danou
uddlost ¢iselné vysledky napf. v po¢tu usmrcenych osob.

Kli¢ovym faktorem moderniho hodnoceni rizika je uvédomé-
ni si, Ze neZzaddouci uddlosti nevznikaji samy od sebe, ale zacina-
ji (Casto nepatrnym) naruSenim normdlniho stavu, které se maze
rozvinout nekolika sméry v zdavislosti od reakce na nehodu.
Uvedend koncepce je zndmd jako motylovy model (bow tie
model) a je znazornénd na obr. 1, kde je v horni poloroviné
uveden princip pravdépodobnostni metody a v dolni poloroving
princip deterministické metody, kterd se v praxi nazyva metoda
analyzy scéndru.
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by carrying out two cross passages. The substantiation states that the
length of 270 m which is required according to the proposal in the case
of the most complicated variant of fire exceeds the distance of 250 m
‘permitted’ by the standard.

An expert opinion was formed by request of representatives of the
supervising association. Its task was to summarise requirements follo-
wing from foreign standards, first of all the Directive of the European
Parliament and of the Council No. 54/2004/ES from April 2004, and to
carry out the calculation of evacuation times. It is shown in the assess-
ment through an analysis of seven regulations that the majority of deve-
loped tunnelling countries require the spacing between escape exits of
300 m to be maintained; the European directive reconciles itself even to
500 metres. Various traffic situations after the origination of an accident
were simulated by micro-simulation models for the Libouchec tunnel,
for peak traffic hours of a day of 12,500 vehicles in the prediction for
2010 and the percentage of lorries of 14%. The escape time in the case
of a fire directly at the escape exit was calculated to 300 s. The escape
time would be increased by 20 s compared with the standard (250 m),
if the escape route was longer by 20 m!!! Despite this fact it was even-
tually stated that the tunnel did not satisfy the standard and two cross
passages were driven at the spacing of 170 m; the construction cost was
increased approximately by CZK 7 to 10 million.

QUALITATIVE METHODS FOR ASSESSING RISKS

A good quality design for a safe tunnel system with a reasonable
level of risks should be carried out in two phases. In the first phase,
the system is designed in compliance with regulations, which apply
not only to tunnel equipment (CSN 73 7507, TP98) but also to the
organisation of activities and work with operators (TP154, 2004).
When this phase is finished, it should be widely discussed with experts
and then methods should follow, qualitatively assessing risks and pos-
sibly finding week points in the design.

A very effective method, which is relatively easy to implement,
which assesses the risk on a relative scale, is represented by the SAF-
MEA, the principles of which have been described (Tichy, 2006). The
SAFMEA risk analysis procedure is based on expert assessing and
subsequent statistical evaluation. The method therefore requires
a team of experts instead of statistical data. The whole process is con-
trolled by a risk analyst who is acquainted with risk engineering issu-
es and should be also capable of working with a collective of experts.
The assessment process is based on the following steps:

e Identification of potential hazards (defects/events): identification

of risk factors;

e Identification and estimation of consequences of risk factors;

e Qualification and representation of risks on an ordinal scale of values.

The informative ability of the analysis grows with the growing
number of experts. Their number therefore should not be lower than
five. Because the method acquitted itself for assessing risks in tunne-
Is (Krajcir, 2008) or even for assessing structures (Bina, 2008), it was
incorporated as a recommendation even into the new technical speci-
fications TP229 on ‘Safety in road tunnels’ (Pfibyl, 2010). The
SAFMEA is a relatively unexacting but still effective method com-
plementary to the prescriptive approach.

Probabilistic and deterministic methods

The methods which directly inform us about the level of risk in the
form of a numerical value stating the number of injured persons, eco-
nomic loss etc. for various situations are generally the most objective
because they are relatively easy to check. We basically divide them
into methods working with statistics, the result of which is the proba-
bility of risk (the number of fatalities, ...) and methods preferably
using traffic and physical models and determining numerical results
for a particular event, e.g. the number of fatalities.

The key factor of the modern risk assessment is the realisation of the
fact that undesired events originate of their own accord and that they
start by the violation (often insignificant) of the normal state, which
may develop in several directions, depending on the response to the
accident. This conception, which is known as the Bow Tie Model, is
demonstrated in Fig. 1, where the principle of the probabilistic method
is presented in the bottom peneplane, whilst the principle of the deter-
ministic method, which is in practise named the Scenario Analysis, is
shown in the upper peneplane.
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Obr. 1 Motylkovy model
Fig. 1 Bow Tie Model

Leva strana pravdépodobnostniho schématu fesi vznik doprav-
ni uddlosti typu pozér, nehoda, tvorba kongesci nebo ztrita
ndkladu. Vznik, resp. odhad pravdépodobnosti ¢i Cetnosti této
udélosti, se obvykle fesi stromem poruchovych stavi, do néhoZ
vstupuje fada parametra: intenzita dopravy, skladba vozového
parku, stavebni feSeni tunelu a jeho barevny ndvrh, pocasi apod.
Tato Cdst, hledajici Cetnosti vzniku riznych udalosti pfi riznych
okrajovych podminkdch, se nazyvd FTA (Fault Tree Analysis).
Pravé kiidlo motylkového modelu potom udava ndsledky inicia-
liza¢ni udalosti (ETA Event Tree Analysis), a to v zavislosti na
dalgich faktorech, které povét§iné souviseji s vybavenim tunelu.
V tvahu je brana kvalita samo-evakuace, schopnost rychle iden-
tifikovat uddlost, G¢innost ventilace atd. Vysledkem je Cetnost
scénare pro danou konfiguraci okrajovych podminek. Vlastni
nasledky udaélosti, jejichZ vystupem je pocet ranénych ¢&i usmr-
cenych osob, se stanovuji riznymi odhady spocivajicimi prevaz-
né na expozici osob ¢i skupiny osob jedovatymi zplodinami
koufte, pri té dané udalosti.

Metoda je veérohodnd pouze v priipadé, Ze vychdzi z repre-
zentativnich soubort redlnych statistickych hodnot. Napiiklad je
nutné mit k dispozici statistiku vzniku poZzdri ve 3$pi¢kovych
hodindch dopravy, statistiku selhdni, ¢i Spatné funkcnosti venti-
lace v pripadé vzniku pozdru a desitky dalSich statisticky vy-
znamnych kombinaci. Rakouskd smérnice pro vypocet rizik
pravdépodobnostni metodou (TuRisMo, 2006) vychazi ze statis-
tiky 447 nehod, pri kterych se zranili lidé za roky 1992 az 2003.
Zakladni statistické hodnoty pro Némecko byly ziskdny rozbo-
rem 979 nehod v 80 tunelech v Némecku.

V rdamci projektu SAFETUN (2007-2009) byly detailné ana-
lyzovany vystupy zdznami mimorddnych udélosti a byla prove-
dena komparativni analyza s Rakouskem a Némeckem (Stefa-
ndk, 2010). Vysledky za roky 2010 a 2011 jsou uvedeny v dal§im
textu.

Diléi zavér k pravdépodobnostnim metodam:

Metody lze efektivné a spolehlive vyuZit pro odhadovani prav-
dépodobnosti ndsledka, pokud je dostate¢ny polet hodnot pro
statistiku a navic jsou presné zaznamendny okrajové podminky.
To v naSich podminkidch do roku 2009 nebylo. Vzhledem
k charakteru naSich fidi¢u, jejich zpusobu jizdy a celkové jingm

The left-hand side of the probabilistic chart solves the origination of
a traffic event of fire, accident, development of congestion or loss of
load types. The origination or estimation of probability or frequency of
the event are usually solved using a fault tree, which is entered by many
parameters: traffic flow intensity, composition of the vehicle fleet,
structural design of the tunnel and colour scheme in it, weather etc.
This part, seeking frequencies of the origination of various events
under various boundary conditions, is called the FTA (Fault Tree
Analysis). The right-hand wing of the Bow Tie Model indicates conse-
quences of the initiating event (the ETA - Event Tree Analysis), depen-
ding on other factors mostly associated with the tunnel equipment. The
considerations involve the quality of self-evacuation, the ability to
quickly identify an event, the efficiency of ventilation etc. The result is
the frequency of the scenario for the particular configuration of boun-
dary conditions. The event consequences themselves, the output of
which is the number of injuries or fatalities, are determined by various
estimations based mostly on the exposition of persons or a group of
persons to poisonous smoke emissions during the particular event.

The method is credible only in the case that it is based on represen-
tative sets of real statistical values. For example, it is necessary to have
at disposal the statistics of the origination of fires during peak traffic
hours, statistics of failures or poor functioning of ventilation in the
case of the origination of a fire and tens of other statistically signifi-
cant combinations. The Austrian directive on the calculation of risks
using a probabilistic method (TuRisMo, 2006) is based on the statis-
tics of 447 accidents during which people were injured in the 1992 —
2003 period. Basic statistical values for Germany were obtained by an
analysis of 979 accidents in 80 tunnels in Germany.

Outputs of records of extraordinary events were analysed in detail
within the framework of the SAFETUN project (2007-2009) and
a comparative analysis with Austria and Germany was carried out
(§tefaﬁék, 2010). The results for 2010 and 2011 are presented in the
text below.

Partial conclusion regarding probabilistic methods:

The methods can be effectively and reliably used for assessing the
probability of consequences if a number of values sufficient for statis-
tics is available and, in addition, the boundary conditions are accura-
tely recorded. This was not the case of the conditions in the Czech
Republic before 2009. With respect to the character of our drivers,
their driving manners and, in general, other conditions, it is very
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podminkdm je velmi problematické pouZzivat statistické hodnoty, problematic to use the statistical values which are provided by the
které poskytuje metoda TuRisMo. Tu lze ale pouZzit metodicky, TuRisMo method. Although, it can be used methodologically, as it is
jak je i naznaceno v TP229. also outlined in the TP229 specifications.

Obecné plati, Ze tento typ analyz je obvykle zpracovan nejvi- It applies in general that this type of analyses is usually carried out
ce v detailu, a proto vyZaduje i nejvice Casu, je relativné drahy. in most detail and for that reason requires most time, therefore is rela-
Hlavné musi byt k dispozici i dostatek vstupnich informaci, coz Fively F:xpensiv.e. AbOYe allitis necessary to hgve sufficient amount of
v pripadé statistik nehod a poZéara pro rizné druhy tunelu u nds nput 1nformat10n avallab'let which dpes not fu”}’ apply today m our
zatim zcela neplati. country in the case of statistics of accidents and fires for various types

Na zasedani PIARC v fijnu 2005 v Dubrovniku francouzska of tunnels. o o
delegace informovala o kvantitativni analyze provadéné syste- It was at the PIARC meeting in Dubrovnik in October 2005 that the

maticky pro fadu tuneli ve Francii s tim, Ze pro kratké tunely je French df:legation informed about a qqantitative analysisl carried out
tato analyza neefektivni, a tudiz i drahd systematically for a number of tunnels in France, concluding that this
Uvahy spojené s pripravou této metody v rdmci projektu analysis was ineffective and thus also expensive.

SAFETUN vedly k tomu, Ze je nutné zavést celondrodni databd- ' Considerations associated with the preparation of this methpd wit-
. P P fe e v PO hin the framework of the SAFETUN project led to the conclusion that
zovy systém pro zdznam a zpracovdni mimorddnych uddlosti,

ktery by propojoval viechny tunely, kde pasobi dispedefi. it was necessary to establish a nation-wide database system for recor-

< . P . P ding and processing of extraordinary events, which would link all tun-
fil:itleernetove orientovany programovy ndstroj AZMUT je popsin nels controlled by operators. The Internet-oriented programming tool

is described below.
Metoda deterministicka

p PR , o . e The deterministic method
Zalfladn1 prineip, ze ktfreh? vye haz}1 analyza. 5¢ e.narl/l, Je The basic principle which the Scenario Analysis proceeds from is
popséan v obr. 2. V tomto pripadé se jednd o deterministické sta-

SRR o P U ” 9 described in Fig. 2. In this particular case it is the deterministic deter-
noveni poctu ohroZenych ¢i zachranénych osob na zdklade mination of the number of endangered or rescued persons on the basis

detailni analyzy postupu udalosti. Model pro analyzu scénéff} of a detailed analysis of the course of events. The model designed for
(dile SA) je vzdy aplikovan na konkrétni tunel s konkrétnimi | (e Scenario Analysis (hereinafter referred to as the SA) is always
subsystémy a zafizenimi. Vychdzi se ze stavu, kdy vznikne applied to a concrete tunnel with concrete sub-systems and facilities.
nebezpeén{l situace, v obrdzku je to poZér. Velikost poZéru, jeho It starts from the state during which the dangerous situation origina-
Vvyvoj a zpusob Sifeni kouie je popisovan detailnimi fyzikdlnimi tes; it is a fire in the picture. The magnitude of the fire, its develop-
modely. Oproti tomu dopravni mikro-simula¢ni modely umf ment and manner of smoke propagation are described by means of
nakonfigurovat pozice vozidel po nehodé na zikladé redlnych detailed physical models. In contrast, traffic micro-simulation models
dat z provozu. are capable of configuring positions of vehicles after an accident on

Zasadnim problémem pfi zjistovani poétu a rozsahu zranéni ¢i the basis of real data from the operation.
dokonce usmrceni osob je odhad toho, jak budou lidé reagovat The principal problem solved when the number and extent of inju-
na krizovou situaci, coZ je obecné velmi tézké a neexistuje zde ries or even fatalities is being determined is the guessing at the res-
obecnd odpovéd. Jak 1idé reaguji, je ovlivnéno vn&jsimi pod- ponse of people to the emergency situation, which is generally very
minkami a jejich individudlni psychikou. Na druhé strané se difficult and no general answer exists in this case. The way people res-
vyuZivaji vieobecné platné evakua¢ni modely pocitajici dobu pond is affected by external conditions and their individual psyche. On
dosazeni tnikovych vychodi. Model evakuace m4 tfi kompo- the other hand, generally applicable evacuation models calculating the
nenty: time required for reaching escape exits are used. The evacuation

* Dobu zji§téni udlosti; model has the following three components:

« Dobu reakce; * Event detection time;

« Dobu pro tnik. ¢ Event response time;

Vysledny stav, urujici k jakym ztrdtdm potencidlné dojde, je * Escape time.

The resultant state determining the losses which will potentially
take place is well visible in Fig. 2. Stratified smoke starts to sink to the
space of escape doors (EXIT) after a certain time and the group of
escaping persons would no more have a chance for rescue. The chart
is significantly simplified, but it catches the SA method principle.

A more detailed description of the method and instructions for its
application can be found in literature (Pribyl, 2008). As far as the effec-
tiveness of the rescue of people is concerned, it applies that self-evacu-
ation is the fundamental principle (the initial eight minutes are also
referred to as the minutes deciding about
destinies of people. And it is just the initial
minutes that the affected participants decide
about mostly by themselves. It is necessary
for increasing the chance of the rescue of
persons to cut all three times in the evacua-
tion model and even use the appropriate
tunnel equipment for this purpose.

Event detection time and Response
time: The event detection time can be cha-
— | — p— — racterised as the time during which an

individual realises that something specific

x l happened. Of course, this time is associa-

. ted with the character of the event. People

EXIT unikajici skupina — escaping group ~ EXfT who are confronted with smoke or flames
realise this situation nearly immediately.
It applies that the more serious visual con-

Obr. 2 Zdkladni princip metody analyzy scéndru sequences O.f the e\{ent the Sh‘{fter Fietecu'
Fig. 2 Basic principle of the Scenario Analysis Method on time. It is possible to distinguish two

dobre patrny z obr. 2. Stratifikovany kour po jisté dob€ klesd do
prostoru unikovych dveri (EXIT) a v obrdazku naznaéend skupin-
ka unikajicich osob by jiZ neméla Sanci na zachranu. Schéma je
znaéné zjednodusené, ale vystihuje princip metody SA.
Podrobnéjsi popis metody a ndvod k jeji aplikaci lze najit
v literature (Pfibyl, 2008). Z hlediska efektivity zdchrany osob
plati zdsadné princip samo-evakuace, nebo se také mluvi o prvnich
osmi minutdch, které rozhoduji o lidskych osudech. A pravé
o prvnich minutdch rozhoduji prevdzné postiZeni ucastnici sami.

T
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Pro vétsi Sanci na zachranu osob je nutné zkracovat vSechny tfi
Casy v evakuaénim modelu a vyuzivat k tomu i vhodnou technolo-
gii vybaveni tunelu.

Doba zjisténi udalosti a doba reakce: Dobu zjisteni uddlosti
1ze charakterizovat jako Cas, kdy si jedinec uvédomdi, Ze se néco
konkrétniho stalo. Tento ¢as samoziejmée souvisi s charakterem
uddlosti. Lidé, ktefi jsou konfrontovani s koufem nebo plameny,
si tuto situaci uvédomi témét okamzité. Plati zde, Ze ¢im jsou
veétsi vizudlni ndsledky udélosti, tim je doba zjisténi mensi. Lze
rozlisit dvé kategorie uvédoméni si uddlosti — Cast lidi je
v kontaktu s mistem udalosti a ti reaguji diky fyzikdlnimu cha-
rakteru udalosti (kouf, plameny) velmi rychle. Dal§i ¢ast lidi
muZe byt informovdna pouze nepfimo, napiiklad informa¢nim
systémem nebo prchajicimi lidmi.

Doba reakce je Cas, ktery se pocita od doby zjisténi udélosti do
doby zadatku evakuace. Znamend to, Ze si je jedinec védom uda-
losti a hleda vhodné feseni. Obvykle ndsleduje chovani ostatnich
lidi, ktefi se rozhoduji rychleji. PrestoZe je tato doba také silné
individudlni, jsou zde jisté faktory, které ji ovlivnuji. Jednd se
o chovan{ jedincu v okoli, prostiedi v tunelu, viditelnost dniko-
vych vychoda apod. V3echny tyto faktory ovlivni &as, ktery je
potiebny pro rozhodnuti, jakou evakuaéni cestu zvolit.

Z hlediska instalovanych technologii v tunelech je mezi
schopnosti ovlivnit oba Casy jisty rozdil. Identifikovat uddlost
typu zastaveni ¢i nehodu vozidla nebo i vznik pozdru umi fada
zafizen{ a systému, které jsou do tunelu instalovdny standardné
— videodetekce, senzory pozaru, senzory koufe apod. Nehodu Ize
identifikovat videodetekci témér okamZité, u pozdru zdvisi, jak
je charakterizovan. Nekdy hned roste tepelny vykon, jindy je na
pocatku vice koure. Presto je rychlost identifikace poZdru posta-
Cujici, a byva okolo 60 s.

Podstatné horsi je, jak okamzité a G¢inné informovat tcastni-
ky udalosti o nutnosti neprodlené opustit vozidlo a rychle dostih-
nout dnikovych vychodu. NaSe predpisy zatim pod&itaji
s moznosti dispeCera vstoupit do rozhlasového vysildni, coZ fun-
guje, pokud ma doty¢ny naladénu odpovidajici stanici. Dals{
moznosti je pak jiz jen evakualni rozhlas, ktery u nds tvofi tla-
kové reproduktory umistované v pravidelnych vzdédlenostech
v tunelu. Tento systém, v kombinaci s dokonale odrazivym pro-
stfedi v tunelu, ¢ini hlasova hlaseni mdlo srozumitelnymi, a to
hlavné kvuli mnohondsobnym ozvéndm. Néktefi dodavatelé se
py$ni CD kvalitou, coZ je u evakuacniho rozhlasu spiSe na
Skodu. Navic se neméfi, a neni to ani predepsdno v norméch,
kvalita prendsené informace vyjadrend logatomovou ¢i vétnou
srozumitelnosti. Nejobjektivnéji miru srozumitelnosti vyjadiuje
index STI (Speech Transmission Index). Zjednodu$ené pristrojo-
vé méfeni meri koeficient STIPA (Speech Transmission Index
for Public Address Systems), ktery také primo vyjadfuje miru
srozumitelnosti. PoZadavky na dpravu norem pro tunely
z hlediska méfeni srozumitelnosti byly specifikovany v rdmci
projektu ZET (ZET, 2011) a bude snaha je zapracovat v dal$im
kole tprav naSich standardu.

V tunelu se doba reakce na nebezpedi muze podstatné vylep-
§it, pokud je tunel vybaven informa¢nimi tabulemi ¢i svételnymi
znaCkami. V soufasné dob¢ se doporuuje umistovat zarizeni
pro provozni informace po 500 metrech, coZ by odpovidalo
koloné cca 50 vozidel, pfi 10 % ndkladnich vozidel mezi t€mito
tabulemi. Takovéto rozestupy jsou evidentné velké a je nutné
fesit moznosti rychlého informovan{ uZivateli i v nové revizi
technickych predpisu.

DIilCi zavér k deterministickému hodnoceni rizik:

1. Hodnoceni cestou analyzy scéndfu lze reprezentativné pou-
Zit pro hodnoceni ndsledku udélosti. K dispozici jsou prislu$né
mikro-simulaéni néstroje pro vérné modelovani dopravnich situ-
aci. K dispozici jsou i velmi dobré fyzikdlni modely pro mode-
lovéani pozédru véetné §ifeni koure. Pro pohyb osob pfi evakuaci
je vhodné pouzit také simulacni modely pracujici s psychomo-
torikou osob.

categories of realising an event — a proportion of people are in con-
tact with the event location and these people respond very quickly
owing to the physical character of the event (smoke, flames). The
other proportion of people can be informed only indirectly, for
example by an information system or by fleeing people.

Response time is the time which is counted from the event detecti-
on time to the beginning of evacuation. It means that an individual is
aware of the event and seeks proper solution. He or she usually fol-
lows the behaviour of other people who make decisions quicker.
Despite the fact that this time is also strongly individual, there are cer-
tain factors which affect it, such as the behaviour of individuals in the
surroundings, the environment inside the tunnel, the visibility of exits
etc. All these factors influence the time which is necessary for making
the decision about the evacuation route to be chosen.

From the aspect of the equipment installed in tunnels, there is
a certain difference between the ability to influence the two times.
There are many facilities and systems installed in the tunnel as
a standard (video-based detection, fire detection sensors, smoke detec-
tion sensors etc.), which are capable of identifying events of the types
of vehicle stopping or vehicle accident or the origination of a fire. An
accident can be identified by the video-based detection system nearly
immediately, whilst the identification of a fire depends on the way in
which the fire is characterised. Sometime the fire capacity immediate-
ly grows; another time there is more smoke in the beginning. Despite
this fact the speed of the fire identification is sufficient, taking usual-
ly about 60 seconds.

A significantly worse problem is how to immediately and effective-
ly inform participants of the event about the necessity of immediate
evacuating the vehicle and quick reaching escape exits. Our current
regulations count on the possibility for the operator to enter the broad-
casting, which system works only if the particular driver has the rele-
vant station tuned in. The only other option is the evacuation broad-
casting system, which is formed in our conditions by pressure loud-
speakers installed at regular intervals inside the tunnel. This system, in
combination with the perfectly reflective environment inside the tun-
nel, makes audio announcements little intelligible, first of all because
of multiple echoes. Some suppliers pride themselves of CD-quality
level, which is a property rather detrimental in the case of evacuation
broadcasting. Moreover, the quality of the information being transmit-
ted is not measured by means of logatome tests or sentence intelligibi-
lity tests. The most objective intelligibility ratio is expressed by the
Speech Transmission Index (STI). A simplified instrumental measure-
ment system measures the Speech Transmission Index for Public
Address Systems (STIPA), which also directly expresses the intelligi-
bility level. Requirements for the modification of standards for tunne-
Is in terms of intelligibility measurements were specified within the
framework of the ZET project (ZET, 2011) and efforts will be made to
incorporate them into the next round of modifications of our standards.

In a tunnel, the time of response to a danger can be significantly
improved if the tunnel is equipped with message signs or luminous
traffic signs. It is currently recommended that operational information
facilities should be installed every 500 m, which distance would cor-
respond to a column of about 50 vehicles between the facilities, con-
taining 10 per cent of lorries. Such the intervals are evidently large and
it is necessary to solve possibilities for quick informing of users even
in the new review of technical regulations.

Partial conclusion on the deterministic risk assessment:

1. The assessment by means of the Scenario Analysis can be repre-
sentatively used for the assessment of event consequences. Relevant
micro-simulation tools for faithful modelling of traffic situations are
available. Very good physical models for modelling a fire including
the propagation of smoke are also available. The use of simulation
models working with the psychomotorics of people is advisable for
the analysis of the movement of persons during evacuation.

2. Scenarios are selected on the basis of multiple criteria, preferab-
ly by a group of experts. The most important criterion is the ability of
the scenario to test the system boundaries because the main objective
of the analysis is to determine whether the system safety level is suf-
ficient. However, no regulation defining the scenario which should be
applied exists. The scenario selection is in a significant extent subjec-
tive and it is therefore impossible to assess the tunnel safety level only




2. Scéndre jsou vybirdny na zakladé vicerych kritérii, pred-
nostné skupinou expertu. NejduleZitéj$im kritériem je schopnost
scénare otestovat hranice systému, protoze hlavnim cilem analy-
zy je zjistit, zda je troven bezpeCnosti systému dostatedna.
Neexistuje v§ak zadny predpis definujici, jaky scéndf by se mél
pouzit. Vybér scéndre je do znalné miry subjektivni a hodnotit
uroven bezpecnosti tunelu pouze na zakladé jediného scénére
neni mozné. Doporuc¢ené mnozstvi vybranych scénéru je 5 az 10.

3. Do evakua¢niho modelu je nutné zavést Casovou dynamiku
hodnotici kvalitu a rychlost technologickych subsystémua pro
identifikaci uddlosti a subsystému pro informovéni uGcastniku
udalosti. Tento pozadavek je novy a neni zatim v zddné dostup-
né literature diskutovan.

POZADAVKY NA ZAZNAM UDALOSTI

Sbér, zpracovéni a vyhodnoceni vzniku, pfi¢in a ndsledku
mimorddnych uddlosti je zdkladem pro jakoukoli analyzu rizik,
a proto je nutné mu vénovat mimoradnou pozornost. Kromé toho
je tento pozadavek ddn Smérnici 2004/54/EC Evropského parla-
mentu a Rady o poZadavcich na minimdlni bezpec¢nostni vybave-
ni tunell na trans-evropské silni¢nf siti schvdlené ke dni 29. 4.
2004 a také NV 264/2009 Sb., kde je v pril. 2 uveden vzor zpra-
vy o mimorddnych uddlostech. Sbér a vyhodnoceni dopravnich
dat a mimorddnych uddlosti vyplyva také z kap. 6 technickych
podminek TP 154 ,, Provoz, sprdva a udrzba tuneli pozemnich
komunikaci*“ odsouhlasenych Ministerstvem dopravy a Mini-
sterstvem vnitra a vydanych v roce 2009. Puvodni zdznamy do
papirovych pracovnich deniki na dispecincich byly v prosinci
2004 nahrazeny deniky elektronickymi pro zdznam mimoradnych
udalosti pro tunely v Praze a ndsledné i pro tunely v Brné. Pro
vyslednou statistickou analyzu vSak bylo potfeba tato data pre-
nést z jednotlivych dispecinku na misto vyhodnoceni pomoc{ pre-
nosnych datovych médii napt. CD-ROM. Soucasné reseni vyuZzi-
vajici moznosti internetu a propojujici vSechny nase tunely
s obsluhou je popsano v nésledujici kapitole.

TECHNICKE A ORGANIZACNI RESENI

V ramci projektu SAFETUN feseného spole¢nosti Eltodo EG
byl v lednu 2009 uveden do ostrého provozu programovy balik
AZMUT (Automatizované Zpracovani Mimoradnych Udalosti
v silni¢nich Tunelech). Aplikace spocivé v elektronickém dotaz-
niku, ktery je umistén na kazdém obsluhovaném dispecerském
pracovisti tunelti s oddélenym pocitacem s dplnym pifstupem do
vefejné internetové sité. Reseni spoéivalo v instalaci softwarové
aplikace na jednotlivych dispecerskych pracovistich (dispecink
Brno, Jihlava, Ostrava, Praha, Rehlovice). Dispecink tunelu
Valik je obsluhovén pouze polici CR a zpolatku se organizatné
nepodarilo zajistit i sbér dat z tohoto tunelu. Od roku 2010 jsou
jiz vSechny dispeinky internetové propojeny na Ndrodni
dopravné informaéni centrum (NDIC) v Ostrave.

Aplikace AZMUT slouzi k zédznamu a uchovévani ddaju
o mimorddnych uddlostech a také provadi predzpracovani infor-
maci o mimorddnych uddlostech slouZzicich pro spravce tunelu.
Udaje o mimofadnych udilostech se zapisuji do databaze lokal-
nf sit€ na dispe¢inku pomoci www formulafu. Principidlni sché-
ma celého fungujiciho systému je v ndsledujicim obr. 3.

Spravu databdze obstardva systém fizeni baze dat, ktery je
v rdmci univerzdlnosti pouZiti navrZen pomoci databdzového
serveru MS SQL. Samotnd databdze mimoradnych udélosti je
umisténa na spole¢ném dloZisti pro vSechny sledované tunely.
Webovy server, na kterém je umisténa aplikace, je navrZzen jako
soudst vnitini sit¢ organizace, kterd cely systém spravuje.
Uchovani dat zapsanych v databdzi Ztrata dat je feSena pravidel-
nym automatickym zdlohovdnim na oddéleny diskovy prostor na
NDIC.

Organiza¢né systém pracuje tak, Ze kazdy dispecer je povinen
se po prevzeti smény prihldsit do systému a registrovat se na
elektronickém formuldfi. Povinnosti dispecera je po vyfeSeni
mimoradné situace peclive vyplnit dotaznik, pfipadné napsat své
ndzory a navrhy na zlepSeni. Zpusob vypliovani dotazniku se
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on the basis of a single scenario. The recommended number of selec-
ted scenarios is 5 to 10.

3. It is necessary to introduce time dynamics assessing the quality
and speed of equipment sub-systems into the evacuation model for the
purpose of identifying events and subsystems for informing partici-
pants in an event. This requirement is new and till now has not been
discussed in any literature available.

REQUIREMENTS FOR EVENT RECORDS

The collection, processing and assessment of the origination, causes
and consequences of extraordinary events are the basis for any risk
analysis and it is therefore necessary to pay extraordinary attention to
them. In addition, this requirement is stipulated by the Directive of the
European parliament and of the Council No. 2004/54/EC on mini-
mum safety requirements for tunnels in the Trans — European road net-
work, which was approved on 29th April 2004, and also the govern-
ment decree No. 264/2009 Coll., where a standard report format for
reporting extraordinary events is presented in Annex 2. The collection
and assessment of traffic data and extraordinary events also follows
from section 6 of the technical specifications TP 154 ‘Operation,
administration and maintenance of road tunnels’ approved by the
Ministry of Transport and the Ministry of the Interior and published in
2009. Original records in paper work diaries maintained in manage-
ment centres were replaced in December 2004 by electronic diaries for
recording of extraordinary events for tunnels in Prague and subsequ-
ently even for tunnels in Brno. But it was necessary for the final sta-
tistical analysis to transfer the data from individual management cent-
res to the assessment centre by means of portable data media, e.g. CD-
ROMs. The current solution using possibilities offered by Internet and
interconnecting all our tunnels managed by operators is described in
the section below.

TECHNICAL AND ORGANISATIONAL SOLUTION

The AZMUT programme package (for automated processing of
extraordinary events in road tunnels) was brought into hot service in
January 2009 within the framework of the SAFETUN project being
solved by Eltodo EG a. s. The application lies in an electronic questi-
onnaire, which is placed at each serviced tunnel management centre
equipped with a separate computer with full access to the public
Internet network. The solution lied in the installation of the software
application at individual management centres (management centres in
Brno, Jihlava, Ostrava, Prague and Rehlovice). The Valik tunnel
management centre is serviced only by the Police of the CR and in the
beginning the organisational attempts to secure the collection of data
even from this tunnel failed. All management centres have been con-
nected on Internet to the National traffic information centre (the
NTIC) in Ostrava since 2010.

The AZMUT application is used for recording and maintaining data
on extraordinary events. In addition, it carries out pre-processing of
information about extraordinary events for the tunnel administrator.
Data on extraordinary events is recorded in the local network databa-
se in the management centres using www forms. The principal chart
of the entire functioning system is presented in the picture below.

The database administration is provided by the database manage-
ment system, which was designed within the framework of the uni-
versality of the application by means of the MS SQL database server.
The database of extraordinary events itself is located in the data stora-
ge facility for all the tunnels being observed. The web server on which
the application is located is designed as a part of the internal network
of the organisation which administers the entire system. The holding
of the data stored in the Data Loss Database is solved by regular auto-
matic data backup in a separate disk space on the NTIC.

In terms of the organisation, the system works in a way where each
operator is obligated to log in the system after taking the shift over and
registering himself or herself in the electronic form. Operator’s duty is
to thoroughly fill the questionnaire after sorting out the extraordinary
situation, possibly even to write their own opinions and proposals for
improvement. The method of filling the questionnaire is a subject of
training sessions for operators. The regular registration of events is the
responsibility of the tunnel administrator. Reports on extraordinary
events are submitted through the road administration office to the
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Administration of Roads, Prague S PC s pfipojenim na
internet — PC with
Q Interned connection
+ SW VPN klient Vnitini sit’ intranet
+ SW VPN klient

Intranet internal network

PHP Zaznam dat
PHP Data Record

Sit INTERNET
INTERNET network

; HWVPN PHP Analyza dat
Firewall .
Server — WEB Server aplikace
= WEB Server  PHP Data Analysis
RSD apliikace icati
— WEB Server application
Road and Motorway PG s pFipcjenim na
Directorate ) .
internet — PC with
Interned connection
+ SW VPN klient
Obr. 3 Princip datového prenosu aplikace AZMUT
Fig. 3 Principle of the AZMUT application data transfer
trénuje v ramci §koleni dispeert. Za pravidelné registrovani ud4- Ministry of Transport or to a subject authorised by the ministry, which
losti zodpovida spravce tunelu. Cestou silni¢niho sprdvniho tradu compiles a summary for the Czech Republic. The authorised person
jsou zpravy o MU preddvany na Ministerstvo dopravy nebo na jim participates in the planning, execution and assessing of each activities
povéreny subjekt, ktery zpracovava sumarni prehled za Ceskou in the cases of extraordinary events and further takes part in the assess-
republiku. Povéfend osoba se ucastni pldnovdni, provadéni ment of each extraordinary event.
Tunel Pocet MU 2010 Pocet MU 2011
) Tumel  Numberof EEsin2010  NumberofEEsinzors BT ! b)
/ VAL =
Liberecky / LBT 0 2
iberecky JIH J
Valik / VAL 0 10
Jihlavsky / JIH 0 2 .
Lochk y/514 67 165 18
ochkov 1
Chol /51 2 1 o r
olupice / 513 6. 86 "
p! / HU [t
Hrebe¢ / HRE 3 6 1
i LAT _
Hlinky / HLI 29 76 -
el ATM = —
Letensky / LAT 17 18 —
M ky / ATM 46 67 ol 1
razovka
Zlichovsky / ZAT 24 44 AT
ichovs b
T ky/ TAT il
&Snovsky 21 24 - !
- / S PAN ..
trahovsky / SAT 80 135 '-
P k'y/ PAN 58 51 o |
1
e HUS ey
Libouchec / LIB 17 24 1
TS PIS . ‘
H icky / HU 51 51 1
oy KLV —
Pisarecky / PIS 23 36 T 1
Kiimkovice / KLM 48 4 0 S0 100 150 200
Celkové pocty MU za roky 2010-2011 (Klimkovice-KLM; Pisérecky-PIS; Husovicky-HUS; Libouchec-LIB; Panenska-PAN; Strahovsky-SAT; TéSnovsky-TAT; Zlichovsky-ZAT;
Mrézovka-ATM; Letensky-LAT; Hlinky-HLI; Hfebe¢-HRE; Cholupice-513; Lochkov-514; Jihlavsky-JIH; Valik-VAL; Liberecky-LBT)
Total numbers of EEs for 2010-2011 (Klimkovice-KLM; Pisarky-PIS; Husovice-HUS; Libouchec-LIB; Panenska-PAN; Strahov-SAT; TéSnov-TAT; Zlichov-ZAT; Mrazovka-ATM,;
Letna-LAT; Hlinky-HLI; Hfebe¢-HRE; Cholupice-513; Lochkov-514; Jihlava-JIH; Valik-VAL; Liberec-LBT tunnels)

Obr. 4 a) Prehled MU, b) Graf prehledu MU
Fig. 4 a) EEs summary, b) EEs summary graph
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a) Mimoradna udalost Rok 2010 Rok 2011
Extraordinary event Year 2010 Year 2011 Vozidel v protisméru
Vozidel v protisméru Vehicles running against
Vehicla running against current of traffic
current of traffic 0 5 Demonstrace 'I
Demonstrace — Demonstration 1 0 Demonstrfiltlc,)n :
Nehoda se zranénim
Nehpda se zrgn.ém’m Accident with injury
Accident with injury 7 14 Servis, tdrzba
Servis, Udrzba Service, maintenance
Service, maintenance 60 180 Posdr
Pozér - Fire 3 3 Fire |,
o = Clovék nebo zvite v TT
Clovék nebo zvife v TT P
Man or animal in RT 20 42 Man or animalin RT
— Nadmérné vozidio
Nadmémé vozidio Oversized vehicle
Oversized vehicle 80 151 : L
Pomalu jedouci vozidio
Pomalu jedguci vogidlo Slowly moving vehicle
Slowly moving vehicle 5 7 Pomalu jedouc kolona
Pomalu jedouci kolona Slowly moving column
Slowly moving column 52 72 Nehoda bez zranéni
Nehoda bez zranéni Accident without injury
Accident without injury 44 65 Zastaveni kolony
Zastaveni kolony ’ Column stopplnlg
Column stopping 15 49 Vypadek technologie
- - Equipment outage
Vypadek technologie Jing
Equipment outage 7 13
aup ¢ Other
Jina - Other 4 52 Zastaveni vozidia
Zastaveni vozidla Vehicle stopping -
Vehicle stopping 211 252 ! ! ' ]
4] 50 100 150 200 250

Obr. 5 Pocty MU podle kategorii a) Tabulka kategorii MU, b) Graf kategorii MU
Fig. 5 Numbers of EEs according to categories a) Table of EEs categories, b) EEs categories graph

a vyhodnocovéani C&innosti v pripadé mimoradnych uddlosti
a ddle se ucastni hodnoceni kazdé mimoradné udalosti.

Jako priklad vystupu absolutnich hodnot Eetnosti mimorad-
nych uddlosti 1ze uvést tdaje za roky 2010 a 2011 zpracované
spole¢nosti Eltodo EG. Tabulka a graf (obr. 4) zndzornuje celko-
vy poéet mimorddnych uddlosti (MU). Nejvice MU je ve
Strahovském tunelu, ale v roce 2010 se zhruba po tfech mésicich
provozu dostdvaji na podobnd ¢isla tunely 513 a 514 na silnic-
nim okruhu. V roce 2011 tunely Cholupice a Lochkov jiZ toto
poradi vedou. Specificky charakter t€¢chto MU je vysvétlen ddle.
Podstatnéj§i narast MU v roce 2011 lze zaznamenat v tunelu
Zlichov (+83 %), Mrazovka (+46 %) a Hlinky (+192 %).

Stejné jako v ddajich o typech MU, které uvadi PIARC, se nej-
vice projevuje zastaveni vozidla v tunelu (obr. 5), coz je ale uda-
lost s velkym krizovym potencidlem. Na rozdil od PIARC, kde
se tvrdi, Ze v délni¢nich tunelech zastavuji vozidla pomérné
méné, to u nds zcela neplati.

Ukazuje se, Ze v tunelech prazského okruhu je, na rozdil od
ostatnich tunelovych staveb, nejvétsim puvodcem vzniku MU
vjezd nadmérného vozidla. Je to ddno maximaln{ prijezdnou vys-
kou 4,5 m, kterd je v porovnani s ostatnimi tunely relativné nizsi,
a ddle velmi presnym detekénim zafizenim, které zachycovalo
napriklad i vlajici plachtu. V roce 2011 probihalo zkouméni
davodu ¢astych pieruseni provozu z davodu detekce nadmérného
vozidla ovéfovanim spolehlivosti systému. Doslo k predsunuti
¢idel ve sméru na Plzen (pred tunelem Cholupice). Déle doslo
k pridani tretiho detektoru do vySky 4 m ke stdvajicim detekto-
rum a ke zméné detekéniho algoritmu. Predpoklddd se, Ze pocet
takto vzniklych MU bude klesat i s rostoucim podvédomim fidi-
&0 o nutnosti dodrzovani vysky vozidla.

Velmi nebezpeCnou MU je jizda v protisméru, kterd byla
v roce 2011 zaznamendna v tunelu Hlinky, Husovickém

As an example of the output of absolute values of extraordinary
events frequencies it is possible to present the data for 2010 and 2011
processed by Eltodo EG a. s. The table and graph (see Fig. 4) depict
the total number of extraordinary events (EEs). Most EEs happened in
the Strahov tunnel, but in 2010, roughly after three months in operati-
on, similar figures are reached in the tunnels of construction lots 513
and 514 of the Prague City Ring Road. In 2011 the Cholupice and
Lochkov tunnels already lead this tier. The specific character of these
EEs is explained below. A more significant increase in the number of
EEs in 2011 can be registered in the Zlichov tunnel (+83 %), the
Mrézovka tunnel (+46 %) and the Hlinky tunnel (+192 %).

Identically with the data on EE types presented by the PIARC,
vehicle stopping in a tunnel, which is an event with a big critical
potential, is the most apparent. In contrast with the PIARC, where
they state that vehicles stop in motorway tunnels relatively less, this
situation does not fully apply to the Czech Republic.

It has turned out that the greatest initiator of EEs in tunnels on the
Prague City Ring Road is, in contrast with other tunnel structures, the
entry of an oversized vehicle. It is the result of the maximum height
clearance of 4.5 m, which is relatively lower in comparison with other
tunnels, and of the relatively very accurate detection facility, which
captured, for example, even a flying tarpaulin. In 2010, the reasons of
frequent traffic interruptions due to the detection of an oversized
vehicle was examined through verifying the system reliability. The
sensors were moved forward in the direction of Plzen (in front of the
Cholupice tunnel). In addition, the third detector was added to the
existing detectors to the level of 4.0 m and the detection algorithm was
changed. It is assumed that the number of EEs originating for this rea-
son will drop, even with the growing awareness of drivers of the
necessity to meet the vehicle height.

A very dangerous extraordinary event is driving against the current
of traffic, which was registered in 2011 in the Hlinky, Husovice and
Strahov tunnels. A relatively frequent event is that people or animals
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a Strahovském tunelu. Pomérné asto se v tunelech pohybuji lidé
¢i zvitata. Obéma kategoriim téchto uddlosti se da zabréanit, ¢i se
daji vyznamné omezit pomoci technickych prostredku.

ZAVER

V poslednich letech se v pravidelnych cyklech diskutuje cena
vybaveni tunell technologiemi. V &ldnku je ukézdno, Ze u nés
dosud aplikovany pfistup spoéivajici ve striktnim dodrZovani
toho, co je predepsdno standardy, je z hlediska moderniho poje-
ti analyzy rizik jiZz prekondno. Na prikladu je ukdzédno, Ze to
muZe vést i ke zbyte¢nému navySovéni ceny vybaveni tunelu.
Vhodné je kombinovat tento preskriptivni pristup s nékterou
z metod analyzy rizik.

Vzhledem k tomu, Ze statistiky uddlosti v na$i republice maji
trochu jiny charakter neZ v sousednich zemich a navic dosud
neni dostatek statistickych dat, doporucuje autor vyuzivat spise
deterministickou nez pravdépodobnostni metodu. I deter-
ministickd metoda reprezentovand analyzou scéndfi muaZe byt
zatizena subjektivnim pristupem, a proto je nutné vyuzivat
vysoce erudovanych analytiki a vysledky hodnotit i skupinou
expertu.

V ¢lanku je upozornéno na nutnost zamérit se na tunelové
informacni systémy, které umoZni zrychlit proces evakuace.
Doba evakuace vyznamné ovliviiuje pocet zachranénych osob.
Zatimco pro identifikaci pozdru je zpravidla instalovano nekolik
subsystému, informovéni Gastnika o krizové udalosti se realizu-
je neprili§ kvalitnim evakuadnim rozhlasem. Hodnoceni kvality
informovani vSeobecné prijimanym indexem srozumitelnosti
bude nutné zapracovat do nové verze technickych podminek
TP9S.

V rédmci projekti védy a vyzkumu OPTUN a SAFETUN byl
vyvinut a celostdtné implementovan internetovy systém pro zaz-
nam a vyhodnoceni mimofadnych uddlosti v tunelech na tdzemi
Ceské republiky. Vyse popsany systém AZMUT ma zdsadni pii-
nos pro budouci kalibraci pravdépodobnostnich metod vyzaduji-
cich relevantni statistické hodnoty. Zdroven md zdsadni vyznam
v tom, Ze ukazuje spravci tunelu, v ¢em je jeho tunel horsi nez
jiné tunely, a oznaCuje i pfimo problém jako tfeba jizdu
v protisméru, kterd se vyskytuje jen u urditych tuneld. Bliz§imu
rozboru mimorddnych udalosti v nasich tunelech bude vénovin
specificky ¢lanek v Casopisu Tunel.

PROF. ING. PAVELVPﬁlBYL, CSc., pribylp@eltodo.cz,
Fakulta dopravni CVUT - Ustav dopravnich systémuii,
ELTODO EG - Spolecnd laborator tunelovych systému

Recenzoval: prof. Ing. Juraj Spalek, Ph.D.
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means.

CONCLUSION

In recent years the cost of tunnel equipment has been discussed in
regular cycles. It is shown in this paper that the approach which has
been applied in the Czech Republic till now, which is based on strict
adhering to requirements of standards, has already been overcome
from the point of view of the modern concept of the Risk Analysis. It
is shown on an example that it can even lead to unnecessary increa-
sing of the tunnel equipment cost. It is recommendable to combine
this prescriptive approach with some of the Risk Analysis methods.

With respect to the fact that the character of statistics of events in
the Czech Republic is slightly different than that in neighbouring
countries and, in addition, the amount of statistical data is not suffici-
ent yet, the author recommends that the deterministic method should
be used rather than the probabilistic method. Even the deterministic
method which is represented by the Scenario Analysis may be affec-
ted by a subjective approach. It is therefore necessary to employ high-
ly erudite analysts and assess the results even by a team of experts.

In the paper, attention is drawn to the necessity to focus on tunnel
information systems, which will make the acceleration of the evacua-
tion process possible. The evacuation time significantly influences the
number of rescued persons. Whilst several fire identification sub-sys-
tems are usually installed in a tunnel, information about a critical situ-
ation is passed through a not too good quality evacuation broadcasting
system. The assessment of the information system quality by means of
the generally accepted intelligibility index will have to be incorpora-
ted into the new version of the TP98 technical specifications.
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nary events in tunnels in the Czech Republic was developed and nati-
onwide implemented within the framework of the OPTUN and
SAFETUN science and development projects. The AZMUT system
described above has a fundamental contribution for future calibration
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tunnel administrator aspects in which its tunnel is worse than other
tunnels and even directly defines the problem, for example driving
against the current of traffic, which occurs only in the case of certain
tunnels. A specific paper in TUNEL journal will be dedicated to
a closer analysis of extraordinary events in our tunnels.
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VYHODNOCENI TELEMATICKYCH SYSTEMU
ASSESSMENT OF TELEMATIC SYSTEMS

DUSAN KRAJCIR, MARTIN KNAKAL

VYHODNOCEN{ ZKUSEBNIHO PROVOZU
SILNICNIHO OKRUHU KOLEM PRAHY

Silni¢ni okruh kolem Prahy (obr. 1) byl uveden do provozu dne
20.9.2010 v rezimu zkusebniho provozu. Béhem reZimu zkusebni-
ho provozu je mimo jiné potfeba vyhodnotit data ziskand béhem
tohoto obdobi. Skupina ELTODO pro objednatele RSD CR zajistu-
je zpracovani technologickych, dopravnich a dalSich dat z telema-
tickych systému ziskanych béhem zkuSebniho provozu. Vyhod-
noceni téchto dat je jednou z ndleZzitosti nutnych pro ukonceni zku-
Sebniho provozu a plynulého pfejiti na normalni provoz této unikat-
ni stavby.

V rédmci pripravy podkladd pro vyhodnoceni spole¢nost Eltodo
vyuZivd obecnych zkuSenosti s telematickymi systémy a zejména
skuteCnosti, Ze byla hlavnim dodavatelem telematickych zarizeni
a systému instalovanych na silni¢nim okruhu kolem Prahy.

V rdmci tohoto vyhodnoceni byla zpracovdna data za rok 2011
a za prvnich 7 mésica roku 2012. Konec roku 2010 byl
z vyhodnoceni logovanych dat vypustén vzhledem k postupnému
zprovoznovani vSech funkcionalit systému (od zari 2010). Pasporty
OD (operétoru dopravy) a hldsenky DT (dispeceru technologie) jsou
zpracovany za celé obdobi zkusebniho provozu.

VYHODNOCENI ZKUSEBNIHO PROVOZU TELEMATICKYCH
SYSTEMU NA VOLNE TRASE

V rdmci zpracovani podkladu pro vyhodnoceni telematickych
systému a zaifzeni na volné komunikaci SOKP byla analyzovana
veskera sbirand a dostupnd data. Na zdkladé této analyzy byla data
roztfidéna na data podstatnd k vyhodnocenf a data bez vetsi dilezi-
tosti pro vyhodnoceni zkuSebniho provozu. Mezi data vybrand pro
hodnocenf patii:

e Technologickd data telematickych zafizeni na volné trase SOKP

e Dopravni data

e Zaznamy &innosti operétora dopravy

Obr. 1 Schéma silni¢niho okruhu kolem Prahy
Fig. 1 Prague City Ring Road alignment

ASSESSMENT OF THE TRIAL OPERATION OF
THE PRAGUE CITY RING ROAD

The Prague City Ring Road (outer ring) (see Fig. 1) was inaugura-
ted on 20th September 2010 in the trial operation regime. During the
trial operation regime it is necessary, among other tasks, to assess the
data obtained during this period. ELTODO Group provides the pro-
cessing of technological, traffic-related and other data from telematic
systems, which was gathered during the trial operation. The assess-
ment of the data is one of the conditions which are requisite for the ter-
mination of the trial operation and fluent transition to the normal ope-
ration of this unique project.

ELTODO uses general experience with telematic systems in the fra-
mework of the preparation of source documents for the assessment,
first of all the fact that it was the main contractor for telematic facili-
ties and systems installed on the Prague City Ring Road (PCRR).

The data for 2012 and initial 7 months of 2012 was processed wit-
hin the framework of this assessment. The end of 2010 was left out of
the assessment of the logged data taking into consideration the gradu-
al putting of all functionalities of the system into service (from
September 2010). Although, passports of traffic operators (TO) and
reports of technology controllers (TC) have been processed for the
entire trial operation period.

ASSESSMENT OF THE TRIAL OPERATION OF TELEMATIC
SYSTEMS ON OPEN SURFACE ALIGNMENT

All data being collected which was available was processed within
the framework of the assessment of telematic systems and facilities on
the open surface alignment of the PCRR was analysed. The data was
categorised on the basis of this analysis to data substantial for the
assessment and data without greater importance for the assessment of
the trial operation. The following types of data belong among the data
selected for the assessment:

 Technological data of telematic facilities on the open surface

alignment of the PCRR

e Traffic data

 Records of the activities of traffic operators

The data on modifications of the system, completed analyses and
verifications of the functionality of the system and its components and
passports of events recorded by traffic operators was defined for the
above groups (types) as substantial source documents.

Processing procedures were defined for the individual groups of
data and source documents, which will make the simple orientation
and assessment of the data and source documents possible.
Requirements for the outputs were defined and these outputs were
prepared, namely:

1. The function of telematic facilities

2. Technological data

3. Traffic data

4. Operational safety

5. OD passports

6. TC records

7. Project modifications

Simplifying summaries making easy orientation in historic data
possible were carried out within the framework of the assessment of
the Function of telematic facilities (see Fig. 2).

In these summaries there are records of the number of errors of each
facility categorised according to individual LTC (Linear Traffic
Control) cross-sections on the PCRR. Individual facilities, numbers of
defects reported by them and the total time of the duration of these
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chyba komunikace se zafizenim — error in communication with a facility

vypadek komunikace — communication outage

neplnéni povelu - failure to keep order

podpéti napajeciho zdroje — nebezpe¢i vypadku — under-voltage of the power-supply unit

Obr. 2 Tabulky vyhodnoceni innosti telematickych zarizeni

Fig. 2 Tables with the assessment of the function of telematic facilities states are assessed on the monthly basis. Columns A contain errors in

communication with the facility and communication outages;

K témto skupindm automaticky sbiranych dat byly definovédny
jako podstatné podklady o dpravich systému, provedenych analy-
zéch a ovérenich funkénosti systému a jeho souddsti, pasporty udé-
losti zapsané operatory dopravy.

Pro jednotlivé skupiny dat a podkladu byly definovédny zpusoby
zpracovani, které poskytnou jednoduchou moZznost orientace

columns B contain failures to obey commands and under-voltage of
the power-supply unit. Individual facilities are identified by unique
codes according to the PPK — ZAR, the Requirements for the system
of marking of operational units and electric facilities on motorways,
roads with limited access, in tunnels and other structures under the
administration of the Road and Motorway Directorate of the CR.
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Obr. 3 Kontingencéni tabulka zpracovand nad technologickymi daty jednotlivych zarizeni
Fig. 3 Contingency table compiled from technological data of individual facilities
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a zhodnoceni danych dat a podklada. Byly definovéany poZadavky na
vystupy a tyto vystupy zpracovany. Jednd se o:

1. Cinnost telematickych zafizen{

2. Technologickd data

3. Dopravni data

4. Bezpecnost provozu

5. Pasporty OD

6. HlaSenky DT

7. Upravy projektu

V ramci vyhodnoceni Cinnosti telematickych zarizeni byly zpra-
covany zjednodusujici prehledy, které umoziiuji snadnou orientaci
v historickych datech (obr. 2).

V téchto prehledech je zaznamendn pocet chyb kazdého zafizeni
podle jednotlivych fezti LRD na SOKP. Po mésicich jsou vyhodno-
ceny jednotlivd zafizeni, pocet jimi hldSenych poruch a celkovy Cas
trvan{ téchto stavl. Sloupce A zahrnuji chyby komunikace se zafi-
zenim a vypadky komunikace, sloupce B neplnéni povelu a podpéti
napéjeciho zdroje. Jednotlivé zafizeni jsou identifikovdna unikétni-
mi kédy podle PPK — ZAR, poZadavku na systém znaleni provoz-
nich celki a elektrickych zafizeni na dlnicich, rychlostnich silni-
cich, tunelech a jinych objektech ve spravé RSD CR. Pod témito
unikdtnimi k6dy jsou zafizenf tfidéna v systému a pro zachovdni jed-
noduché orientace veskerd vyhodnoceni s témito kédy pracuji. Kody
presné specifikuji lokaci zafizent, jeho typ i umisténi v rdmci porté-
lu, ale pro prehlednost je jesté ke kazdé tabulce doplnén schematic-
ky néhled na dany rez (na obrazku 2 vpravo dole).

Déle byla obecné vyhodnocovéna veskera sbirand technologicka
data. Tato data jsou zpracovdna pomoci kontingencnich tabulek
v SW MS Excel. Uzivatel md moZnost nékolika jednoduchymi
kroky najit libovolné konkrétni zafizeni a z celého objemu dat zis-
kat informace systému o provozu pravé tohoto zarizeni. Piiklad
takovéto kontingencni tabulky je uveden na obr. 3.

V téchto kontingencnich tabulkdch jsou také uvedeny vsechny
zdznamy v presné podobé bez jakéhokoli zjednoduseni v rdmci
agregace nebo prehlednosti, takZe uZivatel md presny ndhled na
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Under these unique codes, the facilities are categorised within the sys-
tem and all assessments work with these codes so that simple orienta-
tion is maintained. The codes accurately specify the location of the
facility, its type and position within the framework of the portal, but
for the purpose of lucidity, a schematic preview of the particular cross-
section is added to each table (at the bottom right of the picture 2).

In addition, all collected technological data was being generally
assessed. This data is processed by means of contingency tables in the
SW MS Excel. It is possible for the user to find by several simple steps
an arbitrary concrete facility and obtain system information from the
entire volume of data on the operation just of the particular facility. An
example of such a contingency table is presented in Fig. 3.

These contingency tables even contain all records in exact forms,
without and simplification within the framework of aggregation or
lucidity, therefore the user has an exact view of the technological data
available down to the level of the logging of individual states availab-
le, for example defective LEDs in the non-active symbol of the VTS
(Variable Traffic Sign).

Traffic data from the open surface alignment was processed in the
next part. Traffic data was collected from all detection cross-sections
of the Linear Traffic Control system and was processed using the
Matlab SW tool. A unique browser was developed using this tool,
which depicts particular selected days for selected categories of data
on the basis of well-founded traffic data. It is therefore possible to
search out any arbitrary day of the trial operation and depict the traf-
fic data of this day (see Fig. 4).

The traffic data browser does not extract data only from the databa-
se of detectors, but also from the Linear Traffic Control (LTC) system.
For that reason it is capable of depicting the response of the LTC sys-
tem to a particular situation in the traffic data (speed limit reduction
depicted by a red curve). Apart from this browser, general summaries
for typical daily, weekly and yearly variations of traffic on the open
surface alignment of the PCRR were prepared. An example of the
graphic depiction of a daily variation for a common working day is
described in Fig. 5.
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Fig. 4 Preview of the DATA viewer window




21. rocnik - €. 4/2012

technologickd data do drovne logovéni jednotli- Variace dopravy, typické ltery
vych stava, napiiklad vadnych LED v neaktiv- o Traffic variation, typical Tuesday

nim symbolu PDZ. ,
Y s x4 Intenzita [jv/hod] - Traffic intensity (uv/h)

V dalsf ¢ésti byla zpracovdna dopravni data Intenzita n3 —
, P , ntenzita nakl. vozidel [jv/hod]
z volné trasy. Byla posbirdna dopravni data ze " Freight traffic intensity (uv/h)
viech detekénich fezu systému liniového fizen{ 40001 ——— Rychlost [km/h] - Velocity [km/h] 160
dopravy a zpracovdna pomoci SW ndstroje [
Matlab. Na tomto ndstroji byl vytvoren unikétn{
prohlize¢, ktery z podloZenych dopravnich dat
vykresluje jednotlivé zvolené dny pro vybrané
kategorie dat. Je tedy mozno dohledat libovolny
den zkusebniho provozu a zobrazit dopravni
data tohoto dne (obr. 4).

Prohlize¢ dopravnich dat nevytahuje data
jenom z databaze detektoru, ale také ze systému
liniového fizeni dopravy. Proto dokdze do
dopravnich dat vykreslit reakci systému LRD [
na prislusnou situaci (omezeni povolené rych- 1000
losti zobrazené Cervenou krivkou). Kromé toho- |
to prohliZzece byly pripraveny obecné prehledy m
pro typické denni, tydenni a rocni variace i |
dopravy na volné trase SOKP. Priklad grafické- og;m m_m mlm ng 12_:m 15:09 Tﬁ:.W 21:m W:Sﬂ
ho zpbrazen} denni variace pro béZny pracovni Gas [hod] ~Time [hour]
den je popsdn na obr. 5.

V dalSich podstatnych podkladech pro ukon- oy, 5 Typickd diterni variace dopravy na SOKP km 18,2 vpravo
¢eni zkuSebniho provozu jsou zafazeny veskeré  p ig. 5 Typical Tuesday’s variation of traffic on the PCRR at chainage km 18.2, on the right-hand side
analyzy a studie provadéné nad systémem od
jeho uvedeni do provozu. Jednd se napiiklad . o Other source documents substantial for the termination of the trial
0 a“aly?“ funkce automatické dete}< ce 1.(019 n ar}alyzu fllIlkCIlO/Stl/ operation comprise all analyses and studies conducted on the system
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posloupnosti dopravniho znaceni a dals{ studie a testy, jejichZ cilem rom I.S rngimng mn 9 service. mopg k em‘ cre are, for exampie, a,n
bylo mapovat a prokdzat funkénost telematického systému na SOKP analysis of the function of automatic detection of queues, an analysis

of the functionality of traffic harmonisation, spatial and time-related

jako celku.
K roz3iteni nahledu na prabéh zkusebniho provozu ve velké mife smoothing of the sequence of traffic signs and other studies and tests

prispivd také zpracovéni statistik ohledné pasportd zapsanych the objective of which was to map the telematic system on the PCRR
operdtory dopravy a statistik hldSenek zapsanych dispecery techno- and prove its functionality as a whole.
logie. Veskeré zdznamy byly roztfidény podle obsahu do nekolika The elaboration of statistics regarding passports recorded by traffic
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Obr. 6 Graf kategorizovanych pasportii zapsanych operdtory dopravy
Fig. 6 Graph of categorised passports recorded by traffic operators




Obr. 7 Technologické vybaveni tunelu
Fig. 7 Tunnel equipment

kategorif a byly vytvoreny prehledné grafy vyjadrujici pocty zdzna-
mu v kategoriich v Case (obr. 6).

Na grafu je snadno pozorovatelny vyvoj po&tu pasportu, kdy na
zacdtku zkuSebniho provozu méli OD zapisovat veskeré uddlosti
(i pozitivni), napriklad spravnou detekci meteosituace. Jsou ale také
viditelné klesajici tendence poctu pasportu odkazujicich na nedo-
statky systému. Pfehledovy graf na obrazku byl déle ¢lenén pro jed-
notlivé kategorie, napriklad pro kategorii ZPI byl vytvofen samo-
statny graf zaloZeny na pozitivnich, negativnich a informativnich
pasportech, atd.

V neposledni fadé byla do podklada vyhodnoceni zkusebniho pro-
vozu pro telematickd zarizeni na volné komunikaci zarazena paspor-
tizace zmén a Uprav systému provedenych béhem zkuSebniho pro-
vozu jako napfiklad parametrické tpravy hranic harmonizace nebo
zména reakce dopravniho znaceni na detekované stavy.

VYHODNOCENI ZP TELEMATICKYCH SYSTEMU V TUNELECH

V rdamci vyhodnoceni zkuSebniho provozu telematickych zarizen{
v tunelovych stavbach bylo postupovéno analogicky jako na otevre-
né komunikaci. Byla vyhodnocena ¢innost telematickych zarizen{
a byla vyhodnocena technologickd data. Rozdily byly v tom, Ze
v ramci vyhodnoceni ¢innosti telematickych zafizen{ a zpracovan{
technologickych dat v tunelovych stavbach byla do tohoto zpraco-
vavani zahrnuta nejen data PDZ ¢i jinych telematickych zarizent, ale
i z dal§ich zafizeni jako napiiklad akomoda¢niho a prujezdového
osvétleni nebo vzduchotechniky (obr. 7).

V ramci vyhodnocovani zdznamu obsluhy byly vyhodnocovany
pouze hldsenky dispeCeru technologie (pasporty operdtoru dopravy
jsou ve vazbé na systém LRD).

ZAVER

Na zékladé zpracovanych podklada a shrnuti bude v rdmci RSD
vypracovdna zprava hodnotici zkuSebni provoz telematickych zari-
zeni SOKP. Zpracované podklady vykazuji zndmky odladéni systé-
mu od uvedeni do provozu k 7. mésici roku 2012. Jak z pohledu
systému liniového fizeni dopravy, jehoZ pilotni aplikace v pod-
minkédch CR vyZadovala parametrické nastaveni na lokdlni specific-
ké podminky, tak i z pohledu telematickych zafizeni a vnitinich pro-
cesu systému, které byly odladény k findlni funk&nosti v normédlnim
provozu.

ING. DUSAN KRAJCIR, DiS., krajcird@eltodo.cz,
ING. MARTIN KNAKAL, knakalm@eltodo.cz,
ELTODO EG,a.s.

Recenzoval: Ing. Petr Bedndr
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operators and statistics of reports recorded by technology controllers
also greatly contributes to the insight into the course of the trial ope-
ration. All records were divided according to their content into seve-
ral categories and lucid graphs expressing the numbers of records in
the categories changing with time (see Fig. 6).

It is easy to follow the development of the number of passports,
where in the beginning traffic operators were required to record all
events (even the positive ones), for example the correct detection of
meteorological situation. Although, a decreasing tendency of the num-
ber of passports referring to drawbacks of the system is also noticeab-
le. The communication graph in the picture was further articulated for
individual categories, for example a separate graph based on positive,
negative and informative passports was created for traffic advisory
information (TAI) category, etc.

At last but not least, the passportisation of changes and system
modifications carried out during the trial operation, such as for exam-
ple parametric changes in the harmonisation limits or a change in the
response of traffic signs to the detected states, were incorporated
among the documents of the assessment of the trial operation for tele-
matic facilities on an open surface alignment.

ASSESSMENT OF THE TRIAL OPERATION OF TELEMATIC
SYSTEMS INSIDE TUNNELS

The procedure used for the assessment of the trial operation of tele-
matic facilities inside tunnel structures was analogical to the procedu-
re for open surface roads. The work of telematic facilities was asses-
sed and telematic data was assessed. Differences lied in the fact that
not only the data on VTS or other telematic facilities were incorpora-
ted into this processing within the framework of the work of telema-
tic facilities and processing of technological data inside tunnels, but
also data from other facilities, such as, for example, the accommoda-
tion lighting, interior lighting or ventilation (see Fig. 7).

Only the reports of technology controllers were assessed within the
framework of the assessing of records carried out by service personnel
(passports carried out by traffic operators are related to the LTC system).

CONCLUSION

A report assessing the trial operation of telematic facilities on the
PCRR will be compiled within the framework of the Road and
Motorway Directorate of the CR on the basis of the prepared source
documents and summaries. The prepared source documents exhibit
signs of the system debugging since the system putting into service in
July 2012, both in terms of the linear traffic control, the pilot applica-
tion of which in the conditions of the CR required parametric setting
to specific local conditions, and in terms of telematic facilities and
internal processes of the system, which were debugged for final func-
tionality during normal operation.
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RIDICI SYSTEM TUNELU BLANKA A PROJEKT DOPRAVNIHO ZNACENI

BLANKA TUNNEL MANAGEMENT SYSTEM AND DESIGN
FOR TRAFFIC SIGNS

MARTIN KNAKAL, DUSAN KRAJCIR, JIRI STEFAN

Mezi aktudlné nejznaméjsi silni¢n{ tunelové stavby patfi tune-
lovy komplex Blanka realizovany v rdmci severozdpadni Cdsti
prazského vnitiniho okruhu (obr. 1). Tato tunelova stavba obsa-
huje velké mnozstvi technologie — osvétleni, rozsahlou vzducho-
techniku, systémy fizeni dopravy, kamerovy dohled s detekci
nestandardnich situaci, systémy radiového spojeni i SOS skiine
pro pomoc fidi¢im pfi nepredvidanych udélostech. Koordinaci
vSech systému na této rozsdhlé stavbé zajistuje fidici systém.
Generdlnim projektantem tunelu Blanka je spolecnost SATRA,
spol. s. . 0., projektantem i zhotovitelem Fidiciho systému je sku-
pina ELTODO.

Z vySe uvedeného vyplyvd, Ze pod zemi je, krome Zeleza
a betonu, ukryto i znacné mnozstvi technického vybaveni.
Pravidelné se objevuji ndzory, Ze by se tato oblast dala realizo-
vat jednoduseji a s men$imi ndklady. Ale prijezd tunelem uZ ve
své podstaté znamend pro fidi¢e vétsi ohroZeni neZ cesta po
otevrené komunikaci. MoZnost tniku osob v tunelu je pfi mimo-
fadné situaci znacné ztiZena proti moznostem na volné komuni-
kaci.V pripadé pozdru je zvySené ohroZeni salavym teplem C¢i
jedovatymi zplodinami hofeni, pfi¢emz pristup slozek integro-
vaného zdchranného systému na misto zdsahu je sloZzitéjsi nez na
volné komunikaci.

The Blanka complex of tunnels, which is being developed
within the framework of the north-western section of the City
Circle Road (inner circle) in Prague (see Fig. 1) belongs among
currently the best known road tunnel construction projects. This
tunnel structure contains lots of equipment — lighting, extensive
ventilation, traffic management systems, camera surveillance
with the detection of non-standard situations, wireless commu-
nication systems and SOS boxes helping drivers during unex-
pected events. The coordination of all systems on this extensive
construction project is provided by the management system.
The general designer for the Blanka tunnel is SATRA, spol. s r.
0., the designer and contractor for the management system is
ELTODO Group.

It follows from the text above that under the ground surface,
there is even a significant amount of equipment apart from steel
and concrete. Opinions regularly appear that this area could be
realised in a simpler way, with lower costs. But the passage
through the tunnel itself in its substance means more serious
threatening of the driver than driving along an open surface
road. The possibility for people to escape from the tunnel is
made significantly more difficult during an extraordinary event
compared with the possibilities on an open surface road. In the
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Obr. 1 Schéma tunelového komplexu Blanka (zdroj: www.tunelblanka.cz)
Fig. I Layout of the Blanka complex of tunnels (source: www.tunelblanka.cz)

podzemni objekty — underground structures

nadzemni objekty — above-ground structures

hranice pamatkové zény — conservation zone border
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Je prinejmensim mordlni povinnosti toho, kdo stanovuje
pravidla provozu, aby zajistil uZivatelim komunikace
v téchto problematickych tsecich srovnatelnou troven bez-
pecnosti jako na volné komunikaci, nebo se k této trovni
alespon blizil.

Proménné dopravni znaCeni umoZni maximaélni kapacitni
vyuziti komunikace a prfi mimoradném stavu bude ucastni-
ky provozu v¢as varovat. V pripad¢ poZdru systém poZarni-
ho vétrani odvede kouf ztéZujici orientaci i s jedovatymi
zplodinami mimo stavbu, tak aby umoZznil bezpecnou eva-
kuaci osob. Uvedené predpokladd, Ze vSechny technické
systémy stavby, koordinované pomoci fidiciho systému, bu-
dou pracovat zpusobem, Ze v souhrnu pfispé€ji k plynulému
prujezdu vozidel, vEasnym vyhodnocenim dat predejdou
vzniku fady mimorddnych uddlosti a pokud tyto uddlosti
prece jen vzniknou, tak jejich ndsledky budou znaéné mir-
néjsi.

Ridici systém tunelové stavby je projekéné i realizané
zajiStovan skupinou ELTODO. Rozsahu stavby odpovida
i slozitost fidiciho systému. Databdze fyzickych vstupu do
systému mé pres 24 000 poloZek, fyzickych vystupu je pies
13 000. Pro srovnani, zatim nejslozitéjsi do provozu uvade-
ny tunel Mrazovka (ATM) obsahuje okolo 8000 bindrnich
vstupu. Ddle se oproti predchozim tunelovym stavbdm
znacné zvysil polet zarizeni, kterd si vyménuji informace
po sbérnicich vyssi drovné (sériovych komunikacich). Pro
spravu takto rozsdhlé databdze je pouzita vlastni aplikace
skupiny ELTODO, realizovand na databdzovém systému
Microsoft Access a obsahujici fadu mechanismu pro auto-
matizovanou kontrolu vkladanych ddaju.

ARCHITEKTURA SYSTEMU

Ridici systém je pro zachovani potfebné bezpecnosti
a odolnosti proti poruchdm navrZen jako plné redundantni
na vSech drovnich. Veskeré hardwarové soucasti ridiciho
systému 1 jejich propojeni jsou zdvojeny. Na trovni progra-
movatelnych automati PLC je systém navrZen na platformé
SIMATIC S7-400 firmy SIEMENS s vyuZitim primyslové
sbérnice PROFIBUS DP na optické a metalické fyzické
vrstve. Na vizualizaéni drovni je systém navrZen na platfor-
mé PROFICY CIMPLICITY firmy GE FANUC urcené pro
operacni systémy Microsoft Windows. Jako archivaéni
systém je pouzit MICROSOFT SQL SERVER. Systém je
dale doplnén redundantnimi servery pro fizeni provozniho
vétrani, videodohledu a informaéniho systému ZPI. Jako
prevodniky prumyslovych sbérnic jsou pouZity moduly
ANYBUS Communicator firmy HMS. Systém je doplnén
prumyslovymi PC s aplikaénim softwarem urenym pro
komunikaci se systémy tretich stran pripojenych po sbérni-
cich vy8§i drovné (sériové linky, Ethernet, prumyslové sbér-
nice).

SYSTEM RIZEN{

Tunelovy komplex Blanka nestoji samostatné na tzv. zele-
né louce, ale bezprostfedné navazuje na linii tunelovych sta-
veb Zlichovska radidla (ZLRA), automobilovy tunel
Mréazovka (ATM) a Strahovsky automobilovy tunel (SAT).
Proto v Fizeni provozu této tunelové stavby musi byt zohled-
novan provoz i v sousednich lokalitdch, zrovna tak jako pro-
voz na vyjezdech z tunelového komplexu a jejich nejbliz§im
okoli.

Prevdaznd &ast algoritmu fizeni, zejména bezpecnostni
funkce, je kvili nutnosti vyhodnocovat vySe zminénou
sumu informaci v redlném Case naprogramovdna
v algoritmech fidiciho systému. Vyhodnocovani stavu
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case of a fire, there is increased threatening by radiant heat or
poisonous combustion products there, whilst the access of com-
ponents of the integrated rescue system to the intervention spot
is more complicated than the access on a free surface road.

It is at least the moral obligation of the person determining
operational rules to ensure a level of safety for users of the road
in these problematic sections which is comparable with the level
existing on an open surface road or at least approximates this
level.

Variable traffic signs will make the maximum capacity use of
a road possible and will warn participants of traffic in time in
the case of an extraordinary event. In the case of a fire, the fire
ventilation system will evacuate smoke making orientation
more difficult and poisonous combustion products outside the
structure so that safe evacuation of people is possible. The
above-mentioned information assumes that all technical sys-
tems of the structure, which are coordinated by the management
system, will work in such the way that they will contribute as
the whole to the fluent passage of vehicles and, through timely
assessment of data, will prevent the origination of many extra-
ordinary events and, if these events after all develop, their con-
sequences will be significantly more moderate.

The management system for a tunnel structure is secured in
terms of the design and installation by ELTODO Group. The
complexness of the management system corresponds to the
scope of the project. The database of physical inputs into the
system contains over 24,000 items, whilst the number of physi-
cal outputs exceeds 13,000. For the purpose of comparison, the
till now most complicated tunnel opened to traffic, the
Mrézovka automobile tunnel, contains approximately 8,000
binary inputs. In addition, the number of facilities exchanging
information through higher-level buses (serial communications)
significantly increased in comparison with previous tunnel
structures. Such the extensive database is managed using ELTO-
DO Group’s own application, which is realised on the Microsoft
Access database system and contains numerous mechanisms for
automatic checking of the data being inserted.

ARCHITECTURE OF SYSTEMS

The management system is designed for maintaining the
necessary safety and resistance against failures as a system fully
redundant at all levels. All hardware components of the mana-
gement system and their connections are doubled. At the level
of programmable logic control (PLC) automatons the system is
designed on the SIMATIC S7-400 platform developed by SIE-
MENS, using the PROFIBUS DP industrial bus on an optical
and metallic physical layer. At the visualisation level, the sys-
tem is designed on the PROFICY CIMPLICITY platform deve-
loped by GE FANUC, which is designed for Microsoft
Windows operating systems. MICROSOFT SQL SERVER is
used as the archival system. The system is further supplemented
by redundant servers for the control of the operating ventilation,
camera surveillance and the information display ID. ANYBUS
Communicator modules of HMS company are used as conver-
ters of industrial buses. The system is supplemented by indu-
strial PCs with application software designed for communicati-
on with third party systems connected through higher level
buses (serial lines, Ethernet, industrial buses).

MANAGEMENT SYSTEM

The Blanka complex of tunnels does not stand independently,
on a green field; it directly links the line of tunnel structures for-
med by tunnels on the Zlichov Radial Road and the Mrdzovka
and Strahov automobile tunnels. For that reason it is necessary
for the traffic management system to allow for the traffic in
neighbouring locations, as well as the traffic at exits from the
complex of tunnels and their closest surroundings.
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Obr. 2 Vizualizace tunelové trouby s dopravnim znacenim (zdroj:
www.tunelblanka.cz)
Fig. 2 Visualisation of a tunnel tube with traffic signs (source:
www.tunelblanka.cz)

dopravy v tunelovych stavbdch v§ak musi pocitat s tak velkou
mnoZzinou udélosti, Ze ne vSechny jejich varianty lze zpraco-
vat v uloZenych algoritmech. Proto stdle nezastupitelnym
druhem fizeni provozu v tunelovych stavbach je dispeCerské
fizeni, spojujici sofistikované zpracovani prichazejicich dat
se zkuSenostmi dispeleru. V piipadé tunelového komplexu
Blanka je souclasné projektovdna dostavba vicedcelového
Multifunkéniho operaéniho centra (MOS), kde se bude
nachdzet i dispeCerské centrum fizeni tunelovych staveb.

TECHNIKA POUZITA PRO RIZENI

Na horni trovni, tj. vizualizalnim zndzornéni stava dopravy
a technologie, je pouzita standardni PC platforma s vyuZitim
operalnich systému Microsoft Windows v serverovém
a desktopovém provedeni. Jako vizualizacni software je pouZit
syst¢tm PROFICY CIMPLICITY firmy GE FANUC v kon-
figuraci klient — server s redundanci na tdrovni SCADA
a databdazového serveru. V aplika¢ni drovni je pouzit, podobné
jako ve vSech tunelovych stavbach v Praze, vlastni produkt sku-
piny ELTODO systém Kerberus. Ddle jsou zde samostatné ser-
very pro Fizeni provozniho vétrdni a pro zpracovani informaci
od videodohledu a systému ZPI. Jsou rovnéZz v redundantnim
provedeni, a to i s potfebnym aplikaénim softwarem. Modern{
pouZzitda soucdstkovd zdkladna umozni, pfi zachovani pravidel
pravidelné idrzby, pouZivat tento ridici systém po dobu navrho-
vanou v CSN 73 7507 kapitola 5, tj. vice neZ 15 let.

SW PROJEKT DOPRAVNIHO ZNACENI

Pravidla pro umistovani proménného dopravniho znaceni
v tunelovych stavbéch, zplsob jeho ovldddni a algoritmy

The majority of management algorithms, first of all the safe-
ty function, are programmed in the management system algo-
rithms because of the necessity of assessing the above-mentio-
ned sum of information in real time. However, the process of
assessing the state of traffic in tunnels has to be prepared for
such a large set of events that not all of their variants can be pro-
cessed in the stored algorithms. For that reason management by
operators joining sophisticated processing of incoming data
with the experience of operators is still a non-substitutable met-
hod of managing traffic in tunnels. In the case of the Blanka
complex of tunnels an expansion of the multi-purpose
Multifunctional Operation Centre which will even house the
operator management centre for tunnel structures.

TECHNIQUE APPLIED TO MANAGEMENT

A standard PC platform using Microsoft Windows operating
systems configured for a server and desktop is used at the top
level, i.e. the visualisation depiction of traffic and equipment
states. PROFICY CIMPLICITY of GE FANUC PLC in confi-
guration client — a server with redundancy at the level of
SCADA and a database server — is used as the visualisation ser-
ver. ELTODO own product, the Kerberus system, is used at the
application level, similarly to all tunnel structures in Prague. In
addition, independent servers are used for the operating control
of ventilation and for processing of information from the came-
ra surveillance system and the information display system. They
are also in the redundant form, even with the required applicati-
on software. The state-of-the-art component base which is used
will, under the condition of adhering to rules of regular mainte-
nance, allow this system to be used for the time proposed in
CSN 73 7507, section 3, i.e. for over 15 years.

SW DESIGN FOR TRAFFIC SIGNS

Rules for positioning of variable traffic signs in tunnel struc-
tures, the method of controlling them and management algo-
rithms interlocked with the state of other systems, form a speci-
fic area of management, which, in contrast with management
systems, has no direct equivalent in industrial systems.

The SW design for traffic signs comprises the defining of all
particulars required for the operation of traffic signs within the
framework of the complex in terms of the management system.
It is not only the defining of the conditions of individual traffic
signs and facilities (the number of which in the tunnel amounts
to about 800) for the group of tunnel traffic states, but also cre-
ating a source document for SW programmers from the aspect
of transition sequences between individual static states.
Dynamic states of the tunnel, which are formed by combinati-
ons of static states of the tunnel in a time sequence, are directly
tied to the transition sequences. These states and their rules are
subsequently implemented to the management system, the user
interface of which is formed in compliance with the already

Obr. 3 Vizualizace tunelové trouby s vyjezdovou rampou a tunelovou propojkou (zdroj: www.tunelblanka.cz)
Fig. 3 Visualisation of a tunnel tube with an exit ramp and a cross passage between tunnel tubes (source: www.tunelblanka.cz)
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Obr. 4 Blokové schéma dopravniho znaceni pro dopravni stav s normdlnim provozem
Fig. 4 Block diagram of traffic signs for the traffic state with normal traffic

fizeni provdzané na stav dalSich systému tvoii specifickou operating management systems for Prague tunnels. This means,
oblast Fizeni, kterd, na rozdil od Fidicich systému, nemd for a logical reason, that identical principles of management are
pfimy ekvivalent v prumyslovych systémech. SW projekt maintained so that traffic operators and equipment controllers

dopravniho znadeni zahrnuje definovani veskerych nalezi- | do not have to work with different systems.
tosti pro provoz dopravniho znaCeni v ramci komplexu In the current conception, the entire Blanka complex of tunne-
z pohledu Fidiciho systému. Jednd se nejen o definovéni Is is divided into four structures for two management systems. In

terms of terminology, it is marked as three tunnels entitled the
Brusnice tunnel, the Dejvice tunnel and the Bubenec tunnel. It is
possible in terms of terminology that the names be still changed
and that the names are not final for the execution of design docu-
ments.

It was necessary for the assigning of the current imaging sys-
tem to individual variable traffic signs first of all to define the
static states for which the traffic signs will be solved and pre-
set. These states were defined within the framework of coope-
ration with other contractors for the structures and the SW

stavu jednotlivych dopravnich znaCek a zafizeni (kterych je
v tunelovém komplexu cca 800) pro skupinu dopravnich
stavu tunelu, ale také o vytvoreni podkladu pro programéto-
ry SW z pohledu prechodovych sekvenci jednotlivych sta-
tickych stavu. Na prechodové sekvence pfimo navazuji
dynamické stavy tunelu, které jsou tvoreny kombinacemi
statickych stavi tunelu v Casové posloupnosti. Nasledné
jsou tyto stavy a jejich pravidla implementovany do ridici-
ho systému, jehoZ uzivatelské rozhrani je vytvareno

v souladu s jiZ provozovanymi fidicimi systémy praZskych | gesion for traffic signs. The complex of tunnels was divided for
tuneli. To je z logického divodu zachovdn{ stejnych princi- the purpose of defining the static states into independent traffic
pl fizeni tak, aby operdtofi dopravy a dispecefi technologie sections, which are divided according to grade-separated inter-
nemuseli pracovat s rozdilnymi systémy. sections. They are defined with the intention to make it possib-
Cely tunelovy komplex Blanka je v soucasném pojeti | le for vehicles to vacate the tunnel via an exit ramp in the case
délen do Ctyr staveb a pro dva fidici systémy. Termi- of the closure of the entire traffic section (see Fig. 3).
nologicky je oznacen jako tfi tunely s vlastnim nazvem — Static traffic states were proposed for the defined individual
Brusnicky tunel, Dejvicky tunel a Bubenecsky tunel. sections (see Fig. 4). It means, for example, a state where the
Z pohledu terminologie je mozZné, Ze se ndzvy jesté budou left-hand traffic lane is closed, the speed limit throughout the
ménit a pro realizaci dokumentace neni pojmenovéani fi- lane length is reduced etc. The defined static states were supp-
nalni. lemented by adding dynamic states to them — i.e. states deter-
Pro samotné prirazeni aktudlniho zobrazeni na jednotlivé mined on'ly by a standard drawing and defining of conditions
PDZ musely byt nejdfive definovdny statické stavy, pro under which they can take place. An example of such the state

is a floating traffic closure, which does not close the traffic lane
throughout its length, but only several transverse profiles befo-
re the restriction location. Beyond this location the traffic along
the lane is again permitted. The time sequence of the imaging of
road signals is also considered to be a dynamic state, namely at
a combination with more static states.

The ‘tunnel closed’ static state can be used as a demonstrati-
on example. At this state, the entrances and exits are closed and
all transverse profiles with traffic signs and traffic lights activa-

které bude dopravni znaceni feSeno a prednastaveno. Tyto
stavy byly definovany v ramci kooperace s ostatnimi zhoto-
viteli stavby a SW projektu dopravniho znaceni. Pro defino-
vani statickych stava byl tunelovy komplex rozdélen na
samostatné dopravni dseky, které jsou rozdéleny podle
mimouroviiovych kriZzovatek. Jsou definovany tak, aby
v pripadé zavieni celého dopravniho tseku vozidla mohla
pravé pred timto dsekem opustit tunel vyjezdovou rampou

(obr. 3). te the signal S1 a, i.e. the red light signal ‘Stop’. Red crosses are

Pro definované jednotlivé tseky byly navrZeny statické activated on the lane-use signals (signal S8a — lane closed to all
dopravni stavy (obr. 4). To znamend napfiklad stav levy vehicles). This is how the ‘tunnel closed’ state looks in its final
jizdni pruh uzavien, sniZeni rychlosti v celé délce atd. | shape, but its activation can consist of several partial steps. At a
K definovanym statickym stavim byly doplnény dynamické common closure, the signal ‘lane closed to all vehicles’ is not
stavy — stavy uréené pouze vzorovym vykresem a de- switched on at all transverse profiles at the same time; it is acti-

finovanim podminek, za kterych mohou nastat. Takovym vated gradually, from the tunnel entrance ahead down the tunnel
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Obr. 5 Vizualizace MUK §pejchar (zdroj: www.tunelblanka.cz)
Fig. 5 Visualisation of Spejchar grade-separated intersection (source:
www.tunelblanka.cz)

stavem je napriklad plovouci uzdvéra, kterd neuzavira jizd-
ni pruh v celé délce, ale pouze nékolik fezi pred mistem
omezeni. Za nim je jizda v pruhu opét povolena. Za dyna-
micky stav je také povazovana Casova posloupnost zobraze-
ni dopravniho znaleni, zejména pri kombinaci vice static-
kych stavu.

Ukédzkovym piikladem muzZe byt staticky stav tunel uza-
vien. Pfi tomto stavu jsou uzavieny vjezdy, vyjezdy
a vSechny fezy s dopravnim zna¢enim a svételné signalizac-
nim zafizenim aktivuji signdl Sla — signdl s Cervenym svét-
lem ,,Staj“. Na pruhové signalizaci nad jizdnimi pruhy jsou
aktivovany Cervené krizky (signdl S8a — zakdzany vjezd
vozidel do jizdniho pruhu). Takto stav tunel uzavien vypada
v kone¢né podobé€, jeho aktivace ale muZe byt sloZena
z dil¢ich kroku. Pfi béZném uzavieni neni zdkaz jizdy roz-
svicen na vSech rezech najednou, ale aktivuje se postupné
od vjezdu do tunelu ve sméru jizdy tak, aby Zddné vozidlo
nemohlo byt dopravnim znacenim ,,chyceno” v tunelu. To
ale neplati v pripadé mimoradnych uddlosti, kdy je naopak
zapotiebi cely dopravni proud pred mistem mimoradné ud4-
losti bezodkladné zastavit. Vozidlum za uddlosti ale mus{
byt umoznéno z tunelu bezpecné vyjet, takze uzavieni pro-
béhne v udseku pred uddlosti najednou, a za ni postupné.
Finalni staticky stav je vZdy stejny — pouze jeden, ale dyna-
mickych stava, které mu predchdzeji, je velmi mnoho.

K definovanym stavim v tunelu jsou navdzdny stavy
dopravniho znaeni na povrchu (vjezdové rampy a prilehlé
kfizovatky) obr. 5.

Po definovani statickych stavi a dynamickych stavu je
treba vytvorit dynamické sekvence — pravidla pro mozné
prechody mezi jednotlivymi statickymi stavy s moZnou
kombinaci na dynamické stavy. V soucasné dobé jsou préce
na SW projektu praveé v této fazi — jsou definovany statické
a dynamické stavy a probihaji prace na dynamickych
sekvencich (obr. 6).

Uvedeni celého komplexu do provozu je pldanovano
k terminu duben 2014. Do té doby je v ramci tvorby fidici-
ho systému tunelového komplexu Blanka potfeba ud¢lat
mnoho prace, ale SW projekt dopravniho znaceni, na jehoZ
zdkladé bude ridici systém znacky vyuzivat a ovladat, je na
dobré cesté ke splnéni terminu realizace.

ING. MARTIN KNAKAL, knakalm@eltodo.cz,
ING. DUSAN KRAJCIR, DiS., krajcird@eltodo.cz,
ING. JIRI STEFAN, stefanj@eltodo.cz,.

ELTODO EG, a.s.

Recenzoval: Ing. Petr Bedndr

Vyznam oznaceni pro grafické
znazornéni dynamickych sekvenci pro
tunelovou troubu:

1L - Tunelova trouba otevfena

4L - Levy jizdni pruh uzavfen

5L - Pravy jizdni pruh uzavien

6L - Levy a stfeni jizdni pruh uzavfeny

The meanings of marks for graphic
depiction of dynamic sequences for

a tunnel tube:

1L - Tunnel tube open

4L - Left-hand traffic lane closed

5L — Right-hand traffic lane closed

6L — Left-hand and central traffic lanes

7L - Pravy a stfedni jizdni pruh uzavieny closed
8L - Tunelova trouba uzaviena 7L — Right-hand and central traffic lanes
closed

11 — Prevedeni dopravy do obousmér-
ného provozu v tunelové troubé 8L — Tunnel tube closed
11 — Traffic diversion to contra-flow

operation in the tunnel tube

Obr. 6 Priklad grafického zndzornéni dynamickych sekvenci — povolenych
prechodit mezi statickymi stavy
Fig. 6 An example of graphic depiction of dynamic sequences — permitted
transitions between static states

in the direction of travel so that no vehicle can be ‘entrapped’
by the signals inside the tunnel. However, this rule does not
apply to emergency cases, when, on the contrary, it is necessary
to immediately stop the entire traffic stream before the emer-
gency location. But the vehicles found behind the emergency
location must be allowed to safely leave the tunnel. For that rea-
son the closure event will happen at one stroke in the section
before the emergency location and step-by-step behind it. The
final static state is always identical, only one, but there are many
preceding dynamic states.

The states of traffic signs on the surface (entry ramps and
adjacent intersections) are tied to the defined states inside the
tunnel (see Fig. 5).

After defining the static states and dynamic states, it is neces-
sary to develop dynamic sequences, i.e. rules for possible tran-
sitions between individual static states with a possible combina-
tion with dynamic states. The work on the SW design is cur-
rently at this stage, i.e. the definition of static and dynamic sta-
tes has been completed and the work on dynamic sequences is
underway (see Fig. 6).

Bringing the entire complex into service is planned for April
2014. Till that time it is necessary to carry out lots of work wit-
hin the framework of the development of the management sys-
tem for the Blanka complex of tunnels. Anyway, the SW design
for traffic signs on the basis of which the management system
will use and control the signs is on good way to meeting the
deadline for the system implementation.

ING. MARTIN KNAKAL, knakalm@eltodo.cz,
ING. DUSAN KRAJCIR, DiS., krajcird@eltodo.cz,
ING. JIRI STEFAN, stefanj@eltodo.cz,.

ELTODO EG, a. s.
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EXPERIMENTALNI ZATEZOVACI ZKOUSKY DRATKOBETONOVYCH
A ZELEZOBETONOVYCH PREFABRIKOVANYCH SEGMENTU
PRO OSTENI TUNELU

EXPERIMENTAL LOADING TESTS OF STEEL FIBRE
REINFORCED AND TRADITIONALLY REINFORCED
PRE-CAST CONCRETE SECMENTS FOR TUNNEL LININGS

MATOUS HILAR, PETR VITEK

1 OvoD

Pro mechanizovanou razbu pomoci plnoprofilovych tunelo-
vacich §titd (technologie TBM) je zpravidla aplikovdno seg-
mentové tunelové osténi z prefabrikovaného Zelezobetonu.
V soucasné dobé jsou v praxi stdle Castéji vyuzZivany segmen-
ty z prefabrikovaného dratkobetonu bez tradi¢ni prutové
vyztuze (Hilar, Befo, 2012). V Ceské republice nyni probihd
vyzkum zaméfeny na problematiku dratkobetonovych seg-
mentu, aby danou technologii bylo moZné vyuZit i na eskych
tunelech. V tvodnich fézich vyzkumu byla vyrobena
a odzkouSena fada vzorkd pro porovndni a vybér vhodného
sloZeni dritkobetonové smési (Vodicka a kol., 2012). Byl
porovndvan vliv ruzného davkovéni dratku i ruznych typua
drdtkd na vysledné chovdni dritkobetonu. Vlastnosti vzork
byly laboratorné€ zkouseny a vyhodnoceny (pevnost v prostém
tlaku zkouSend na krychlich, ohybovd pevnost zkouSend na
tramcich). Nekteré parametry dratkobetonu byly zpétné odvo-
zovany pomoci pokroc¢ilého numerického modelovani meto-
dou kone&nych prvka v programu ATENA (Sajdlovd, Pukl,
2011). V Kloknerové tstavu CVUT v Praze byly zkouSeny
Zelezobetonové a dratkobetonové segmenty (Vokac, Bouska,
2011). Vysledky provedenych zkouSek jsou prezentovany
v ndsledujicim ¢lanku.

2 TYPY ZKOUSEK

Kromé testovdni malych vzorkl zejména trdmcu, jejichZ tes-
tovdni se béZné realizuje jiz fadu let, byl nyni uskute¢nén kom-
plexni soubor testi na redlnych prvcich skute¢né velikosti.
PrestoZe jsou segmenty tunelového osténi vystaveny d¢inkam
fady zatéZzovacich stavu (napf. manipulace, skladovani, dopra-
va, instalace, definitivni zatiZeni, atd.), jsou v praxi zavadéna
opatfeni, aby rozhodujici pro dimenzovan{ prefabrikdtt byly
jen nékteré z nich. Zasadnim navrhovym zatiZenim je priroze-
n¢ zatizeni horninovym masivem. Vzhledem k vodone-
propustnosti segmentového osténi muze hrat vyznamnou roli
také hydrostaticky tlak, zejména pokud je hladina podzemni
vody nad urovni tunelu. Uvedend zatiZeni pusobi po celou
dobu Zivotnosti konstrukce. Dal§im vyznamnym zatéZovacim
faktorem je pritlak tunelovaciho §titu, ktery je zatlaCovan do
horninového masivu pomoci hydraulickych lisi zaptrenych
o smontované prstence osténi. Jednd se sice o doCasny staveb-
ni stav a kratkodobé zatiZeni, které by z hlediska co nejtspor-
néj$iho ndvrhu nemélo byt podstatné. AvSak s ohledem
na mnohdy predpoklddané vysoké hodnoty pritla¢né sily stro-
je (zaviseji na predikovanych geotechnickych vlastnos-
tech horninovém masivu) hraje dany zatéZovaci stav ¢asto roz-
hodujici roli pfi ndvrhu segmentd. I vzhledem k tomuto faktu

1 INTRODUCTION

Segmental tunnel lining is usually applied to mechanised
tunnelling using full-face tunnelling shields (the TBM tech-
nology). Pre-cast steel fibre reinforced segments are current-
ly used in praxis, containing no traditional rod reinforcement
(Hilar, Beno, 2012). In the Czech Republic, there is
a research underway focused on problems of steel fibre rein-
forced segments so that this technology can be applied even
to Czech tunnels. A variety of samples were produced and
tested in the initial phases of the research, serving for the
comparison and selection of suitable composition of steel
fibre reinforced concrete mixture (Vodicka et al., 2012). The
influence of different dosing of steel fibres on the resultant
behaviour of steel fibre reinforced concrete was subjected to
comparison. The properties of steel fibres were laboratory
tested and assessed (unconfined compressive strength tested
on cubes, flexural strength tested on beams). Some parame-
ters of steel fibre reinforced concrete were derived backward
by means of advanced numerical modelling using the Finite
Element Method in the ANTENA simulator (Sajdlova, Pukl,
2011). Traditionally reinforced concrete segments and SFRC
segments were tested by the Klokner’s Institute of the Czech
Technical University in Prague (Vokdc¢, BouSka, 2011). The
results of the completed tests are presented in the paper
below.

2 TYPES OF TESTS

Apart from the testing of small samples, first of all beams,
the testing of which has been commonly conducted for
a number of years, a comprehensive set of tests on real ele-
ments with real sizes was carried out at present. Although
segments of tunnel linings are exposed to effects of a range
of loading cases (e.g. handling, storing, transport, installati-
on, final loading), measures are being introduced in praxis
designed to make only some of them deciding for the dimen-
sioning of the pre-cast elements. Naturally, the load induced
by rock mass is the principal design load. With respect to the
waterproofing capacity of a segmental lining, even the hyd-
rostatic pressure can play important role, first of all when the
water table is above the tunnel level. The above-mentioned
loading cases are in action throughout the design life of the
structure. Another significant loading factor is the thrust of
a tunnelling shield, which is pressed into rock mass by
means of hydraulic rams pushing against assembled lining
rings. It is true that this is a temporary construction conditi-
on and short-term loading, which should not be significant
as far as the as economic as possible design is concerned.
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Obr. 1 Provadeéné zkousky — a) ohyb segmentu kolmo na rovinu segmentu,
b) ohyb segmentu v roviné segmentu, c) prosty tlak na segment dvéma bre-
meny, d) prosty tlak jednim biemenem na zbytky segmentit

Fig. 1 Conducted tests — a) segment bending perpendicularly to the segment
plane, b)segment bending in the segment plane, c) unilateral pressure on the
segment induced by two loads, d) unilateral pressure induced by a single load
acting on remains of segments

je tfeba posuzovat technologii TBM jako celek, potfebnd vyssi
unosnost osténi je kompenzoviana radou vyhod.

Pro simulaci rozhodujicich ndvrhovych stavu byly navrzeny
tfi typy zkousek (obr. 1):

A) Simulace zatiZeni horninovym masivem:

Segment je zatéZzovan ohybem, a to v rovin€ kolmé na plo-
chu segmentu. Segment se ukladd ve tvaru klenby (obrdcené
"U") na posuvné podpory a zatéZuje se ve vrcholu klenby
pfimkovym zatiZenim. Posuvné podpory znamenaji namdhan{
prostym ohybem bez vlivu normdlové sily (obr. 1a). Ackoli ve
skuteCnosti jsou tunelova osténi namahana normdlovou silou,
pro ucel zkouSeni byl zvolen staticky jednoduSsi model, aby
vysledky byly sndze interpretovatelné a poskytly vhodnéjsi
podklady pro numerickou analyzu. Kombinaci s normalovym
zatizenim osténi lze ndsledné relativné snadno modelovat
v numerickém vypoctu.

B) Simulace zatiZeni axidlnimi lisy Stitu — idealni stav:

Jak jiz bylo zminéno, zatiZeni lisy §titu zajiStujicimi potfeb-
ny pritlak stroje na Celbé je pro ndvrh segmentu jeden
z rozhodujicich zatéZovacich stavu. Je zapotfebi mit jasnou

However, with respect to the anticipated high values of the
thrust force of the machine (depending on the predicted geo-
technical properties of rock mass), the particular loading
case often plays the deciding role in designing segments. It
is also with respect to this fact that the full-face TBM tech-
nology must be assessed as a whole; the required higher loa-
ding capacity is compensated for by numerous advantages.

The following tree types of tests were proposed for the
simulation of deciding design conditions (see Fig. 1):

A) Simulation of the rock mass induced loading:

A segment is loaded by bending in a plane perpendicular
to the segment surface. The segment is placed in the positi-
on of a vault (inverted ‘U’) on movable supports; a linear
load acts on the top of the vault. The movable supports mean
that only a pure bending load acts, without the influence of
a normal force (see Fig. la). Despite the fact that tunnel
linings are in reality loaded by normal forces, a statically
simpler model was chosen for the purpose of the testing, so
that the results were easier to interpret and provided more
suitable grounds for a numerical analysis. A combination
containing the normal loading acting on the lining can be
subsequently relatively easily modelled in a numerical cal-
culation.

B) Simulation of loading induced by axial rams on the
shield — an ideal condition:

As mentioned above, the loading induced by rams on the
shield providing the required thrust of the machine against
the excavation face is one of the loading cases deciding for
the segment design. It is necessary to have clear information
about the load under which cracks start to develop and the
moment at which they start to propagate throughout the
lining thickness. Despite the fact that the loading capacity of
a segment can be sufficient, a crack running throughout the
segment thickness means that the lining is permeable for
water, which naturally is unacceptable. The test is arranged
in a way where the segment is loaded by a pressure inside
the central plane. With respect to the capability of the loa-
ding equipment (maximum force of 10 MN — 1000 t), the test
was composed in two variants, namely with the loading by
a single load (see Fig. 1b) with the possibility of reaching the
total load-bearing capacity of the element, and the loading
by two loads (see Fig. 1c) without the possibility of reaching
the loading capacity of the element.

C) Simulation of loading induced by axial rams on the
shield — non-uniform bearing of the segment:

Segments in lining rings are bonded in a way similar to
brickwork. This system brings many advantages, including
the increase in the rigidity of the lining. When the loading by
the tunnelling shield is being applied, the loading force is
transmitted to two segments of the previous ring. If the state
occurs where the segmental lining is not assembled geome-
trically accurately, the segment being loaded by rams is sup-
ported non-uniformly. In the case being assessed, one seg-
ment is exposed to loading in 3 points (the simulation of 3
rams) and is placed on 3 supports. With respect to the fact
that a statically indeterminate structure is in substance in
question, the element is loaded by bending when a support
drops. The test is adjusted to this fact. The segment is fixed
on two supports and the side support is omitted; it is loaded
by a single load acting in the central plane in the end point
of application (see Fig. 1d). The element is therefore loaded

as a high cantilever.



informaci o tom, pfi jakém zatiZzeni vznikaji trhliny a kdy se
propaguji na plnou tloustku osténi. PfestoZe segment muZe byt
dostate¢né unosny, trhlina prochdzejici celou tloustkou seg-
mentu znamend vodopropustnost osténi, coZ prirozené neni
prijatelné. Zkouska je uspordddna tak, Ze segment je zatéZovan
tlakem ve stfednicové plose. S ohledem na moZnosti zatéZzova-
ciho zarizeni (maximalni sila 10 MN — 1000 t) byla zkouska
koncipovdna ve dvou variantdch, a to zatiZeni jednim breme-
nem (obr. 1b) s moZnosti dosaZeni celkové tnosnosti prvku
a zatiZzeni dvéma bremeny (obr. 1c) bez moZnosti dosaZeni
unosnosti prvku.

C) Simulace zatiZeni axialnimi lisy $titu — nerovnomérné
uloZeni segmentu:

Segmenty v prstencich osténi jsou provazany vazbou podob-
né jako cihelné zdivo, coZ prinasi radu vyhod véetné zvyseni
tuhosti osténi. Pfi zatiZeni tunelovacim Stitem je zatéZovaci
sila prendfena do dvou segmentu predchdzejiciho prstence.
Pokud dojde k tomu, Ze segmentové osténi neni smontovano
geometricky presné, tak je segment zatéZovany lisy podepren
nerovnomérné. V posuzovaném pripadé je jeden segment
vystaven 3 pusobistim zatiZeni (simulace 3 lisi) a uloZen na 3
podporéch. S ohledem na fakt, Ze se v podstaté jednd o staticky
neurcitou konstrukei, pri poklesu podpory je prvek namédhdn
ohybem. Tomu je pfizpusobena i zkouska, kdy je segment zafi-
xovan na dvou podporéch, krajni je vynechdna, a zatiZzen jed-
nim bfemenem pusobicim ve stiednicové roviné v krajnim
pusobisti (obr. 1d). Prvek je tedy zatiZen jako vysokd konzola.

3 ZKOUSENE SEGMENTY

Pro vyrobu prefabrikovanych segmentt uréenych pro zaté-
Zovaci zkousky byly vyuzity formy pouzivané k vyrobé seg-
mentd pro mechanizovanou razbu tratovych tunelt prodlouze-
ni trasy A prazského metra. Geometrie segmentu je patrnd
z obr. 2. Prstenec osténi md vnitin{ prumér 5,3 m, vnéj3i pru-
mér 5,8 m, mocnost osténi (segmentu) je 0,25 m, délka jedno-
ho prstence (§itka segmenttl) je 1,5 m. VSechny prstence maji
shodny tvar. Svislé praméty osazenych prstenci maji tvar
lichobéZnika, pfi¢emZ vzdjemnym natodenim prstencu kolem
jejich osy lze zajistit vedeni v pfimém sméru i zménu sméru
tunelu (smérové a vyskové oblouky). Tfi nejvetsi segmenty
(A1, A2 a A3) maji rovnobézné lozné hrany, dva dalsi seg-
menty obdobné velikosti (B a C) jsou na strané klendku zko-
sené, zdveéreCny uzaviraci segment (K — klendk) je zkoseny na
dvou loZnych strandch a md priblizné tretinovou velikost.
Segmenty jsou vzdjemné spojovany Srouby (v podélném
i pri¢ném sméru), proto ma kazdy segment otvory a kapsy pro
umisténi Sroubu. Vodotésnost osténi je zajiStovdna pomoci
pryZovych pdsku, které jsou osazeny do obvodovych drdzek
kazdého segmentu. Prostor mezi rubem prstence a licem vyru-
bu se pri dal§im zdbéru soub&zné zalerpavd vyplnovou maltou.

Béhem vystavby je kazdy prstenec osténi zatizen pomoci 16
dvojic hydraulickych list umisténych v zadni ¢dsti tunelovaci-
ho §titu. Lisy jsou po obvodu prstence rozmistény rovnomerne
(dhel rotace 22,5°). Na pét velkych segmenti pusobi vZdy tri
dvojice list, na klendk pusobi pouze jedna dvojice lisi. Pro
Ucely zkouSek byly vyrobeny dva prstence segmenta
z drdtkobetonu bez prutové vyztuze s davkovanim drdtku
v betonu 40 kg/m3 a 50 kg/m3. Pro porovndni byly také zkou-
Seny béZné Zelezobetonové segmenty vyztuZené 105 kg/m3
prutové vyztuze. Pri zkouSkach byly zaznamendvéany hodnoty
pusobicich sil, velikosti deformaci méfené osazenymi potenci-
ometrickymi snimaci drahy a signdly z odporovych tenzomet-
ru nalepenych na povrch segmentu.
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Obr. 2 Geometrie segmentii v prstenci osténi
Fig. 2 Geometry of segments in a lining ring

3 TESTED SEGMENTS

The pre-cast segments for the loading tests were produced
using moulds for the production of segments for mechanised
excavation of running tunnels of the Prague metro Line
A extension. The geometry of the segments is presented in
Fig. 2. The lining ring has the inner diameter of 5.3 m and
outer diameter of 5.8 m and thickness (of segments) of
0.25 m. One lining ring is 1.5 m long (the width of one seg-
ment). The shape of all segments is identical. Vertical views
of completed rings are trapezoidal. The straight alignment of
the tunnel as well as changes in its direction (horizontal and
vertical curves) can be secured by rotating the rings against
each other around the axis. Three largest segments (A1, A2
and A3) have parallel edges of radial joints, whilst other two
segments of a similar size (B and C) are angled on the key
side and the closing segment (the key) has angled radial
edges on both sides and its size is about one third of the other
segments. The segments are interconnected with bolts (both
longitudinally and transversally). For that reason each seg-
ment has holes and boxes for the installation of bolts. The
waterproofing of the lining is secured by means of rubber
gaskets installed in peripheral grooves in each segment. The
annular gap between the outer side of the ring and the exca-
vated tunnel wall is concurrently backfilled with grout.

During the course of the construction, each lining ring is
loaded by 16 pairs of hydraulic rams located in the rear sec-
tion of the tunnelling shield. The rams are uniformly distri-
buted around the circumference (the angle of rotation of
22.5°). Each of the five large segments is loaded by 3 pairs
of rams, whilst only one pair of rams acts against the key.
Two rings were produced for the testing purposes using steel
fibre reinforced concrete (SFRC) without traditional reinfor-
cement, with the doses of steel fibres of 40 kg/m3 and 50
kg/m3. Common steel bar reinforced concrete segments with
105 kg/m3 of the reinforcement were also tested to allow
comparison. The values of the acting forces, the magnitude
of deformations measured by installed potentiometric path
transducers and signals from the strain gauges glued to the
surface of segments were recorded during the testing.

A hydraulic testing press Amsler 10000 kN 1523 (metrolo-
gy number KU S 07 010 M) was used for the testing. The
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Obr. 3 Segment zatiZeny ohybem kolmym na rovinu segmentu
Fig. 3 A segment loaded by bending perpendicular to the segment plane

Pri zkouskdch byl pouzivan hydraulicky zkuSebni stroj
Amsler 10000 kN 1523 (metrologické cislo KU S 07 010 M).
Pfi vSech provedenych zkouskéach byly zaznamendvany hod-
noty pusobicich sil, velikosti deformaci mérené osazenymi
potenciometrickymi snimaci drahy NOVOTECHNIK TR10
a TR25. Dale byly zaznamendvény signdly z odporovych ten-
zometri Mikrotechna typu X350 s délkou miizky 100 mm
nalepenych na povrch segmenttu. Pro sbér dat byla vyuZita
meérici istredna PEEKEL Autolog 2100.

4 ZATIZENI SEGMENTU OHYBEM KOLMO
NA ROVINU SEGMENTU

Pri dané zkousce byly segmenty zkouSeny v ohybu kolmo
na rovinu segmentu, zkouska simulovala namahdni ohybovy-
mi momenty pfi manipulaci, dopravé, skladovani a pri zati-
Zeni tlakem horninového masivu. Segmenty byly poloZeny
zaktivenou ¢asti nahoru (obr. 3), spodni hrany byly podloZe-
ny kluznymi podporami, které umoznovaly vodorovny pohyb
a zabranovaly svislému pohybu. Rovnomérné zatiZeni seg-
mentu po celé délce vrcholu klenby vyvoldvalo fizenou svis-
lou deformaci. To znamend, Ze zatéZzovaci sila vnaSend hyd-
raulickym valcem byla upravovédna tak, aby deformace na
pistu zatéZzovaciho lisu byla postupné rovnhomérné zvysova-
na. Zatézovaci sila tedy nejprve rostla a po vzniku trhlin byla
snizovana az do vycCerpdni kapacity (tj. do okamziku rozlo-
meni). Cely sofistikovany systém byl fizen pocitacem se spe-
cidlnim softwarem. Nespornou vyhodou zatéZovani ,,fizenou

Tab. 1 Vysledky zatiZeni segmentii ohybem kolmo na rovinu segmentu

values of acting forces, the magnitude of deformations mea-
sured by installed potentiometric path NOVOTECHNIK
TR10 a TR25 were recorded during all tests. In addition, sig-
nals from X350-type Mikrotechna strain gauges with the
grid length of 100 mm, which were glued to the surface of
segments, were recorded. A PEEKEL Autolog 2100 data log-
ger was used for data collection.

4 SEGMENT LOADING BY BENDING PERPENDICULAR
TO SEGMENT PLANE

During the course of the particular test, segments were
subjected to bending perpendicular to the segment plane.
The test simulated the loading by bending moments during
handling, transport, storing and loading by the pressure
induced by ground mass. Segments were placed with the cur-
ved surface upward (see Fig. 3); bottom edges were suppor-
ted by sliding supports allowing horizontal movement and
preventing vertical movement. The uniformly distributed
load, acting on segments throughout the length of the top of
the vault, induced controlled vertical deformation. This
means that the loading force introduced by the hydraulic
cylinder was adjusted with the aim of regular, evenly incre-
asing of the deformation on the loading ram cylinder. This
means that the loading force initially grew and subsequent-
ly, after the origination of cracks, was reduced until the
capacity was exhausted (i.e. until the moment of breaking).
The entire sophisticated system was controlled by
a computer with a special software. Undisputable advantage
of the loading through “controlled deformation” was the fact
that a complete diagram, including the descending branch,
was obtained. The decision to terminate the test was made
only when the element no more supported its own weight.
The above procedure was applied to 4 steel fibre reinforced
segments A3. The test results are presented in Table 1.

Petty cracks started to appear in a strip with variable width
on the bottom face of the segment before the maximum loa-
ding force was reached. They gradually developed and sub-
sequently localised themselves in a single crack (see Figures
4 and 5). This crack gradually opened, with a corresponding
decrease in the loading force. It was possible during the
course of the process of the crack opening to directly obser-
ve steel fibres being gradually pulled out. Typical spreading
of cracks in the SFRC was registered, characterised by
a number of thin cracks developing in the close vicinity of
the most stressed cross section and one of them later propa-
gating itself further.

Table 1 Results of segments loading by bending perpendicular to the segment plane

Segment  Mnozstvi dratki (kg/m?) Prirdstek sily (kN) ShiZovani zatizeni na hodnotu (kN)  Maximalni dosaZena pusobici sila (kN)
Segment Amount of steel fibres  Increments in force (kN) Load decreasing to Maximum acting force
(kg/m®) the value of (kN) reached (kN)
A3 - S1 40 kontinualné neodtézovano 115
continually not unloaded
A3 -S2 50 kontinualné neodtézovano 106
continually not unloaded
A3-S3 40 kontinualné neodtézovano 124
continually not unloaded
A3 -S4 50 kontinualné neodtéZovano 154

continually

not unloaded
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Tab. 2 Vysledky zatéZovani zbytkit segmenti prostym tlakem (L — levd &dst, P — pravd &dst)
Table 2 Results of uniaxial compression of the remainders of segments (L — left-hand part, P — right-hand part)

Segment Mnozstvi dratkd Prirtstek sily Snizovani zatizeni Sila pfi vzniku Sila pfi vzniku Maximalni dosazena
(kg/m?3), (kN) na hodnotu (kN) prvni trhliny (kN), trhliny pres celou pusobici sila
tloustku segmentu (kN) (kN)
Segment Amount of Increments Load decreasing Force in origination Force at the Maximum acting
steel fibres (kg/m®) in force (kN) to the value of (kN)  of first crack (kN) origination of crack force reached
throughout segment (kN)
thickness (kN)
K 50 300 90 4200 4200 7247
S1-L 40 600 200 6000 6000 6600
S2-L 50 600 200 4800 4800 7500
S3-L 40 600 200 6000 6000 6600
S3-P 40 600 200 6000 6000 7480
S4-L 50 600 200 5400 6000 8300
S4-P 50 600 200 6000 6600 7900

deformaci* bylo ziskdni celého pracovniho diagramu véetné
sestupné vétve. K ukonceni zkousky bylo pfistoupeno teprve
tehdy, kdyZ prvek neunesl svoji vlastni tihu. Danym zpusobem
byly zkouSeny Ctyfi dratkobetonové segmenty A3. Vysledky
zkousek jsou patrné z tab. 1.

Pred dosazenim maximadlni zatéZovaci sily se v pasu promén-
né $itky na spodni ploSe segmentu zacaly objevovat drobné trh-
liny, které se postupné rozvijely a nésledné se lokalizovaly do
jediné trhliny (obr. 4 a 5). Ta se postupné rozevirala, cemuz
odpovidal prislusny pokles zatéZovaci sily. Béhem rozvirani trh-
liny bylo mozné pfimo v trhlin€ sledovat postupné vytahovéni
dratku. Bylo zaznamendno typické $ifeni trhlin v betonu
s rozptylenou vyztuzi, kdy se v tésném okoli nejvice namdhané-
ho prufezu vytvari fada velmi tenkych trhlin, z nichZ se jedna
pozdéji propaguje dile.

RovnéZ je zajimavé, Ze nevySSi a nejniz$i tnosnosti bylo
dosazeno na vzorcich vyztuZenych 50 kg/m3, zatimco vzorky
vyztuzené 40 kg/m3 vykazuji podobnou inosnost. Hodnoty byly
ziskdny vzdy jen na dvou vzorcich, nelze je proto povaZovat za
statisticky vyznamné. Presto se nabizi vysvétleni, Ze beton
s mnoZstvim 50 kg/m3 dratka je jiZ obtiznéji misitelny, lze tedy
obtiZnéji zajistit rovnomérné rozptyleni drétki, a proto dochdzi
k vétsimu rozptylu v dnosnosti. Zfejmé v pripadé realizovanych
zkouSek byl testovan jeden segment s velmi vhodnym a druhy
segment s velmi nevhodnym rozptylenim drdtka. Zamérné je
pouzit termin vhodny misto rovnomérny. Vysokd unosnost
muZe byt ddna soustfedénim dréatku pti dolnim povrchu prvku —
tedy v tazené oblasti. To muZe byt zptisobeno napf. intenzivni
vibraci. Nejedna se tedy o jev veskrze priznivy, nebot lze usu-
zovat, 7Ze naopak dnosnost pri opaéném sméru namdhani (tah
v horni ¢asti prvku) bude dmérné sniZena. Ve skute¢nosti jsou
segmenty namdhdny v obou smérech.

5 ZATIZENI ZBYTKU SEGMENTU PROSTYM TLAKEM

Pii dané zkouSce byly zkouSeny zbytky segmentu, které
vznikly pri ohybovém zatéZovéni segmentt kolmo na rovinu
segmentu. Zbytky segmentu byly zatéZovédny prostym tlakem
ve svislém sméru. Pusobici sila byla zvySovéna s prirastkem
600 kN a mezi jednotlivymi zatéZovacimi stupni byl zbytek
segmentu odtizen na hodnotu 200 kN. Zbytek segmentu byl
zatéZovan a7 do vyerpani kapacity. Danym zpusobem bylo
zkouSeno Sest zbytkl segmentu a jeden segment K. Vysledky
zkousek jsou patrné z tab. 2.

Na rozdil od predchozi zkousky byl segment zatéZovan ve
svislé poloze, a proto byl dobfe pozorovatelny vznik trhlin na

Another interesting thing is that the highest and lowest valu-
es of the loading capacity were reached on samples reinforced
with 50 kg/m3 of fibres, whilst samples reinforced with
40 kg/m3 exhibit similar loading capacity. The values were
always obtained only on two samples, it is therefore impos-
sible to consider them to be statistically significant. In spite of
that, an explanation offers itself that concrete with the amount
of steel fibres of 50 kg/m3 is already more difficult to mix and
it is therefore more difficult to secure even dispersing of steel
fibres and large scattering of the loading capacity values the-
refore occurs. It is likely that, in the case of the conducted
tests, one segment with very favourably dispersed fibres was
tested, whilst the dispersion in the other segment was very
unfavourable. The term ‘favourable’ is used instead of ‘even’
on purpose. The high loading capacity can be caused by the
concentration of steel fibres at the bottom surface of the ele-
ment, i.e. in the tensioned area. This may be caused, for exam-
ple, by intense vibration. It is therefore not an entirely favou-
rable phenomenon because of the fact that it is possible to pre-
sume on the contrary that the loading capacity in the case of
the opposite direction of loading (tensioning in the upper part
of the element) will be proportionally reduced. In reality, seg-
ments are loaded in both directions.

Obr. 4 Segment zatiZeny ohybem kolmo na rovinu segmentu po poruseni
(pohled zespoda)
Fig. 4 A segment loaded by bending perpendicular to the segment plane (view
of the underside)
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Obr. 5 Segment zatiZeny ohybem kolmym na rovinu segmentu po poruseni
(bocéni pohled)

Fig. 5 A segment loaded by bending perpendicular to the segment plane after
becoming broken (side view)

vnitfnim i vnéj$im lici segmentu. Prvn{ trhliny se lokalizuji na
vnitfnim povrchu nad nikou pro Sroub. Ddle se trhliny S$ir{
nikou vétSinou podél jedné hrany. Je evidentni, Ze oslabeni
nikou pusobi nepfiznivé a vede k lokalizaci napéti do hran. Lze
tedy konstatovat, Ze hranaty tvar nik je nevhodny, obly tvar by
byl vhodnéjsi. Béhem dalsiho zatézovani se trhliny rozvijely
smérem doli v jednom nebo vice pdsech pod nikou, nebo
mirné stranou. Postupné se vSechny trhliny rozeviraly, teprve
pak se vyrazné lokalizovala jedna z nich, kde ndsledné nastalo
roz$tipnuti prvku pri¢nymi tahy (obr. 6).

6 ZATIZENI V PROSTEM TLAKU DVEMA BREMENY

Pri dané zkousce byly segmenty zkouseny v tlaku, zkouska
simulovala zatiZeni osténi lisy tunelovaciho §titu, pri kterém je
smér pusobici sily rovnobéZzny s podélnou osou tunelové trou-
by. Zkousky byly provedeny s pusobenim dvou sil (simulace
dvou list pomoci masivniho rozndSeciho nosniku — obr. 7).
Vzhledem ke zptsobu uloZeni segmentu do zkusebniho stroje
pusobily sily svisle. Segmenty byly na vozik zkusebniho stro-
je poloZzeny v&etné sololitovych desek bez t€snicich pdsku. Na
horni tlaCenou plochu byla osazena jedna deska z novoduru
tloustky 9 mm a jedna deska z ocelového plechu P20 odpovi-
dajici dosedacim plochdm lisu $titu. Pasobici sily byly navy-
Sovény v rovnomérnych pfirustcich, po kaZdém navySeni zaté-
Zovaci sily byly segmenty odtiZzeny. Sily byly navySovédny az
do vycCerpani kapacity segmentu. Béhem zkousky byly zazna-
mendvany vzniklé trhliny. Celkem byly zkouSeny dva dratko-
betonové segmenty A3. Vysledky zkouSek jsou patrné z tab. 3.

Tab. 3 Vysledky zatéZovani drdtkobetonovych segmentu prostym tlakem
Table 3 Results of uniaxial compression of SFRC segments

Obr. 6 Rozstipnuti zbytku segmentu pricnymi tahy

Fig. 6 A segment remain split by transverse tensions

5 LOADING BY UNIAXIAL COMPRESSION APPLIED
TO REMAINS OF SEGMENTS

The particular testing was conducted on the remains of seg-
ments which originated during the segment loading by bending
perpendicular to the segment plane. The remains of the seg-
ments were loaded by uniaxial compression in the vertical direc-
tion. The acting force was being increased with 600 kN incre-
ments and the remaining segment was unloaded between indivi-
dual loading stages down to the value of 200 kN. The remainder
of the segments was loaded until the loading capacity was
exhausted. This particular method was applied to the testing of
6 remainders of segments and one segment K. The testing
results are presented in Table 2.

In contrast to the previous test, the segment was loaded in
a vertical position; the origination of cracks on both the inner
and outer surface of the segment was therefore well observab-
le. First cracks are localised on the inner surface, above the

Segment  Usporadani Mnozstvi PrirGstek Snizovani Vznik prvni  Vznik trhliny pres Maximalni
dratkd sily (kN) zatiZzeni na trhliny (kN) celou tloustku dosazena
(kg/m?) hodnotu (kN) segmentu (kN) pusobici sila (kN)

Segment  Arrangement Amount of Increments in Load decreasing  Origination of  Origination of Maximum acting

steel fibres force (kN) to the value first crack (kN) crack throughout force reached
(kg/m?) of (kN) segment (kN)
thickness (kN)
A3 -85 2xF2 40 1200 400 3600 6000 9000
A3 - S6 2xF/2 50 1200 400 3600 6000 9300



Obr. 7 Segment zatiZeny v prostém tlaku dvéma bremeny
Fig. 7 A segment loaded by uniaxial pressure induced by two loads

Usporadéni zkousky bylo obdobné jako v predchozim pripa-
dé, proto byl obdobny i charakter poruseni. Zdsadni vyhodou
této zkousky byla moZnost sledovani namdhdni segmentu
v prostoru mezi zatéZovanymi misty. Pro tento prostor byl cha-
rakteristicky vznik tahovych namdhdni. Trhliny (nejCastéji
jedna mala trhlina) se v této ¢asti objevily v ranych fazich zate-
zZovani. S rostoucim zatiZzenim se jiZ trhlina nerozevirala, ome-
zovala se vyhradné na okraj segmentu a rovnéZ nebyla
vyznamnd pro sniZeni unosnosti prvku. Vznik trhliny mezi
zatéZzovacimi misty byl pouze lokdlni zdleZitosti, a to presto,
Ze tato trhlina vznikala jako jedna z prvnich. Dals{ rozvoj trh-
lin byl prakticky identicky s pfipadem, kdy bylo zatéZovdno
jen jedno misto, pouze probihal témér paralelné pod obéma
zat€Zovacimi misty. Obvykle byl rozvoj trhlin v okoli jednoho
zatézovaciho mista o jeden zatéZovaci krok zdrzen za druhym
mistem, coz na rozdil od teorie odpovidalo nahodilostem
materidlovych charakteristik i ndhodné excentricité zatiZeni.
Zkouska koncila moZnostmi zatéZovaciho stroje, ktery vyvine
celkové zatizeni do 9 MN, tedy na jedno zatéZovaci misto pri-
padala maximdlni sila 4,5 MN, coZ je niz§i hodnota oproti
unosnosti segmentu.

7 KOMPARATIVNI ZKOUSKY ZELEZOBETONOVYCH
SEGMENTU ZATIZENIM V PROSTEM TLAKU

Pri dané zkous$ce byly zkouSeny v tlaku Zelezobetonové seg-
menty. Zkouska simulovala zatiZen{ osténi lisy tunelovaciho
Stitu, pii kterém je smér pusobici sily rovnobézny s podélnou
osou tunelové trouby. Nékteré zkousky byly provedeny
s pusobenim jedné sily (simulace jednoho lisu), nékteré zkous-
ky byly provedeny s pusobenim dvou sil (simulace dvou list).
Vzhledem ke zpusobu uloZeni segmentu do zkuSebniho stroje
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bolt box. Subsequently the cracks propagate themselves
through the box, along one edge. It is evident that the weake-
ning by the box acts in an unfavourable way and leads to the
localisation of stress to edges. It is therefore possible to state
that the angular shape of the boxes is improper; a rounded
shape would have been more proper. During the course of furt-
her loading the cracks developed downward, in one or more
strips under the box or slightly aside. All cracks were gradual-
ly opening and only then did one of them significantly locali-
se itself. The element subsequently got split by transverse ten-
sions in that particular location (see Fig. 6).

6 LOADING BY UNIAXIAL COMPRESSION INDUCED

BY TWO LOADS

During this particular test, segments were tested in compressi-
on; the test simulated the loading induced on the lining by rams of
the tunnelling shield, where the direction of the acting force is
parallel with the longitudinal axis of the tunnel tube. The tests
were carried out with two forces acting (the simulation of two
rams by means of a solid distribution beam — see Fig. 7). Taking
into consideration the system of the placement of the segment in
the testing machine, the forces acted vertically. The segments
were placed on the carriage of the testing machine including solo-
lit boards without sealing gaskets. One 9 mm thick hardened PVC
plate and one steel sheet P20 plate matching the area of contact of
the shield rams were fitted to the upper compressed surface. The
acting forces were increased in equal increments; after each incre-
asing of loading forces, the segments were unloaded. The forces
were increased until the loading capacity of the segment was
exhausted. The cracks which originated during the test were recor-
ded. In total, two SFRC segments A3 were tested. The testing
results are presented in Table 3.

The test arrangement was similar to that used in the previous
case, the character of the disturbance was therefore also simi-
lar. The principal advantage of this test was that it was possib-
le to observe the segment stressing in the space between the
points being subjected to loading. This space was characterised
by the origination of tensile stresses. Cracks (most frequently
one small crack) appeared in this part during the early phases of
the loading process. The crack no more opened with the incre-
asing load; it restricted itself solely to the edge of the segment.
In addition, it was not significant for the reduction of the ele-
ment load-bearing capacity. The origination of the crack bet-
ween the points of lading was only a local matter, despite the
fact that this crack originated as one of the first cracks. The sub-
sequent development of cracks was virtually identical with the
case where only a single point was loaded, with the only diffe-
rence that it ran nearly in parallel under both loading points.
The development of cracks in the surroundings of one loading
point was usually delayed for one loading step. As opposed to
theory, it corresponded to the accidental nature of material cha-
racteristics and the accidental eccentricity of the loads. The test
ended when the capacity of the loading machine (the total load
force of 9 MN) was exhausted. At that moment the maximum
force attributed to one loading point reached 4.5 MN, which
value is lower than the loading capacity of the segment.

7 COMPARATIVE UNIAXIAL COMPRESSION LOADING
TESTS OF TRADITIONALLY REINFORCED CONCRETE
SEGMENTS
These compression tests were conducted on traditionally

reinforced concrete segments. The test simulated the lining
loading by rams of the tunnelling shield, where the direction
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Tab. 4 Vysledky zaté¢Zovdni Zelezobetonovych segmentu prostym tlakem
Table 4 Results of uniaxial compression of traditionally reinforced concrete segments

Segment  Usporadani Mnozstvi PrirGstek Snizovani Vznik prvni  Vznik trhliny pres Maximalni
dratku sily (kN) zatizeni na trhliny (kN) celou tloustku dosazena
(kg/m?) hodnotu (kN) segmentu (kN) pusobici sila (kN)

Segment  Arrangement Amount of Increments in Load decreasing  Origination of  Origination of Maximum acting

steel fibres force (kN) to the value first crack (kN) crack throughout force reached
(kg/md) of (kN) segment (kN)
thickness (kN)

K 1xF 105 300 90 3300 3300 5868

B 1xF 105 600 200 5400 5400 8448

C 2xF2 105 1000 300 6000 6000 8608

A1 1xF 105 600 200 4800 4800 7235

A2 2xF2 105 1200 400 4800 5800 -

A1 1xF 105 600 200 5400 5400 7260

A3 2xF2 105 1200 400 6000 7200 8960

of the acting force is parallel with the longitudinal tunnel

tube axis. Some tests were carried out with the action of
a single force (the simulation of a single ram), some tests
were conducted with two forces acting (the simulation of
two rams). Taking into consideration the system of the pla-
cement of the segment in the testing machine, the forces
acted vertically. The segments were placed on the carriage of
the testing machine including sololit boards without sealing
gaskets (with the exception of segment K, which was tested
with gaskets on it). One 9 mm thick hardened PVC plate and

Obr. 8-11 Delaminace Zelezobetonovych segmentu zatiZenych prostym tlakem
Figures 8—11 Delamination of traditionally reinforced concrete segments loaded by unilateral pressure
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Tab. 5 Vysledky zatizeni segmentii ohybem v roviné segmentu
Table 5 Results of segment loading by bending in the segment plane

Segment  Mnozstvi dratki  PfirGstek sily SniZovani zatizeni Vznik Vzniku trhliny Maximalni dosazena
(kg/m3) (kN) na hodnotu (kN) prvni trhliny (kN) pres celou pusobici sila

tloustku segmentu (kN) (kN)

Segment Amount of Increments Load decreasing Origination of Origination of Maximum acting
steel fibres (kg/m3) in force (kN) to the value of (kN) first crack (kN) crack throughout force reached
segment thickness (kN)
(kN)

A3 - S11 50 100 neodtéZovano / unloaded 200 400 500
A3 -S12 50 100 neodtézovano / unloaded 300 560 753
A3-S513 40 100 neodtéZovano / unloaded 300 530 629
A3 -S14 40 100 neodtézovano / unloaded 300 500 610
A1-S15 105 100 neodtéZovano / unloaded 300 370 610
A2 -S16 105 100 neodtézovano / unloaded 200 350 991

pusobily sily svisle. Segmenty byly na vozik zkuSebniho stro-
je poloZeny véetn¢ sololitovych desek bez tésnici gumy (pouze
segment K byl zkouSen s tésnénim) a na horni tlaéenou plochu
byla osazena jedna deska z novoduru tloustky 9 mm a jedna
deska z ocelového plechu P20 odpovidajici dosedacim plo-
chdm lisu Stitu. Pusobici sily byly navySovdny v rov-
nomérnych prirtstcich, po kazdém navySeni zatéZovaci sily
byly segmenty odtizeny. Sily byly navySovany az do vycCerpa-
ni kapacity segmentu, pficemZ beéhem zkousky byly zazname-
navany vznikajici trhliny. Celkem bylo zkouSeno 7 Zelezobe-
tonovych segmentu (2xA1,A2,A3, K, B, C), viechny zkousSe-
né segmenty byly vyztuzené 105 kg/m3 prutové vyztuZe.
Usporadani zkousek a vysledky zkousek jsou patrné z tab. 4.

I kdyz je tento ¢ldnek zaméfen predev§im na segmenty
s rozptylenou vyztuzi, tak je jisté namisté uvést také porovna-
ni se zkouskami Zelezobetonovych prvka. Zkousky byly uspo-
fadany identicky jako v pripadech dratkobetonovych segmen-
tu. Hodnoty zatiZeni pfi vzniku trhlin prochdzejicich celou
tloustkou prvku jsou u Zelezobetonovych i dratkobetonovych
segmentd témér shodné. RovnéZ unosnost klasického Zelezo-
betonového segmentu je srovnatelnd s dratkobetonovym, nic-
méné zpiisob porudeni je zcela odlisny. Zelezobetonovy seg-
ment byl ve vSech dosud testovanych prfipadech porusen
v ploSe rovnobézné se stfednicovou plochou. Doslo tedy
k delaminaci materidlu, kdy se pri vy&erpani inosnosti oddéli-
la kryci vrstva a uvnitf prvku vzniklo jadro betonu sevieného
vyztuzi (obr. 8—11). Pfi kryti vyztuZe 5 cm a tlouStce segmen-
tu 25 cm mélo jadro tloustku pouhych 15 cm.

8 ZATIZENI SEGMENTU OHYBEM V ROVINE SEGMENTU

Pri dané zkouSce byly segmenty zkouSeny v ohybu v roviné
segmentu, zkouska simulovala zatiZeni osténi lisy tunelovaci-
ho $titu pfi nerovnomérném podloZeni segmentu (tj. simulace
posunuté geometrie predchoziho prstence — obr. 12). Segmenty
byly zatiZzeny jednim bfemenem umisténym na kraji segmentu.
Opacny okraj segmentu byl uchycen, aby bylo zabranéno svis-
Iému posunu. Ddle byl segment nesymetricky podloZen na
strané uchycenf tak, aby zatéZovand polovina segmentu neby-
la podeprena. Pusobici sila byla zvySovéna s pfirtstkem 100 kN
bez odtéZovan{ az do vy&erpani kapacity. Danym zpusobem bylo
zkouSeno Sest segmentt A (4 dratkobetonové se 40 a 50 kg/m3
drétkd, dva Zelezobetonové se 105 kg/m3 vyztuZe). Vysledky
zkousek jsou patrné z tab. 5.

Uvedené zkousky byly charakteristické nizkymi hodnotami
sil, pfi nichz zacaly vznikat trhliny. Trhliny se lokalizovaly
v prostoru nad nikou pro Sroub a pak se ddle $ifily smérem

one steel sheet P20 plate matching the area of contact of the
shield rams were fitted to the upper compressed surface.
The acting forces were increased in equal increments; after
each loading forces increasing, the segments were unloaded.
The forces were increased until the loading capacity of the
segment was exhausted. The cracks which originated during
the test were recorded. In total, 7 traditionally reinforced
concrete segments (2xAl, A2, A3, K, B, C) were tested. All
of the tested segments were reinforced with 105 kg/m3 of
steel bars. The arrangement of tests and testing results are
presented in Table 4.

Even though this paper is first of all focused on steel fibre
reinforced concrete segments, it is certainly in order to pre-
sent the comparison with the tests of steel bar reinforced
concrete elements. These tests were carried out identically
with the tests of the SFRC segments. The values of the loa-
ding applied at the moment of the origination of cracks run-
ning throughout the thickness of the element are nearly iden-
tical for both the steel bar reinforced concrete segments and
steel fibre reinforced concrete segments. Even the load-car-
rying capacity of the traditionally reinforced concrete seg-
ment is comparable with that of a SFRC segment; neverthe-
less, the failure mode is totally different. The traditionally
reinforced concrete segment was in all tested cases disturbed
in the plane parallel with the central plane. It means that the
material became delaminated, with a cover layer separated
after the load-carrying capacity was exhausted and a core of
concrete clamped between reinforcing bars originated inside
the element (see Figures 8-11). At the concrete cover to the
reinforcement of 5 cm and the thickness of the segment of
25 cm, the core was a mere 15 cm thick.

Obr. 12 Grafické zndzornéni nerovnomérného podepieni segmentit
Fig. 12 Graphical depiction of non-uniform support of segments
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Obr. 13 a 14 PoruSeni drdtkobetonového segmentu zatiZeného ohybem
v roviné segmentu

Figures 13 and 14 Steel fibre reinforced concrete segment broken by loading
by bending in the segment plane

doli. U segmenti vyrobenych z dritkobetonu bylo moZné
pozorovat vznik fady nepatrnych trhlin, z nichZ se jedna
postupné rozevirala a nasledné doslo ke ztrdté dnosnosti (obr.
13 a 14). Zelezobenotové segmenty byly poruseny odlisné,
vznikla jedna trhlina, kterd se rozevirala a zaCala se vétvit tepr-
ve pii dosazeni vysokého zatiZeni (obr. 15). Meze unosnosti
nebylo dosazeno, avSak takto zatiZzeny prvek by byl zcela
nevyhovujici (s ohledem na rozevieni trhlin v osténi).

Charakter odezvy na zatiZen{ byl u zkouSenych materidla
zcela odlisny, ovSem z hlediska pouzitelnosti 1ze povazovat
materidly za srovnatelné.

Obecné lze v pifpadé obou materidlu konstatovat, Ze seg-
menty jsou kfehké a ndchylné na poruseni jiz pfi nizkych
silach. Vznik trhlin pri 300 kN a propagace trhlin na plnou
tloustku segmentu pfi 500 kN znamend v porovnani

Tufel

8 SEGMENT LOADING BY BENDING
IN THE SEGMENT PLANE

During this particular test, segments were subjected to
bending in the segment plane. The test simulated the tunnel
lining loading by rams of the tunnelling shield at a uniform
support of segments (i.e. the simulation of the shifted geo-
metry of the previous ring — see Fig. 12). The segments were
loaded by a single load acting on the segment edge. The
opposite edge of the segment was clamped so that vertical
shifting was prevented. In addition, the segment was sup-
ported non-symmetrically on the side of the clamping so that
the segment half exposed to loading was not supported. The
acting force was increased with 100 kN increments, without
unloading, until the load-bearing capacity was exhausted.
This procedure was used for the testing of 6 segments A
(4 steel fibre reinforced concrete segments with 40 and
50 kg/m3 of fibres, 2 traditionally reinforced concrete ones
with 105 kg/m3 of reinforcement). The results are presented
in Table 5.

The above-mentioned tests were characterised by low
values of forces at which cracks started to originate. The
cracks localised themselves in the area above the box for
a bolt and continued to extend downwards. It was possible
at the segments produced from steel fibre reinforced concre-
te to observe the origination of numerous minute cracks; one
of them gradually opened and, subsequently, the load-carry-
ing capacity got exhausted (see Figures 13 and 14). The tra-
ditionally reinforced concrete segments were disturbed in
a different way. One crack originated and started to open; it
started to branch out only when a high load value was rea-
ched (see Fig. 15). Failure limits were not reached, but the
element loaded in this way was completely unsatisfactory
(with respect to the extension of cracks in the lining).

The character of the response of the tested materials to the
loading was totally different, but the materials can be consi-
dered to be comparable as far as the serviceability is concer-
ned.

In general, it is possible to state in the case of both mate-
rials that the segments are brittle and susceptible to fractu-
ring even when loaded by small forces. The origination of
cracks at 300 kN and the propagation of cracks to throughout
thickness of the segment at 500 kN, if compared with the
design load of 2400 kN, means significant problems with the
serviceability of segments. The deformation (the deflection
of the element subjected to bending) of about 1 mm on the
origination of cracks and about 2 mm on the origination of
cracks running throughout the element thickness, which
values are very low, corresponds to this information. The
deflection at the failure load of the SFRC elements varied
around 6 mm. The rigidity of the lining providing support for
the machine thrust forces is relatively low because the rub-
ber gaskets sealing the joints can be subject to creeping. It
follows from the results of the experiment that the differen-
ce in the position (pushing in) of two neighbouring segments
of 1-2 mm means significant risk of the origination of
a crack in the segment, which may affect the waterproofing
capacity of the lining in the case it propagates throughout the
segment thickness. It is therefore necessary during the cour-
se of the excavation to secure uniform support of the seg-
ments being subjected to loading, which means that the
lining has to be installed as accurately as possible so that the
origination of cracks is prevented. In addition, the above-
mentioned factor should be taken into consideration when
the arrangement of segments is being designed — which can
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s ndvrhovym zatizenim 2400 kN znacné problémy pouZzitel-
nosti segmentu. Tomu odpovidd deformace (pruhyb ohybané-
ho prvku) cca 1 mm pfi vzniku trhlin a cca 2 mm pri vzniku
trhlin na plnou tloustku prvku, coZ jsou hodnoty velmi nizké.
Prihyb na mezi inosnosti dratkobetonovych prvku se pohybo-
val kolem 6 mm. Tuhost osténi jako podpory pro pritlak stroje
je pomérne nizka, nebot se mohou dotlacovat spoje tésnéné
gumovymi pédsky. Z vysledka experimentu vyplyva, Ze rozdil
v poloze (zatlalen{) dvou sousednich segmentti 1-2 mm zna-
mena tedy znacné riziko vzniku trhliny v segmentu, kterd pri
propagaci na celou tlouStku segmentu muaZe ovlivnit vodone-
propustnost osténi. BEhem razby je proto nezbytné zajistit rov-
nomérné podepfeni zatéZovanych segmentl, coZ znamend co
nejpresnéjsi instalaci osténi, aby nedoSlo ke vzniku trhlin.
Uvedeny faktor by mél byt také zohlednén pri navrhu uspora-
déni segmentd, které muze byt v porovndni s posuzovanym
usporddanim vyhodnéjsi.

9 ZAVER

Provedené experimentdlni testovdni dratkobetonovych
a Zelezobetonovych segmentd prineslo velké mnoZstvi velmi
cennych informaci. Pfirozené nejdulezitéjsi byly informace
0 dnosnosti segmentt (velikost maximalniho zatiZeni, které seg-
menty prenesou) a o pouZitelnosti segmentt (vznik prvnich trh-
lin, propagace trhliny pies celou tlouStku segmentu) pfi ruznych
zpusobech zatéZovdni. Vysledky vyzkumu prokdzaly, Ze ostén{
vyrobené z dritkobetonu ve specifikovanych podminkdch muze
nahradit osténi Zelezobetonové. Z hlediska mezniho stavu pou-
zitelnosti lze spatfovat ur¢ité vyhody ve veétsim rozptylenf trhlin,
coz vede k mensimu riziku ovlivnéni vodopropustnosti.

Obdobne byly také znacnym prinosem zkuSenosti s tech-
nologii vyroby dratkobetonovych segmentu, kterd v porovnani
s tradi¢nimi Zelezobetonovymi segmenty prinasi fadu problému,
které bylo nutné vyresit. Obecné lze konstatovat, Ze mnozstvi
dratku 50 kg/m3 a 40 kg/m3 vede k mechanickym vlastnostem,
které jsou srovnatelné. S ohledem na malé mnoZstvi zkouSek
nelze vysledky vérohodné€ statisticky vyhodnotit a porovnat. Lze
v8ak usuzovat, Ze pii pouZiti vétstho mnoZstvi dratku nastdvaji
VES problémy s rovnomérnym rozptylenim drdtki v betonu.
Tento technologicky problém je nutné fesit béhem bézné velko-
vyroby betonu s vyuzitim profesiondlnich ddvkovacich a roz-
ptylovacich zarizeni pro dratky. Dritky béhem vyroby betono-
vych vzorku pro experimenty byly ddvkovany ru¢né, kdy lze jen
stezi zajistit reprodukovatelnost vyrobku se stejnym vysledkem.

V oboru segmentového osténi se jednalo o prvni uceleny sou-
bor experimentalnich vysledki na modernich tunelovych seg-
mentech skute¢né velikosti v CR. Ukazuje se, Ze odezva na zati-
Zeni segmentd m4 zcela jiny charakter neZ u malych vzorku (tj.
testovaci tramce délky 70 cm). Nelze tedy vysledky experimen-
tu na malych vzorcich aplikovat na celé konstrukce jednodu-
chymi vypocetnimi postupy (teorie pruznosti).

Na zdklad¢é provedenych zkouSek byly provedeny i zpétné
numerické vypocty pomoci metody kone¢nych prvku v pro-
gramu ATENA (Havlasek a kol., 2011), které umoznily odvoze-
ni nékterych duleZitych parametra zkouSeného materidlu. Pro
zodpovédnou numerickou analyzu je tfeba vyuZit dostate¢né
sofistikované analytické vybaveni zohlednujici energetické
principy modelovdni rozvoje trhlin. Realizovany komplexni
soubor experimentt vedl k ziskani dat pro vypocty, kterymi by
bylo mozZné spolehlivé modelovat odezvu reédlnych prvka na
pozadované zatizeni. Vysledky experimentu podporily fakt, Ze
na ndvrh segmentd je tieba pohliZet velmi komplexné a vzit
v tivahu fadu navrhovych faktord. Uzky a jednostranny pohled
na problematiku vede k zanedbdni nékterych vlivu, které pak
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Obr. 15 Poruseni Zelezobetonového segmentu zatiZeného ohybem v roviné
segmentu

Fig. 15 Traditionally reinforced concrete segment disturbed by loading by
bending in the segment plane

be more advantageous if compared with the arrangement
being assessed.

9 CONCLUSION

The completed experimental testing of SFRC segments
and traditionally reinforced concrete segments brought a big
amount of very precious information. Naturally, the infor-
mation on the load-bearing capacity of segments (the magni-
tude of the maximum load the segments can carry) and on
the serviceability of the segments (the origination of first
cracks, crack propagation throughout the segment thickness)
at various manners of loading is of the highest importance.
The results of the tests proved that a lining produced from
steel fibre reinforced concrete in specified conditions can
replace traditionally reinforced concrete segments. As far as
the limit state of serviceability is concerned, it is possible to
consider the greater scattering of cracks, leading to the smal-
ler risk of influencing the waterproofing capacity, to be cer-
tain advantage.

Similarly significant contribution lied in the experience
with the technology of the production of SFRC segments,
which, in comparison with traditionally reinforced concrete
segments, brings numerous problems which had to be sol-
ved. In general, it is possible to state that the amount of steel
fibres of 50 kg/m3 and 40 kg/m3 leads to mechanical proper-
ties which are comparable. Because of the small number of
tests it is not possible to credibly statistically assess and
compare the results. However, it is possible to conclude that
bigger problems with the dispersion of steel fibres in conc-
rete occur when a greater amount of fibres is used. This tech-
nological problem has to be solved during common large-
volume production of concrete using professional steel fibre
dosing and dispersion equipment. During the course of the
production of concrete samples for experiments, steel fibres
were dosed manually; at this process it was therefore diffi-
cult to secure reproducibility of the product with an identical
result.

In the field of segmental linings this was the first compre-
hensive set of results of experiments on modern real-size
tunnel lining segments in the Czech Republic. It has turned
out that the character of the response to segment loading
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Obr. 16 Segmentové osténi tratbvého tunelu trasy A praZského metra
Fig. 16 Segmental lining of a running tunnel on the Line A of Prague metro

mohou komplikovat proces provadéni i dosazeni pozadovanych
uzitnych vlastnosti prefabrikovaného osténi tunelu.

Po zohlednéni vysledku provedeného vyzkumu bylo rozhodnu-
to, ze vyrobené dratkobetonové segmenty splnuji veskeré poza-
davky kladené na osténi prazského metra. Mohly byt proto vyro-
beny a smontovény prstence (v poctu 10 prstencu, tj. 15 bm tune-
Iu) zkusebniho useku osténi v trase A prazského metra z drét-
kobetonovych segmenti (s ddvkovanim dratka 40 kg/m3). Dané
osténi bylo instalovdno na tratovém tunelu uvedené stavby
v ¢ervnu 2012 (obr. 16). Po prohlidce osazeného zkuSebniho tseku
bylo ovéreno, Ze na danych segmentech nevznikly zZadné trhliny.

Vysledky byly ziskdny za financni podpory z prostiedku
Grantové agentury Ceské republiky (GACR) v rdmci projektu
104/10/2023 ,, Vyvoj a ovéreni viastnosti vidknobetonu spliuji-
ctho soucasné poZadavky pro prefabrikovand osténi dopravnich
tunelii.
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TUNEL BLANKA, TUNEL DO HISTORIE PRAHY
BLANKA TUNNEL, A TUNNEL TO PRAGUE HISTORY

IVA HERICHOVA, IVANA FRIDRICHOVA-SYKOROVA, KATERINA TOMKOVA

uvoD

Archeologicky vyzkum provadény Archeologickym tdstavem AV
CR Praha, v. v. i. provdz{ vystavbu tunelového komplexu Blanka
v useku Spejchar — Stresovice od jejiho pocatku v roce 2008. Vyzkum
je koncipovdn jako rozsdhld krajinnd sonda, kterd umozriuje nahléd-
nout do minulosti severniho a zdpadniho predpoli Prazského hradu
a Hrad¢an. Specifikem je moZnost studia pozustatku lidskych aktivit
v kontextu s vyvojem reliéfu historické krajiny i georeliéfu a jeho
geneze, coZ je dano abnormalnimi hloubkami stavebnich jam sahaji-
cimi za hranice béZnych stavebnich praci. Vyznam archeologického
vyzkumu je ovlivnén nejen exponovanosti prostoru v tésné blizkosti
Prazské pamatkové rezervace a Narodni kulturni pamatky Prazsky
hrad, ale i skute¢nosti, Ze téZebni prace navzdy a s definitivni platnos-
ti odstranuji pamét rozsdhlého vyseku zdejsi krajiny od starSich &tvr-
tohor po soucasnost.

METODY PRACE

Archeologicky vyzkum pri stavbé tunelového komplexu Blanka si
vyzadal vytvoren{ vlastni metodiky, kterd spociva v aplikaci standard-
nich oborovych metod (dokumentace vertikélnich fezu, diléi plosnd
sondaz, celoplo$ny vyzkum) v nestandardnich podminkach nékolik let
kontinudlné probihajicich stavebnich praci. Neustdva ani za obtiznych
klimatickych podminek a musi respektovat harmonogram stavby ci
s nfm byt harmonizovdn. Od pocitku je akce prezentovdna jako

INTRODUCTION

Archaeological research carried out by the Institute of
Archaeology of the Czech Academy of Sciences, Prague, v. v. i.,
has accompanied the construction of the Blanka complex of tun-
nels within the Spejchar-Stfesovice section since the beginning of
the works in 2008. The investigation is conceived as an extensive
landscape probe making a view into the past of the northern and
western surroundings of Prague Castle and HradCany. A specific
feature lies in the possibility of studying remains of human activi-
ties in the context of the development of the relief of the historic
landscape and the georelief and its genesis, which is possible
owing to the abnormal depths of construction pits reaching bey-
ond the limits of common construction works. The significance of
the archaeological research is influenced not only by the exposed
character of the space found in close vicinity of the Prague
Conservation Area and Prague Castle, a national cultural monu-
ment, but also by the fact that ground excavation operations fore-
ver and with definite force remove the memory of an extensive
section of this landscape from the Pleistocene to the present.

WORK METHODS

The archaeological excavation carried out during the course of
the construction of the Blanka complex of tunnels required its own
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Obr. 1 Model soucéasného povrchu terénu Cdsti vizemi vnitini Prahy na levém biehu Vitavy (katastry Brevnov, StieSovice, Dejvice, Hrad¢any a Mald Strana,
hmotové eliminovdno téleso barokni fortifikace) a) nddrze a oteviend koryta vodoteli, b) rekonstruovany prubéh zaniklych toku, c) rozsah dvou terasovych
stupniu stfedopleistocénni Vitavy, d) rozsah holocenni nivy Vitavy, e) zaniklé holocenni rameno Vltavy, f) barokni fortifikace, g) trasa budovaného tunelového
komplexu Blanka, hloubené a raZené (édrkované) tiseky (b—e podle [1] a [2])

Fig. 1 A model of the current surface of the terrain of a part of the area of inner Prague on the left bank of the Vitava River (cadastral districts of Brevnov,
StieSovice, Dejvice, Hrad¢éany and Mald Strana-Small Town; the Baroque fortification walls thickness is not indicated) a) reservoirs and open channels of stre-
ams, b)reconstructed course of extinct streams, c) the extent of two terrace benches of the Middle Pleistocene Vlitava River, d) the extent of the Holocene flood
plain of the Vitava River, e) former Holocene arm of the Vitava River, f) the routing of the Baroque fortification, g) the alignment of the Blanka complex of tun-
nels, cut-and-cover sections and mined sections (dashed) (b—e according to [1] and [2])
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Obr. 2 Pleistocénni sprasové komplexy s fosilnimi pudami dokumentované
v prostoru kfizovatky M. Hordkové/Svatovitskd (foto ARU Praha)

Fig. 2 Pleistocene loessal complexes with fossil soils documented in the area
of the intersection between M. Hordkové Street and Svatovitskd Street (Photo
ARU Praha)

komplexni archeologicky vyzkum mapujici kulturni (a pfirodni) dédic-
tvi v Casové Skdle od paleolitu aZ po 20. stoleti. Zakladnim pilifem
vyzkumu uloZenin je dokumentace vertikdlnich fez terénem, kterd je
cestou jak k uchovéni informace o sekvencich uloZenin a objekta, tak
k budouci 3D rekonstrukci georeliéfu a historického reliéfu. Béhem
plos$ného vyzkumu jsou zkoumdny konkrétni objekty spojené se sid-
listnimi aktivitami (zahloubené objekty, zdiva, cesty) ¢i pohrbivanim
(hroby). Digitalizace dokumentace pofizené v terénu slouZi pii tvorbé
celkovych pldnt jako zdroj informaci i jako ilustrace v budoucich pub-
likacich. Vzorky odebirané z uloZenin prispéji k rekonstrukei prirodni-
ho prostredi a paleoklimatu. Zpracovani shroméZdéného fondu nélez,
vzorku a informaci probéhne po ukondeni vyzkumu za Gcasti dalSich
odbornikli z Archeologického tistavu AV CR i dal3ich instituci.

GEOMORFOLOGICKY VYVOJ OD STARSICH CTVRTOHOR
DO SOUCASNOSTI

Jednotlivé zkoumané dseky stavby se nachdzeji v geologicko-morfo-
logicky rozdilnych oblastech. Vychodni ¢dst od Letné az ke kfiZovatce
Svatovitskd — Milady Horakové lezi v prostoru formovaném pleisto-
cénnim tokem Vltavy, kterd si sv€ koryto vyhloubila ve staropaleozoic-
kém skalnim podkladu. Reka zasahujici svym meandrem hluboko do
tizem{ dnesnich Dejvic zde zanechala akumulace néplava, které néleZe-
ji stredopleistocénnimu stupni vltavskych teras. Po ustoupeni koryta
k SV se na fluvidlni akumulace zaCaly postupné uklddat svahové
a eolické sedimenty tvorici sprajové komplexy s fosilnimi pidami.
Kvartérni vyvoj byl v holocénu ukon&en vznikem recentni pudy.

Prostfedni zkoumané tzemi v blizkosti vySe uvedené kfizovatky
dosahujici na zdpadé aZz k baroknimu bastionu XIII se rozprostird na
severnim UboCi navrsi, které vybihd ze streSovické plosiny a zvolna
klesd k letenské plani. Patu hrbetu tvori ndrazovy breh (terasovy stu-
pen) stredopleistocénniho meandru Vitavy. Povrch skalniho podkladu
sklanéjici se pomérné prudce k severu pokryvaji svahové uloZeniny
a deluviofluvidlni sedimenty vyplavového kuzele. Svah tboci byl
brazdény a erodovany obcCasnymi toky a splachy, které prindsely
materidl od JZ. Jak mocné souvrstvi se uloZilo na paté terasového
stupné, ukazuje profil dokumentovany ve spadisti kanalizace, kde se
béze kvartérnich sedimenti nachdz{ v hloubce 39 m. V historické
dobé se zdsadnim zpusobem do podoby reliéfu zapsala vystavba
baroknf fortifikace.

Posledni, zdpadni tdsek se rozprostird na severnim svahu udoli poto-
ka Brusnice, podél Patockovy ulice. Svah byl v minulosti ¢lenity, for-
movany vodoteCemi a erozi. Béhem pleistocénu a patrné i holocénu
dochézelo k ukladani a transportu eolického materidlu siln€ promise-
ného s opukovym detritem, jehoZ zdroj pochdzi ze svrchnokfidovych
hornin stieSovické plosiny. Eolické a eolicko-deluvidlni sedimenty se
staly vyznamnou cihlafskou surovinou, kterd byla t€Zzena nejintenziv-
néji v prabéhu 19. stoleti. Dobyvani cihlarské suroviny poprvé vyraz-
n€ zaséhlo do podoby tidoli. Jsou s nim spojeny i prvni archeologické

methodology to be developed. It lies in the application of standard
professional methods (the documentation of vertical cross secti-
ons, large-scale trenches) in non-standard conditions of the seve-
ral years continually running construction activities. It even does
not cease in difficult climatic conditions and has to have regard for
the works programme and be harmonised with it. The activity is
presented from the beginning as a comprehensive archaeological
research, mapping the cultural (and natural) heritage within the
time scale from the Palaeolithic to the 20th century. The basic pil-
lar of the excavation of deposits is the documentation of vertical
cross sections through the terrain, which is the way to preserving
information on the sequences of deposits and structures and futu-
re 3D reconstructions of the georelief and historic relief. Specific
structures associated with settlement activities (sunken features,
stone and brick masonry, roads) or burials (graves) are investiga-
ted during the large-scale excavation. The digitisation of docu-
ments provided in situ serve in the process of the creation of gene-
ral plans as a source of information as well as illustrations for
future publications. Samples collected from the deposits will con-
tribute to the reconstruction of the natural environment and
paleoclimate. The analysis of the gathered fund of findings, sam-
ples and information will take place after the excavation is com-
pleted, with the participation of other experts from the Institute of
Archaeology of the Czech Academy of Sciences and other institu-
tions.

GEOMORPHOLOGICAL DEVELOPMENT FROM
THE PLEISTOCENE TO THE PRESENT

The individual excavated construction sections are located in
geological-morphological different areas. The eastern part of
Letnd up to the crossing of Svatovitskd Street and Milady
Horédkové Street lies in the space formed by the Pleistocene flow
of the Vltava River, which eroded down its channel through
Palaeozoic bedrock. The river paleomeander extended deep into
the area of the current district of Dejvice, where left fluvial accu-
mulations, which constitute the part of the Middle Pleistocene
bench of the Vltava River terraces. After the channel receded to
the NE, deluvial and aeolian sediments forming loess complexes
with fossil soils gradually started to be deposited on the fluvial
accumulations. The Quaternary development was terminated in
the Holocene by the evolution of recent soil.

The central investigated area in the vicinity of the above-menti-
oned intersection, extending in the west up to the Baroque bastion
XIII, spreads out on the northern flank of a rise, which juts out
from the StfeSovice plateau and gradually descends toward the
Letnd plateau. The foot of the ridge forms a Middle Pleistocene
meander cut-bank (a terrace bench) of the Vltava River. The bed-
rock surface, sloping relatively steeply toward the north, is cove-
red with colluvial deposits and deluvio-fluvial sediments of an
outwash cone. The flank slope was scored and eroded by occasio-
nal flows and rain wash, which brought materials from the SW.
The thickness of the series of strata deposited at the foot of the ter-
race bench can be seen in the profile documented in a sewer drop
manhole profile, where the base of the Quaternary sediments is
found at the depth of 39 m. In the historic period, the development
of the Baroque fortification affected the shape of the relief in
a fundamental way.

The last section, the western one, spreads on the northern slope of
the Brusnice Brook valley, along Patockova Street. The slope was
dissected in the past, formed by streams and erosion. During the
Pleistocene and probably even Holocene, aeolian material intensely
mixed with Cretaceous marlite detritus the source of which was in
Upper Cretaceous rocks forming the StreSovice plateau. The aeoli-
an and aeolian-deluvial sediments became an important brick raw
material, which was most intensely dug during the 19th century. The
extraction of the brick raw material for the first time significantly
affected the shape of the valley. Even first archaeological findings
are associated with it — from the remains of Pleistocene fauna up to
the Early Middle Ages settlement structures and burials. A change
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Obr. 3. Generalizovany Fez severni sténou stavebni jamy mezi bastiony XIII a XIV barokniho opevnéni, 1 — zvétralé letenské vrstvy a eluvia, 2 — deluvidlni
(svahové) sedimenty, 3 — smiSené deluvioeolické a deluvidlni sedimenty vyplavového télesa, 4 — jemnozrnné deluviofluvidlni/fluvidlni sedimenty, 5 — kameno-
valounové $térky, 6 — deluviofluvidlni sedimenty vyplné koryt, 7 — deluvioeolické sedimenty, 8 — spraSe a sprasové hliny, 9 — pudy fosilni, z&dsti redeponované,

10 - antropogenni sedimenty

Fig. 3 Generalised cross section through the northern wall of the construction pit between bastions XIII and XIV of the Baroque fortification, 1 — weathered
rocks of Letnd formation and its eluvium, 2 — deluvial sediments, 3 — mixed deluvial-aeolian and deluvial sediments of the colluvial body, 4 — fine-grained delu-
vial-fluvial/fluvial sediments, 5 — stone-boulder gravels, 6 — deluvial-fluvial sediments filling stream channels, 7 — deluvial-aeolian sediments, 8§ — loess and

secondary loess, 9 — fossil soils, partly re-deposed, 10 — anthropogenic sediments

nélezy — od ostatku pleistocénni fauny aZ k rané stiedovékym sidlist-
nim objektim a pohibum. Zménu tvdinosti krajiny pfinesla méstskd
vystavba ve 20.a 30. letech a opét v 50. letech 20. stoleti. Brusnice byla
z vet$i Casti kanalizovana, terény v severnim svahu Caste¢ne odstrané-
ny a dno ddoli zavezeno navdzkami o mocnosti az 7 m. V podlozi
eolicko-deluvidlnich uloZenin byly zastiZeny fluvidlni sedimenty vypl-
nujici soustavu koryt pleistocénni Brusnice. Obloukovité sto¢ené
a drobné meandrujici koryto ptivodné zasahovalo hloubéji do severni-
ho svahu tddoli, neZ jak ho zndme napiiklad z pocatku 20. stoleti, sva-
hovymi a eolicko-deluvidlnimi sedimenty bylo vSak postupné zatlace-
no k jihu. Vyvoj svaht tdoli byl v holocénu stabilizovén vznikem pud.

KRAJINA NEJSTARSICH LIDI

Paleomeandr Vltavy dejvické oblasti patii v Praze ke kli¢ovym mis-
tum, které jiz nékolik desetileti pritahuje velkou pozornost specialista
na obdobi paleolitu. Archeologické vyzkumy opakované prinaseji
nové doklady o Zivoté naSich nejstarSich predka, jako napt. neddvno
zjistené osidlen{ z pocdtku stfedniho paleolitu (mlady acheuléen) na
Flemingove namésti (ohniste, kamenné nastroje, [3]). Také zachranny
archeologicky vyzkum pfi stavbé tunelového komplexu Blanka pfi-
nesl ndlezy kamennych artefaktl z prelomu starého a stiedniho paleo-
litu, z obdobi mezi 0,35-0,3 mil. let pr. n. 1. (mladsi prezleticien — sou-
Cast acheuléenu). Vzhledem k tomu, Ze na sobé nenesou stopy po
pusobeni ohné a jejich typologicka Skla je relativné dzkd, patrné se
jednd o nélezy pochazejici z kratkodobého loveckého stanovisté, které
bylo jiz v minulosti silné postizeno postdepozi¢nimi vlivy. Pomérne
Castymi jsou ndlezy ostatki velkych savcu, zejména ve sprasovych
sedimentech. Béhem téZebnich praci bylo v tseku od Spejcharu po
barokni bastion XIII nalezeno nékolik fragmentu jako napr. paroh
soba (Rangifer tarandus), kosti pratura (Bos sp.), losa (Alces sp.) nebo
zub prakoné (Equus sp.).

PRAVEKE OSIDLENI(

Archeologicky vyzkum doplnil poznatky shromazdované od
19. stoleti 0 pomérne hustém pravekém osidleni StieSovic, a to v tdoli
Brusnice. Zatimco na jejim severnim biehu — na vyvySenych mistech
— se koncentrovala pohrebisté i sidliStni objekty, na jizni strané ddol{
— v méné svazitém terénu na HradCanech — byla lokalizovana pouze
sidlisté. Nositelem informaci o vyvoji praveké krajiny, eroznich pro-
cesech a sidlistnich aktivitich od mladsi doby kamenné az do doby
Zelezné byly jednak zahloubené objekty v oblasti PatoCkovy ulice,
jednak souvrstvi redeponovanych holocennich pud, které vypliovaly
nerovnosti modelujici severni svah tdoli Brusnice. Celkem bylo
odkryto a zdokumentovdno 12 pravékych objektu, pievaZné jam,
podle keramiky predbézné datovanych do pozdni doby bronzové
(1300-800 pf. n. 1.). K pozoruhodnym ndlezum patii bronzova Cepel
dyky z doby unétické kultury star$i doby bronzové (2200-1600 pr.
n. 1), kterd se spolu se zlomky kament, keramiky a zvifecich kost{

in the terrain configuration was brought by urban development in
the 1920s and 1930s, and again in the 1950s. The Brusnice Brook
was partially culverted, terrains on the northern slope were partly
removed and the bottom of the valley was filled with made-ground
with the height of up to 7 m. Fluvial sediments filling the system of
channels of the Pleistocene Brusnice Brook were encountered in the
subbase of the aeolian-deluvial deposits. The curved and slightly
meandering channel originally extended deeper to the northern
slope of the valley than we know it e.g. from the beginning of the
20th century, but it was gradually pushed to the south by the deluvi-
al sediments and aeolian-deluvial sediments. The development of
the valley slopes was stabilised in the Holocene by the evolution of
soils.

COUNTRY OF THE OLDEST HUMANS

The Palacomeander of the Vltava River in the Dejvice area
belongs among key locations in Prague, which has been attracting
significant attention of specialists in the Palaeolithic period for
several decades. Archaeological excavations repeatedly bring new
documents about the life of our oldest ancestors, such as, for exam-
ple the recently found settlement from the beginning of the Middle
Palaeolithic (Upper Acheulian) in Fleming Square (fireplaces, stone
tools, [3]). Even the rescue archaeological excavation during the
course of the construction of the Blanka complex of tunnels brought
findings of stone artefacts from the end of the old Palaeolithic and
beginning of the Middle Palaeolithic, from the period between 0.35
— 0.3 million years BC (Upper Prezleticien — part of Acheulian).

e AT - .

Obr. 4 Mezi ostatky pleistocénnich savcii pochdzejicich z eolickych a deluvi-
oeolickych sedimentu téZenych ve stavebni jamé byl i paroh soba nalezeny
pobliz baroknich hradeb (foto ARU Praha)

Fig. 4 Among the remains of Pleistocene mammals which were discovered in
aeolian and deluvial sediments excavated in the construction pit there was
even a reindeer horn, which was found near the Baroque ramparts (Photo
ARU Praha)
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Obr. 5 Jednim z nejcennéjsich pravékych ndlezui ze stavebni jamy v Patockové
ulici byla bronzovd Cepel dyky ze star$i doby bronzové — kultura vinétickd
(foto ARU Praha)

Fig. 5 One of the most valuable prehistoric finds from the construction pit in
Patockova Street was a bronze dagger blade from the Early Bronze Age — the
Unétice culture (Photo ARU Praha)

nachdzela ve vrstvé — splachu — v jedné ze dvou zjisténych prirodnich
depresi. Eroze brehu musela probihat sou¢asné nebo po zaniku osid-
leni ze star$i doby bronzové v blizkém okoli. Teprve poté vznikly
pudy, které jiz obsahuji doklady osidleni nejmladsi doby bronzové
a Zelezné.

RANE STREDOVEKA POHREBISTE

Vychodné od vySe uvedenych objektd, jizn€é od kfiZovatky
PatoCkova — StreSovickd se podarilo ve vysypce odpadniho materidlu
byvalé strahovské cihelny zachytit pozustatky sekunddrmé premisté-
nych lidskych ostatkd a jednotlivych ndlezl z jednoho jiZ dfive znd-
mych ran¢ stiedovékych pohrebist. Zatimco ¢lenové premyslovské
kniZeci rodiny nasli misto posledniho odpo¢inku piimo na Prazském
hradé, vyse uvedené pohrebiste patfilo k vénci nekropoli obklopuji-
cich na sklonku 9. a v 10. stoleti hradCanskou ostroznu, na nichz
pohrbivali dal§i obyvatele riznorodého socidlniho sloZeni z tohoto
uzemi [4].

K necekanym patiil objev

With respect to the fact that they do not bear traces of fire exposure
and their typological scale is relatively narrow, the findings probab-
ly originated at a short-term hunting camp, which was already in the
past affected by post-deposition effects. Relatively frequent fin-
dings consist of remains of large mammals, first of all found in loess
sediments. During the course of the excavation operations several
fragments, e.g. a reindeer horn (Rangifer tarandus), aurochs (Bos
sp.) and elk (Alces sp.) bones or an extinct horse tooth (Equus sp.).

PREHISTORIC POPULATION

The archaeological investigation added new information to the
findings regarding the relatively dense prehistoric population of
StreSovice, in the Brusnice Brook valley, which have been gathe-
red since the 19th century. Whilst both cemeteries and settlement
structures were concentrated on the northern bank (on high spots),
only settlements were located on the southern side, where the ter-
rain slope was smaller. The carrier of information about the deve-
lopment of the primeval landscape, erosion processes and settle-
ment activities from the younger Stone Age to the Iron Age com-
prised sunken features in the area of PatoCkova Street and series
of strata of Holocene re-deposited soils filling the undulation
modelling the northern slope of the Brusnice Brook valley. In
total, 12 prehistoric features were uncovered, mostly pits, prelimi-
narily dated according to ceramics to the Late Bronze Age (1,300
— 800 BC). Among noteworthy findings there are a bronze dagger
blade from the Unétice culture period of the Late Bronze Age
(2,200-1,600 BC), which was found together with fragments of
stone, ceramics and animal bones in a layer — outwash — in one of
the two identified depressions. The bank erosion had to take place
concurrently or after the end of the population from the Late
Bronze Age in the close vicinity. Only then did soils already con-
taining documents about the population of the youngest Bronze
Age originated.

EARLY MEDIEVAL CEMETERIES

Remnants of secondarily replaced human remains and individu-
al findings from one of already earlier known Early Medieval

dosud nezndmého rané stredoveé-
kého pohfebisté v tiidé Milady
Hordkové pri kiiZzovatce se
Svatovitskou ulici v roce 2011.
Odkryto bylo 77 hrobu, z toho 29
détskych véetné kojencu. Hroby
jsou v souladu s dobovymi zvy-
klostmi usporddané v ne zcela
pravidelnych faddch a s pre-
vazujici orientaci neboZtiku hla-
vou k zdpadu. Charakteristickym
znakem je barvitost hrobovych
tiprav, doloZenych pozustatky
drevénych konstrukci/rakvi ¢i
kamennych prvku. NejCastéji
byli mrtvi vybaveni pouze kera-
mickou nddobou ¢i noZem. Na
zdkladé ndlezu bronzovych
a stfibrnych ndusnic, zlacenych
gombiku, kordlku ze skla
a jantaru v Zenskych a détskych
hrobech muaZeme pohfebisté
predbézné datovat od sklonku 9.
do 1. poloviny 10. stoleti, tedy do
doby po&itka eského stdtu
a vlddy prvnich pfemyslovskych
kniZat. Poloha nové objeveného

pohrebisté¢ i relativné chuds{
vybava neboZtiki naznacuje, Ze
na ném nasli misto posledniho
odpocinku ziejmé lidé z nam

Obr. 6 Praha 6 - t. Milady Hordkové, poloha rané stiedovekého pohrebisté, barevné vyznacena tizemi, na nichz probi-
hal zdchranny archeologicky vyzkum v letech 2008-2011

Fig. 6 Prague 6 — Milady Hordkové Street, situation of Early Medieval cemetery; the areas where the rescue archaeolo-
gical excavation was conducted in 2008-2011 are highlighted in colour
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Obr. 7 Praha 6 — t¥. Milady Hordkové, rané stiedovéké pohrebisté poskozené
cestou ze 17. stoleti

Fig. 7 Prague 6 — Milady Hordkové Street, Early Medieval cemetery dama-
ged by the road from the 17t century

nezndmého sidlisté leziciho severné od Prazského hradu. Dochované
ndlezy umoZiiuji archeologiim nahlédnout do svéta rané stfedovekych
femesel a technologii, stejné jako si napfiklad vytvorit predstavu
o zapojeni Cech do délkového obchodu 10. stoleti.

HRADBY A VOJENSKE LEZENI

V prubéhu archeologického vyzkumu pfi stavbé tunelu se potvrdil
potencidl studia baroknich hradeb, tvofenych véncem bastiont
akurtin. Poprvé od doby jejich vystavby v pribéhu 17. a 18. stoleti tak
bylo moZné nahlédnout do zdkladu bastioni XIII (sv. Benedikta)
a XIV (sv. Véclava) severné od Prazského hradu a upresnit dosavad-
ni predstavy o jejich vystavbé a konstrukcei zdkladovych zdiv [5, 6].
Zéklad zdéné armatury zpevnujici hlinity val byl tvofen opukovymi
kameny. Nadzemni zdivo mélo také opukové jadro, provédzané
s vnitinimi zpevrujicimi piliti. Vn&jsi plast’ tvorfilo zdivo cihlové,
jehoZz ndrozi, paty a vrchni kordony byly tvofeny z piskovcovych
prvku. Piekvapenim se stala bohat4 stratigrafie objekti (jam rtuznych
tvarti a vyplni) ,,stavenisté* hradby. Na zdkladé vysledka vyzkumu
byla potvrzena téZ existence zemniho télesa z konce 17. stoleti pred
bastionem XIV a ziskany podklady pro jeho rekonstrukci. Toto téleso
prekrylo koleje ,.cesty z mésta®, kterd spojovala Prazsky hrad
s krajinou na sever od néj v dob¢, kterd dokonce predchdzela dobé
vystavby hradeb.

Vyzkum prispel téZ k poznani severozapadniho sektoru opevnéni.
Zapadné bastionu X1 bylo pfi odtéZovén{ pozustatka ¢innosti strahov-
ské cihelny objeveno nezndmé zdivo, které 1ze s nejveétsi pravdépo-
dobnosti ztotoZnit s retranchementem budovanym Francouzi v rdmci
néstupnickych vélek v roce 1742.

V této dobé se v prostoru severné od Pisecké brany (Sir$i okolf sta-
nice metra HradCanska) rozklddalo vojenské leZeni, s nimz je spojo-
vano objevené torzo liniového objektu s nédlezem kostry koné (obr. 12)
a fada objektu svédCicich o prici s ohném. Pravdépodobné ze stejné
doby pochézi izolovany pohreb neboztika v dreveéné rakvi sbijené hre-
biky. Cennou soucdsti shromazdéného fondu novovékych ndlezi
z prostoru Dejvic i aredlu severné od hradeb jsou predevsim mince.

Obr. 8 Pohrebisté na tr. Milady Hordkové — détské hroby — H 68, 69 (foto

ARU Praha)
Fig. 8 Cemetery in Milady Hordkové Street — children’s graves — H 68, 69
(Photo ARU Praha)

cemeteries were captured east of the above-mentioned objects,
south of the crossing of Patockova Street and StreSovicka Street, in
a spoil dump of the former Strahov brickwork. Whilst the graves
of members of the princely Premyslide family there were directly
at Prague Castle, the above-mentioned cemetery was one of necro-
polises forming a ring around the Hrad¢any promontory at the end
of the 9th century and during the 10th century, in which other peo-
ple of various social milieu from this area [4] were buried.
Unexpected there was the discovery of unknown Early Me-
dieval cemetery in Milady Hordkové Street, at its intersection with
Svatovitska Street, in 2011. There were uncovered 77 graves,
29 of them child’s including suckling’s graves. They are arranged
in not completely regular rows and with the prevailing orientation
of the skeletons heads toward west. The variability of grave con-
structions is documented by remains of wooden structures/coffins
or stone elements. The deceised were most frequently equipped
with a ceramic vessel or a knife. On the basis of the findings of
bronze or silver earrings, gilded spherical pendants, glass beads
and amber in woman’s graves, we can preliminarily date the gra-
veyards back to the 9th century to the 1st half of the 10th century,
which is the period in which the Czech state, ruled by first
Premyslide princes, originated. The location of the recently exca-
vated cemetery and the relatively poorer equipment of the decea-
sed indicate that people who were buried here probably lived in
the unknown settlement north of Prague Castle. The preserved fin-
dings enable archaeologists to look into the world of early medie-
val crafts and technologies, and to create a notion of Bohemia
involvement in the long-distance trade in the 10t century.

FORTIFICATION AND MILITARY CAMP

The potentiality of the study on Baroque fortification formed by
a wreath consisting of bastions and kurtins was confirmed during
the course of the archaeological investigation. It was for the first
time since the time of their construction in the course of the 17th
century that it was possible to look into the foundations of
Bastions XII (St. Benedikt’s) and XIV (St. Wenceslas) north of
Prague Castle and refine the existing notions of their construction
and the structure of foundation walls [5, 6]. Clay body of bastion
was reinforced by limestone masonry in the basis. The above
ground masonry structure had also a limestone, which was tied to
inner reinforcing pillars. The outer cladding was formed by brick-
work. Corners, feet and upper cornices were hewn from sandsto-
ne. The rich stratigraphy of the objects (pits with various shapes
and fills) of the ‘construction site’ for ramparts has become
a surprise. The existence of clay dyke known from written sour-
ces from the end of the 17th century in front of bastion XIV was
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Obr. 9 Pohrebiste na ti. Milady Hordkové — hrob muze vybaveného velkym
nofem — H 17 (foto ARU Praha)
Fig. 9 Cemetery in Milady Hordkové Street — the grave of a man equiped with
a big knife — H 17 (Photo ARU Praha)

NOVOVEKY HRBITOV

Nedekanym nélezem byla také skupina hrobu, kterd byla obje-
vena na vychodni strané krizovatky ulic Patockovy a Na Hubdlce.
Rozsah pohrebisté byl s velkou pravdépodobnosti uréen morfolo-
gif terénu, protoze lezelo v nevelkém ,,amfitedtru na severnim
svahu tddolf potoka Brusnice. Jednotlivé hroby byly uloZeny pra-
videlné v paralelnich faddch sméru JZ — SV, hlavou orientovany
priblizné k SZ. Mezi neboztiky jednoznaéné prevazuji dospéli
jedinci (59 hrobu). Odkryty byly téz détské pohiby (7 vietné
novorozenat ¢i plodu), ty v8ak byly vzdy uloZené v jedné hrobové
jame spolecné s dospélymi. Celkem tak bylo objeveno 66 koster
uloZenych v uzkych drevénych rakvich, coz dokldda i poloha ske-
leti. Drevo rakvi se dochovalo v reliktech téméf ve vSech hro-
bech. V jednom pripadé bylo mozné rozlisit jednotlivé ¢asti schra-
ny — viko, bo¢nf dily i dno, kde dokonce zustaly patrné zarezy
z opracovani dfeva. Rakve byly ¢asto podkldddny kameny, ilom-
ky cihel, dlazdic nebo prejzi. Pohibeni jedinci obdobné jako
neboztici z rané stredovékého pohrebisté vesmés leZeli nataZeni
na zadech, na rozdil od nich v8ak ruce méli sloZené v nékolika
polohdch — volné podél téla, zkiizené na kliné nebo na hrudi.
Jeden z neboZtiku leZel otofeny na briSe, pravdépodobné
z duvodu prevraceni rakve pfi jejim uklddani.

Asi v jedné tietiné hrobu se bezprostfedné u mrtvych nebo
v zdsypu hrobovych jam dochovaly drobné osobni predméty.
Kromé soucasti odévu (knofliky, dchyty a hacky) to byly prede-
v§im zdvésky — krizky, medailonky a kordlky (napr. kordlky
z ruzence v hrobé H14). Nejbohatsi byl détsky pohfeb se dvéma
kiizky, kosténym a sklenénym knoflikem a pravdépodobné vénec-
kem. Knofliky se vyskytovaly predev§im dvojité — manZetové,
nékdy i s dochovanymi relikty textilu. Soubor knofliku &ital

Obr. 10 Pohrebisté na ti'. Milady Hordk
Praha)

Fig. 10 Cemetery in Milady Hordkové Street — documentation of graves
(Photo ARU Praha)

also confirmed during the excavation. The dyke covered a beaten
track of the ‘road from the town’, which interconnected Prague
Castle with the country north of it in the period which even pre-
ceded the building of bastions.

The archaeological research even contributed to the knowledge of
the north-western sector of the fortification. Unknown masonry,
which in all probability can be identified with the retrenchment which
was built by Frenchmen within the framework of wars of Austrian
succession in 1742, was discovered west of Bastion XI during the
excavation of remains of activities of the Strahov brickwork.

At that time a military camp spread itself in the area north of the
Pisek Gate (the wider surroundings of Hradcanskd metro station).
The torso of a linear feature (ditch?) with a finding of a horse ske-
leton (see Fig. 12) and numerous objects showing evidence of
work with fire are linked with this camp. The isolated burial of
a deceased person in a nailed wooden coffin probably originated
at the same time. Coins form a valuable part of the fund of fin-
dings from the Modern Age found in the area of Dejvice and the
area north of the bastions.

MODERN AGE CEMETERY

The group of graves which was discovered east of the crossing
of Patockova Street and Na Hubdlce Street was also an unexpec-
ted finding. The extent of the cemetery was with high probability
determined by the land surface morphology. It was located in
a small ‘amphitheatre’ on the northern slope of the Brusnice
Brook valley. Individual graves were placed regularly in parallel
SW — NE rows, with heads oriented approximately NW. Adult
individuals unambiguously prevail among the deceased (59 gra-
ves). Children’s burials (7, including newborn babies or foetuses)
were also discovered, but these were buried in the grave together
with adults. In total, 66 skeletons were discovered. They were pla-
ced in narrow wooden coffins, which fact is documented even by
the position of the skeletons. The coffin wood was preserved in
relics nearly in all graves. It was possible in one case to distingu-
ish individual parts of the casket — the cover, side parts and bot-
tom, where even woodworking grooves remained visible. The cof-
fins were frequently bottomed up on stones, fragments of bricks,
tiles or convex roof tiles. The buried individuals, similarly to the
deceased from the Early Medieval cemetery, mostly lay flat on
their backs. In contrast to them, they had their arms folded up in
several positions — loosely along the body, crossed on the lap or
on the chest. One of the deceased lay turned on the stomach, pro-
bably because of the coffin tumbling over during its burying.

Small personal objects remained approximately in a third of
graves, either immediately on the deceased or in the backfill of
burial pits. Apart from parts of clothing, they consisted first of all
of drops — crosses, lockets and beads (for example rosary beads in
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Obr. 11 Pohrebiste na ti. Milady Hordkové, k nejbohatsim patril hrob mladé
divky s gombiky a se stribrnou perlou na krku, kterou doprovdzely jantarové
kordle — H 2 (foto ARU Praha)

Fig. 11 Cemetery in Milady Hordkové Street, the grave of a young girl with
studs and a silver pearl on her neck, accompanied by amber beads belonged
among the richest graves — H 2 (Photo ARU Praha)

mnozstvi druht kovovych nebo lisovanych sklenénych, vyjimec-
né i kosténych/rohovinovych. Nalezené predméty ndm predevsim
pomdhaji pohrby Casové zaradit. Piikladem je odlévany mosazny
krizek pravdépodobné typu Immaculata conceptio (podle sdé-
leni M. Omelky). Na licové strané je reliéf ukriZovani Krista, na
rubové stran€ by méla byt zndzornéna Panna Maria (zatim neci-
telné). Tento typ je z jinych ndlezovych situaci datovan do obdobi
kolem poloviny 18. stoleti. BliZ8i okolnosti pohibivani na sever-
nim svahu udoli Brusnice zatim nezndme. Podle datovédni vyse
uvedeného mosazného kifzku vSak miZeme situaci nejspise spojit
s pusobenim vojsk pfi obléhdni Prahy béhem vélky o habsburské
dédictvi v 18. stoleti (zde 1740-1748). Tomu by mohla nasvédco-
vat i kulka v tylu lebky jednoho z pohibenych.

INDUSTRIALNI PAMATKY

Predmétem vyzkumu jsou téZ dochované Easti komunikaci
a technické pamatky 19. az 20. stoleti v prostoru Dejvického nad-
razi a v jeho nejbliz§im okoli, mj. nezndmy opakované vyuZivany
kanalizaéni systém vlozeny do byvalého tivozu jedné z cest smé-
fujicich od Pisecké brany k severu (u stanice metra Hrad¢anska)
¢i zaniklé objekty souvisejici s provozem nddrazi. Existence
konésprezné drahy se v archeologickych pramenech neodrazila.

Zapadné bastionu XI v ddoli Brusnice vznikla na sklonku 18.
stoleti cihelna Strahovska, kterd zpracovédvala mistni surovinu —
sprasové sedimenty. Fungovala téméf po celé 19. stoleti, kdy
doddvala stavebni materidl pro prudce se rozvijejici prumysl
a budovanou méstskou zdstavbu. Na prelomu 19. a 20. stoleti
zanikla a v jejich objektech se rozbéhl provoz octarny. Zastavba
19. stoleti byla na severni strané omezena komunikaci, kterd ve
40. letech jiz v podstaté vytyCovala trasu dneSni PatoCkovy
ulice, tenkrat vSak je$té podstatné uzsi. Od severni strany se
k hlavni komunikaci pripojovala priblizné v misté dne$nich
schodt do ulice Nad octérnou dal3{ cesta. BEhem vyzkumu byl
zdokumentovan slozity systém zdénych konstrukci zaniklych

Obr. 12 Praha 6-Dejvice, kostra koné objevend v prikopu z 18. stoleti nedale-
ko stanice metra Hrad¢anskd (foto ARU Praha)

Fig. 12 Prague 6-Dejvice, the horse skeleton discovered in a ditch from the
18" century near Hrad¢anskd metro station (Photo ARU Praha)

grave H14). The richest burial was probably a child’s funeral with
two crosses, a bone button and a glass button and, probably,
a small wreath. Double cuff buttons, sometime even with textile
relics, were most frequently encountered buttons. The set of but-
tons contained many types of metal or pressed glass, exceptional-
ly even bone/horn ones. The found objects help us first of all to
determine the periods of funerals. The molten brassy cross, pro-
bably of the Immaculata Conceptio type (according to informati-
on from M. Omelka) is an example of it. On the obverse side there
is a Jesus Christ crucifixion relief, whilst Virgin Mary should be
depicted on the reverse side (for the time being illegible). This
type is dated from other discovery situations by to the period
around the half of the 18th century. Closer circumstances of bury-
ing on the northern slope of the Brusnice Brook valley are as yet
unknown. Anyway, according to the dating of the above-mentio-
ned brassy cross we most probably can link the situation with the
activities of armies during the siege of Prague during the war of
the Habsburg heritage in the 18th century (here 1740 — 1748). It
could even be suggested by a bullet in the back of the skull of one
of the buried.

INDUSTRIAL MONUMENTS

Preserved parts of roads and technical monuments from the 19th
through 20th century in the area of the Dejvice railway station and
its closest surroundings, among others an unknown repeatedly used
sewerage system inserted into one of the former narrow-sunken
roads heading northward from the Pisek Gate (near Hrad¢anska
metro station) or former structures associated with the station ope-
ration are also the subject of the survey. The existence of the horse-
drawn railway did not reflect itself in archaeological sources.

The Strahov brickwork, processing a local raw material — loess
sediments, originated west of Bastion XI, in the Brusnice Brook
valley, at the end of the 18th century. It was in operation nearly for
the entire 19th century, during which it supplied the building mate-
rial for the rapidly developing industry and urban building con-
struction. It ceased to exist at the turn of the 19th to 20t century
and a vinegar factory started to operate in its objects. The 19th cen-
tury buildings was limited on the north side by a road, which in
the 1840s in substance determined the alignment of the current
PatoCkova Street, which was significantly narrower at that time.
Another road was connected to the main road from the north, app-
roximately in the location of the staircase to Nad Octdrnou Street.
A complicated system of masonry structures of former buildings
of the brickwork/vinegar works with production buildings and
their rear area, which have been preserved on two floor levels, was
documented during the course of the excavation. The structures
consisted of external walls delimiting individual buildings and
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Obr. 13 Patockova ulice, severni &dst novovekého pohrebisté z 18. stol., prozkou-
mané a vybrané hrobové jamy vyhloubené v pravidelnych Faddch (foto ARU Praha)
Fig. 13 Patockova Street, northern part of the Modern Age cemetery from the
18" century; examined and emptied burial pits dug in regular rows (Photo
ARU Praha)

staveb cihelny/octdrny s vyrobnimi objekty a jejich zdzemim,
dochovanych ve dvou irovnich podlazi. Konstrukce tvorily
obvodové zdi vymezujici jednotlivé budovy a mistnosti s mnoha
architektonickymi detaily — jeden nezasypany sklipek, otopna
zafizeni, stdje se stdnimi a zlaby, kominy, sit' kandlku, zahloube-
né obezdéné jamy (nddrZe &i zdsobniky), dochované trovné ruz-
nych typu podlah, véetné dievénych, cihlové studna kruhového
pudorysu, kterd zasahovala hluboko do skalniho podloZi, prav-
dépodobné i relikty venkovni vydlazby nezastavénych ploch
a mnohé dal§i prvky. UrCen{ funkce jednotlivych objektu, rozli-
Seni vyvojovych fazi staveb a spojeni ndlezovych situaci
s historickymi provozy bude predmétem dal§iho zpracovéni.
S roz§ifovanim vozovky dne$ni Pato¢kovy ulice v 50. letech 20.
stoleti je spojen zénik vSech staveb vychodné Myslbekovy ulice.

ZAVER

Dosavadni prubéh archeologického vyzkumu prinesl nejen fadu
novych objevu a cennych zjisténi o severnim a zdpadnim predpo-
Ii Prazského hradu, ale prokazal, Ze skloubeni technologickych
postupfl stavbafﬁ a archeologﬁ je moiné i za tak slozitych podmi-
oboustranne spoluprdci zustane odt€Zend ,,pamét krame pro-
stiednictvim dokumentace shromdzdéné pri archeologickém
vyzkumu zachovdna i pro budouci generace.
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Obr. 14 Dochované relikty zdstavby z 19. a 1. poloviny 20. stoleti jizné od
Patockovy ulice — zaniklé objekty cihelny a octdrny, odkryvdni podlahy stdji
a obvodového zdiva se Zlaby (foto ARU Praha)

Fig. 14 Preserved relics of buildings from the 19" and first half of the 20t
century south of Patockova Street — former objects of the brickwork and the
vinegar factory; exposing the floor of stables and external walls with troughs
(Photo ARU Praha)

rooms with many architectural details — one non-filled cellar, hea-
ting appliances, stables with stands and troughs, chimneys,
a network of gutters, sunk walled pits (tanks or reservoirs), pre-
served levels of various types of floors including wooden ones,
a brick-lined well with circular ground plan extending deep into
the bedrock, probably even relics of external pavement of non-
built up areas and numerous other elements. The determination of
individual objects, distinguishing of development phases of buil-
dings and linking of situations of finds to historic production units
will be the subject of further processing. The widening of the
roadway of the today’s Patockova Street in the 1950s is associa-
ted with the demolition of all structures east of Myslbekova Street.

CONCLUSION

The course of the archaeological investigation to date brought
not only numerous new findings and valuable information about
the northern and western surroundings of Prague Castle, but it also
proved that joining of technological procedures of builders and
archaeologists is possible even in such complicated conditions
which are brought by the development of the Blanka complex of
tunnels. Owing to the bilateral collaboration, the removed ‘memo-
ry of landscape’ will remain preserved even for future generations
through the documents gathered during the course of the archaeo-
logical research.
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STIMULACE HORNINOVEHO MASIVU PRO VYTVORENI
PUKLINOVEHO REZERVOARU PRO JIMANI GEOTERMALNI ENERGIE

STIMULATION OF ROCK MASSIF TO ESTABLISH FRACTURE
RESERVOIR FOR CAPTURE OF GEOTHERMAL ENERGY
IN THE HOT-DRY-ROCK SYSTEM

HANA JIRAKOVA, JAN VINTERA, MICHAL STIBITZ, MICHAL VANECEK

ovop

Pri vyuzivani horninového prostredi je v nékterych pripadech
nutné umele navysit miru rozvolnénosti horninové matrice. Na
Cetnosti puklin a jejich dostate¢ném rozevreni je Casto zavisld
mozZnost exploatace nékterych zdroju surovin, loZisek a energie
(napf. jimén{ ropnych uhlovodiki, geotermélni energie metodou
hot dry rock, podzemni vody z puklinovych kolektort).

V podzemnim stavitelstvi ¢i ¢innostech provadénych hornickym
zpusobem jsou situace, kdy k rozvolnéni nejsou pouZitelné ani kla-
sické destruktivni metody (odstrel), ani kumulativni nédloZe &i
obdobné metody. Netradi¢ni pristup k rozvolnovani hornin, resp.
ke zvySeni Cetnosti puklinové sité, nabiz{ princip zaloZeny na hyd-
raulickém $tépeni (hydrofracturing), tedy bez pouziti vybusnin.

V ramci projektu STIROMAS (STImulation of ROck MASsif)
probihd vyzkum zamefeny na oveteni schopnosti vytvorit puklinovou
sit’ hydraulickym $tépenim pfi spoluptsobeni tzv. pulzniho tlaku.
Vyzkumny projekt zahrnuje jak laboratorni vyzkum v mikromefitku
a v makroméfitku, tak i vyzkum in-situ dopln€ny simula¢nimi mode-
lovacimi technikami a prehledem vhodnych dostupnych horninovych
typl v Ceském masivu. Zatimco laboratorni vyzkum je provadén na
odebranych horninovych vzorcich, vyzkum in-situ se zamefuje na test
v rostlém horninovém masivu. Zabudovanim vyzkumné etapy do
podminek horninového masivu se vyzkum pribliZi redlnym podmin-
kam. Dojde k ovlivnéni testu pfirozenymi napjatostnimi, pretvarnymi
a pevnostnimi silami rostlého masivu za spolutcasti Cetnych rozdélo-
vacich ploch typu puklina, lineace, foliace atp.

Vysledkem projektu bude:

— overeni metody rozvolnéni horniny pomoci pulzniho hydrau-

lického Stépent;

— stanoveni tlakd nutnych k rozvolnéni pro zkoumané typy hor-
nin;

— overeni prostorového dosahu rozvolnéni v zavislosti na tech-
nologii hydraulického Stépeni, tlaku a charakteristickych
vlastnostech horniny;

— stanoveni zdkonitosti/vztahu mezi vysledky laboratorniho
méfeni a tlakem (metodou) potrebnym pro rozvolnéni horni-
ny in-situ;

— modelovani a predikce dosahu linedrniho/pulzniho hydrau-
lického $tépeni v horninovém masivu.

VYZKUMNY PROGRAM PROJEKTU

Reseni vyzkumného projektu je rozloZeno do &tyf etap/let
v obdobi 2011-2014.

Prvni pfipravnd etapa (2011) byla zamérend na studium zahra-
ni¢nich zkuSenosti s hydraulickym S$tépenim hornin. Soudasti
reSerSe bylo studium geomechanickych a hydromechanickych
vlastnosti hornin, metod a technologii hydraulického §tépeni
a moznosti matematického modelovani zminénych problému. Bylo
nezbytné ziskat podklady pro materidlni, technickou a metodickou
piipravu vyzkumu pulzniho $tépeni mikrovzorka. DuleZitou &dsti

INTRODUCTION

In crystalline rocks, it is sometimes necessary to increase
artificially the fracture density. In many cases, the frequency
of fractures and their degree of openness determines the
limits of exploitation of natural resources and energy (e.g.
hydrocarbons, geothermal energy, groundwater from fracture
reservoir).

Underground construction industry often encounters situa-
tions requiring the rock massif fracturing without application
of classical destructive (blast) or similar methods.

The presented unconventional rock fracturing approach for
the enhancement of fracture network is based on the princip-
le of hydraulic fracturing (hydrofracturing), i.e. without use
of explosives.

In the framework of the STIROMAS (STImulation of
ROck MASsif) project, the research aims at verifying the
capability of creating a fracture network using hydraulic
pulse fracturing method.

The research project comprises of laboratory micro-sam-
ple, macro-sample and in-situ testing supported by simulati-
on modelling techniques as well as review of rock types ava-
ilable in the Bohemian Massif. While the laboratory experi-
ments are carried out on representative rock samples, the in-
situ research is focused on tests in rock massif. In-situ expe-
riments will therefore demonstrate natural conditions of rock
massif, as the test will be affected by natural stress, deforma-
tion and stability of the rock environment considering also
natural occurrence of cracks, fractures, lineation and foliati-
on planes.

Expected results:

— verification of rock fracturing applying the hydraulic

pulse fracturing;

— determination of pressures necessary for rock fracturing
depending on rock properties;

— verification of the spatial extent of the fracture develop-
ment depending on hydraulic fracturing technique, pres-
sure and characteristic rock properties;

— determination of relationship between laboratory results
and the pressure (method) required for in-situ fracturing;

— modelling and prediction of the fracture extend during
linear/pulse hydrofracturing experiments.

PROJECT RESEARCH PROGRAMME

The research project is divided into 4 phases/ years within
the 2011 — 2014 period.

The first (preparation) stage (2011) included bibliographic
study with emphasis on hydraulic fracturing experience
worldwide. The bibliographic study primarily focused on
geomechanical and hydromechanical rock properties,
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etapy byly ndvrh a piiprava zafizeni pro hydraulické zkousky
a priprava specializovaného podzemniho pracovisté.

Druhd etapa (2012) je zaméfena na zkouSeni vzorku v mikro-
méritku, nejprve za linedrniho zatéZovani, posléze pri pulznim
zatizeni.

Naplni tfeti etapy (2013) je ovéfeni metod linedrniho
a pulzniho poruSovéani hornin v makromeéritku na vzorcich vét-
§ich bloku hornin v reZimu uplatnéném na vzorcich
v mikromertitku. Vyzkum in-situ pfedpoklada provést hydraulic-
kou tlakovou zkousku v jadrovych vrtech v podzemni laboratori
Josef. Do Celby ve vybrané rozrazce jsou vyvrtiny aplikacni
a monitorovaci vrty. Prostor predpoklddaného ovlivnéni pri
pulznich tlakovych zkouSkach bude vystrojen monitorovacimi
¢idly.

Posledni etapa vyzkumu (2014) je zaméfena na vyhodnoceni
dat a poznatka ziskanych pfi viech etapdch vyzkumu. Vystupem
bude metodika pro ziskdvani popisnych charakteristik hornin
a postup pro matematické modelovéni v pripadé hydraulického
Stépeni linedrn{ a pulzni technologii.

HYDRAULICKE STEPENI

Hydraulické $tépeni od svého pocétku predstavuje hlavni
metodu pro zlepSeni produktivity podzemnich rezervodru at’ uz
z hlediska ziskdvadni uhlovodiki, nebo geotermdlni energie
(Economides a Nolte, 2000). Stépeni vodou lze pouZit v mélo
propustnych, nebo nepropustnych hornindch k vytvoreni site
rozsdhlych a uzkych trhlin. Hydraulické $tépeni hornin predsta-
vuje komplexni problém ovliviiovany mnoha faktory. Mecha-
nismus vzniku puklinového systému v krystalinické horniné za-
visi na stavu napjatosti masivu, struktufe a textufe hornin, na
charakteru poruSeni masivu trhlinami (vlastnostech diskontinuit)
a na konkrétnich geotechnickych parametrech, které urcuji miru
a typ reakce prostredi na pusobici tlak.

Obecné lze fici, Ze tlakové §tépeni vodou umoZznuje vytvorit
pukliny v fadech nékolika stovek metri 0 mocnosti az 1 mm. Vo-
divost zdvisi na Sifce poruchy ovlivnéné stfiznym napétim,
nerovnosti poruchy a pevnosti horniny (Rushing, Sullivan, 2003
In Reinicke et al., 2010). Uspéch metody tedy zileZ{ na cilovych
parametrickych vlastnostech poruchy.

Hydraulického $tépeni se nejcastéji pouzivd s cilem propojeni
vzdjemné nekomunikujicich oblasti s pfirozenym puklinovym
systémem s nove vytvorenou siti puklin, a tim zvySeni pritoku
v dané oblasti. V prostiedi Hot Dry Rock se hydraulické stépeni
aplikuje za dcelem propojeni nékolika vrti v tvrdych krystali-
nickych hornindch a snadnéjsiho ziskdavani geotermdlni energie.

PODZEMNI EXPERIMENTALNI PRACOVISTE

P

Pro experimentdlni ¢dst, tj. linedrn{ §t€peni a pulzni $tépeni na
mikrovzorcich, makrovzorcich a in-situ, byl vyhrazen prostor
v Podzemni laboratofi Josef v lokalité Celina-Mokrsko, kterou
provozuje Fakulta stavebni CVUT v Praze. Pro tyto t&ely byly
ve Stole Josef vybrany rozrazky JP-2 a SP-4 v oblasti Mokrsko
vychod (obr. 1). Hlavnimi vyhodami provadéni zkousek v pod-
zemi je jednoduché zajisténi bezpe€nosti pracovniho prostiedi,
zabezpeCeni méfici aparatury a uchovani zkouSeného materidlu
pfi stabilni teplote a vlhkosti.

TLAKOVE ZKOUSKY

Pro ovéreni v projektu stanovenych hypotéz byly zvoleny dva
typy tlakovych zkousek.

Pri prvnim typu tlakové zkousky jsou vzorky zatéZovany stup-
fovitym linedrnim ndrustem tlaku aZz do prekrodeni meze pev-
nosti, kdy dojde k rozstépeni vzorku.

hydraulic fracturing methods and equipment and potential
tools for reliable mathematical modelling of the above-men-
tioned problems. It was necessary to study scientific and
technical documents for material, technical and methodologi-
cal preparation phase for the pulse micro-sample testing. The
key part of this project phase was to develop an appropriate
facility for hydraulic testing and site preparation in the speci-
alized underground laboratory.

The second stage (2012) is focused on micro-sample
testing, first with linear pressure increase, later with pulse
regime.

The matter of interest of the third phase (2013) is to verify
the methodology of linear and pulse rock fracturing in macro-
scale on large-dimension samples of rock types being previ-
ously tested in micro-scale. Subsequent hydraulic fracturing
test in-situ will be carried out in core boreholes in the Josef
Underground Laboratory. Heading of the selected explorati-
on working will be equipped by application and monitoring
wells. Monitoring sensors will be placed within the range
potentially affected by pressure pulse testing.

The last project phase (2014) aims at data treatment and
interpretation of all findings acquired within the whole pro-
ject. The major project output will describe methodological
approach to obtain descriptive rock characteristics and the
procedure of mathematical modelling dealing with linear vs.
pulse technology.

HYDRAULIC FRACTURING

Hydraulic fracturing represents the main method to enhan-
ce the underground reservoirs productivity either for hydro-
carbon or geothermal energy extraction (Economides and
Nolte, 2000). Hydrofracturing can be applied on low perme-
able or impermeable rocks in order to develop the network of
both extensive and very narrow fractures. Hydraulic fractu-
ring is considered as a complex mechanism affected by
numerous factors. The mechanism of the fracture system
development in crystalline environment reflects the stress
field of the rock massif, structure and texture properties, the
character of the rock massif failure (discontinuity properties)
as well as particular geotechnical parameters.

In general, the pressure fracturing can induce fractures up
to hundreds meters long and 1 mm thick. The conductivity
reflects the width of the fracture affected by the shear stress,
fracture surface heterogeneity and rock strength (Rushing
and Sullivan, 2003 In Reinicke et al., 2010).

The hydraulic fracturing is most frequently used for inter-
connection of not communicating areas with natural enhan-
ced fracture system which leads to inflow increase. The pur-
pose of hydrofracturing in Hot Dry Rock environment is to
interconnect boreholes and facilitate the geothermal energy
extraction from the crystalline basement.

UNDERGROUND EXPERIMENTAL SITE

The experimental part of the project, i.e. the linear and
pulse fracturing tested on micro-samples, macro-samples and
in-situ, is carried out in Josef Underground Laboratory ope-
rated by the Faculty of Civil Engineering of the Czech
Technical University in Prague. Particularly, side drifts JP-2
and SP-4 in the Mokrsko-East belt have been selected for
experimental purposes (see Fig. 1). The underground testing
advantages include working safety and constant temperature
and constant humidity conditions for storage of tested

material.
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HYDRAULIC TESTS

Two types of hydraulic tests have been selected for the pro-
ject hypothesis verification.

The first type of hydraulic tests is based on linear pressure
increase in several steps up to the rock failure.

The second type of hydraulic test intends to verify the
pulse technology. The test will be performed in several steps.
In the first step, the rock sample is tested up to the pressure
corresponding to 1/3 value of the maximal pressure (the
maximal pressure was determined previously during the
linear test and correspond to the rock failure). Reaching this
value (1/3 the critical pressure), the facility will switch into
the pulse regime following by pressure increase up to 2/3
value of the maximal pressure. After repeated pulse regime,
the pressure is at the final stage increased to its maximal
value (see Fig. 2).

REPRESENTATIVE ROCK TYPES FOR TESTING

Considering the objective of the project, i.e. to develop
a technology for pulse fracturing suitable for the most current
representatives of non-plastic rocks, a representative set of

Obr. 1 Umisténi vyzkumného pracovisté STIROMAS v oblasti Mokrsko
vychod, Podzemni laborator Josef (CVUT)

Fig. 1 Location of the STIROMAS research workplace in the Mokrsko-East
area, Josef Underground Laboratory (Czech Technical University)

Druhy typ testu slouZzi pro ovérfeni pulzniho §tépeni. Proveden{
zkousky se predpoklada v nékolika stupnich. V prvni fazi je vzo-
rek zatiZzen na tfetinovou hodnotu tlaku odpovidajici porusen{
vzorku zjisténého pri zkousce linedrniho zatéZovani a po dosa-
Zeni této hodnoty prejde zafizeni do reZimu pulzu. ZatiZen{ pulz-
nim rezimem je poté zopakovdno na 2/3hladiné zatiZen{

Max tlak (tlak pfi poruSeni) — Maximum pressure (ultimate strength)

2/3 max tlaku — 2/3 of max. pressure

Min tlak - Min. p;gurea \/ \/

Obr. 2 Schéma zkousky hydraulického pulzniho $tépeni
Fig. 2 Hydraulic pulse fracturing chart

Tab. 1 Vybrané horninové typy a lokality odbérovych mist pro testovani v mikro a makro méritku
Table 1 Selected rock types and quarry sampling sites selected for micro-scale and macro-scale testing

Typy hornin Vybrané lokality Mikrovzorky Makrovzorky
Rock Type Quarry Sites Micro-samples Macro-samples
Metamorfity (Metamorphic rocks)

Pararula kvarcitické

(Quartzite paragneiss) Téchobuz X -
Pararula migmatiticka

(Migmatite paragneiss) Bilkovice X X

Spilit (Spilite) Sykofice X -
Ortorula (Orthogneiss) Predklastefi (obr. 3 / Fig. 3) X -
Amfibolit (Amphibolite) Markovice X X
Magmatity (Magmatic rocks)

Granit (Granite) Mokrsko — $tola Josef / Josef gallery X -
Granit (Granite) Panské Dubénky X X
Vulkanity (Volcanic rocks)

Ryolit (Rhyolite) Malé Zernoseky (obr. 3/ Fig. 3) X X
Bazalt (Basalt) Dobkovicky X -

Dacit (Dacite) Mokrsko — $tola Josef / Josef gallery X -
Referentni vzorek / Reference sample

Beton (Concrete) X X
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a naposledy pri definované maximalni hodnoté tlaku, pfi niz dojde
k poruseni (obr. 2).

VYBER HORNINOVYCH TYPU PRO TESTOVANI

S ohledem na cil projektu, tj. ndvrh technologického postupu
pulzniho $tépeni, vhodného pro nejrozsifenéjSi reprezentanty
neplastickych hornin, byla pro tcely testd v mikro- a makroméritku
navrZena reprezentativni sestava vzorka podle tab. 1.

Jak vyplyvd z tab. 1, dva zdstupci z testovanych typu hornin (tj.
granit a dacit) jsou vybrany ze $toly Josef, aby tak byla umoZnéna
korelace vysledki experimenti na mikrovzorcich a makro-
vzorcich s identickymi experimenty in-situ v Podzemni laboratori
Josef (Semikova et al., 2012).

VYZKUM MIKROVZORKU

Od kazdého horninového typu byly vytvoreny tri sady mikro-
vzorkl o vy$ce 200 mm a pruméru 96 mm:

— Prvni sada vzorku byla pouZita ke stanoveni zakladnich geo-
mechanickych parametrit (objemova hmotnost, mérnd hmot-
nost, pevnost v prostém tlaku, pevnost v prostém tahu, pev-
nost v pri¢ném tahu, propustnost, pérovitost, moduly).

— Druha sada vzorku slouZi pro testovani stimulace hydraulic-
kym tlakem v laboratornich podminkdch za stupnovitého
linedrniho nérustu tlaku a7z do prekroeni meze pevnosti.

— Treti sada mikrovzorku je urfena pro ovéeni metody pulzni-
ho hydraulického $tépeni.

Pro simulaci skute¢nych napjatostnich podminek v horninovém
masivu je po obvodu plaste valcového vzorku vytvoren komorovy
tlak, ktery md odpovidat hodnoté geostatického napéti podle
simulované hloubky. Pro vytvoreni analogie se zkuSebnim mistem
v podzemni laboratofi Josef byla zvolena hodnota komorového
tlaku 2,5 MPa (cca 100 m nadloZni horniny).

Prvni testy byly provedeny na zkuSebnich vzorcich betonu tfidy
C30/37 (obr. 4). Ukelem zkuSebnich testi bylo ovéfit chovani
vzorku pii odli$nych schématech prubéhu zkousek, stejné tak vliv
komorového tlaku. Prvnim schématem zkousek je nastaveni hod-
noty pracovniho tlaku nad hodnotu predpoklddané hodnoty kritic-
kého tlaku (tlaku, pri kterém dojde k poruseni) tak, aby doslo
k poruSeni vzorku v linedrni ndstupové krivce pracovniho tlaku
(varianta A, obr. 5). U druhého schématu zkousek je nastavena
hodnota pracovniho tlaku pod hodnotou kritického tlaku a po
jejim dosazeni se udrzuje konstantni azZ do poruseni vzorku (vari-
anta B, obr. 5).

rock samples designated for testing in micro and macro-scale
have been introduced (Table 1). Table 1 reveals that two rock
types (granite and dacite) come from the Josef gallery where
will be possible further comparison of results acquired from
micro/macro testing with in-situ experiments (Semikova et
al., 2012).

MICRO-SAMPLE TESTING

Three sets of cylindric micro-samples (200 mm high,
96 mm in diameter) were prepared for each rock type.

— The first set of samples was used for the determination
of basic geomechanical parameters (volume density,
specific density, unconfined compressive strength, direct
tensile strength, tensile splitting strength, permeability,
porosity, modules).

— The second set of samples is used for hydraulic testing
in laboratory conditions, with the stepwise pressure load.

— The third set of samples is designed for the pulse hyd-
raulic fracturing.

The simulation of real stress conditions is ensured by
chamber pressure corresponding to the geostatic stress
depending on the simulated depth. Considering the analogy
with the Josef site conditions, the chamber pressure is fixed
at 2.5 MPa (corresponding to the 100 m thickness of the top
layer).

Initial tests were carried out on trial concrete samples of
C30/37 grade (see Fig. 4). The purpose of the trial tests was
to investigate the behavior of the sample at various test sche-
mes as well as the effect of the chamber pressure. During the
first testing scheme, the working pressure was fixed at value
exceeding the assumed value of the critical pressure (the
pressure corresponding to rock sample failure) so that the
sample fractures within the linear start-up working pressure
curve (variant A, see Fig. 5). In the second testing scheme,
the working pressure value is fixed under the critical pressu-
re value and, after it is reached, it is maintained constant until
the rock sample failure (variant B, Fig. 5).

Fig. 6 shows tests development with the linear loading con-
ducted on concrete samples with parameters introduced in
Table 2. These tests contributed to the specification of testing
methodology on rock samples both for linear and pulse frac-
turing.

Obr. 3 Odberové lokality (foto ISATech); vlevo: Predkldsteri (ortorula), vpravo: Malé Zernoseky (ryolit)
Fig. 3 Sampling sites (Photo courtesy of ISATech). Left side: Predkldsteri (orthogneiss), right side: Malé Zernoseky (rhyolite)




Tab. 2 Parametry linedrnich zkousek pri testovani mikrovzorku betonu
Table 2 Parameters of linear tests during concrete micro-samples testing
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Vzorek Komorovy tlak (MPa) Pracovni tlak (MPa) Nardst tlaku (s) Doba drzeni tlaku (s)
Sample Chamber Pressure (MPa) Working Pressure (MPa) Pressure Increase (s) Duration of keeping the pressure (s)
C1 25 30 180 120
C2 25 30 180 120
C3 25 30 120 120
C4 25 30 120 120
C5 2,5 30 120 120
C6 25 40 120 120
Cc7 6 40 120 120
C8 10 40 120 120
C9 25 17 20 180
C10 25 13,5 20 180
A @ 4
[ . I 5 i i m s
s i\ =2 |
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Obr. 4 Vzorek betonu C10 po zkouSce: komorovy tlak 2,5 MPa, pracovni tlak
13,5 MPa, cas ndstupu 20 s, cas po dosaZeni pracovniho tlaku 180 s (foto
ISATech)

Fig. 4 Concrete sample C10 after testing: Chamber pressure 2.5 MPa,
working pressure 13.5 MPa, start-up time 20 s, time interval with constant
pressure 180 s (photo courtesy of ISATech)

Na obr. 6 je zobrazen prabéh zkousek s linedrnim zatéZovanim
na vzorcich z betonu, jejichZ parametry jsou uvedeny v tab. 2.
Vysledkem téchto zkousek je navrzeni kone¢ného schématu meto-
diky zkousek jak pro linedrni, tak i pro pulzni $t€peni vzorku.

Vzhledem k tomu, Ze zkouSené betony nebyly zcela vyzralé, 1ze
povazovat namerené hodnoty tlaku, pri kterych doslo k porusen{
vzorku, pouze za orienta¢ni a pri dalSich testovacich zkouskéach
bude nutné zkouset vzorky normované vyzrdlé (tj. po 28dennim
zrani). Piesto Ize z pribéha provedenych zkouSek odvodit zdvér,
Ze na hodnotu pracovniho tlaku, pfi kterém dojde k poruseni vzor-
ku, md vliv schéma prubéhu zkousky. Pfi schématu s linedrnim
ndrastem tlaku do predem definované hodnoty a ndsledném drze-
nim tlaku po ur¢itou dobu na této hodnoté (varianta B) je mozné
docilit poruSeni vzorku pfi niz§im pracovnim tlaku, neZ jaky by
byl potieba pii varianté schématu zkousky s linedrnim nérustem
tlaku bez roviny drZen{ tlaku (varianta A).

ZAVER

Vyzkumny projekt si stanovil za hlavni cil definovat vztah
mezi pusobenim linedrntho a pulzniho tlaku na kompaktnost

Obr. 5 Rozdilnd schémata prubéhu zkouSek: A. Pracovni tlak nastaven nad hodnotu kritického tlaku — k poruSeni dojde
v linedrni ndstupové kfivce pracovniho tlaku; B. Pracovni tlak nastaven pod hodnotu kritického tlaku — drZeni
konstantniho tlaku aZ do poruseni pri tlaku Qinic

Fig. 5 Various schemes of the course of tests: A. Working pressure is fixed above the critical pressure value; the sample
i [fractures within the linear start-up working pressure curve. B. Working pressure is fixed under the critical pressure
Cta value — constant pressure maintained until the rock failure under the Qjnic pressure

As the tested trial concrete samples were not mature
enough, acquired values provide only orientation results
which have to be verified and consequently tested on fully
mature samples in compliance with the standard (min. 28
days of maturing). Nevertheless, it is already possible to
deduce several findings based on pilot trial tests. The value
of pressure at the moment of the rock failure is conside-
rably influenced by the test scheme variant. The scheme
involving the pressure load up to the pre-defined value and
there subsequent maintaining the pressure value for
a certain time (variant B) confirmed the sample failure at
lower working pressure values than would be necessary for
linear pressure increase without maintaining pressure con-
stant (variant A).

CONCLUSION

Principle objective of the research project is to determine
the relationship between linear and pulse pressure load and
its effects on the rock stability. The conventional hydraulic
fracturing method based on gradual linear pressure increa-
se until the rock failure is tested in order to determine pres-
sures necessary for the rock fracturing depending on the
rock type.
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Obr. 6 Prubéh zkousek s linedrnim zatéZovanim na vzorcich betonu
Fig. 6 The course of tests with linear loading conducted on concrete samples

vytypovanych hornin. Pfi klasické metodé hydraulického $t€peni
je hornina rozruSovdna linedrnim tlakem, tzn. prostredi je zatéZo-
véno pozvolnym narustem tlaku az do poruSeni horniny. Tato
metoda je v rdmci projektu testovdna za Gcelem stanoveni tlaka
nutnych k rozvolnéni pro jednotlivé typy hornin.

Z aktudlné dostupnych vysledku testovani zkuSebni sady nevy-
zrélych betonu je ziejmé, Ze reZim pusobeni tlaku v prabéhu zkous-
ky mé zdsadni vliv na hodnotu tlaku, pri kterém dojde k poruseni.

Vysledky pilotnich zkouSek umozZni upresnéni metodiky, kterd
bude kromé referenéniho vzorku betonu ddle aplikovdna na 10
odlignych typu hornin a povede tak k ovéfeni prostorového dosahu
rozvolnéni v zdvislosti na charakteristickych vlastnostech horniny.
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PRAVDEPODOBNOSTNI ANALYZA METODOU
LATIN HYPERCUBE SAMPLING

PROBABILISTIC ANALYSIS USING LATIN HYPERCUBE
SAMPLING METHOD

TOMAS SVOBODA, MATOUS HILAR

1 OVOD

Mechanické parametry horninového masivu ziskané v ramci
geotechnického pruzkumu pro ndvrh podzemnich staveb (pii-
padné i jinych konstrukci) maji asto znany rozptyl. Dand sku-
tecnost vyplyva nejen z vlastnosti geologického prostredi, které
zpravidla neni homogenni, ale je zapfiinéna také nepfesnostmi
provadénych laboratornich ¢i polnich zkousek.

Nejistoty ve vstupnich parametrech jsou v deterministickych
vypoétech v geotechnické praxi zohlednény pomoci bezpeénost-
nich koeficienti. Ty do vypoéti podle Eurokédu 7 (EC7 — CSN
EN 1997-1) vstupuji ve formé dil¢ich soucinitelu aplikovanych
na materidlové parametry, samotna zatiZeni, jejich G¢inky, nebo
pripadné oboje. Pfi standardnim vypoétu mohou byt vysledky
znacné konzervativni, model s redukovanymi vstupnimi para-
metry se muZe vyrazné odliSovat od skute¢ného chovani.
V normé EN 1990:2002 je povoleno pouziti pravdépodobnost-
nich metod, které zohledriuji variabilitu vstupnich parametra
a zatéZovacich stavi. Pravdépodobnostni vypocet je formulovan
jako alternativa, kterd md byt overena standardnim vypoctem
s vyuzitim dil¢ich souliniteld. Pomoci pravdépodobnostnich
metod Ize urcit pravdépodobnost poruchy a index spolehlivosti,
jejichZ minimélni hodnoty pro mezni stav tinosnosti a jednotlivé
tridy spolehlivosti jsou doporuc¢eny v EC 7. Vysledkem pravdé-
podobnostniho pristupu pak je nejen, zda konstrukce vyhovi, ¢i
nikoli, ale i stanoveni miry rizika poruSeni souvisejiciho
s navrzenou konstrukeci.

Pravdépodobnostni vypolty se stdvaji stile dostupnéjS$im
nastrojem pro feSeni geotechnickych tloh. Jejich rozsifen{
v bézné praxi brani zejména vySsi Casové naroky na zpracovani
vypoltu, ndroky na vystupy z geotechnického prazkumu, ddle
také chybéjici implementace pravdépodobnostnich metod
v béZné pouzivaném programovém vybaveni. Nésledujici prispé-
vek se proto zabyva redukéni pravdépodobnostni metodou
Latinskych hyperkrychli (Latin Hypercube Sampling), ktera je
alternativou k ¢asové naro¢né simulaéni metodé Monte Carlo.
Obsahem ¢lanku je predevsim popis algoritmu metody, jeji vyvoj,
soucasny stav poznani a aplikace v ¢eské geotechnické praxi.

2 NAHODNE PROMENNE

Vysledky numerického modelovani geotechnickych tloh jsou
velmi citlivé na vstupni parametry (v souvislosti s pravdé-
podobnostnimi analyzami lze hovorit o proménnych). Nejistota
spojend se stanovenim parametrt vede k nejistoté ureni vysled-
ku celého systému — feSeného problému. Pro jejich vyjadreni je
vhodné brdt v tdvahu jejich charakter ndhodnych velicin.
Nédhodna veli¢ina nabyvé riznych hodnot a je charakterizovédna
rozdélenim hustoty pravdépodobnosti. Z praktického hlediska
studie dale uvaZzuje pouze spojité ndhodné veliCiny, které mohou
nabyvat vSech hodnot z daného intervalu. Ndhodné vstupni veli-
&iny jsou u pravdépodobnostnich vypoctu reprezentovdny sadou
deterministickych &isel (tzv. realizaci, vzorku), kterd jako celek

1 INTRODUCTION

Mechanical parameters of rock mass obtained for the purpose of
designing underground structures (or other structures) within the
framework of geotechnical investigation often display significant
scatter. This fact follows not only from the properties of the geolo-
gical environment, which usually is not homogeneous, but it is also
caused by inaccuracies in the executed laboratory of field tests.

Uncertainties in input parameters are allowed for in determinis-
tic calculations in the geotechnical practice by means of safety
coefficients. They enter the calculations to Eurocode 7 (EC7 —
CSN EN 1997-1) in the form of partial coefficients applied to
material parameters, loads themselves, their effects, or both of
them. In a standard model calculation the results may be signifi-
cantly conservative; a model with reduced input parameters may
substantially differ from the real behaviour. The EN 1990:2002
standard permits the use of probabilistic methods, which take into
consideration the variability of input parameters and loading
cases. A probabilistic calculation is formulated as an alternative,
which should be verified by a standard calculation using partial
coefficients. By using probabilistic methods it is possible to deter-
mine the probability of a defect and the index of reliability, the
minimum values of which for the ultimate limit state and indivi-
dual reliability classes are determined in the EC 7. The result of
the probabilistic approach is then not only the information whet-
her the structure will or will not satisfy requirements, but also the
determination level of the risk of a failure connected with the
designed structure.

Probabilistic calculations have been becoming an ever more atta-
inable tool for solving geotechnical problems. Their spreading in
the common praxis is prevented first of all by the higher consump-
tion of time for executing the calculations, requirements for outputs
from geotechnical investigation and, in addition, due to the absence
of the implementation of probabilistic methods in a commonly used
software. The following paper therefore deals with the Latin
Hypercube Sampling reduction probabilistic method, which is an
alternative to the time-intensive Monte Carlo simulation method.
The paper content comprises first of all the description of the met-
hod algorithm, its development, current state of knowledge and
application within the Czech geotechnical practice.

2 RANDOM VARIABLES

Results of numerical modelling of geotechnical problems are
very sensitive to input parameters (it is possible in the context of
probabilistic analyses to speak about variables). The uncertainty
associated with the determination of parameters leads to an uncer-
tainty in the determination of results of the entire system — the pro-
blem to be solved. For their formulation it is advisable to take into
consideration their character of random quantities. A random
quantity assumes various values and is characterised by the pro-
bability density distribution. From the practical point of view, the
study further takes into consideration only continuous random
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tvori jednu z deterministickych dloh, ze kterych se sklada reseny
nahodny problém. Vstupni sady parametra jsou tak pouZity pro
ziskdni odezvy (napr. stupen stability) geomechanického modelu,
u niZ hledame statistické a pravdépodobnostni charakteristiky.
Spojitd ndhodnd veli¢ina X je charakterizovéna funkci hustoty
pravdeépodobnosti f(x) a kumulativni distribuc¢ni funkci F(x)(1),
pro néz plati:
+

flx)dx 1)

=

F(x)=

Polohu hodnot ndhodné veli¢iny X nejlépe vystihuje stfedni
hodnota znacend EX (t€Z u), variabilitu (varianci, rozptylenost)
dat vyjadiuje rozptyl Var X, 62 T (2):

+oo
EX = j xf(x)dx
=00

+oo
VarX = (x — EX)*f(x)dx (2)
=0

Odmocnpina z rozptylu je nazyvana smerodatnou odchylkou
(ox = +/@ _1? ). Dalsfmi charakteristikami (tfetfm a ¢tvrtym mo-
mentem) ndhodné veli¢iny vhodnymi pro uréeni asymetrie prav-
dépodobnosti rozdéleni jsou Sikmost a Spicatost.
2.1 zavislost nahodnych proménnych

DuleZitou vlastnosti ndhodnych proménnych je stupen jejich
vzdjemné zdvislosti. Ta je charakterizovdna kovarianci cov
(Xi,Xj), respektive koeficientem korelace corr (Xi,Xj) (3), ktery
se na rozdil od kovariance neméni pri linedrn{ transformaci pro-
ménnych. Korelaéni koeficient nabyva hodnot od —1 do 1.
cov(Xo X)) = E(X X;) — EXDE(X,) corr(t,x;) = 2Kk o

OxiOxj

kdeij=1,....;n

Pri prostorovém popisu mechanickych vlastnosti horninového
masivu se predpokladd, Ze hodnoty dané proménné ve dvou vza-
jemné blizkych bodech budou podobné. Naopak ve dvou vzdale-
nych bodech se jiz vyrazné li$i a parametry jsou témér nekorelo-
vané. Zménu korelatniho koeficientu vzhledem ke vzddlenosti
dvou bodt v prostoru popisuje korelacni funkce 0 (Xi,Xj). Z uve-
denych vlastnosti vyplyva, Ze s rostouci vzdalenosti boda hod-
nota korelacniho koeficientu klesd. Zavislost jeho poklesu je
obvykle popisovdna exponencidlnim tvarem korelacni funkce
definované polohou bodi x;, xj ndhodnych proménnych X;, X;
a korelacni délkou.
2.2 Pravdépodobnostni rozdéleni

Pro statistické zpracovéni variabilnich vstupnich parametru je
nejprve nutné tyto parametry popsat pravdépodobnostnim rozdé-
lenim. Existuje fada metod k tomu uréenych, napfiklad %2 (chi
kvadrét) test, Kolmogorov—Smirnov test a dalsi, pripadné je
vhodné vyuZit statistickych analyz implementovanych do uZiva-
telskych programu (napf. QC Expert). Pokud je k dispozici mdlo
vstupnich dat, ¢i zndme pouze interval hodnot, ve kterych se
parametry pohybuji, je obtizné stanovit odpovidajici rozdeleni.

Prevaznd vétSina studii a praci zabyvajici se pravdépodobnost-
ni analyzou geotechnickych problému (napt. Hamm a kol., 2006,
Flores, 2010) poukazuje na skute€nost, Ze parametry horninové-
ho (zeminového) masivu je vhodné popsat normdlnim, ¢i log-
normalnim rozdélenim. Vyjimkou je pouziti Weibullova rozdéle-
ni, pripadné exponencidlniho rozdéleni, a to predevsim z davodu
existence jednoduchého feseni distribuéni funkce.

3 METODA LATIN HYPERCUBE SAMPLING

Metoda Latin Hypercube Sampling (LHS) je numerickd simu-
la¢ni metoda typu Monte Carlo (MC). Metoda Monte Carlo
(obr. 1) je bézné pouZivdna pro feSeni ndhodnych problém,
u kterych poZadujeme statistické a pravdépodobnostni informa-
ce odezvy problému. K jejich presnému odhadu vSak metoda

quantities, which can assume all values from a particular interval.
Random input quantities are represented in probabilistic calculati-
ons by a set of deterministic figures (the so-called realisations,
samples), which as a whole forms one of deterministic problems
which the random problem being solved consists of. The input sets
of parameters are subsequently used for obtaining the response
(e.g. the degree of stability) of the geomechanical model at which
we seek statistical and probabilistic characteristics.

A continuous random quantity X is characterised by the functi-
on of probability density f(x) and the cumulative distribution func-
tion F(x) (1), for which it applies:

4 oy

Fey=| feodx ()

i

The position of the values of random quantity X is best fitted by
the mean value denoted as EX (also u); data variability (variance,
dissemination) is expressed by scatter ‘Var’ X, also (T f- 2):

4o +ix
EX = I xf (x)dx VarX = [ (x = EX)*f(x)dx (2)
o o

The square root of scatter is titled as standard deviation
{gy = /o). Other characteristics (third and fourth moment) of
the random quantities suitable for the determination of the proba-
bility distribution asymmetry are skewness and kurtosis.

2.1 Dependence of random variables

An important property of random variables is the degree of their
interdependence. The interdependence is characterised by covari-
ance cov (X;Xj), or the correlation coefficient corr (X;, X)) (3),
which, in contrast with covariance, does not change when variab-
les are being linearly transformed. The correlation coefficient
assumes values from —1 to 1.

o cov{ X, X;)
cov( X, X;) = E(X,. X;) — ECXE(X;) corr(XuX)=———— (3)
Ty Ty f
wherei,j=1,....n

In the case of a spatial description of mechanical properties of
rock mass it is assumed that the values of the particular variable in
two points found close to each other will be similar. On the contra-
ry, in two remote points the values already significantly differ and
the parameters are nearly uncorrelated. The change in the correlati-
on coefficient with regard to the distance between the two points in
space is described by the correlation function @ (Xi, Xj). It follows
from the above-mentioned properties that the correlation coefficient
value drops with the growing distance between the points. The
dependence of the drop is usually described by means of the expo-
nential shape of the correlation function defined by the positions of
points x;, xj of random variables X;, X; and the correlation length.
2.2 Probability distribution

It is necessary for the statistic processing of variable input para-
meters to start with the description of the probability distribution.
There are several methods available which are designed to this
purpose, for example the %2 (chi-squared) test, Kolmogorov -
Smirnov test and other, or it is advisable to use statistical analyses
implemented into user programs (e.g. QC Expert). If the amount
of input data is insufficient or we know only the interval of the
values within which the parameters vary, it is difficult to determi-
ne the relevant distribution.

The overwhelming majority of studies and works dealing with the
probabilistic analysis of geotechnical problems (e.g. Hamm et al.
2006, Flores 2010) point out the fact that it is recommendable to
describe ground (soil) mass parameters by a normal or log-normal
distribution. The use of Weibull distribution or exponential distri-
bution is an exception, first of all because of the existence of

a simple solution to the distribution function.
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3 LATIN HYPERCUBE SAMPLING METHOD

The Latin Hypercube Sampling (LHS) method is
a numerical simulation method of the Monte Carlo (MC)
type. The Monte Carlo method (see Fig. 1) is commonly
used for solutions to random problems in which we requ-
ire statistical and probabilistic information on the pro-
blem response. However, for the exact estimation the
Monte Carlo method usually requires very many trials
(program runs, simulations) to achieve the required error.
Several reduction methods have been developed with the
objective to reduce the quantity of simulations and the
significant time demands following from them.

The first implementation of the Latin Hypercube
Sampling method is associated with the solving and pro-

Obr. 1 Princip vybéru vzorku metody Monte Carlo
Fig. 1 The principle of the Monte Carlo method sampling

Monte Carlo vyZaduje obvykle velmi mnoho pokusu (béht pro-
gramu, simulaci), aby bylo dosaZeno poZadované chyby. Z duvodu
sniZeni poctu simulaci a z nich vyplyvajici zna¢né ¢asové nédroc-
nosti byla vyvinuta fada reduk&nich metod.

Prvni zavedeni metody Latinskych hyperkrychli souvisi
s feSenim a zpracovanim nejistot v analyzach bezpecnosti nukle-
arnich elektraren ve Spojenych statech americkych. Metoda byla
prvné publikovdana Conoverem a jeho kolegy v roce 1979 a jeji
praktické pouZiti v praci Imana a Conovera (1982). LHS je velmi
uéinnym ndstrojem pro provadeéni statistickych analyz, které jsou
zaméfeny na stanoveni niZ§ich statistickjch momentl vysled-
nych proménnych. Vyrazné sniZuje pocet simulaci pfi zachovani
vysoké presnosti odhadu (pocet simulaci N je v fddu desitek az
prvnich stovek). LHS tak konverguje vyrazné rychleji ke sprav-
nému feSeni nez metoda Monte Carlo. Vyhoda metody plyne ze
zpusobu vybéru realizaci, kdy cely rozsah vstupni ndhodné pro-
ménné je pokryt rovnomérné vzhledem k distribu¢ni funkci.
Z4dna redlnd hodnota neni predem vylou¢ena. Souasné metoda
zachovava zjisténé (odhadnuté) funkce hustoty pravdépodobnos-
ti pro jednotlivé ndhodné proménné a stanovené korela¢ni koefi-
cienty mezi nimi. Aby bylo dosazeno téchto vyhod, LHS sesta-
vuje vysoce zdvislou sdruZenou hustotu pravdépodobnosti vek-
toru ndhodnych veli¢in.
3.1 Vybér vzorkd nahodné proménné

Principem metody je N nédsobné generovéni vzorka kazdé
ndhodné proménné. Defini¢ni obor kumulativni distribu¢ni funk-
ce F(x) odpovidajici funkci hustoty pravdépodobnosti f{x) dané
proménné je rozdélen na N disjunktivnich intervald (vrstev).
Jednotlivé intervaly nabyvaji shodné pravdépodobnosti 1/N.
Z kazdé vrstvy je vybrdna jedna hodnota, kterd reprezentuje cely
interval a v simulaci se pouzije pravé jednou. Jednd se tedy
o stratifika¢ni metodu. Pomoci inverzni transformace distribu¢ni
funkce je ziskdna reprezentativni hodnota ndhodné proménné.

Existuje vice zpusobu vybéru vzorku z jednotlivych intervali na
oboru distribu¢ni funkce. Jednou z metod je vygenerovani N
nahodnych &isel n z intervalu {0,1} o rovnomérném rozdéleni. Tato
¢isla jsou ndsledné linedrn{ transformaci prifazena k odpovidajicim
intervalim a vy$e zminénou inverzni transformaci distribu¢ni funk-
ce stanoveny hodnoty vzorki x; x (4) proménné X;:

kde k je k-ty vzorek (téZ vrstva, interval) i-té ndhodné pro-
ménné Xi, Fi-1 je inverzni distribu¢ni funkce této proménné, n je
ndhodné vygenerované &islo z rovnomérného intervalu {0,1}, N
je pocet intervali a soucasné polet simulaci. Zpusob vybéru
a samotnd metoda je Casto oznacovana jako ,,LHS — random*.

“

cessing of uncertainties in analyses of the safety of nuc-

lear power plants in the United States of America. The

method was published for the first time by Conover and
his colleagues in 1979 and its practical use was first described in
the work by Iman and Conover (1982). The LHS is a very effecti-
ve tool for executing statistical analyses which are focused on the
determination of lower moments of order statistics of resultant
variables. It significantly reduces the number of simulations with
the high precision of estimations (the number of simulations N is
in the order of tens to several hundreds) maintained. In this way
the LHS converges to the correct solution significantly faster than
the Monte Carlo method. The advantage of this method follows
from the method of the selection of realisations, where the entire
scope of the input random variable is covered by uniformly with
respect to the distribution function. No real value is a priori exc-
luded. The current method preserves the identified (estimated)
functions of the density of probability for individual random vari-
ables and the determined coefficients of correlation between them.
The LHS makes up the highly dependent composite probability of
the density of the random values vector.
2.1 Random variable sampling

The method principle lies in repeating N times the generation of
samples of each random variable. The domain of the cumulative
distribution function F(x) corresponding to the probability density
function f{x) for the particular variable is divided into N disjuncti-
ve intervals (layers). Individual intervals assume identical proba-
bilities of 1/N. One value is selected from each layer to represent
the entire interval and is to be used only once in the simulation. It
is therefore a case of a stratification method. The representative
value of the random variable is derived by means of the inverse
transformation of the distribution function.

There are more methods available for the selection of samples
from individual intervals within the domain of the distribution
function. One of the methods lies in generating N uniformly distri-
buted random numbers n from the interval {0.1}. These numbers
are subsequently bound to corresponding intervals using linear
transformation and the values of samples x; ; (4) of the variable X;
are determined by means of the above-mentioned inverse trans-
formation of the distribution function:

where k is the kth sample (also layer, interval) of the ith random
variable Xi, Fi! is the inverse distribution function of this variab-
le, n is a randomly generated number from the interval {0.1},
N is the number of intervals and, at the same time, the number of
simulations. The method of the selection and the method itself are
often referred to as ,,LHS — random*.

Another method of generating samples of a random variable
which is applied in the majority of studies is selecting a value
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from the mid-point of the interval 1/N on the distribution
function, which is again associated with the direct use of
the distribution function (5):

-

x = () ®

This method is sometime referred to as the ,,LHS medi-
an*. Fig. 2 depicts the cumulative distribution function
F(x), which is divided into eight intervals with equal pro-
bability of 1/N. Points on the vertical axis represent mid-
points of these intervals and subsequently mark the cor-
responding values of the variable X.

Authors Huntington and Lyrintzis (1998), Keramat and
Kielbasa (1999) point out disadvantages of this stratifica-
tion method. These disadvantages are first of all related to

Obr. 2 Princip vybéru vzorku metody ,,LHS median“
Fig. 2 The principle of the LHS Median method sampling

Dal§im zpusobem generovdni vzorki ndhodné proménné,
ktery je aplikovan v prevdzné vétsiné studii, je vybér hodnoty ze
stiedu intervalu 1/N na distribu¢ni funkci, ktery je spojeny opét
s pfimym pouzitim inverzni distribuéni funkce (5):

(k=05
wu= K ()

Tato metoda je nékdy oznaCovana jako ,,LHS median®. Obr. 2
znéazornuje kumulativni distribuéni funkci F(x), kterd je rozdéle-
na na osm intervalu o stejné pravdépodobnosti 1/N. Body na ver-
tikdlni ose predstavuji stiedy téchto intervala a nasledné vyzna-
Cuji odpovidajici hodnoty proménné X.

Autofi Huntington a Lyrintzis (1998), Keramat a Kielbasa
(1999) poukazuji na nevyhody této stratifikacni metody. Ty se
tykaji predevsim krajnich vrstev oboru distribu¢ni funkce, které
nejvice ovliviuji hodnotu rozptylu, Sikmosti a $picatosti rozdele-
ni vstupnich veli¢in. Zatimco tato metoda poskytne odpovidaji-
ci, & velmi blizkou stfedni hodnotu vzorku té poZzadované, roz-
ptyl se vetSinou vyrazné lisi.

Huntington a Lyrintzis navrhuji feSit vybér reprezentativnich
vzorkl x;; (6) jako stfedni hodnotu intervalu vymezeného na
funkci hustoty pravdépodobnosti dané proménné X;. Vzorky se
tak nachdzeji presné v t€Zistich rozdélovacich ploch.

&)

Vik
Xix =N xf(x)dx (6)

Yik-1
Meze integrélu y; x 1ze urCit ze vztahu (7):

Yir = F (%) @

extreme layers of the distribution function domain, which

most of all affect the variance of input quantities. Whilst

this method provides the adequate value or a mean value
very close to the required value of samples, the variance is most-
ly significantly different.

Huntington and Lyrintzis propose that the selection of represen-
tative samples x;; (6) should be solved as a mean value of the
interval delineated on the function of the density of probability of
a particular variable X;. In this case the samples are located exact-
ly in the median points of dividing areas.

Yik
Xig =N
Yik-1

Limits of integration y,; can be determined from the relations-

hip (7):

xf (x)dx (6)

Yie=F’ ff—u] ™

The method referred to as the LHS Mean (see Fig. 3) catches the
probability density function, where the mean value is determined
exactly and the estimation of the variance of the particular variab-
le is significantly closer to the required variance. The improve-
ment of the sampling method is demonstrated by the authors by
comparing the statistical accuracies of the two methods for expo-
nentially distributed random variables with various number of
samples (simulations). The values of the samples selected using
the two methods are nearly identical; they differ only at the distri-
bution boundaries. Fig. 4 demonstrates the difference in the selec-
tion of samples using both methods for a normally distributed
variable f(x), which is in this particular case characterised by
Young’s modulus E. The influence of the number of simulations
on the dissimilarity of the selection of samples is obvious.

The LHS Mean method converges to a correct solution faster

/\ —_— f(x)

vybér vzorki

intervals

kumulativni distribuéni funkce F(x)
cumulative distribution function F(x)

L )
L ]

yik1 Xk ¥ik

nahodna proménna X - random variable X

selection of samples
hranice intervalu

than the LHS Median method, therefore it requires
smaller number of simulations. This fact is even
confirmed by Vorechovsky (2009).
3.2 Form of samples and their arrangement

When the LHS method is applied, one of the two
forms of samples arranged in sets for individual
simulations is usually taken into consideration. In
the first set, after generating representative sam-
ples for all random variables taken into considera-
tion, samples for individual simulations are selec-
ted in the form of random permutations of whole
numbers 1, 2, ... to N (table 1).

The permutation table lines define the number of
simulations N and their sequence, whilst the

Obr. 3 Princip vybéru vzorku metody ,,LHS mean*
Fig. 3 The principle of the LHS Mean method sampling

columns define the number of variables X; taken
into consideration when solving the random




Metoda, Casto nazyvana ,,LHS mean® (obr. 3), 1€pe vystihuje
funkci hustoty pravdépodobnosti, kdy stfedni hodnota je stano-
vena presné a odhad rozptylu dané proménné je znacné bliZs{
pozadovanému. VylepSeni vzorkovaci metody autofi demonstru-
ji na srovnan{ statistické presnosti obou metod pro exponenciél-
né rozdélené ndhodné proménné o rizném poctu vzorku (simu-
lac). Hodnoty vzorku vybrané obéma zpusoby jsou témér iden-
tické, 1isi se pouze ,,0kraji“ rozdeleni. Obr. 4 demonstruje rozdil
ve zpusobu vybéru vzorkti obou metod pro normalné rozdélenou
proménnou f(x), kterd je v daném piipadé charakterizovdna
Youngovym modulem E. Patrny je vliv poc¢tu simulaci na odli§-
nost vybéru vzorku.

Metoda ,,LHS mean‘ konverguje ke spravnému feSeni rychle-
jinez metoda ,,LHS median®, a tudiZ vyZaduje mensi pocet simu-
laci. Tuto skutecnost potvrzuje i Vorechovsky (2009).

3.2 Forma vzorku a jejich usporadani

Pri aplikaci metody LHS se vétSinou uvazuje jedna ze dvou
forem vzorku usporddanych do sad pro jednotlivé numerické
simulace. V prvni, po vygenerovani reprezentativnich vzorku pro
vSechny uvazované ndhodné proménné, jsou vzorky do jednotli-
vych simulaci vybirdny ve formé nahodnych permutaci celych
Cisel 1,2, ... az N (viz tabulka 1).

Rédky permutacni tabulky definuji pocet simulaci N a jejich
poradi, sloupce pocet proménnych X; uvaZovanych pri reSeni
ndhodného problému. Jednotlivé prvky, ¢isla permutacni tabulky
urCuji k-tou vrstvu (interval), ze které je vybrdn vzorek x; ; pro-
ménné X;. Jakmile jsou poradovad Cisla nahrazena vzorky, muZze-
me hovorit o matici X K x N, kde K oznacuje pocet proménnych
a N pocet simulaci.

Druhd forma uvaZuje normalizované vzorky usporddané do
matice U K x N.
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Tab. 1 Permutaéni tabulka — pocet simulaci N/proménnych Xi
Table 1 Permutation table — number of simulations N/variables Xi

X4 X, Xs X, X;
1 3 1 4 3 5
2 5 2 2 1 4
3 1 4 3 5 1
4 4 3 5 2 3
N 2 5 1 4 2

problem. Individual elements, numbers in the permutation table,
determine the kth layer (interval) which the sample x;; of the
variable X; is selected from. As soon as the sequence numbers are
replaced by samples, we can speak about an X K x N matrix,
where the K denotes the number of variables and N is for the num-
ber of simulations.

The second form considers standardised elements arranged in

a U K x N matrix.
X

[ u;
i i
W =

where u; and 0 are the mean value and standard deviation of
the jth variable respectively. This transformation will ensure
that all columns (variables) have a zero mean value and unit
variance. Other options are to work directly with the values of
samples of individual variables or with random variables from
the uniform distribution (0,1) generated in the columns of a
K x N matrix.

However, significant undesired correlations affecting the accu-
racy and quality of results usually originate among individual
variables. The random permutation described above represents the
simplest permutation method. The assumption is adopted that the
generated vectors of the X matrix are independent, or the depen-

dences which originate are sufficient-
ly small.

fix)
0,08 0,06 0,04 0,02

3.3. Methods for introducing
statistical dependence

It is advisable to verify the measure

of statistical dependence of individual

vectors (columns of the permutation

LU

70 —

table) using a Pearson’s linear corre-
lation coefficient or a Spearman’s
rank correlation coefficient. The

E [MPa)
&
L]

majority of works (see below) solve
the implementation of statistical cor-
relation in the form of exchanging the
sequence of samples at individual
variables and do not change their
values. In this way, the probability
distribution of each random quantity

® LH5-mean
LHE-median
flx]
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is preserved.

There are several methods for
selecting samples proposed for the
simulation of correlated random vec-

\ tors available within the framework

of Monte Carlo type of simulations,
where random variables have arbitra-

] 5 10 15 20 25 30 35 40

N simulaci - N simulations

ry probability distribution and values
of correlation coefficients. This paper
is further focused on a brief descrip-

50

Obr. 4 Porovndni vybéru vzorku metodami ,,LHS median a ,,LHS mean* se zohlednénim vlivu poctu simulact
Fig. 4 Comparison of sampling using the LHS Median and LHS Mean methods with the number of simulations

taken into consideration

tion and assessment of a group of
methods which are based on the opti-
misation of the sequence of samples
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kde u; a 0j jsou stfedni hodnota a smérodatnd odchylka j-té pro-
ménné. Tato transformace zajisti, Ze vSechny sloupce (proménné)
maji nulovou stfedni hodnotu a jednotkovy rozptyl. Dal§imi moz-
nostmi je pracovat piimo s hodnotami vzorku jednotlivych pro-
meénnych nebo s ndhodnymi hodnotami z rovnomérného rozdele-
ni (0,1) vygenerovanych ve sloupcich matice K x N.

Mezi jednotlivymi proménnymi vSak dochdzi zpravidla ke
vzniku zna¢nych nezddoucich korelaci, které ovliviuji presnost
a kvalitu vysledku. VySe popsand ndhodnd permutace predstavu-
je nejjednodussi permutacni metodu. Je prijat predpoklad, ze
vygenerované vektory matice X jsou nezavislé, pripadné vznik-
1€ zdvislosti dostate¢né malé.

3.3 Metody zavedeni statistické zavislost

Miru statistické zdvislosti jednotlivych vektora (sloupcu per-
mutaéni tabulky) je vhodné ovérit vyuZitim Pearsonova linedrni-
ho korelaéniho koeficientu nebo Spearmanova koeficientu pora-
dové korelace. Vétsina praci (viz dale) resi implementaci statis-
tické korelace formou zdmény porad{ vzorka u jednotlivych pro-
ménnych a neméni jiZ jejich hodnoty. Timto zpusobem je zacho-
véano pravdépodobnostni rozdéleni kazdé ndhodné proménné.

Existuje fada metod vybéru vzorki navrZzenych pro simulaci
korelovanych ndhodnych vektord v rdmci simulaci typu Monte
Carlo, kdy ndahodné proménné disponuji libovolnym pravdépo-
dobnostnim rozdélenim a hodnotami korela¢nich koeficientu.
Clanek se ddle zaméfuje na struény popis a hodnoceni skupiny
metod, kterd je zaloZena na optimalizaci poradi vzorku ve sloup-
cich matice K x N, které byly generovdny bez prihlédnuti ke
korelacim.

Ortogondlni transformace nezavislych ndhodnych promén-
nych v korelované predstavuje nejroziirenéjsi zpusob zavadéni
korelace v metodé LHS a vychdzi z metody publikované autory
Scheuerem a Stollerem (1962). Ti navrhli zpusob generovén{
korelovanych proménnych s Gaussovym rozd€lenim, jenZ je
zalozeny na Choleského dekompozici kovariancni matice (viz
ddle). Iman a Conover (1982) popsali metodu vyuZivajici
Spearmanuv koeficient korelace k popisu statistické zdvislosti
mezi sloupci matice porfadovych ¢isel a Choleského dekompozi-
ci korelaéni matice. NavrZend metoda méd obecnéjsi charakter ve
srovnéani s ndvrhem autort Scheuera a Stollera, jelikoZ neni ome-
zena na normdlné rozdélené ndhodné proménné. Nevyhodou
viak zustdva predpoklad nekorelovanych vstupnich proménnych
a pretrvavajici vyznamnd chyba v korelaci mezi proménnymi
vzhledem k poZadované korelacni matici.

Metoda nazvand , Updated Latin Hypercube Sampling*
(ULHS) (Florian 1992) vychézi z postupu Iman a Conover a byla
vyvinuta pro redukci neZadouci korelace s cilem obdrzet nekore-
lované proménné. Spearmanuv koeficient korelace (8) popisuje
zavislost mezi sloupci matice ndhodné generovanych porado-
vych ¢isel R (K x N):

_ 62k(Rui — Rij)?
NN —D(N + 1)

kde koeficienty c;; jsou Spearmanovy koeficienty poradové
korelace mezi proménnymi i a j v intervalu {-1,1} a R jednotlivé
prvky matice R. Korela¢ni matice C je symetrickd a pozitivné
definitivni vyjma pfipadu, kdy nékteré sloupce maji identickd
poradi. Choleského dekompozice (9) vyzaduje, aby matice C
byla pozitivné definitivni, coZ soucasneé znamend, Ze pocet simu-
laci (realizaci) musi byt vétsi neZ pocet proménnych, tzn. N>K.
V pripadé UHLS ma4 C tvar jednotkové matice.

C“'=1 (8)

C=L"L &)

L je dolni trojihelnikovd matice. Upravend matice poradi R*
vychdzi ze vztahu (10):

in the columns of a K x N matrix, which were generated without
taking correlations into consideration.

The orthogonal transformation of independent random variables
into correlated variables represents the most widely spread met-
hod for introducing correlation in the LHS method; it is based on
a method published by authors Scheuer and Stoller (1962). They
proposed a method for generating correlated variables following
the Gaussian curve of distribution, which is based on Cholesky
decomposition of covariance matrices (see below). Iman and
Conover (1982) described a method using Spearman’s coefficient
of correlation for the description of statistical dependence betwe-
en columns of a sequential numbers matrix and the Cholesky
decomposition of a correlation matrix. The proposed method has
a more general character in comparison with the proposal of aut-
hors Scheuer and Stoller because of the fact that it is not restricted
to normally distributed random variables. Anyway, the assumpti-
on of uncorrelated input variables and a persisting significant error
in correlation between variables with respect to the required cor-
relation matrix remain to be disadvantage.

The method referred to as the Updated Latin Hypercube
Sampling (ULHS) (Florian 1992) starts from the Iman and
Conover procedure and was developed for the reduction of unde-
sired correlation with the aim of obtaining uncorrelated variables.
Spearman’s coefficient of correlation (8) describes the dependen-
ce among columns of a matrix of randomly generated sequential
numbers R (K x N):

o 6 T (R — Ryj)? .
“WUTETNWN-DIN+ 1) ®)
where coefficients ¢; ; are Spearman’s coefficients of correlati-
on among variables 7 and j within the interval {—1.1} and R is for
individual elements of matrix R. The correlation matrix C is sym-
metrical and positively definite with the exception of cases where
some columns have identical serial numbers. The Cholesky
decomposition (9) requires the matrix C to be positively definite,
which at the same time means that the number of simulations (rea-
lisations) must be greater than the number of variables, i.e. N>K.
In the case of the UHLS, the C has the shape of a unit matrix.

C=L"TL ©)

L is a lower triangular matrix. The modified matrix of sequen-
ce R* is derived from the relationship (10):

R* =RL"! (10)

The sequential numbers in each column of the matrix of sequ-
ence R are subsequently aligned in a way securing that their sequ-
ence is identical with the sequence of numbers in corresponding
columns of matrix R*. This system of modifying the sequential
matrix can be realised iteratively and it theoretically allows signi-
ficant reduction of correlation (Huntington and Lyrintzis 1998).
Thus the matrix R will contain significantly lower level of unde-
sired correlation in its result. Although, other authors caution that,
when used in praxis, the ULHS method tends to converge to sequ-
ences which continue to provide erroneous generation among
variables. In the case of the simulation of correlated variables, the
technique described above encounters certain problems. First of
all it is necessary to use the ULHS iterative method to minimise
the correlation. Subsequently the matrix T with required correla-
tion coefficients is subjected to the Cholesky decomposition and
a new sequential matrix is obtained using the equation for R*.
This correlation method can be used exclusively once, without
possibility for the improvement by iterations.

Huntington and Lyrintzis (1998) propose an optimisation met-
hod called ,,single-switch. Instead of using serial numbers it
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R* = RL! 10) directly arranges modified samples and uses Pearson’s correlation
y g p
coefficient for the determination of correlations. The matrix R

Poradova C&isla v kazdém sloupci poradové matice poradi R o ) o
containing unaligned modified samples (11):

jsou nésledné srovnédna tak, aby méla stejnd poradi jako ¢isla

v odpovidajicich sloupcich matice R*. Tento zpusob dpravy = ,“—_“"? (11)
matice poradi muZe byt realizovan iterativné a teoreticky dovoli ' g

vyrazné sniZeni korelace (Huntington a Lyrintzis, 1998). Matice where u;; is the median value of jth variable and 0} is the cor-
R tak ve vysledku bude zahrnovat znané nizsf Grovefi nezddou- responding standard deviation. The subsequent procedure is sol-
ci korelace. Dal3i autofi vSak upozornuji na skute¢nost, Ze pri ved step-by-step for each column m from the m-1 number of the

columns being considered (solved). The vector T containing cur-
rent topical coefficients between the mth column and each prece-
ding column is defined (12):

pouziti v praxi md metoda ULHS tendenci konvergovat
k poradim, kterd i naddle poskytuji chybnou korelaci mezi pro-
ménnymi. V pripadé simulace korelovanych proménnych ma

popsana technika urcité problémy. Nejprve je nutné pouZzit itera- . 1 -
tivné metodu ULHS k minimalizaci korelace. Nésledné je mati- Iy= EZ RijRim (12)
ce T s pozadovanymi korelacnimi koeficienty podrobena =1
Choleského dekompozici a vyuZitim rovnice pro R* ziskdna where 1 < j <m-1. The error E of correlation coefficients (not
nové pofadovd matice. Tato korela¢ni metoda muZe byt pouzita | to mistake with effective load E in EC7) is (13):
vyhradné jednou, jiZ zde neni moZnost zlepSeni iteracemi. -
Huntington a Lyrintzis (1998) navrhuji optimaliza¢ni metodu E= Z (T = Tpm (13)
nazvanou ,,single-switch*. Ta nepracuje s poradovymi Cisly, ale j=1
primo usporadava upravené vzorky a pro stanoveni korelaci vyu- where 77 is a matrix containing required correlation coeffici-
7ivd Pearsontiv korela¢ni koeficient. Matice R obsahuje nesefa- ents. If uncorrelated variables are taken into consideration, these
zené modifikované vzorky (11): coefficients assume zero values. The principle of the optimisation
(xi,j — u)) method lies in the calculation of the change E for each pair of sam-
Si;= T (11 ples of the mth variable, which originates when they are swapped.

The pair providing the greatest reduction E is swapped. This pro-
cedure is realised for the mth variable iteratively until no other
improvement is possible or the correlation coefficients are found
inside the defined intervals. The procedure is repeated step by step

kde u; j je stiedni hodnota j-té proménné a oj je odpovidajici
smérodatnd odchylka. Ndsledujici procedura je feSena postupné
pro kazdy sloupec m z uvazovaného (feSeného) m-1 poétu sloup-

cli. Vektor T, obsahujici aktudlni korela¢ni koeficienty mezi m- for all variables. In conclusion, the resorted matrix of samples R*
tym a kaZdym predchozim sloupcem je definovan (12): is used for obtaining the matrix of samples S. In their study, the
1 Al authors assess the newly proposed method on the basis of

I;= HZ RijRim (12) a comparison with the UHLS technique. The Single-Switch met-

i=1 hod provides significantly higher correlation accuracy at a lower

kde 1 <j < m-1. Chyba E korela¢nich koeficientd (nezaménit number of variables and samples in comparison with the UHLS.

s efektivnim zatiZenim E v EC7) je (13): A very effective and accurate procedure for the implementation
m-1 of required correlations is represented by the Simulated Annealing

E = Z (T; - '}}'m)z (13) Method (e.g. Morris and Mitchel 1995, Vorechovsky 2009). The

= method operates with both Spearman’s coefficient and classical

linear Pearson’s coefficient and other correlation coefficients. It
prefers the standard E for assessing the quality of statistical depen-
dences, allowing for deviations of all correlation coefficients with
a square (14), to the maximum difference, which is not suitable for
direct minimisation.

kde T” je matice obsahujici pozadované korelacni koeficienty.
Jsou-li uvazovdny nekorelované proménné, tyto koeficienty
nabyvaji nulovych hodnot. Principem optimaliza¢ni metody je
vypolet zmény E pro kazdy par vzorkd m-té proménné, ktery

nastane pri jejich vzajemném prohozeni. Par poskytujici nejveétsi Ny Ny
redukci E je prohozen. Tento postup je pro m-tou proménnou F= Z Z 1 T )2
realizovan iterativné a7 do okamziku, kdy neni mozné Zddné S Ay =1y (14)

=1 j=1

where Ny is the number of variables and in brackets there is the
difference between topical correlation coefficients A; ; and requi-
red 7;; quantities i and j. The method starts from a simple proba-
bilistic method which swaps the serial numbers of a random pair
of samples of a randomly selected variable in matrix X (e.g. stan-
dardised samples, serial numbers of samples). In the case of the
standard E reduction, the matrix X was adopted as a new genera-
tion, i.e. the initial matrix. But the above-mentioned procedure in
the majority of cases ends in a state where no change brings the

dalsi zlepseni, nebo se korelacni koeficienty nachdzeji uvnitf
definovanych intervald. Postupné je procedura opakovdna pro
viechny proménné. Na zdvér je k ziskdni matice vzorkl
S pouzita pretiidéna matice vzorku R*. Autofi ve své studii
vyhodnocuji nové navrZenou metodu na zdkladé porovndni s
technikou UHLS. Metoda ,,single-switch“ poskytuje vyrazné
vyS8i korelalni presnost pii niz§im poétu proménnych a vzorka
ve srovnani s UHLS.

Velmi efektivni a presnou proceduru pro zavedeni pozadova-

nych korelaci predstavuje metoda simulovaného Zihdni (napi. reduction of the standard and the new matrix cannot be adopted.
Morris a Mitchel, 1995, Vorechovsky, 2009). Metoda pracuje jak The method therefore finds the so-called local minimums, without
se Spearmanovym koeficientem, tak s klasickym linedrnim a chance of finding the actual global minimum. The principle of
Pearsonovym a dal$imi koeficienty korelace. Pro hodnoceni kva- the Simulated Annealing Method is therefore based on the violati-
lity statistickych zavislosti upfednostiuje normu E, kterd zohled- on of the condition that a new generation of samples may be ado-
fiuje deviace viech koeficientt korelace s druhou mocninou (14), pted only in the case of the standard E having been reduced.
pred maximalnim rozdilem, ktery neni vhodny pro pfimou mini- A new generation originates in each iteration. It is ether adopted

malizaci. or not. The simulated annealing is in line in the other case and the
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Ny Ny

E= Z Z(Ai,j = Ti,j)z (14)

i=1j=1

Kde Ny je pocet proménnych a v zévorce rozdil korelacnich
koeficienti aktudlnich A,; a poZadovanych T;; veli¢in i a j.
Metoda vychézi z jednoduché pravdépodobnostni metody, kterd
zaméfuje poradi ndhodné dvojice vzorka ndhodné vybrané pro-
meénné v matici X (napf. normalizované vzorky, poradova Cisla
vzorkt). V piipadé, Ze doslo ke sniZeni normy E, byla matice X
prijata jako nové generace, tedy vychozi matice. Uvedeny postup
viak ve vétSiné piipadu kon&i ve stavu, kdy jakdkoli zména
nepiind$i sniZeni normy a novd matice nemuZe byt pfijata.
Metoda tak nachdzi tzv. lokdlni minima bez Sance nalezeni sku-
te¢ného globdlntho minima. Princip metody simulovaného Ziha-
ni je tedy zaloZen na poruseni podminky, Ze nova generace vzor-
ki muZe byt prijata pouze v piipadé, Ze doslo ke sniZzeni normy
E. V kazdé iteraci dochdzi k vytvoreni nové generace, kterd je
bud pfijata, nebo ne. Simulované Zihdni pfichdzi na fadu
v druhém pripadé a novy vektor s vySsi energetickou konfigura-
ci (AE > 0) je prijat s uritou pravdépodobnosti, kterd se fid{
Boltzmannovo rozdélenim (15).

—AE
P~ exp (=) (s)

Toto rozdéleni uvazuje systém, ktery se nachdzi v teplotni rov-
novéze t a md svou energii pravdépodobnostné rozloZenou mezi
mozné energetické stavy AE. Nenulovda pravdépodobnost
v prijeti nové generace vzorku zvySuje moZnost nalezeni konfi-
gurace, kterd se vyhne lokdlnimu minimu.

Dalsi vybrané permuta¢ni metody budou zminény jiz méné
podrobné. Mezi né ndlezi i metoda ,,Symmetric Latin Hyper-
cubes Design (SLHD)“ (Ye a kol., 2000), ktera vychdzi ze
symetrické matice N x K. SLHD je zaloZen na algoritmu
,columnwise-pairwise (CP)“. Ten pfi hleddni optimdlni syme-
trické matice v kazdém kroku dané iterace prohazuje soucasné
poradi dvou pdrt vzorku uvnitf sloupce. Na konci iterace je
vybrana nejlepsi zdména vzhledem ke kritériu minimalizace
a pouzita k dpravé matice. Podoba vysledné matice je vyrazné
citlivd na pocatecni ndhodné vygenerovani permutacni matice,
tudiZ by cely algoritmus mél byt opakovdn vicekrdt s riznymi
pocate¢nimi permutacemi. Metodu autofi vyhodnocuji na
zakladeé porovndni s algoritmem simulovaného Zihdni a Cho-
leského dekompozici. Dal§im prikladem algoritmu zaloZeného
na optimalizaci poradi prvku poradové matice, svym feSenim
blizky Choleského dekompozici, je Gram—Schmidtova porado-
va ortogonalizace. Existuje fada dal$ich metod zaloZenych na
optimalizaci pofadi vzorkl matice prvka, pfipadné poradové
matice, které byly implementovdny do metody LHS z duvodu
zohlednéni korelaci mezi proménnymi a nejsou zde podrobnéji
popsény. Jejich princip je v8ak velmi podobny algoritmam
popsanym vyse.

Ke spolehlivému stanoveni korelovanosti proménnych je
nutné mit k dispozici znalné mnoZstvi vysledku z geotech-
nického pruzkumu. Tento pfedpoklad je velmi obtiZné naplnit,
jelikoz finan¢ni ndklady projektu urcené na laboratorni experi-
menty jsou v souCasné dobé s ojedin€lymi vyjimkami velmi
omezené. VEtSina praci zamérenych na pravdépodobnostni reSe-
ni geotechnickych problému se tak potykd s nedostatkem vhod-
nych statistickych dat a je proto nutné hledat mozné vztahy
v databdzich projektu realizovanych v obdobném geologickém
prostiedi, ackoli tak dochdzi k vnaseni nepresnosti do analyz.
I z tohoto duvodu studie, zabyvajici se vlivem variability vstup-
nich proménnych, Casto fe$i experimentdlni problém, kde
potrebna data jsou dostupna.

new vector with a higher energy configuration (AE > 0) is adopted
with a certain probability which follows Boltzmann’s distribution

(15).
P e u.rp[vflL) (15)

This distribution takes into consideration a system which is
found in temperature balance ¢ and has its energy in terms of pro-
bability distributed among possible energy states AE. The non-
zero probability in the adoption of a new generation of samples
increases the chance of finding a configuration which will avoid
the local minimum.

Other selected permutation methods will be mentioned in smal-
ler detail. The Symmetric Latin Hypercubes Design (SLHD) met-
hod (Ye et al. 2000), starting from a symmetric matrix N x K,
belongs among them. The SLHD is based on a Columnwise-
Pairwise (CP) algorithm. When an optimum symmetric matrix is
being sought, this algorithm concurrently swaps the sequence of
two pairs within a column in each step of a particular iteration.
The swap which is best with respect to the minimisation criterion
is selected at the end of the iteration and is used for the matrix
modification. The shape of the resultant matrix is significantly
sensitive to the initial random generation of the permutation mat-
rix, therefore the whole algorithm should be repeated several
times with different initial permutations. The authors have asses-
sed the method on the basis of a comparison with the simulated
annealing algorithm and Cholesky decomposition. Another exam-
ple of an algorithm based on the optimisation of the sequence of
elements of a sequential matrix, which is close to Cholesky
decomposition in terms of its solution, is the Bram — Smith sequ-
ential orthogonalisation. There are several other methods availab-
le based on the optimisation of the sequence of samples of the
matrix of elements or sequential matrix, which were implemented
into the LHS method with the aim of allowing for correlations
among variables and are not described in this paper in more detail.
Anyway, their principle is very similar to the algorithms described
above.

If the determination of the degree of correlation of variables is
to be reliable, it is necessary to have a significant number of the
geotechnical investigation results available. Although, it is very
difficult to meet this condition because of the fact that financial
expenses of a project allocated to laboratory experiments are
today, with isolated exceptions, very limited. The majority of
works focused on probabilistic solutions to geotechnical problems
fight with the lack of suitable statistical data and it is therefore
necessary to seek potential relationships in the databases of pro-
jects which were realised in a similar geological environment,
despite the fact that in this way inaccuracies are inserted into ana-
lyses. It is also for this reason that studies dealing with the influ-
ence of the variability of input variables frequently solve an expe-
rimental problem where there is the required data available.

3.4 Other modifications of the LHS method

In comparison with the Monte Carlo method, the fundamental
concept of the LHS method suffers from a significant disadvan-
tage. It does not allow arbitrary adding simulations to the realisa-
tions for which the calculations were already completed. This
disadvantage follows from the formulation itself and from the
method principle, where it is necessary from the very beginning
of solving the problem to choose the exact number of simulati-
ons. If we randomly added other simulations to the already com-
pleted realisations, the loss of consistency, or the uniform distri-
bution within the distribution function domain, would follow. If
an insufficient accuracy of the problem response is identified, it
is necessary to proceed to solving the problem from the very




3.4 Dalsi upravy metody LHS

Ve srovndni s metodou Monte Carlo ma zdkladni koncept
metody LHS vyraznou nevyhodu, neumoZznuje libovolné prida-
vat simulace k jiZz vypoctenym realizacim. Tato nevyhoda plyne
z vlastni formulace a podstaty metody, kdy hned na zal4tku feSe-
ni problému je nutné zvolit presny pocet simulaci. Pokud
bychom k jiZ vypoltenym realizacim nahodile pridali dalsi,
doslo by ke ztraté konzistence neboli rovnomérného rozdéleni
na oboru distribuéni funkce. V pripadé zjisténi nedostate¢né
presnosti odezvy problému je nutné pristoupit k feSeni od samé-
ho pocatku tentokrdte s vyS$im poctem simulaci. Reseni vyse
popsané nevyhody nabizi Sallaberry a kol. (2008). Autori navr-
huji algoritmus pro rozsifeni vychozi LHS o potu vzorku m
a korelovanych proménnych s odpovidajici korela¢ni matici C
na LHS s 2m vzorky a korela¢ni matici blizkou origindlni.
Hierarchical Subset Latin Hypercube Sampling je metoda navr-
Zen4 Vorechovskym (2009, 2010) z divodu feSeni mozného roz-
§ifeni poctu simulaci pro korelované nahodné proménné.
zeni pouze konkrétnich vybranych subintervali. Pfiddvané
simulace nemaji podobu LH — vzorku jako takovych, a nelze je
tudiz vyhodnotit samostatné. Vzdy museji byt zkombinovany se
sadou vzorkl na niZ8{ drovni a vyhodnoceny spolecné jiZ jako
presny LHS celek rovnomérné rozloZeny na intervalu (0,1) jako
v pripadé metody LHS — median.

Dalsi dprava LHS a jeji aplikace, vztazena predevsim
k akademické pudé, souvisi se zohlednénim prostorové variabi-
lity vlastnosti horninového masivu. Metoda je zaloZena na teorii
ndhodnych poli a autokorelace prostorovych vlastnosti geologic-
kého prostredi vstupuje do vypocétu ve formé korelaéni funkce,
kterd je nejCastéji vyjadrena exponencialnim vztahem (napf.
Markovova funkce).

4 APLIKACE METODY LHS PRO RESENI
GEOTECHNICKYCH ULOH V CR

Vyuziti metody LHS v geotechnické praxi v Ceské republice
neni prili§ Casté, prevazna vétSina praci zabyvajicich se touto
tematikou byla vypracovdna na akademické pudé.

Statistickd analyza numerického modelu tunelu Mréazovka je
soucasti prace Hilara (2000), kde pomoci LHS byl vyhodnoco-
van vliv péti zdkladnich parametri Mohr-Coulombova modelu
na deformace osténi a povrchu. Dal§im prikladem je vyuZiti
metody LHS pro vypocty tunelu Valik (HrubeSové a kol., 2003),
kde je pomoci LHS vyhodnocovan vliv 10 vstupnich parametru
(napr. také soucinitel anizotropie, uklon puklin, atd.). Vanéckova
(2008) vyuziva metody LHS pro feSenf stability skalniho svahu
prostoupeného systémem diskontinuit. Geotechnické parametry
a dal3f vlastnosti ploch nespojitosti mohou nabyvat ¢tyt ruznych
pravdépodobnostnich rozdéleni. Soucasti prace Pardka (2008) je
vyuZiti metody LHS pro stanoveni vlivu geotechnickych para-
metri geologickych vrstev, parametri stiikaného betonu
a poCdte¢nich podminek na strukturni sily v osténi tunelu kruho-
vého prurezu. Vyuziti LHS v geotechnice se dlouhodobé vénuje
doc. J. Pruska (napr. Pruska, Sedivy, 2010).

Vyse uvedené prace predpokladaji linearné nezéavislé vstupni
geotechnické parametry, proto v nich nebyla feSena jejich korela-
ce. Déle vSechny uvedené prace uvazuji typ metody LHS — medi-
an (stfed intervalu na oboru distribu¢ni funkce). Tato metoda ve
srovnani s LHS — mean konverguje k vysledku vyrazné pomale-
ji, pro dosaZeni uspokojivé presnosti je doporucovan vétsi pocet
simulaci. Déle je v uvedenych pracich zpravidla uvazovano nor-
maln{ pravdépodobnostni rozdélen{ vstupnich parametra.

Vyrazné uplatnéni v CR nachazi metoda LHS v oboru Zelezobe-
tonovych konstrukei. Ustav stavebni mechaniky Stavebni fakulty
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beginning, this time with a higher number of simulations. The
solution to the above-mentioned disadvantage is offered
Sallaberry et al. (2008). The authors propose an algorithm for the
expansion of the initial LHS with the number of samples m and
correlated variables with the corresponding correlation matrix C
to the LHS with 2m samples and correlation matrix close to the
original matrix. The Hierarchical Subset Latin Hypercube
Sampling is a method proposed by Vorechovsky (2009, 2010)
with the aim of solving possible extension of the number of simu-
lations for correlated random variables. The principle of the
HSLHS method lies in adding simulations in the form of occu-
pying only concrete selected sub-intervals. The simulations being
added do not have the form of LH-samples as such and it is the-
refore impossible to assess them independently. They must
always be combined with a set of samples at the lower level and
be assessed jointly, already as an accurate LHS complex evenly
distributed within the interval (0,1), in the same way as in the
case of the LHS — Median method.

Another modification of the LHS and its application, relating
first of all to university premises, is connected with allowing for
the spatial variability of ground mass properties. The method is
based on the theory of Random Fields and the autocorrelation of
spatial properties of geological environment enters the calculation
in the form of a correlation function, which is most frequently
expressed by an exponential relationship (e.g. mark correlation
function).

4 THE LHS METHOD APPLICATION TO SOLVING
GEOTECHNICAL PROBLEMS IN THE CZECH REPUBLIC

The use of the LHS method in geotechnical practise in the
Czech Republic is not too frequent; the majority of works dealing
with this topic was carried out on university premises.

The statistical analysis of the Mrdzovka tunnel numerical model
is part of the work of Hilar (2000), where the LHS was used for
assessing the influence of five basic parameters of the Mohr-
Coulomb model on deformations of the lining and terrain surface.
Another example is the use of the LHS method for the Valik tun-
nel calculations (HrubeSova et al. 2003), where the LHS is appli-
ed to the assessment of the influence of 10 input parameters (e.g.
the anisotropy coefficient, dipping of discontinuities etc.).
Vanéckova (2008) uses the LHS method for solving problems of
stability of a rock slope interspersed by a system of discontinuiti-
es. Geotechnical parameters and other properties of discontinuity
surfaces can assume four different probability distribution forms.
Part of the work by Pardk (2008) is the application of the LHS
method to the determination of the influence of geotechnical para-
meters of geological strata, parameters of sprayed concrete and
initial conditions on structural forces in a circular tunnel lining.
Doc. J. Pruska devotes himself to the use of the LHS in geotech-
nics in the long term (e.g. Pruska, Sedivy 2010).

The above-mentioned works assume linearly independent input
geotechnical parameters, which is the reason why they did not
deal with their correlation. In addition, all of the above-mentioned
works consider the LHS-Median method type (the mid-point of an
interval within the domain of the distribution function). This met-
hod, in comparison with the LHS-Mean, converges to the result
significantly slower; a higher number of simulations is recom-
mended for the purpose of achieving a satisfactory accuracy.
Further, normal probability distribution of input parameters is
usually assumed in the above-mentioned works.

The LHS method finds significant use in the CR in the field of
reinforced concrete structures. The Institute of Building
Mechanics of the Faculty of Civil Engineering of the University
of Technology in Brno, represented by Prof. Novédk and others,
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VUT v Brné v zastoupeni doc. M. Vorechovského, prof. Novaka
a dal$ich se dlouhodob¢ zabyva tpravami a vylepSenimi metody
LHS pro praktické aplikace.

5 SHRNUTI

Metoda Latinskych hyperkrychli (LHS) predstavuje efektivni
pravdépodobnostni metodu typu Monte Carlo pro statistické
zpracovdani vstupnich promeénnych a odhad statistickych momen-
ti odezvy feSeného problému. Nejvétsi vyhodou je moZnost
zna¢ného sniZeni poCtu simulaci oproti standardni metodé Monte
Carlo pfi zachovdni vysoké presnosti odhadu. Metoda LHS
zachovéva pravdépodobnostni rozdéleni prifazené v§em simulo-
vanym promeénnym a umoznuje zohlednéni korelovanosti mezi
nimi. Byla vyvinuta a pfijata fada modifikaci, které zvysuji pres-

deals with problems of modifications and improvements of the
LHS method for practical applications in the long term.

5 SUMMARY

The Latin Hypercube Sampling (LHS) method represents an
effective probabilistic method of the Monte Carlo type for statis-
tical processing of input variables and estimation of statistical
moments of the response of the problem being solved. The grea-
test advantage lies in the possibility of significant reducing the
number of simulations in comparison with the standard Monte
Carlo method with the high accuracy of estimations maintained.
The LHS method maintains the probability distribution assigned
to all variables being simulated and makes allowing for the degree
of correlation among them possible. Several modifications impro-

nost metody a soucasné snizuji Casovou ndro¢nost simulaci.
Metoda LHS nachazi své uplatnéni v fad€ oboru, mezi nimiz ma
své misto i geotechnika véetné podzemniho stavitelstvi. Vyuziti
metody LHS pro statické vypolty podzemnich staveb muZze
vyrazn€ zpresnit predstavu o predpoklddaném chovani posuzo-
vané konstrukce (zejména pak o pravdépodobnosti vyskytu
extrémnich stavu).

Tento priispévek byl zpracovdn s podporou grantd TACR
TA01011816 a GACR P105/12/1705.

ving the method accuracy and at the same time reducing the time
intensity of simulations were developed and adopted. The LHS
method finds its use in many fields, among which geotechnics inc-
luding underground construction industry has its position. The
LHS use for structural analyses of underground structures may
significantly improve the accuracy of the conception of the antici-
pated behaviour of a structure being assessed (first of all regarding
the probability of occurrence of extreme states).
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NALEZ A LIKVIDACE PODZEMNIHO PROSTORU
POD RODINNYM DOMKEM V BRNE

DISCOVERY AND LIQUIDATION OF UNDERGROUND SPACE
UNDER FAMILY HOUSE IN BRNO

VLADISLAV HORAK, JIRI SRUBAR

ovoD

Pomérné zhusta se setkdvame s (Castéji) drobnymi ¢i (méné
obvykle) s rozsdhlejSimi podzemnimi prostorami historicky ci
technicky spojenymi s objekty pozemni obcCanské zdstavby.
A nékdy je to i ve zcela ne¢ekanych pripadech nebo souvislostech.

Jeden z autoru tohoto piispévku nezapomene ve spojitosti
s navrhem sanace chatrajici rozsahlé skalni stény za rodinnymi
domky na ul. Pracata v Brné-Bosonohdch na to, jak mu majitelka
jedné z postizenych nemovitosti Zivé li¢ila situaci z obdobi osvo-
bozovani Brna na jare 1945. Do tehdy skrytého sklipku zfizeného
béhem okupace v predmétném skalnim télese ji jeji otec ukryl
pred neZddouci pozornosti osvoboditeld.

Podobnym pripadem takovéto podzemni konstrukce je velmi
rozsdhly sklep v hore na pozemku naseho profesniho kolegy
Ing. Tomése Justa z fy OHL — ZS. V sou¢asné dobé jej rekonstru-
uje spole¢né s rodinnym domkem na ul. Vypustky v Brné-
Obranech (ilustraéni obr. 1). Zde se s prihlédnutim k historii
nemovitosti (domek pochdzi z 30. let 20. stol.) opét jedna

2 ]
Obr. 1 Brno-Obrany, ul. Vypustky; sklep za rodinnym domkem (ilustraéni
foto T. Just)
Fig. 1 Brno - Obrany, Vypustky Street. A cellar behind a family house (illust-

ration picture by T. Just)

INTRODUCTION

We relatively often encounter (more frequently) petty or (less
usually) larger underground spaces which are historically or
technically associated with community and residential underg-
round construction. Sometime this is even in absolutely unex-
pected cases or relations.

One of the authors of this paper will not forget, in connection
with a design for the stabilisation of an extensive dilapidating
rock wall behind family houses in Pracata Street in Brno
—Bosonohy, how one woman, the owner of one of the affected
real properties, vividly described a situation from the time of the
Brno liberation in the spring of 1945. Her father then hid her
from undesired attention of liberators in a then concealed cellar
built during the occupation in the rock massif in question.

The case of a very extensive cellar in a mountain on the real
property of our professional colleague Ing. Tomds Just from
OHL-ZS a.s. is similar. He is currently reconstructing it together
with a family house in Vypustky Street in Brno — (see illustrati-
on Fig. 1). In this case it is again, in the highest probability,
a working from the period just before or from the beginning of
World War 2.

Both above-mentioned illustration cases have many common
features:

e The above-ground structures — family houses — are located

in periphery areas of Brno.

e The related underground structures are basically non-stan-
dard basement spaces situated within internal sections of
built-up lots of land.

e They use the advantage of expressive morphology formed
by the rising terrain level behind the dwelling structures. In
addition, by coincidence, the underground structure is reali-
sed in more or less slightly weathered granodiorite of the
Kréilovo Pole type Brno massif.

¢ With the exception of negligible parts, the underground spa-
ces are not lined with brick and they were created using old-
fashioned and slow hand excavation.

e Both cases are characteristically bound in terms of time to
the period just before or after the beginning of World War 2
and the underground spaces were created first of all for the
purpose of storing (larger) food stocks. In the largest proba-
bility they were used as shelters for property users. The first
of all air-raid shelters was later, at the end of the war, inten-
ded to be used in the case of the passage of the front across
the area.

The third case which is known to us has many features in com-
mon with the two previous cases, nevertheless, it significantly
differs in some important, first of all technical, relations. At the
same time it is the most interesting of the cases.

STRUCTURE LOCATION, ITS HISTORY AND FACTS
ENCOUNTERED

The family house in question is again located in a peripheral
part of Brno, the district of Julidnov, on Bélohorska Street No. 83
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% and 85 (see Fig. 2). It is
a classical attached-houses deve-
lopment, which is typical for
both for peripheral parts of Brno
as well as the time of its origina-
tion, i.e. the 1930s. The semi-
detached house was completed
in 1938 by Ing. Josef Vystavél,
/ e o a Brno building contractor. He
sold both houses to the grandfat-
her of the current owner in the
same year, who rented them
g until 1946, when he transferred

o both properties to his children.
In terms of the spatial arran-
gement, the houses are two
transverse triple-span, four-sto-

\\\ rey brick structures on reinfor-

ced concrete wall footings, rein-
Yo forced at individual floor levels

Obr. 2 Situace rodinnych domki na ul. Bélohorské 83—-85 v Brné-Julidnové; v bezprostiedni blizkosti se na

vychod nachdzi tovdarni aredl Zetoru (za 2. svétové vdlky zbrojovka) [1]

Fig. 2 Layout plan of family houses in Bélohorskd Street No. 83-85 in Brno — Julidnov. The Zetor factory (an arma-
ment factory during WW2) premises found in the immediate proximity in the east [1]

s nejvyssi pravdépodobnosti o dilo z obdobi tésné pred nebo
z po&dtku 2. sveétové vilky.

Oba uvedené ilustraéni pripady maji mnoho spole¢ného:

e Nadzemni objekty — rodinné domky - se nachdzeji
v okrajovych ¢astech Brna.

¢ Souvisejici podzemni konstrukce jsou v zdsadé nestandardni-
mi sklepnimi prostorami situovanymi ve vnitfnich traktech
zastavénych pozemka.

¢ Vyhodné vyuzivaji vyrazné morfologie zvysujiciho se terénu
za obytnymi objekty a shodou okolnosti je v obou uvddénych
pripadech podzemni struktura realizovdna ve viceméné
navétralych granodioritech brnénského masivu typu Krélovo
Pole.

e Podzemni prostory nejsou az na zanedbatelné Cdsti vyzdény
a byly zfizovany prezilou a pomalou ruéni razbou.

e Oba pripady jsou charakteristicky ¢asové vdzdny na dobu
t€sné pred nebo jiZz po poldtku 2. svétové valky s tim, Ze
vytvorené podzemni prostory byly uréeny predev§im pro ulo-
zeni (i rozsdhlejSich) zdsob potravin. S nejvyS$si pravdépo-
dobnosti vSak soucasné poslouzily i jako tkryt pro uZivatele
nemovitosti. Kryt predevsim protiletecky, pozdéji, ke konci
valky, i pro pripad prechodu fronty.

Ndm tfeti zndmy pripad md s obéma predchozimi mnoho spo-
le¢ného, nicméné v nékterych vyznamnych, predevsim technic-
kych, souvislostech se od nich velmi li§i. A soulasné je
i nejzajimaveéjsi.

SITUOVANI OBJEKTU, JEHO HISTORIE
A ZASTIZENE SKUTECNOSTI

Predmétny rodinny dvojdomek se nachdzi opét v okrajové ¢asti
Brna, v mistni ¢asti Julidnov, na ulici Bélohorské 83 a 85 (obr. 2).
Jednd se o klasickou, v zdsadé radovou zdstavbu, typickou jak pro
okrajové ¢asti Brna, tak i pro dobu jejiho vzniku — tj. 30. 1éta 20.
stol. Dvojdomek byl dokoncen roku 1938 brnénskym stavitelem
Ing. Josefem Vystavélem. Jesté téhoz roku tento stavebni podni-
katel oba domky prodal pradédovi dne$niho vlastnika. Ten je pro-
najal az do roku 1946, kdy obé nemovitosti pfevedl na své déti.

Dispozi¢né jde o dva pri¢né, celkove Ctyfpodlazni trojtrakty
z cihelného zdiva na Zelezobetonovych zdkladovych pasech,
v patrech ztuZené Zelezobetonovymi vénci. V prubéhu let byla
u objektu Bélohorska 85 v 1. PP zfizena gardz. Odvodnéni sniZe-
ného vjezdu do této gardze bylo provedeno ,,po sousedsku* do

by reinforced concrete spandrel
beams. During the course of
years, a garage was built on the
first basement level of the house
on Beélohorska Street No. 85.
The drainage of the depressed entrance to the garage was carried
out in a “neighbourly” way, connecting it to a waste-water down-
comer of the sister property Bélohorskd No. 83. The connection
functioned without substantial problems, only with infrequent
moisture appearing in the cellar on the basement level. This situ-
ation continued for more than 20 years.

In 2011, the owner of the Bélohorskd No. 83 property decided
that she would prevent this brickwork moistening. The decision
was made that the brick wall should be “undercut” and new
waterproofing be inserted into the slot. And on this occasion, the
job was to be performed comprehensively, including the recon-
struction of the whole house basement and house utility net-
works, including sewerage. A TV camera was used for the
assessment of the current sewer condition. Unfortunately, the
advance of the camera was stopped because it sank down appro-
ximately after 2 metres. It was evident that the sewerage recon-
struction would be probably more difficult than expected. But
the reality was even far more complicated. A probe was carried
out in the TV camera sinking location (a basement landing under
the staircase, next to the wall). During the work on the probe the
pick hammer all of a sudden fell down about 1.5 m lower and an
unexpected underground space opened. A volunteer was found
among present people who roped down the hole, equipped with
a lamp, and stayed there for long 15 minutes — see Fig. 3.

The discovery was shocking for the house owner (and not only
for her). Two spaces, perpendicular to each other and intersecting
in the ground plan, with the volume of 45 m? and the cross-secti-
onal area of roughly 2.15 m wide x 2.6 m high, were discovered
under the two houses. The opened underground spaces occupied
a significant area within the ground plan of the above-ground
structures in question (see Figures 4 and 5). Their origination can
be deduced only and solely from the activities of the tenant of both
properties during the war (see above). For reasons we no more can
reveal, he undermined both family houses using a very simple
mining method. It is only possible to guess that the fundamental
role was played by the war time, the obvious lack of foodstuffs and
the need to store them secretly. In highest probability, the fact that
the locality was found in immediate vicinity of the at that time new
armament factory (today Zetor company) and was therefore extre-
mely threatened by bombing played its role. In this way, the tenant
also provided an air-raid shelter for his family under the houses.
The fact that the space was intended for standing people, niches
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kanalizaéniho svodu sesterské nemovitosti Bélohorskd 83.
Fungovalo bez vétsich problému, jen s ob&asnym zavlhdnim skle-
pa v 1. PP. Tato situace trvala dobrych 20 let.

V roce 2011 se majitelka nemovitosti Bélohorska 83 rozhodla
toto zavlhani zdiva odstranit. Bylo rozhodnuto zdivo ,,podfezat
s vloZenim novych izolaci. A kdyz, tak fadné, véetné rekonstruk-
ce celého suterénniho prostoru domu a domovnich inZenyrskych
siti, a tedy i kanalizace. Pro posouzeni jejitho aktudlniho stavu byla
pouzita TV kamera. Postup kamery byl vSak zastaven cca po 2 m
s tim, Ze se propadla. Bylo jasné, Ze rekonstrukce kanalizace bude
patrné slozitéjsi, nez se oCekdvalo. SkuteCnost vSak byla jeste
daleko komplikovanéjsi. V misté propadu TV kamery (sklepni
podesta pod schody, u schodistové zdi) byla provedena sonda. Pri
jejim otevirdni se sbijeCka propadla ndhle o cca 1,5 m nize
a otevrela se neCekand podzemni prostora. Mezi pritomnymi se
naSel dobrovolnik, ktery se do ni, vybaven lampou, na dlouhych
15 minut spustil — obr. 3.

Pro majitelku domu (a nejen pro ni) byl ndlez Sokujici: Pod
obéma domy (Bélohorskd 83 i 85) byly zjistény dvé, pudorysné na
sebe kolmé, protinajici se prostory o zbézné odhadnutém objemu
45 m?3, piicného profilu velmi zhruba 2,15 m (§) x 2,6 m (v).
Nafdrané podzemni prostory zaujimaly vyznamnou plochu
v pudorysu dotéenych nadzemnich objektd (obr. 4 a 5). Jejich
puvod lze odvodit jen a jedin€ u vale¢ného ndjemce obou nemo-
vitosti (viz vy8e). Z davodu ndm dnes jiZ nezjistitelnych podkopal
velmi jednoduchym hornickym zpusobem oba rodinné domky.
Lze se pouze domnivat, Ze zdsadni roli v tomto pripadé hrila
véle¢nd doba, zfejmy nedostatek potravin a potreba jejich utaje-
ného uskladnéni a s nejvyssi pravdépodobnosti patrné i to, Ze
lokalita se nachdzela v bezprostfedni blizkosti v t€ dobé nové
zbrojni tovarny (dnes firma Zetor) a byla tedy mimoradné ohroZe-
na bombardovanim. Ndjemce si tak soucasné zfidil pod domy
i rodinny protiletecky kryt. Jistym potvrzenim pfedchozich deduk-
ci je to, Ze prostora byla urCena pro stojici osoby, ve sténéach byly
provedeny vyklenky a byl zde nalezen dokonce i zapomenuty ple-
chovy hrniCek. Pro¢ ndjemce neinformoval o této skute¢nosti pri
preddvani nemovitosti v roce 1946 jejtho majitele lze jiZ jen spe-
kulovat. Jako duvod se nabizi to, Ze majitel by pfirozené trval na
likvidaci (nebo prinejmensim radné upravé — vyztuZeni) tohoto
prostoru.

Jak je uvedeno jiz v predchozim textu, sniZeni terénu se zdsa-
hem do kanalizace pfi zfizovani gardze u objektu Belohorska 85
bylo pri¢inou pronikdni vody do této (v té dobé dosud nezndmé)
podzemni prostory a vedlo, mimo jiné, i k postupné erozi dotce-
ného horninového prostredi v tomto nevyzdéném prostoru.
Vysledkem byla odplavend zdkladova puda pod schodiStovou zd{
v délce cca 4 m a obdobné postizeni se vyvijelo postupné
i u stfedni nosné zdi. Stéstim bylo, Ze obé nemovitosti vystavél
soucasné stejny stavitel. Zbudoval je solidné a ani pfi jejich
lizkém pudorysu a relativni vySce neutrpély zietelné Skody. Oba
domy se o sebe v pravém slova smyslu oprely a navzdjem velmi
dobte spolupusobily.

GEOTECHNICKE POMERY LOKALITY

PodloZi lokality je budovdno marinnimi védpnitymi jilovitymi
pisky spodniho badenu s podfizenymi polohami drobného Stérku
(obr. 6). Pisky jsou ulehlé az velmi ulehlé. Tato fakta byla potvr-
zena pri makroskopickém ohledani stén zastizené podzemni pro-
story. Stejny horninovy materidl byl v minulosti v bezprostredni
blizkosti naseho objektu rovnéZ téZen v radé, Casto rozsdhlych,
jamovych piskoven. Charakter této zeminy sou¢asné umoznil zfi-
zovateli podzemnich prostor bezproblémové manudlni odtéZovani
horniny a soucasné i jeji likvidaci (pfip. i jeji raciondlni vyuZiti).
To, Ze se jednd o pisky lehce jilovité a soucasné i ulehlé, zarucilo
rovnéZ pomerné stabilni a dlouhodobé zachovani vyrubu. Presto,
Ze byla podzemni prostora zcela nevyztuZena, tak ani statické zati-
Zeni konstrukc{ rodinnych domku ani dynamické zatizenf od okol-
ni (dnes intenzivni) dopravy nepusobilo na vyrub destruktivné.
Pomalé poruSovani stén erozi viak zpusobovala pronikajici voda

21. rocnik - €. 4/2012

Obr. 3 Nafdrand podzemni prostora pod rodinnymi domky Bélohorskd 83
a 85 v Brné-Julidnove

Fig. 3 Underground space opened under family houses No. 83 and 85 in
Bélohorskd Street in Brno - Julidnov

were provided in walls and even a forgotten tin mug was found
there is a certain proof of the above deductions. Today it is only
possible to speculate why the tenant did not inform the property
owner about this situation when he handed the property over to the
owner in 1946. The reason offers itself that the owner would have
insisted on the liquidation (or at least proper stabilisation) of this
space.

As stated in the previous text, the lowering of the terrain sur-
face level combined with the intervention into the sewerage
during the work on the new garage attached to the house No. 85
in Belohorskd Street was the cause of the inflow of water into
this (till then unknown) underground space and led, among
other consequences, to gradual erosion of the affected ground
environment in this unlined space. This process resulted in the
washing of ground away from underneath the staircase wall
along a length of about 4.5 m; a similar affection gradually
developed under the central structural wall. It was a matter of
good luck that both buildings were constructed simultaneously
by one contractor. He built them in a reliable way and, despite
the narrow ground plan and relatively great height they suffered
no obvious damage. The two buildings in the true sense of the
word leaned against each other and developed a very good com-
posite action.

GEOTECHNICAL CONDITIONS IN THE LOCALITY

The locality sub-base is formed by marine calcareous clayey
sands of the Lower Baden formation with subordinate layers of
fine-grained gravel (see Fig. 6). The sands are compacted to very
compacted. These facts were confirmed during the macroscopic
examination of the walls of the underground space encountered.
Identical ground material was excavated in the past in the imme-
diate vicinity of our structure in a series of, often extensive, sand
pits. The character of this ground at the same time allowed the
founder of the underground spaces to excavate ground without
problems manually, simultaneously with disposing it (or even
rationally using it). The fact that the sands are slightly clayey and
at the same time compacted guaranteed that the excavated space
would be relatively stable and would be preserved for a long time.
Neither the static load induced by the family house structures nor
the dynamic loading induced by (today busy) traffic in the vicini-
ty did not negatively affect the excavated space, despite the fact
that the underground space lacked any support. However, the
walls were slowly deteriorated by erosion caused by the inflow of
water into the space (see above) — an about 0.8 m thick layer of
eroded sand was gradually accumulated at the bottom. It was only
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Obr. 4 Pudorys podzemniho prostoru pod domky Bélohorskd 83 a 85 v Brné-Julidnove
Fig. 4 Ground plan of the underground space under family houses No. 83 and 85 in Bélohorskd Street, Brno - Julidnov

(viz vyse) — v po¢ve se postupné nahromadilo az okolo 0,8 m ero-
dovaného pisku. A bylo jen Stastnou shodou okolnosti, Ze proni-
kajici voda nemohla napdchat vetsi $kody na ohroZené nadzemni
konstrukci.

RESENI PROBLEMU

Po otevieni necekanych podzemnich prostor musel majitel
nemovitosti bez prodleni rozhodnout co s nimi. Jediné, co bylo

owing to lucky coincidence that the inflowing water could not
cause greater damage to the threatened structure.

PROBLEM SOLUTION

Once the unexpected underground spaces had been opened, the
property owner had to without delay decide what to do with
them. The only thing which was obvious in the first phase was
that the encountered condition could not be preserved.

VOLNY PRO-
STOR/OPEN
SPACE

USAZENINY
SEDIMENTS

1950

1800

USAZENINY - SEDIMENTS

| w0 |

Obr. 5 Pricny prurez podzemniho prostoru pod domky Bélohorskd 83 a 85 v Brné-Julidnové
Fig. 5 Cross-section through the underground space under family houses No. 83 and 85 in Bélohorskd Street, Brno - Julidnov
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Obr. 6 Marinni jilovité pisky spodniho badenu s polohami drobného $terku;
zastiZené stény podzemni prostory jsou nepodeprené; v pocvé je patrny uloZe-
ny erodovany pisek

Fig. 6 Marine clayey sands of the Lower Baden formation with layers of fine-
grained gravel. The encountered underground spaces are unsupported.
Deposited eroded sand is visible at the bottom

v prvni fdzi zfejmé, bylo to, Ze zastiZeny stav nemuZe zUstat
zachovén.

Z pohledu statika lze takovéto prostory bud zajistit vyztu#i (a to
bud nic z4sadniho nefesici do¢asnou vydievou, nebo lépe vyztuzi
trvalou) s jejich dal$im vyuzitim (jako sklep...), nebo jednou pro-
vzdy podzemni prostor zlikvidovat jeho vyplnénim. VétSinova
reakce nezacastnénych byla: Ziidit sklep. Vzhledem k velmi ome-
zenému pristupu do podzemti, a dal§im omezujicim pracovnim pod-
minkdm vsak bylo po velmi kratké diskusi rozhodnuto majitelkou
tento, v podstaté velmi nezddouci, podzemni prostor vyplnit. Bylo
zvoleno jeho postupné zaliti cementopopilkovou smési KOPOS
s naslednym doinjektovanim. Nejprve byly podél dotéenych obvo-
dovych zdi osazeny injektazni jehly a ve dné a pod stropem injek-
tazni hadice. Prostora byla postupné vyplnéna 4 vrstvami KOPOSU
3 (minimdlni pevnost 2 MPa/28 dnt) po cca 1,0 m. Pfed napusté-
nim dal§i vrstvy bylo vidy vyc¢kdno sednuti predchozi
s oddrénovanim nadbyte¢né vody (vysky asi 0,1 m) do okolniho
propustného prostiedi piski. Volbu tohoto postupu podpoftilo i pos-
tupne se zvySujici nivé stropu. Na zavér byly prostory pod zdmi
a pod stropem tlakové doinjektovdny cementem, s prisnou kontro-
lou tlaku a spotfeby smési (obr. 7). Injekéni tlak byl odhadem ome-
zen na 0,5 MPa za stélé kontroly objektu. Sanace zminovanych pod-
zemnich prostor si vyzadala 32 m3> KOPOSU a 4 m3 cementové
injektdZe. Prace probchly hladce a horni stavba obou rodinnych
domka je v soutasné dob€ vyuzivéina bez jakychkoli problému.
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Obr. 7 Hadice pro doijektovdni cementem
Fig. 7 Hoses for final injection of cement grout

From structural designer’s point of view, such spaces can be
either stabilised by the installation of support (either temporary
timbering, which solves nothing fundamental, or permanent sup-
port, which is better) allowing the further use of the spaces (as
acellar ...), or, once for all, can be liquidated by backfilling. The
majority reaction of the disinterested was: A cellar should be
built. Anyway, the decision was made by the owner after a very
short discussion that, with respect to the very limited access to
the underground and other limiting working conditions, this, in
substance very undesired, underground space should be backfil-
led. Gradual pouring of KOPOS cinder concrete mix into the
space with subsequent injection of grout was chosen. The first
step consisted of installing grouting needles along the affected
external walls and fixing grouting hoses at the bottom and under
the ceiling. The space was gradually backfilled by 4 layers of
KOPOS 3 (minimum strength of 2 MPa after 28 days) each about
1.0 m thick. The next layer was not poured until the previous
layer settled and excessive water (an about 0.1 m thick layer)
was drained away into the permeable sand environment. The
selection of this procedure was even supported by the gradually
rising level of the ceiling. In the conclusion, the spaces under the
walls and under the ceiling were filled by pressure injecting of
cement grout, with strict checking on the pressure and grout con-
sumption (see Fig. 7). The grouting pressure was limited by
guessing to 0.5 MPa, with concurrent continuous monitoring of
the building. The stabilisation of the above-mentioned underg-
round spaces claimed 32 m? of KOPOS and 4 m? of cement
grout. The work proceeded smoothly and the superstructure of
both family houses is at present used without any problem.
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FOTOREPORTAZ ZE STAVBY PRODLOUZENI
TRASY V.A PRAZSKEHO METRA (STAV K 26. 11. 2012)

PICTURE REPORT FROM THE CONSTRUCTION OF THE FIFTH
EXTENSION OF THE PRAGUE METRO LINE A (THE STATE AS OF 26. 11. 2012)

Obr. 1 Propojeni tratovych tunelu u stanice Petfiny (foto: Husdk)
Fig. 1 Interconnection between running tunnels at Petfiny station (photo: Husdk)

i ‘:“:."\‘. i-....‘!h- a

Obr. 3 Stitkand izolace a armatura definitivniho osténi ve stanici Veleslavin
(foto: Chotdr)

Fig. 3 Spray-on waterproofing and steel reinforcement of the final lining in
Veleslavin station (photo: Chotdr)

Obr. 5 Dva EPB S§tity soucasné prorazily do prostoru odstavnych koleji stanice
Dejvickd (foto: Junek)

Fig.5 The two EPB shields broke out into the space of the dead-end tail track
tunnel at Dejvickd station (photo courtesy of J. Junek)

Obr. 2 Stanice Petriny a poldtek realizace definitivniho osténi (foto: Chotdr)
Fig. 2 Petriny station and the beginning of the final lining installation
(photo: Chotdr)

Obr. 4 Primdtor MUDr. Bohuslay Svoboda a Dr.-Ing. E.h. Martin Herrenknecht
— vyznamni hosté slavnostni prordZky 26. 11. 2012 (foto: Husdk)

Fig. 4 Lord Mayor, MUDr. Bohuslav Svoboda, and Dr.-Ing. E.h. Martin
Herrenknecht, the distinguished guests of the ceremonial breakthrough on
26/11/2012 (photo courtesy of J. Husdk)

Obr. 6 Pracovni tymy pri ispésném dokonceni razeb EPBS (foto: Husdk)
Fig. 6 Two working teams during the successful completion of the EPBS
drives (photo courtesy of J. Husdk)
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FOTOREPORTAZ ZE STAVBY TUNELOVEHO KOMPLEXU BLANKA
(STAV K 1. 11. 2012)

PICTURE REPORT FROM THE CONSTRUCTION OF BLANKA
COMPLEX OF TUNNELS (THE STATE AS OF 1. 11. 2012)

Obr. 2 Dokoncovaci prdce v raZeném tunelu Brusnice (foto: Jakub Karlicek,
Obr. 1 Klenbovy tisek hloubeného tunelu pod Patockovou ulici (foto: Jakub . PP p . e . (foto: J i )
Karlicek) Fig. 2 Finishing work in the Brusnice mined tunnel (photo courtesy of Jakub
arlice T
Karlicek,
Fig. 1 Vaulted cut-and-cover tunnel section under Patockova Street (photo )
courtesy of Jakub Karlicek)

i Obr. 4 Obklad stén razeného tunelu pod Stromovkou (foto: Jakub Karli¢ek)
Obr. 3 Dokonéené tipravy mildnskych stén v hloubeném tunelu u S'pejcharu Fzg -4 V‘ hl{ dm?d'.",% ”f the mined tunnel under Stromovka Park (photo cour-
(foto: Jakub Karlicek) ) tesy of Jakub Karlicek)
Fig. 3 Finished treatment of surface of diaphragm walls in the Spejchar cut-

and-cover tunnel (photo courtesy of Jakub Karlicek)

/. L Obr. 6 Odstavny zdliv s napojenim prujezdné propojky TP17 a technologic-
kého centra TGCS5 (foto: Jakub Karli¢ek)

Fig. 6 Breakdown bay with the cross passage passable for vehicles TP17 and
the technical services centre TGC5 (photo courtesy of Jakub Karlicek)

Obr. 5 Axidlni ventildtory v razené strojovné pod Letnou (foto: Jakub Karlicek)
Fig. 5 Axial fans in the mined cavern for ventilation plant under Letnd Plain
(photo courtesy of Jakub Karlicek)
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Dramix®

Vyhody beténu s ocelovymi vilaknami v TBM segmentoch

TBM segmenty Vysoka vykonnost

- 100% ocelove viakna - ZvySena absorpcia energie pri zatazeni

- Kombinovana vystuz - Huzevnaty beton so zvySenou unosnostou
- PoZiarna cdolnost - Vysoka odolnost vodéi razom a unave

- ZlepSena kontrola vyvoja a Sirenia trhlin

Ekonomickeé vyhody

- Nahrada klasicke] vystuze a drahych armokosov
- Redukovana spotreba betonu

- Rychle a jednoduche pouzitie

Dramix’

Bekaert Hlohovec a.s.
Prazska 4

040 01 KosSice

Slovakia
building.slovakia@bekaert.com
http://dramix.bekaert.com




Kvalita, presnost a diislednost v kazdém detailu. Spoleéna koordinovana prace lidi desitek oboril a profesi.
Schopnost fesit narotna zadani a odvaha hledat nova feSeni. Je tohle uméni? Mozna ne. Jen to dobfe umime.
Quality, accuracy and consistency in every detail. The coordinated effort of professionals from many fields.

The ability to solve problems and the courage to search for new approaches. Is this an art-form?

Maybe. In either case we do it well.

1] 2 1/ Metra VA, jednolodni raZend stanice Petfiny / Metro Line VA, Petfiny Single-vauit Mined Station
2/ Méstsky okruh v Praze, tunelovy komplex Blanka / City Circle Road in Prague, Blanka Tunnel Complex
3 3/ Metro V.A, trafovy tunel vyraZeny strojem TBM / Metro Line VA, TBM-driven Running Tunne|
1 4/ Velky méstsky okruh v Bmé, Kréalovopolsky tunel / Great City Gircle in Brno, Kralovo Tunnel

tlen DDM Group
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SikaProof® A

Inovachni, piné prilnuty hydroizolaéni systém,
ktery vam vyrazné zjednodusi praci!

Partner konference Podzemni stavby Praha 2013

inovaci
v Ceskeé
republice




Modernizace trati Votice-Benedow
u Prahy - Zahradnicky tunel

SOZEITN
StdVoy

Vystavba stanice metra Veleslavin
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Kralovopolsky tunel,
Velky méstshy okruh Brno
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Kolektor Vaclavské namésti -
trasa C, Praha

Jsme spolehlivy partner
v podzemi, na Zeleznici
i na povrchu, pisobime
v Ceské republice

i v zahraniti.

www.subterra.cz
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Underground Construction
Prague 2013
Conference Partner

Fax + 497
narketing @ hevr

inechi.com

warwherrenknecht.com

Herrenknecht is a technology and market leader in the area of mechanized tunnel-
ling systems. As the only company worldwide, Herrenknecht delivers cutting-edge
tunnel baring machines for all ground conditions and in all diameters - ranging from
0.10 to 19 meters. In addition, Herrenknecht develops solutions for the production of
vertical and sloping shafts.

The tailor-made machines create underground supply tunnels for water and
sewage, for gas, oil, electricity, internet and telephone lines (Utility Tunnelling) as well
as efficient infrastructure for car, metro and railway traffic (Traffic Tunnelling) around
the world. Our tunnel boring machines are forging ahead with the world's longest
railway tunnel and the largest metro lines. They help to cross under water with supreme
accuracy and to lay pipelines throughout continents

The Herrenknecht Group employs around 4,000 members of staff worldwide.
With 77 subsidiaries and associated companies working in related fields in Germany
and abroad, a team of innovative specialists has formed under the umbrella of the
Group, which is able to provide integrated solutions with project-specific equipment
and service packages - close to the project site and the customer.

| Tunnelfing Systems

A winning team for superior productivity

Visit us at the 12" International Conference "Underground Construction Prague 20137, 22 - 24 April 2013

Atlas Copco s.r.o.
Primyslova 10

102 00 Praha 10
www.atlascopco.com

Sustainable Productivity

Atlas Copco



21. rocnik - €. 4/2012

Vysoka skola banska -Technicka univerzita Ostrava

Fakulta stavebni
Katedra geotechniky a podzemniho stavitelstvi

realizuje projekt financovany ESF a stitnim rozpoftem CR

“Inovace studijniho oboru Geotechnika“
reg. &. CZ.1.07/2.2.00/28.0009

odbomeé tuzemské a zahraniéni exkurze

prednasky a prezentace cdbormiki z praxe

ocdbomeé praxe studentl u firem

studijni webovy portal

prezantace studentskych praci na konferencich

inovace odbornych pfedmétl a laboratomiho vybaveni

INVESTICE DO ROSVOUE VIDELAWAMI

ZPRAVY Z TUNELARSKYCH KONFERENCI / NEWS FROM TUNNELLING CONFERENCES

13. ROCNIK MEZINARODNI KONFERENCE GEOTECHNIKA 2012
13™ INTERNATIONAL CONFERENCE GEOTECHNIKA 2012

The already 13th International Conference GEOTECHNIKA
2012 was held in Horni Smokovec, the High Tatras, Slovakia,
from 26th to 28th September 2012. It resumed, after a four-year
break, the previous traditional two-year cycle of these geotechni-
cal conferences. Together with the main conference organisers,
the Faculty of Civil Engineering of the VSB - Technical
University of Ostrava and ORGWARE company, even other uni-
versities and scientific and research organisations from the Czech
Republic, Slovakia and Poland participated in the conference dea-
lings. The conference was attended by the total of 133 experts
from professional firms, scientific and research organisations and
universities, with the majority coming from the Czech and Slovak
Republics.

The conference focus was wide. The topics of the 61 papers
which were read covered virtually all geotechnical regions.

Ve dnech 26.-28. 9. 2012 se konal v Hornim Smokovci jiz 13.
ro¢nik mezindrodni konference GEOTECHNIKA 2012, ktery
navazal po Ctyfleté prestdvce na predchozi tradiéni dvoulety
cyklus geotechnickych konferenci ve Vysokych Tatrdch. Spole¢né
s hlavnimi organizédtory konference, Fakultou stavebni VSB-TU
Ostrava a firmou ORGWARE, se na realizaci konference podile-
ly i dal$f vysoké $koly a védecko-vyzkumné organizace z Ceské
republiky, Slovenska a Polska. Védeckou zastitu nad konferenci
prevzaly tuneldiské asociace Ceské i Slovenské republiky a déle

Cesko-slovenskd spole¢nost pro mechaniku zemin a geotechnické
inZenyrstvi. Odbornym garantem semindre byl prof. Aldorf, cel-
kem se konference zicastnilo 133 odborniku z odbornych firem,
védecko-vyzkumnych organizaci a vysokych Skol prevdzné
z Ceské a Slovenské republiky.

Obsahové zaméreni konference bylo dosti §iroké, celkem bylo
v prubéhu jednéni predneseno 61 piispévku, které svym zamére-
nim prakticky pokryvaly vSechny geotechnické oblasti.

V tvodu konference zdstupci vysokych skol prezentovali hlav-
ni problémy vyuky geotechnickych a inZenyrskogeologickych
oboru, které se tykaly predevsim rozsahu a koncepce vyuky geo-
techniky, problematiky klesajici trovné znalosti studenta pfichd-
zejicich na technické vysoké Skoly ze $kol strednich, uplatnéni
bakaldit na trhu prdce a moZnosti zvySeni zdjmu studenta
o studium geotechnickych a inZenyrskogeologickych oboru.
K zamysleni nad souc¢asnymi aktudlnimi problémy a budoucnosti
oboru inZenyrskd geologie primel ucastniky konference prispevek
doc. Rozsypala s ndzvem Je budoucnost inZenyrské geologie sku-
tecné tmave fialovd?

V oblasti pfispévku zaméfenych na nové technologie
v podzemnim stavitelstvi jisté tcastniky zaujal prispévek kolekti-
vu autoru z firmy Metrostav, a. s., prezentujici pouZiti technologie
TBM-EPV na prodlouZeni trasy metra V.A v Praze (ing. Cyron,
ing. Sebesta, Dr.Vitek). Dal§im zajimavym piispévkem z oblasti
inovace v podzemnim stavitelstvi byl prispévek zabyvajici se



Obr. 1 Zahdjeni konference Geotechnika 2012 prof. Aldorfe
Fig. 1 Prof. Aldorf opening the Geotechnika 2012 conference

porovnanim nejcasteji pouzivané féliové hydroizolace a inova-
tivni alternativni stiikané hydroizolaéni membrany (ing. Zdme¢-
nik, ing. Dohndlek).

Problémy spojenymi s prodluzovénim doby realizace tunelu na
dalnici D8 pres Ceské stiedohofi se zabyvali ve svém piispévku
autori ing. Hnili¢ka a ing. Svoboda z firmy PRAGOPROJEKT,
a.s. Zajimavé vysledky geotechnického monitoringu pfi realizaci
tunelového komplexu Blanka, predev§im s ohledem na vznik znd-
mych mimorddnych udalosti na této stavbe, prednesl ing. Butovic.
Soudésti konference byl rovnéZ blok pifspévku, zabyvajicich se
podrobnéji nékterymi specifickymi faktory chovéni osténi tunel
a moZnostmi vyhodnoceni vlivi téchto faktori na napétovy
a deformacni stav osténi (vliv tuhych liniovych prvka v osténi
tunelu, vliv teplotnich zmén, aplikace objemovych pretvoreni pro
stanoveni kvality materidlu).

Dal3i velkd skupina piispévku byla zaméfena do oblasti geo-
technickych problému spojenych s vystavbou dopravnich komu-
nikaci — v této tematické skupiné byl mimo jiné jisté zajimavy
a prinosny piispévek kolektivu autort ing. Badikovéd, Michalica
(ARCADIS Geotechnika, a. s.), ktefi shrnuli své poznatky
a zkuSenosti ziskané v pozici nezdvislého dozoru pfi realizaci
PPP projektu vystavby rychlostni silnice R1 Nitra — Tekovské
Nemce a poukézali na nejduleZitéjsi problematické faktory dspés-
nosti téchto typu projektu.

Jednani konference potvrdilo stdle aktudlni problematiku sva-
hovych pohybu na ruznych typech svahovych téles (pfirodni
svahy, ndsypy, vysypky, odkali§té, ochranné hraze), byly prezen-
tovdny moznosti jejich sanace a vyhodnoceni dspésnosti apliko-
vanych sanacnich opatfeni.
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Obr. 2 Predsednictvo tivodni sekce konference Geotechnika 2012
Fig. 2 The Geotechnika 2012 conference initial section board

Cist prednesenych piispévki se zabyvala rovnéZ technologiemi
a problémy spojenymi se zakladdanim staveb. Prispévek kolektivu
autort z firem SG-GeoinZenyring, s. 1. 0., a Green GAS, a. s. (ing.
Héjovsky, ing. Sojka) predstavil rizika spojend se zaklddanim sta-
veb na termicky aktivnich starych odvalech. Protipovodnovym
opatfenim a zakldddnim staveb v zaplavovanych tzemich se véno-
val prispévek kolektivu autort prof. Bednérovd, prof. Hulla z STU
Bratislava. V prispévku autorek z Vyzkumného tstavu vodohospo-
dérského z Bratislavy byl predstaven model TRIWACO, aplikova-
ny pii modelovani ovlivnéni reZimu podzemnich vod v dusledku
realizace podzemn{ liniové stavby.

Hornickd problematika dimenzovani vyztuZe porubovych cho-
deb podle metodiky pouzivané v OKR a v némeckych dolech byla
prezentovéna v prispévku doc. Stiuparka (Ustav Geoniky AVCR).
Polsti kolegové z Univerzity Slaske z Gliwic (Dr. Kleta,
ing. Jendrys, ing. Heyduk) zaméfili své prispévky do oblasti
modelovani poruseni osténi jam a predstavili moZnosti jejich
monitoringu modernimi sofistikovanymi metodami zaloZenymi na
tzv. Augmented Reality.

Jednéni konference a diskuse v prabéhu jedndni i mimo jednaci
sdl prinesly jisté mnoho informaci a zkuSenosti z ruznych geo-
technickych oblasti, poukdzaly na aktudlni problémy, se kterymi
se v geotechnice setkdvame, a prezentovaly moznosti jejich feSen{
s vyuZitim novych postupu, technologii a materidla. Konference
potvrdila interdisciplindrni charakter geotechniky a potrebu stéle
uzii spolupréce ruznych inzenyrskych oborl pro bezpe&nou, eko-
nomickou a efektivni realizaci geotechnickych staveb.

DOC. RNDr. EVA HRUBESOVA, Ph.D.,
eva.hrubesova@vysb.cz,
Fakulta stavebni VSB-TU Ostrava

RAKOUSKY TUNNELTAG A 61. GEOMECHANICKE KOLOKVIUM V SALCBURKU
AUSTRIAN TUNNELTAG AND 61ST GEOMECHANICAL COLLOQUIUM IN SALZBURG

One of the largest meetings of European tunnellers was held as
every year in Salzburg in October 2012. The Austrian Tunnel
Day (‘Tunneltag’) was held first, on the 10th October 2012. It
was followed by the two-day negotiation of the 615¢
Geotechnical Colloquium. In addition it was possible on
Saturday the 14th October 2012 to take part in a technical excur-
sion to tunnels on the new route of a high-performance railway
track running along the Inn valley near Innsbruck.

Within the framework of the colloquium, a representative of
the ITA-AITES Czech Tunnelling Association presented an
invitation for the Tunneltag attendees to attend the international
conference Underground Construction Prague 2013. It will be
held in April 2013 under the auspices of the ITA-AITES (for
more information visit www.ita-aites.cz).).

Jedno z nejvétsich setkdni evropskych tuneldru probéhlo jako
kazdy rok v rijnu roku 2012 v Salcburku. Nejprve se ve stiedu
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Obr. 1 Ing. Martin Srb (3G Consulting Engineers, s. r. 0.) pozval ticastniky
kolokvia do Prahy na mezindrodni konferenci Podzemni stavby Praha 2013
(foto: Libor Marik)

Fig. 1 Ing. Martin Srb (3G Consulting Engineers s. r. o.) inviting the
Colloquium attendees to Prague to the International Conference
Underground Construction Prague 2013 (photo courtesy of Libor Marik)

10. fijna 2012 konal rakousky tuneldfsky den (,,Tunneltag®)
a pak ndsledovalo dvoudenni jedndni 61. Geomechanického
kolokvia. V sobotu 14. fijna 2012 byla jesté moZnost zdCastnit
se odborné exkurze na tunely nové Zelezni¢ni trasy vysokovy-
konné Zeleznice v tdoli Innu pobliZ Innsbrucku.

Termin ,,vysokovykonnd* znamend, Ze rakouska koncepce roz-
voje se lis{ napr. od koncepce némecké, kterd je oznacovana jako
,,vysokorychlostni“. Nové trasy umozZni nejen jizdu osobnich
vlaku vysokou rychlosti, ale bude na né také prevedena nakladn{
doprava a tim se vyrazné snizi ekologicka zatéz okoli Zeleznice.

Rakousky tunelarsky den porddd v dvouletém intervalu
Rakouskd tunelarskd asociace ITA-AITES. V tvodu vystoupil
jeji predseda Dipl.-Ing. W. Stipek s informacemi o aktivitach
asociace v domdacim prostredi, tj. v Rakousku. Mezinarodni
aktivity asociace komentoval ndsledné prof. R. Galler. Potom
pozdravil Géastniky souéasny prezident mezinarodni tunelarské
asociace ITA-AITES prof. In-Mo Lee.Uvodni Key note Lecture
prednesl H. Pochhacker.

TufHel

Dalsi jednéni probéhlo ve dvou sekcich.

Dopoledni sekce 1 byla zaméfena na Specifické vyzvy sou-
Casnych tunelovych staveb a zaznély v ni ndsledujici pred-
nasky:

Tunelovani na nové vysokorychlostni Zelezni¢ni trase VDE
8.1 Ebensfeld — Erfurt — pfiklad tunel Eierberge (Ch. Anhalt,
A. Karlbauer),

Hranicni razba/price na tunelu Sodermalm ve Stockholmu
(H. Gamsjdger),

Geologické a logistické vyzvy pro pouziti TBM na 26 km
dlouhém tunelu Pinglu v Ciné (M. Miiller, P. Bargmann),

Rozsdhly projekt Stuttgart 21 — novd trasa Wendlingen — Ulm:
partnerstvi vytvorené pro zvladnuti rozsdhlého projektu
v obtiznych podminkéch (V. Weiss, M. Holzhuber).

Odpoledni sekce 2 méla téma: Inovace a kreativita pri opti-
malizaci staveb tunelu

V tvodu sekce vyhlasil prof. Galler vysledky soutéZe o cenu
za nejlepsi inovaci pri stavbé tuneld.

Pak nasledovaly prednésky, které optimalizaci stavby tunelt
popisovaly z ruznych hledisek:

Tunelové projekty potrebuji spolupraci (H. G. Jodl — TU
Viden),

Zlepsené modely pro udéleni zakazky (M. Eder — Laabmayr
Salzburg),

Podnéty/stimuly pro optimalizaci projektu (W. Purrer —
Univerzita Innsbruck),

Pohled investora (Ch. Bauer — Asfinag Viden),

Pldnovéni inZenyrského piistupu/OBA (A. Leitner — IGT
Salzburg),

Pohled dodavatele (J. Arnold — Alpine Berno Tunnelling).

Text prednasek, které zaznély v ramci Tunneltagu, bude uve-
fejnén v Cisle 6/2012 Casopisu rakouské spole¢nosti pro geome-
chaniku Geomechanics and Tunnelling/Geomechanik und
Tunnelbau.

Jedndni rakouského tunelaiského dne uzavrel opet W. Stipek.
Spolecenské setkani se tradi¢né konalo v prostorach restaurace
na terase salcburského hradu (pevnosti), tentokrat ale za desti-
vého pocasi.

61. Geomechanické kolokvium

Poradatelem salcburskych geomechanickych kolokvii je
Rakouskd geomechanickd spolecnost. V tivodu pripomnél jeji
predseda prof. Dipl.-Ing. Dr. mont. Wulf Schubert z TU Graz
dvé vyznamna vyroci, kterd nemohla byt v programu kolokvia
opomenuta.

Predevsim to je 50. vyro¢i vzniku Mezindrodni spole¢nosti
pro mechaniku hornin (International Society for Rock

.4
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Obr. 2 Pohled do sdlu pri jedndni kolokvia, kterého se zucastnilo vice neZ 1000 odborniku (foto: Libor Marik)
Fig. 2 A view inside the hall during the Colloquium, which was attended by more than 1000 professionals (photo courtesy of Libor Marik)




Mechanics — ISRM). Ta byla ustavena 25. kvétna 1962 pravé
v Salcburku. Dnes md vice nez 6500 ¢lenu organizovanych
ve 48 ndrodnich skupindch. Tomuto vyro¢i se ve svém vystou-
peni vénoval souCasny prezident ISRM prof. Xia-Ting Feng
V/ él’ny.

Druhé vyroc¢i, které pripomnél prof. Wulf Schubert, je pade-
sat let Nové rakouské tunelovaci metody (NRTM). Pojme-
novani této metody v Salcburku v roce 1962 pfi predndsce na
geomechanickém kolokviu poprvé uvedl prof. L. v. Rabcewicz.
,»Nové“ proto, aby byla odliSena od puvodni rakouské metody,
kterd patfila do ,,ndrodnostné* pojmenovanych metod tunelova-
ni, jako byly némeckd metoda, belgickd metoda apod.

Jak uvedl prof. Schubert, NRTM se béhem desetileti stala
synonymem pro konven¢ni tunelovani. V rdmci svého vyvoje
dokdzala, Ze muZe byt pouZivdna i ve velmi obtiZznych geotech-
nickych podminkach pri prijatelnych (rozumnych) ndkladech.
Obcasné ttoky na NRTM a jeji zastdnce nic nemohou zménit na
skute¢nosti, Ze je pouZivana na celém svété samoziejmé ve vari-
antdch odpovidajicich té které lokalité.

Tak vyznamné vyro¢i se vyrazné odrazilo v programu kolo-
kvia a stalo se tématem predndsek ¢tvrte¢niho dopoledne.

Nez ale byly prednédsky zahdjeny, byl promitnut predtoeny
rozhovor s legendou rakouského podzemniho stavitelstvi
prof. Franzem Pacherem. Pan profesor byl pritomen a ve svych
vice nez devadesiti letech vypadal v neobycejné dobré kondici.

Diky dobrym vztahim s poradateli vystoupil v ramci odpo-
ledniho bloku prednasek Ing. Martin Srb a pozval tcastniky na
konferenci Podzemni stavby Praha 2013 (obr. 1).

O oblibenosti a dspeSnosti salzburského kolokvia sveédei
i fakt, Ze se ho letos dcastnilo pres 1000 ndvstévniku z mnoha
zemi Evropy i svéta (obr. 2).

Vsechny prednasky prednesené na kolokviu, jejichZ pre-
hled nasleduje, jsou otiStény v Cisle 5/2012 Casopisu
Geomechanics and Tunnelling/Geomechanik und Tunnelbau.

1. blok pfednasek - Vyvoj NRTM

Pouzivani NRTM ve Spojeném kralovstvi od r. 1970 do sou-
Casnosti (Maurice Gooderham, David Hindle),

Pokrok v uzitif NRTM v Brazilii (Tarcisio B. Celestino),

Korejskd praxe v konven¢nim tunelovdni (In-Mo Lee,
Kwang-Joon Park),

NRTM - od stavebni metody k systému (Wulf Schubert,
Harald Lauffer).

2. blok piednasek - Hydrotechnické stavby z hlediska
mechaniky hornin

Zakladani (zdkladovd oblast) prehrady Zillergriindl (Pius
Obernhuber),

InZenyrskogeologickd hlediska souvisejici s vybérem stave-
nisté nové horni zdsobni nddrze v projektu zvySeni vykonu
vodni elektrarny Kaunertal (Sebastian Perzimaier, Bernhard
Hofer, Michael Holzmann),

Projektovd opatfeni prijatd pro prekondni nepfiznivych geo-
technickych podminek pfi stavbé 93 m vysoké rockffilové (bal-
vanité) prehrady s betonovym licem (Markus Verdianz, Zafer
Koray Ozbeck, Johannes Linortner, Gerald Jung),

Zpevnujici opatfeni a analyza levobrezniho zavadzani klenbo-
vé prehrady Jin Ping (Li Ning, Yao Xianchun a dalsi),

Posouvéni hranic pfi pouziti pfedpjatého tunelového osténi
(Urs H. Grunicke, Mladen Ristic),

Renovace tlakového privadéée a protirdzové ochrany hydro-
elektrarny Kaunertal (Paul Bonapace),

Hodnoceni eroze (vymylani) skalniho nezpevnéného vyvaru
pomoci metody Block Scour Spektrum (Daniel Scott Kieffer).
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3. blok prednasek - Penetrace, opotiebeni a lepivost

u Feznych nastroji a souvisejici problémy pii razbé

tunelovacimi stroji

Progndza penetrace a opotrebeni pri razbé TBM v tvrdych
hornindch — poznatky z vyzkumného projektu ABROCK
(Eckart Schneider, Kurosch Thuro, Robert Galler),

Poznatky ze zkousSek valivych dlat v alpské litologii (Martin
Entacher, Klaus Lassning),

Penetracni testy pro tunelovaci stroje a jejich vyuZiti v praxi
(Christian Frenzel, Robert Galler, Heiko Kisling, Marléne
Villeneuve),

Rozpojovéni pevnych jilu a jiloveu pii hydraulickém
a mechanickém namdhdni (Tobias Baumgirtel, Jochen
Fillibeck, Norbert Vogt),

Odhad tendence k ucpavani a oddélovani jemnozrnnych ¢és-
tic pri razbé $tity (Fritz Hollmann, Markus Thewes),

Geotechnické zkuSenosti z raZzeb hydrostity na tratovych tse-
cich H 3-4 a H8 stavby Unterinntal (Manfred Kohler, Ulrich
Maindl, Marcus Scholz, Katharina Wendl).

4. blok prednasek - Jaké jsou rozumné naklady

ha bezpecnost?

Vyhodnoceni rizik jako zdklad pro rozhodovani o inves-
ticich.Investi¢ni rozhodovani zaloZené na odhadu rizik (Reiner
Poisel, Robert Hofmann, Michael Mdlk),

Efektivni ndklady jako zdklad pro rozhodovani o bez-
penostnich opatfenich (Charles Fermaud, Vasiliki Malioka,
Wolfgang Frenzl),

Bezpecnost na stavenisStich tunelu Koralm (Dagmar Lauffer-
Neumann, Sussane Fehleisen),

Zdravi a bezpecnost, ndklady na prevenci a na likvidaci
mimoradnych uddlosti ve stavebnictvi v mezindrodnim porov-
nani (Leo Falkner, Johann Schneider, Josef Arnold),

Velky vyznam bezpeénosti prehrad v Rakousku (Gerald Zenz,
Pius Obernhuber, Helmut Czerny),

Bezpecnostni vybaveni nové Zeleznicni trati ve spodni Casti
udoli Innu ,,Unterinntal* (Michael Saischek).

Pri sobotni exkurzi méli jeji dcastnici moznost si prohlédnout
tunely na dokonéeném useku vysokovykonné Zeleznice v udoli
Innu mezi Kundlem a Baumkirchenem oznacovaném jako
Unterinntal. Dopraveni tam byli mimofddnym vlakem vyprave-
nym z nddraZ{ v Innsbrucku. Jedn4 se o usek trati délky cca 40 km
kde 34,5 km trasy je vedeno ve dvoukolejnych Zelezni¢nich tune-
lech, vanéch a galerii. Razba tunelt probihala konvenéné, pomoci

74 & . T e Y
Obr. 3 Exkurze — nendpadny vjezd do tunelu délky témér 35 km (foto: Libor
Marik)

Fig. 3 Excursion — the inconspicuous entrance to the nearly 35 km long tun-
nel (photo courtesy of Libor Marik)
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Obr. 4 Exkurze — prujezd hloubenym tunelem a prejezd do raZené &dsti (foto:
Libor Marik)

Fig. 4 Excursion — the passage through the cut-and-cover tunnel and further
to the mined tunnel part (photo courtesy of Libor Marik)

Obr. 6 Exkurze — osvétleni v miste roz$ifeni tunelu a iinikové cesty (foto:
Libor Marik)

Fig. 6 Excursion — illumination in the tunnel enlargement and escape route
location (photo courtesy of Libor Maiik)

tunelovaciho stroje i hloubenim. V siln¢ zvodnélych sedimentech
feky Inn byly nasazeny dva tunelovaci stroje Otto a Jenny
o pruméru 13 m. V nejtézsich geotechnickych podminkéch vyra-
zily celkem 9,5 km dlouhy dsek. BetondZz 45 000 kusu tybinka
zajistovala betonarna nedaleko staveniste tunelu. Celkem 6 km

tuneld bylo provddéno v oteviené stavebni jamé zajisténé

Obr. 5 Exkurze — pohled z kabiny strojvedouciho (foto: Libor Marik)
Fig. 5 Excursion — a view from train operator’s cabin (photo courtesy of
Libor Marik)

tésnénymi podzemnimi sténami. V tdsecich umoznujicich efek-
tivni nasazeni konvencni tunelovaci metody byly tunely raZzeny
pomoci NRTM. Jako doprovodna opatfeni byly v nestabilnich
usecich pouzity mikropilotové deStniky délky 18 m. K zamezeni
pritoku vody ve zvodnélych materidlech byla nasazena razba ve
stlaGeném vzduchu, ktera vyZaduje dodrZovani prisnych bezpec-
nostnich opatreni a provadéni dekomprese pri opusténi pracovis-
t€. Maximadlni pracovni tlak vzduchu dosahoval 1,3 baru.

Velkd pozornost byla vénovdna minimalizaci vliva pfi provo-
zovéni tunell na okolni prostiedi. Tunely prochazeji osidleny-
mi oblastmi, kde je nutné ochranit obyvatelstvo pred vlivem
vibraci prendSenych z kolejového svrsku do osténi tunelt a déle
do horninového masivu. Proto bylo na 24 km trasy pouZito spe-
cidlniho systému upevnéni kolejnic do masivnich betonovych
,.bloku“, které jsou bodové ulozeny pies elastické bodové pod-
pory na osténi tuneli. Tim dojde k vyraznému utlumeni preno-
su vibraci do objektt v nadloZi. Dimenzovéni tohoto systému
probihalo v letech 2008 az 2010. Pfimo v tunelech byly simu-
lovany ucinky Zelezni¢niho provozu a pomoci ¢etnych méreni
na vytipovanych 240 budovach byly shromazdovany potiebné
tdaje. Vysledky méfeni byly zohlednény v projektu a stavebni
prdce na tomto tseku byly dokonceny na jare roku 2011.

Usek je navrzen na maximalni cestovni rychlost 220 km/h.
Vzhledem k tomu, Ze v dob¢ kondni kolokvia byla trat’ jeSte ve
zkuSebnim provozu, projeli se ucastnici exkurze rychlosti
,pouze” 160 km/h, coZ je maximalni rychlost na tratich v Ceské
republice. Béhem jizdy se zejména pfi pohledu z kabiny vlak-
vedouciho naskytla vyjime¢na podivand, nebot’ bylo zapnuto
nouzové osvetleni tunelu, které pri béZzném provozu neni ve
funkci. Jednd se o osvétleni zdchrannych cest podél trati

Obr. 7 Exkurze — vlakovd souprava v miste rozSireni tunelu (foto: Libor Marik)

Fig. 7 Excursion — a train in the tunnel enlargement location (photo courtesy of Libor Marik)




a zvlastni osvétleni v mistech tnikovych cest do propojek
k Sachtdm ¢i Stoldm.

Pozédrnébezpecénostni reSeni dvoukolejnych tunelu si vyzada-
lo vystavbu 34 unikovych Sachet a v misté s vy$§im nadloZim
6 pristupovych Stol v celkové délce 9 km. O zdsobovani pozdr-
ni vodou se staraji 3 studny v majetku Rakouskych spolkovych
drah OBB. Cerpaci stanice dodévaji do systému vodu pod tla-
kem 6-10 baru. PoZarni potrubi vedené po osténi témer 35 km
dlouhého tunelu je trvale zavodnéné a pripravené k pouZiti.
Vsechny vstupy a pristupové komunikace jsou navrzeny na tro-
vern stoleté vody.

Trat' je napojena na jiZz provozovany Zelezni¢ni obchvat
Innsbrucku a pres pripravené odboceni v Inntaltunnelu bude
napojena na Brennerbasistunnel. Prevedenim délkové i regio-
nalni dopravy do tunelt vede k vyraznému zklidnénf celé oblas-
ti. S uvedenim do provozu tohoto velkolepého, nejen tuneldi-
ského dila se pocitd 9. 12. 2012.
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O dcast na exkurzi projevili zdjem kromé RakuSanu prede-
v§im zahrani¢ni dcastnici kolokvia, ktef{ si tuto jedine¢nou pri-
leZitost nenechali uniknout.

Pristi jiz 62. Geomechanické kolokvium se bude konat 10.
a 11.fijna 2013 a témata jeho sekci budou:

Sachty jako vyzva

Velké mezindrodni projekty

Tlakové vodni privadéce

Specidln{ opatfeni v zemindch

Pozn.: Pohledu na tunelafstvi v Ceské republice bude vénova-
no ¢islo 2/2013 casopisu Geomechanics and Tunnelling/Geo-
mechanik und Tunnelbau, které vyjde pred kondnim prazské
konference Podzemnf stavby Praha 2013.

ING. LIBOR MAIéI’K, libor.marik@ikpce.com,

IKP Consulting Engineers, s.r. o.,

ING. MILOSLAV NOVOTNY, ita-aites @metrostav.cz,
sekretdr CzTA ITA-AITES

1. VYCHODOEVROPSKA TUNELARSKA KONFERENCE (EETC 2012)
1ST EAST EUROPEAN TUNNELLING CONFERENCE (EETC 2012)

The 1%t East European Tunnelling Conference (EETC 2012)
was held from 18™ to 215t September 2012 in Budapest,
Hungary. The conference was attended by 137 delegates from
29 countries. During two days, 41 papers were read in 2 rooms
in technical sections.

A session of representatives of East European countries was
held prior to the conference itself. The discussion was focused
on the main aspects of East European tunnelling conferences
(EETCs). Apart from representatives of East European count-
ries (usually presidents of tunnelling associations), there were
also the ITA representatives (Olivier Vion, Markus Thewes)
present in the conference. The basic idea regarding the origi-
nation of the EETC is providing support to sharing technical
information within the framework of the East European region.

Vychodoevropska tuneldfskd konference (EETC 2012) se
uskute¢nila 18.-21. zafi 2012 v Budapesti v Madarsku.
Konference se zicastnilo 137 delegiti z 29 zemi, z CR bylo
pritomno 8 delegati. Béhem dvou dni bylo v technickych sek-
cich predneseno ve 2 silech 41 piispévkii, z CR byly predne-
seny tri prispévky (Ing. Vale§ — Metroprojekt Praha, a. s.,

DANUBIULS HOTEL

HELIA
i I- —3 i' ) [
Obr. 1 Tibor Horvith — predseda Madarské tuneldiské asociace

Fig. 1 Tibor Horvdith — the chairman of the Hungarian Tunnelling
Association

doc. Hilar — 3G CE, s. 1. 0., doc. Vojtasik — VSB TU Ostrava).
Ve sborniku bylo celkem oti$téno 44 prispévku. Vlastni kon-
ference probihala ve dvou jednacich jazycich se simultdnnim
tlumocenim (anglicky a madarsky).

Pred vlastni konferenci probéhlo jedndni zéstupcu vycho-
doevropskych zemi, kde byly diskutovdny hlavni aspekty
vychodoevropskych tunelarskych konferenci (EETC). Kro-
mé zéstupcu vychodoevropskych zemi (zpravidla prezidenti
tuneldrskych asociaci) byli pritomni i zdstupci ITA (Olivier
Vion, Markus Thewes). Zakladni mySlenkou pro vznik
EETC je podpora sdileni odbornych informaci v rdmci
vychodoevropského regionu, vlozné EETC by mélo byt
obecné vyrazné niz$i nez vlozné WTC, proto by EETC mély
pritahovat i odborniky z ekonomicky méné vyspélych zemi,
ze kterych je icast na WTC z ekonomickych duvodu obtiz-
nd. Pro zajimavost vloZzné EETC 2012 bylo 290-340 eur (asi
7250-8500 K¢) véetné DPH, vlozné nejblizsiho WTC 2013
ve Svycarsku bylo stanoveno na 1200-1400 CHF (asi
24600-28700 K&) bez DPH. Na jednani bylo odsouhlaseno,
7e nésledujici EETC se uskute¢néni v zari 2014 v Aténdch
\% Recku, v ramci EETC 2014 probeéhne také zasedani

Obr. 2 Prof. Markus Thewes odsouzeny krdlem k sezeni na Zidli s hieby
Fig. 2 Prof. Markus Thewes sentenced by the king to sit on a chair with nails
sticking out of it
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Obr. 3 Rytirsky turnaj
Fig. 3 Knightly tournament

predsednictva ITA. Konference EETC budou v budoucnu pro-
bihat pravidelné s intervalem 2 roky. Ze strany CR byla nabid-
nuta moznost organizace EETC v Praze v terminu nekteré
z naSich konferenci Podzemni stavby (tj. napr. v roce 2016).

Vlastni konference EETC 2012 probihala standardné jako
jiné obdobné konference. Konferenci zah4jil Tibor Horvéth
(pfedseda Madarské tunelafské asociace a hlavni organizdtor
konference EETC 2012) — obr. 1. Nasledn¢ promluvila
Etelka Pataky-Barsi (prezidentka madarské komory inZeny-
). Poté nasledovaly dvé tvodni prednéasky. Prvni prednés-
ka madarského fec¢nika Zoltdna Lopperta byla zaméfena na
vyuziti podzemi pro rozvoj dopravy v BudapeSti. Druhd
predndska Markuse Thewese (viceprezident ITA) byla zamé-
fena na vyvoj tunelovdni pomoci zeminovych $titd. Nds-
ledné Olivier Vion (vykonny feditel ITA) zminil soucasné
aktivity Mezinarodni tuneldrské organizace ITA a Davorin
Kolic (prezident Chorvatské tunelarské asociace) pozval
vSechny na WTC 2015 konané v Chorvatsku.

Odpoledne pak ndsledovaly odborné predndsky v sekcich.
Rada prednések byla zamé&fena na madarské podzemnf stav-
by. Nejvetsi pozornost byla soustfedéna na aspekty pripravy
a vystavby nové trasy metra v Budapesti (razba zeminovymi
Stity zahrnujici podchod Dunaje), dédle byla probrana pripra-
va a vystavba tlozisté jaderného odpadu Bataapati na jihu
Madarska. Podle ofekdvéni velmi Zivou diskusi rozpoutala
prednaska, kterou prof. Jozsef Mecsi zaméril na obrovsky

KONFERENCE NO DIG V LUHACOVICICH
NO-DIG CONFERENCE IN LUHACOVICE

The 17th conference on trenchless technology, traditionally
titled “the No-Dig Conference”, was held in Luhacovice on
17th through 19th September 2012. As usual, it was organi-
sed by the Czech Society for Trenchless Technology (the
CzSTT), joining companies having their businesses in the
underground, town building and water resources construction
engineering.

The conference was attended by 150 professionals from the
entire republic and over twenty papers were read there. The
conference topic was the quality of work.

Ve dnech 17. az 19. zari 2012 se konala v Luhacovicich jiz
17. Konference o bezvykopovych technologiich, tradi¢né
nazyvana ,,NO DIG*. Pofadala ji jako obvykle Ceska spolec-
nost pro bezvykopové technologie (CzSTT), sdruZujici firmy

Fig. 4 Royal banquet

propad tunelu A na ddlnici M6 na jihu Madarska blizko mésta
Pécs (v roce 2008 se propadlo zhruba 200 m tunelu, havarie
s propagaci na povrch zasdhla obé tunelové trouby razené
pomoci NRTM ve sprasich). V soucasnosti je jiZ dalnice zahr-
nujici ¢tyfi nové tunely razené NRTM v provozu. Novy tdsek
ddlnice M6 byl také cilem odborné exkurze, déle také bylo
mozné v ramci exkurze navstivit novou trasu metra, kde jiz
byly dokonceny razby a probiha instalace technologii. Exkurze
mimo jiné umozniovala pruchod tunelem metra pod Dunajem.

Z pohledu organizace je treba ocenit usili poradatelu,
béhem kongresu nenastal zZadny vyraznéj$i problém. Kon-
gres probihal v lazenském hotelu Hélia, ubytovani v hotelu
umoznovalo vyuzit bazény a sauny.

Velky tspéch sklidil spolecensky veler, ktery byl zorgani-
zovan ve stredovékém duchu na pevnosti ve Visegrddu.
Ucastniky privitali hostitelé ve stfedovékych kostymech,
cestu na pevnost provazeli bubenici, ucastnici si zvolili krédle
(Olivier Vion) a kralovnu, krél si zvolil trestance (Markus
Thewes — obr. 2) a Saska (Davorin Kolic), pak ndsledoval
rytifsky turnaj (obr. 3) a krdlovska hostina (obr. 4) doprova-
zend hrou na loutnu.

Vice ddaju o konferenci véetné fotografii lze nalézt na
webové strance www.eetc2012budapest.com

DOC. ING. MATOUS HILAR, Ph.D., hilar@3-g.cz,
3G Consulting Engineers, s. r. o.

z oboru podzemniho, méstského a vodohospodarského stavi-
telstvi.

Konference se zi¢astnilo na 150 odbornika z celé republi-
ky a zazn€lo zde pres dvacet referdti. Tématem letos$ni kon-
ference byla kvalita provddénych praci. Zejména se porovna-
vala kvalita klasickych razeb nebo razeb nemechanizovanymi
Stity s panelovym osténim s kvalitou razeb provadénych
modernimi bezvykopovymi technologiemi. Poznatky lze
nalézt na webovych strankdch CzSTT anebo ve sborniku
z konference.

ING. KAREL FRANCZYK,
franczykk@subterra.cz,
SUBTERRA a. s.
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FRANCIE — METRO GRAND PARIS EXPRESS
FRANCE — GRAND PARIS EXPRESS METRO

March 2012 saw the preliminary engineering geological
survey for the Grand Paris Express (the Regional Super-
Metro around Paris) commence. The existing system of
public transport within the wider Paris agglomeration has
mostly radial character and the new circular-route metro is
intended to provide better interconnection among subur-
ban regions, allowing their general development, together
with the reduction of vehicular traffic flow and easing of
links to the city centre. The plan comprises three main
lines and one supplementary line with the aggregate
length of around 200 km and about 70 stations.

V breznu 2012 byl zahdjen predbéZny inZenyrskogeolo-
gicky prizkum pro projekt Grand Paris Express — ,,regio-
ndlni supermetro® okolo PariZe. Stavajici soustava verejné
dopravy v Sir${ parizské aglomeraci mé prevazné radidln{
charakter, nové okruzni metro tak ma zarucit lepsi propo-
jeni a celkovy rozvoj predméstskych oblasti spolu
s Gbytkem automobilové dopravy a odlehenim spoju do

centra. Planovény jsou tfi hlavni linky a jedna doplnkova,
o celkové délce kolem 200 km s asi 70 stanicemi. Nové
metro bude obsluhovat soucasnd i projektovand vyzkum-
nd, technologicka a finanéni centra v predméstskych ¢as-
tech PariZe, husté obydlené periferie, Zelezni¢ni nadrazi
i tfi parizskad letisté. Je projektovano jako plné automati-
zované, podobné jako soucasnd linka 14, ktera bude pro-
dlouZena a stane se jeho soucasti. Prvni soupravy maji
vyjet v roce 2018, dokon&eni celé soustavy se predpokla-
dd v roce 2025. Spole¢nost ARCADIS pii pruzkumnych
pracich vystupuje jako asistent (dozor) investora pro vét-
Sinu trasy, kterym je vefejny subjekt Société du Grand
Paris. MenSi ¢dst projektu spadd pod Syndicat des tran-
sports d'Tle-de-France.

MGR. TEREZA SMEJKALOVA,
smejkalova@arcadisgt.cz,
ARCADIS Geotechnika, a. s.

METRO SANTIAGO DE CHILE — NOVE TRASY LINEA 3 A LINEA 6
SANTIAGO DE CHILE METRO — NEW LINES LINEA 3 AND LINEA 6

Designing work for the expansion of the metro network
in the Chile capital, the six-million modern South
American metropolis of Santiago de Chile, is currently
underway. The ambitious public network expansion pro-
ject comprises the development of two complete new
metro lines, Linea 3 and Linea 6, with the aggregate length
of 37 km. The design is being carried out even with the
participation of the Czech branch of ARCADIS company.

V soucasné dobé probihaji projekéni price na rozsiteni
stavajici sit¢ metra hlavniho mésta Chile, Sestimilionové

Obr. 1 Stanice Carmelitas — kiiZeni Linea 3 a Linea 6 (Burgemeister arcitectos)
Fig. 1 Carmelitas station — the crossing between Linea 3 and Linea 6
(Burgemeister arcitectos)

moderni jihoamerické metropole Santiago de Chile.
Ambiciézni projekt na rozsiten{ sité verejné dopravy zahr-
nuje projekt vystavby dvou kompletnich novych tras
metra, Linea 3 a Linea 6, o celkové délce 37 km. Tim dojde
k rozsifeni soucasné sité Citajici 4 trasy o celkové délce
106 km o vice neZ tretinu. V &islech tento projekt znamend
vystavbu 28 novych podzemnich stanic, kdy 9 z nich resi
kfiZeni a prestup na nyn¢j$i trasy metra. Nové linky spoji
zapadni a severni ¢ast metropole s rychle se rozvijejicim
vychodem mésta. Projekt mé za cil nejen ulehdit pretize-
nym existujicim trasdm metra a razantnim zptisobem zvy-
Sit kapacitu a plynulost vefejné dopravy, ale zajistit moder-
ni a komfortni zpisob dopravy napfi¢ dynamicky se rozvi-
jejici metropoli. Projekt pocitd se zavedenim automatic-
kych vlaku bez fidi¢a, s klimatizovanymi vozy, s mo-
dernim systémem rizeni a kontroly dopravy.

Obr. 2 3D model (FLAC) typické stanice metra — Terminal Norte, Linea 3 (Arcadis)
Fig. 2 3D model (FLAC) of a typical metro station — Terminal Norte, Linea 3
(Arcadis)
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Obr. 3 Sit'metra Santiago de Chile, stdvajici trasy a projektované Linea 3 a Linea 6 (Metro Santiago)
Fig. 3 Santiago de Chile metro network; existing lines and the Linea 3 and Linea 6 being designed (Metro Santiago)

V soucasné fazi projektu probihaji projekéni préce
v ramci Basic Design a Detail Design pro obé dvé nové
trasy. Basic designem pro obé dvé trasy (Linea 3 a Linea 6)
a navic detail designem pro Linea 3 bylo ocenéno konsor-
cium Arcadis/Ara-Worley Parson/Sener. Na kontraktu za

FLACID 540

Obr. 4 Linea 3, Terminal Norte — stanoveni deformace na povrchu (3D model
FLAC) (Arcadis)

Fig. 4 Linea 3, Terminal Norte — determination of terrain surface deformati-
on (3D model FLAC) (Arcadis)

celkem 9 mil. USD je za projekt veSkerych podzemnich
objektt zodpoveédny Arcadis, projekt je provddén Arcadis
Chile za spoluprace s Arcadis NL a Arcadis Geotechnika
CZ. Konsorcium soucasné vyhrdlo soutéZ na supervizi
stavby. Kompletni trasy obou linek jsou projektovany jako
razené, podzemni stanice o plose vyrubu 195 m? jako jed-
nolodni. Trasa metra Linea 3 podchazi historické centrum
véetné chranénych objektu, kiiZi existujici linky a stanice
metra s minimalnim nadlozim, v geologickych podmin-
kdch koheznich $térku. Trasy metra i stanice budou raZzeny
klasickou sekvencni metodou. Komplexnost problému si
vyZzaduje detailni 3D modelovani postupu razeb, jeho tcin-
ku na nadloZi a existujici objekty. Osténi je navrhovéano
jako jednopldstové, stifkany beton bude pouzit jak pro pri-
madrni, tak sekunddrni osténi, dseky s vyskytem podzemni
vody nevyjimaje. Soucasti projektu je navrh komplexniho
geotechnického monitoringu.

Provéadeéci projektovd dokumentace (detail design) bude
dokoncena v prosinci 2012, tendr na stavebni prace pro-
behne v 1. Q/2012 a vlastni stavebni prace pak v obdobi
1. Q/2013-2015.

ING. VACLAV VESELY, Ph.D.,
ARCADIS Geotechnika, a. s.
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NEDOZITE SEDMDESATINY ING. GEORGIE ROMANCOVA, CSc.
SEVENTIETH BIRTHDAY ING. GEORGIJ ROMANCOV, CSc.. NEVER LIVED TO SEE

Mnozi z nds si Casto vzpomenou na kolegu, pritele
a dobrého ¢lovéka Ing. Georgie Romancova, CSc.
Byl dlouholetym &lenem predsednictva Ceské tune-
larské asociace ITA-AITES a taktéZ dlouholetym cle-
nem redakeni rady Casopisu Tunel. Nejen dlouhole-
tym, ale velmi aktivnim. Pfipomenu jen jeho iniciati-
vu, aby se nase asociace prihldsila k poradéani svéto-
vého tuneldfského kongresu v roce 2007 — WTC
2007. Kandidatura CzTA byla dspé$nd a velmi Gspes-
ny byl i vlastni kongres, jeho pripravu Ing. Romancov
fidil coby predseda pripravného vyboru.

Ing. Georgii Romancov, CSc., nds opustil

13. ledna 2009. Pamétni medaile CzTA mu tedy
mohla byt udélena in memoriam.

V pétek 12. fijna 2012 by se doZil sedmdesiti let. Dal3i davod
si na n¢j vzpomenout.

ING. MILOSLAV NOVOTNY,
sekretdr CzTA ITA-AITES

Many of us often remember Ing. Georgij
Romancov, CSc., our colleague, friend and a good
man. He was a long-standing member of the ITA-
AITES Czech Tunnelling Association Board and also
a long-standing member of the Editorial Board of
TUNEL journal. He was not only a long-standing
member, but also a very active member. For example,
I remember his initiative for our Association to seek
the right to hold the world tunnel congress in 2007,
the WTC 2007. The CzTA candidature was success-
ful and even the Congress itself was very successful.
Ing. Romancov managed its preparation in the positi-
on of the chairman of the Steering Committee.

Ing. Georgii Romancov, CSc., abandoned us on 13th January
2009. The CzTA Commemorative Medal could therefore be
awarded to him only in memoriam.

On Friday the 12th October 2012 he would have reached his
seventieth birthday. This is another reason for remembering him.

ING. MILOSLAV NOVOTNY, CzTA ITA-AITES Secretary

AKTUALITY Z PODZEMNICH STAVEB V CESKE A SLOVENSKE REPUBLICE
CURRENT NEWS FROM THE CZECH AND SLOVAK UNDERGROUND CONSTRUCTION

CESKA REPUBLIKA

SOUBOR STAVEB MO V USEKU
MYSLBEKOVA - PELC-TYROLKA

TUNEL SPEJCHAR - PELC-TYROLKA
(KRALOVSKA OBORA)

V obou dvoupruhovych tunelech JTT i STT probihaji
montdze obkladu. V technologickych propojkdch i obou
tunelech zbyva dokoncit montaZ drobnych ocelovych kon-
strukci, nétéry pochozich ploch, protipozarni ucpavky
a findlni ndtéry svislych Sachet. Podarilo se také pomoci
dokonceni a uzavreni injektazniho systému vyrovnat hladi-
nu spodni vody na puvodni predrealizaéni hodnotu.
V listopadu by méla byt potom zahdjena instalace portdla
dopravniho znaceni v obou tunelovych troubach.

TUNEL MYSLBEKOVA - PRASNY MOST (BRUSNICE)

oo

Dokoncovaci prace na tunelu MYPRA se bliZi ke konci.
V JTT byly osazeny S$térbinové zlaby a obrubniky vcetné
zabetonovani chrdni¢ek kabelovodu, v STT jsou potom tyto
préace jiz dokonceny. Také byly dokonceny betondZe chod-
niku v STT i JTT. V STT byla zahdjena montdZ obklada,
dokonleny zdklopy a ndtéry vzduchotechnickych kandlu.
V JTT jsou dokonceny i natéry horni klenby. Byly dokonce-
ny zednické prace v propojkdch TP 1.3.a a TP 1.3.b vletné
dokonéeni betondze Celnich stén. Zbyva dokondit instalaci
informa¢niho systém na portdlech dopravniho znaceni
v STTiJTT.

PRODLOUZENI TRASY METRA V.A

Posledni obdobi bylo na projektu metra V.A ve znameni
razeb jednokolejnych tunelt na zdvéreéném tuseku raZeb na

THE CZECH REPUBLIC

CITY RING ROAD STRUCTURES:
MYSLBEKOVA - PELC-TYROLKA

SPEJCHAR - PELC-TYROLKA TUNNEL
(KRALOVSKA OBORA PARK)

Wall cladding is being installed in both double-lane tunnel
tubes, the STT and NTT. The work in service cross passages
remaining to be completed comprises the installation of minor
steel structures, paint coating of walkways, fire sealing and
final coating of vertical shafts. In addition, the water table
level was successfully returned to the original pre-constructi-
on level by completing and closing the grouting system.
November should see the installation of portals for traffic
signs commence in both tunnel tubes.

MYSLBEKOVA — PRASNY MOST (BRUSNICE) TUNNEL

The finishing work on the MYPRA tunnel is drawing to
a close. Slotted drains were being installed and kerbs were
being placed including embedding cable ducts in concrete in
the STT, whilst this work had been finished in the NTT. The
casting of walkways was also finished both in the NTT and
STT. In the NTT, the installation of wall cladding started and
the placement of covers of ventilation ducts and paint coating
of the ducts was finished. In the STT, even the coating of the
upper vault was finished. Brickwork, including the casting of
concrete intersections with the tunnel tubes, was completed in
cross passages TP 1.3.a and TP 1.3.b. The installation of the
information system on traffic signalling portals remains to be
finished in the NTT as well as STT.

METRO LINE A EXTENSION NO. 5

As far as the Metro VA extension project is concerned, the past
period of time was into token of the excavation of single-track
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Z vystavby stanice Motol na trase V.A
From the construction of the Motol station on VA line

oddile SO-02 (dsek mezi Cervenym Vrchem a stanici
Dejvickd). Tento nejdel$i a technicky nejkomplikovanéjsi
usek z pohledu zastizené geologie, nizkého nadloZi
a umisténi obou jednokolejnych tuneld pod dopravné velmi
zatizenou ulici Evropska je dlouhy 1750 m.

S ohledem na predchozi uddlost, kdy doslo k propadu
vozovky pfi razbé LTT, bylo rozhodnuto o pokracovéani
razby na zbyvajicim tseku razeb za pomoci stroja EPB
v rezimu s plnou podporou Celby tzv. uzavienym modem.
Vyhodnocovdni zastizené geologie, vysledku geofyziky
a nivela¢nich profili nad tunely potvrzuji, Ze toto rozhod-
nuti bylo sprdvné.

Stit Adéla zahdjil razby PTT tohoto tseku 26.7.2012 s asi
mési¢nim odstupem za $titem Tonda. V dobé¢ psani tohoto
prispévku se odstup Adély sniZil na pouhy tyden. Oba stro-
je pak bude cekat spolecnd prordzka ve stanici Dejvicka na
konci listopadu 2012. Tim dojde k faktickému propojeni
nové budovaného tseku metra V.A s nynéjsi trasou A, a tim
i ke kompletnimu dokonéeni vSech razeb tratovych tunela
nové trasy.

Kromé razeb v opravdu komplikovaném geologickém
prostredi pod ul. Evropska byl na tomto dseku k vidéni jesté
prujezd obou stroju otevienym prostorem budouciho vzdu-
chotechnického objektu na E1. Tato uddlost, kdy muzete
pozorovat stroje EPB pfi praci ,,in natura“, tedy na vlastni
o¢i, nenf totiz vibec obvykla.

Pro prujezd §titu bylo mimo jiné nutné vybourat primarn{
osténi s ocelovou vyztuzi v prujezdném profilu Stitu. Tento
pozadavek si vyzddal realizaci masivnich podpérnych kon-
strukei, aby byla po vybourani primarniho osténi zajiSténa
stabilita dila. Tyto prace byly ukonceny 14. 9. 2012.

Vedle strojnich raZeb tratovych tuneld v soucasné dobé
probiha i razba propojek na stavebnim oddile 06.
Z celkového poctu péti propojek jsou Ctyfi kompletn€ vyra-
Zeny a na posledni propojce razi¢ské prace finiSuji. Razby
budou na tomto useku dokonceny do konce listopadu.
V soubéhu byly také zahdjeny prace na hydroizolaci
a definitivnim osténi vSech jiz vyrazenych propojek.

V jediné stavebni propojce na stavebnim oddile 08 se pra-
cuje jiz na definitivnim osténi. Propojka je kompletné zai-
zolovana féliovou hydroizolaci, je provedeno definitivni
osténi dna a pripravuje se betondz horni klenby.

Priace na projektu vystavby prodlouzeni trasy metra
A probihaji podle harmonogramu. VSechny razené stanice
jiz zahdjily nebo zahdji prace na definitivnich obezdivkach,
povrchova stanice Motol Uspé$né vystupuje na povrch se

running tunnels in the final excavation section of the constructi-
on lot SO-02 (between Cerveny Vrch and Dejvicka station). This
section, which is the longest and technically most complicated
from the aspect of the geology encountered, shallow overburden
and the location of both single-track tunnels under very busy
Evropskd Street, is 1750 m long.

Taking into consideration the recent event during which the
roadway sank down above the LTT excavation, the decision
was made that the excavation of the remaining tunnel section
be carried out using EPB machines in the closed mode, with
the face fully supported. The assessments of the geology
encountered, geophysical measurement results and levelling
profiles above the tunnels have confirmed that this decision
was correct.

Adéla shield started to excavate the RTT in this section on
26th July 2012, with an approximately one-month lag time
after Tonda shield. At the time of writing this paper, the lag
was reduced to a mere week. The two machines will break
through into Dejvickd station simultaneously at the end of
November 2012. As a result, the metro section VA being newly
built will as a matter of fact be connected the existing Line A,
thus the drives of all running tunnels on the new line will be
completed.

Apart from the driving through the really complicated geo-
logical environment under Evropska Street, it was possible in
this section to watch the passage of both EPB machines
through the open space of the future ventilation structure on
the E1 construction site. This event, during which you can
watch the machines at work in natura with your own eyes, is
not at all commonplace.

Among other operations, it was necessary during the passa-
ge of the shields to demolish the existing primary lining with
steel reinforcement extending into the clearance profile of the
shield. This requirement claimed the installation of a massive
support structure intended to ensure the stability of the wor-
king after the primary lining was broken out. These operations
were finished on Ist September 2012.

Apart from the mechanical driving of running tunnels, cross
passages are currently being excavated in the construction lot
06. The excavation of four of the total number of five cross
passages has been completed and the excavation work on the
last cross passage is in the final stage of work. The tunnelling
operations will be ended in this section by the end of
November. The work on the waterproofing system and the
final lining in all of the completely excavated cross passages
started at the same time.

The work on the final lining has already proceeded in the
only construction cross passage in construction lot 08. The
installation of the waterproofing membrane has been comple-
ted, the final lining of the bottom has been finished and the
casting of the concrete upper vault is under preparation.

The work on the Metro Line A extension project proceeds in
compliance with the programme. All of the mined stations
have the work on final linings commenced or before commen-
cement, whilst the Motol at-grade station has been successful-
ly emerging from the ground with its definite structures. We
will therefore be next time able to provide information how,
after the completion of the underground excavation, the entire
project will head toward the commissioning planned for the
autumn of 2014.

As to Veleslavin station, the spray-on waterproofing of the
side-wall station tunnels was completely finished, the final
lining of the left-hand side-wall station tunnel profile was
finished and it is being completed in the right-hand tunnel. At
present, the excavation of the central profile has started, to be
finished at the end of January 2013. The waterproofing and
final lining will be installed subsequently. In this way the sta-

tion will assume the resultant triple-span geometry.



svymi definitivnimi konstrukcemi, takze pristé se jiz bude-
me moci informovat o tom, jak po ukoncenych razbach cely
projekt sméfuje k uvedeni do provozu na podzim roku 2014.

Ve stanici Veleslavin byly kompletné dokonéeny stiikané
izolace boc¢nich stani¢nich profili, provedeno definitivni
osténi levého a nyni je dokonfovano definitivni osténi pra-
vého profilu. V soucasné dobé jsou zahdjeny razby stredni-
ho profilu, které budou ukonleny v zdvéru ledna 2013,
ndsledné budou provedeny jeho izolace a definitivni obe-
zdivky a bude tak vytvoren vysledny trojlodni tvar stanice.

DALNICE D8 — 0805 LOVOSICE — REHLOVICE

Dne 5. kvétna 2012 nabylo pravni moci dlouho ocekdva-
né stavebni povoleni pro zbyvajici objekty ¢asti A a F stav-
by délnice D8 — 0805 Lovosice — Rehlovice, mezi ndZ patii
i objekt SO F 602 tunel Radej¢in. Tim ovSem obstrukce
dostavby dédlnice D D8 — 0805 ze strany obcanskych sdru-
Zeni neskoncily. V cervenci 2012 vydal sprdvce stavby
pokyn k preruSeni praci na zdkladé rozsudku Krajského
soudu, ¢imz v kvétnu nabyté stavebni povoleni pozbylo
pravni moci. Zhotovitel mohl provadét pouze nezbytné sta-
vebn{ dpravy pro zaji$téni bezpe€nosti a stability rozestavé-
nych konstrukci. Price byly op€tovné zahdjeny 30. 8. 2012,
kdy Krajsky tdfad Usteckého kraje vydal nové rozhodnuti
0 odvolani proti rozhodnuti Méstského dradu Lovosice ve
véci stavebniho povoleni. Timto rozhodnutim Krajského
uradu bylo podané odvoldni zamitnuto a rozhodnuti
Mestského tradu Lovosice potvrzeno.

V tunelu Prackovice (SO E 601) jsou momentdlné dokon-
¢eny podkladni spdadové betony, zdklady pod obrubnik,
kabelovody a mezerovité betony v rdmci vystavby objektu
SO E 601.10 — konstrukce vnitiniho vybaveni (SO E
601.10). Je proveden objekt SO E 601.12 — rekultivace
a terénni udpravy a dokoncuje se stavebni objekt SO E
601.16 — pozarni nadrZ a vodovod.

V tunelu Radej¢in je kompletné dokonceno sekundarni osté-
ni véetné izolace v razenych Castech tunelu (SO F 602.07),
betondZe blokl spodnich a hornich kleneb obou tunelovych
trub v hloubené casti u Prazského portdlu (SO F 602.03)
a v hloubené &asti u Usteckého portalu (SO F 602.04). Dile
pak probihd vystavba provoznétechnického objektu — kabe-
lovy kandl (SO F 602.05) a zdsypy hloubenych konstrukci
(SO F 602.11). Byly také zahdjeny prace na objektu SO
F 602.10 — konstrukce vnitiniho vybaveni.

PPO (PROTIPOVODNOVA OPATREND
JABLONEC NAD NISOU

V soucasné dobé naplno probihaji razby na obou hlavnich
razenych objektech. Na prvnim z nich — privodni $tole —
Metrostavu zbyva do konce listopadu dorazit 90 m. Na dru-
hém objektu — nové odpadni Stole — je potom vyraZeno
630 m, coz je vice neZ polovina trasy. Kromé toho se také
otevira dal$i pracovisté s vlozenou tézni Sachtou s cilem
urychlit dokonceni razeb. Na ostatnich stavebnich objektech
(rozdélovaci objekty, vtokovy objekt, prelozky IS) probiha-
ji stavebni prace podle HMG s max. snahou dokondit je pred
blizici se zimou.

KRALOVOPOLSKE TUNELY V BRNE

K 31. 8.2012 byly Kralovopolské tunely v Brné uvedeny
do pIného provozu. Stavbu realizovalo sdruzeni firem OHL
7S, a.s., Subterra, a. s., a Metrostav, a. s. Dvé tunelové trou-
by, z nichZ jednu stavebné realizovala Subterra, a. s.,
a druhou OHL ZS, a. s., vyznamné prispéji k plynulosti
automobilové dopravy v Brné.
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D8 MOTORWAY - CONSTRUCTION LOT 805:
LOVOSICE-REHLOVICE

The long-awaited building permit for remaining parts A and
F of the construction lot 0805 of the D8 motorway between
Lovosice and Rehlovice became legally valid on the 5th May
2012. Structure SO F 602, the Radej¢in tunnel, belongs
among the structures. Unfortunately, the obstructions to the
completion of D8 — 0805 motorway carried out by civic asso-
ciations have not ended by this act. In July 2012, the con-
struction administrator issued an instruction to suspend the
works on the basis of a decree issued by the Regional Court.
The building permit which became valid in May therefore
became invalid. The construction contractor was permitted to
carry out only the construction work necessary for securing
safety and stability of the still incomplete structures. The work
was resumed on 30th August 2012, when the Regional
Authority of the Usti nad Labem Region issued a new order
regarding the appeal against the order of the Municipal
Authority Lovosice in the case of the building permit. The
submitted appeal was rejected by this order of the Regional
Authority and the order of the Municipal Authority Lovosice
was approved.

At present, the work completed in the Prackovice tunnel
(construction lot SO E 601) comprises cambered blinding
concrete layers, foundations under kerbs, cableways and
porous concrete required within the framework of the structu-
re SO E 601.10 Internal Equipment Structures. The structure
SO E 601.12 Reclamation and Terrain Finishes has been finis-
hed and the structure SO E 601.16 Fire Protection Reservoir
and Water Main is under completion.

In the Radej¢in tunnel, the completed works comprise the
secondary lining including the waterproofing in the mined
parts of the tunnel (structure SO F 602.07), the casting of the
blocks of the invert and upper vaults in both tunnel tubes in the
cut-and-cover section at the Prague portal (SO F 602.03) and
in the cut-and-cover section at the Usti nad Labem portal (SO
F 602.04). In addition, the construction of the operating and
technical structure of the cable duct (SO F 602.05) and back-
filling of the cut-and-cover structures are underway. The work
on the structure SO F 602.10 — Internal Equipment Structures
has started.

FLOOD PREVENTION MESURES
FOR JABLONEC NAD NISOU

The excavation is at the moment in full swing on both main
mined structures. On the first of them, the Intake Tunnel, the
excavation of 90 m remains for Metrostav to finish till the end
of November. On the other structure, the New Outlet Tunnel,
a 630 m long section of the excavation, exceeding a half of the
route, has been completed. In addition, a new working place
has been opened, containing a hoisting shaft, which was added
with the objective to accelerate the completion of the tunnel
excavation. The work on the other structures (the water distri-
bution structures, the intake structure and relocations of utili-
ty networks) has proceeded in compliance with the works pro-
gramme, with the maximum endeavour to finish it before the
coming winter.

KRALOVO POLE TUNNELS IN BRNO

As of 318t August 2012, the Kralovo Pole tunnels were fully
opened to traffic. The construction was carried out by
a consortium consisting of OHL 7S a.s., Subterra a. s. and
Metrostav a. s. The two tunnel tubes, one of them constructed
by Subterra a. s. and the other by OHL ZS a. s., will signifi-
cantly contribute to the fluency of vehicular traffic in Brno.

JABLUNKOV NO.2 RAILWAY TUNNEL

September 2012 saw the complete end of all mining work on
the tunnel being reconstructed. It meant successful completion
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ZELEZNICNI TUNEL JABLUNKOV C. 2

V zafi byly kompletné ukonéeny vSechny razi¢ské prace
na rekonstruovaném tunelu. Byl tim také uspeésn¢ dokoncen
proces prochédzeni havarovaného tseku tunelu. Tyto prace
provadéla Subterra, a. s., prostfednictvim divize 1. Nyni
bylo staveni§té predano firmé Firesta, kterd bude provadét
betondz definitivni obezdivky.

PLZEN - USLAVSKY SBERAC

Na stavbé Uslavského sbérage v Plzni jiz byly dokon&eny
priace v profilu DN 800 mm, kde byl nasazen stroj Iseki
Unclemole TCC 980 s modifikovanou hlavou. V daném pro-
filu bylo dohromady provedeno 450 m. Od srpna byl nasazen
zakoupeny stroj Iseki Unclemole TCC 1280 opét s flexibilni
modifikaci fezné hlavy. V dobé uzdvérky &isla dokonéil stroj
lspésné Ctyri dalsi dseky o celkové délce 500 m. Celkové se
tak stavba nachazi zhruba ve své poloving.

ING. BORIS SEBESTA, sebesta@metrostav.cz,
METROSTAYV, a. s.,

ING. KAREL FRANCZYK, Ph.D., kfranczyk@subterra.cz,
SUBTERRA, a. s.

SLOVENSKA REPUBLIKA
TUNEL SIBENIK

Este v roku 2011 Narodnd dialni¢nd spolo¢nost’ vyhldsila
niekolko sutazi na projekt a vystavbu tsekov dialnice DI,
ktorych sdcastou by mali byt aj tunely. Prvym a zaroven
jedinym s ukonfenym obstardvanim je dsek D1 Jdnovce —
Jablonov, (I1. dsek) s dizkou 9,5 km s tunelom Sibenik dlzky
0,6 km. V méji 2012 bola uzatvorend zmluva so zdruzenim
EUROVIA SK, a. s., EUROVIA CS, a. s., STAVBY MOS-
TOV SLOVAKIA, a. s. Ukoncenie stavby a uvedenie dia-
Ini¢ného udseku do prevadzky je pldanované na rok 2015.
Nakolko ide o stavbu podla podmienok zltej knihy FIDIC,
sicastou vykonov zhotovitela je aj zabezpecenie projekto-
vej dokumenticie.

Tunel Sibenik bude mat' dve riiry s jednosmernou premav-
kou, Sirka vozovky je 8,0 m. Tunel bude razeny v paleo-
génnych flovcoch a pieskovcoch. V sticasnosti prebieha pro-
jektova priprava, priCom by sa v zimnych mesiacoch mali
zacat' prace na portdloch tunela. ZacCiatok razenia tunela je
mozné oCakdavat' v prvej polovici roku 2013.

ING. MILOSLAV FRANKOVSKY,
Jfrankovsky@terraprojekt.sk,
TERRAPROJEKT, a.s., Bratislava

of the process of passing through the collapsed section of the
tunnel. This work was carried out by Subterra a. s., which
employed its Division 1 for this purpose. Today the construc-
tion site has been handed over to Firesta company, which will
cast the concrete lining.

PLZEN - USLAVA RIVER INTERCEPTOR SEWER

The work on the DN 800 mm profile using an Iseki
Unclemole TCC 980 machine with a modified cutterhead was
finished on the Uslava River Interceptor Sewer construction
site in Plzen. About 450 m of this profile tunnel excavation
were completed. The newly purchased Iseki Unclemole TCC
1280 machine, again with a flexibly modifiable cutterhead,
has been operated since August. As of this journal issue copy
deadline, the machine has successfully finished other four sec-
tions at the aggregate length of 500 m. On the whole, the con-
struction is found roughly in its middle.

ING. BORIS SEBESTA, sebesta@metrostav.cz,
METROSTAY, a. s.,

ING. KAREL FRANCZYK, Ph.D., kfranczyk@subterra.cz,
SUBTERRA, a. s.

THE SLOVAK REPUBLIC
SIBENIK TUNNEL

It was still in 2011 that the National Motorway Society issu-
ed several tender notices for the design and construction of
sections of the D1 motorway, parts of which were to be tunne-
Is. The first and only tender with the concluded procurement is
for the D1 section Janovce — Jablonov, the 9.5 km long secti-
on (section II) containing the 0.6 km long Sibenik tunnel. May
2012 saw the contract with a consortium consisting of EURO-
VIA SK, a. s., EUROVIA CS, a. s., and STAVBY MOSTOV
SLOVAKIA, a. s. concluded. The works completion and com-
missioning of the section is planned for 2015. Because this
construction is managed in compliance with requirements of
the FIDIC Yellow Book, the providing of the design docu-
ments is also the part of the contractor’s obligations

The Sibenik tunnel will have two tubes carrying unidirecti-
onal traffic; the roadway will be 8.0 m wide. The tunnel will
be driven through Palacogene mudstone and sandstone. At
present, the project is in the design stage. The work on the tun-
nel portals should start in the winter months. The tunnelling
operations can be expected to be commenced in the first half
of 2013.

ING. MILOSLAV FRANKOVSKY,
Jrankovsky@terraprojekt.sk,
TERRAPROJEKT, a.s., Bratislava

ZPRAVODAJSTVI CESKE TUNELARSKE ASOCIACE ITA-AITES
CZECH TUNNELLING ASSOCIATION ITA-AITES REPORTS

www.ita-aites.cz

PRIPRAVA 12. MEZINARODNI KONFERENCE PODZEMNI STAVBY PRAHA 2013

22.-24. DUBNA 2013, PRAHA, CESKA REPUBLIKA

PREPARATION OF 12TH INTERNATIONAL CONFERENCE UNDERGROUND CONSTRUCTION PRAGUE 2013
22ND — 24TH APRIL 2013, PRAGUE, THE CZECH REPUBLIC

V minulém ¢&isle Casopisu Tunel byla uverejnéna infor-
mace o tématech a predndSejicich Keynote Lectures
a vyzvanych prednasek v jednotlivych sekcich.

The previous TUNEL journal issue contained the infor-
mation about the topics and lecturers of Keynote Lectures

and invited lectures in individual sections.



Piiprava konference samoziejmé dile pokracuje. Ceskd
tunelarskd asociace ITA-AITES (poradatel konference)
i pripravny vybor s potéSenim konstatuji, Zze k 1. listopadu
2012 bylo prihldseno 175 abstraktu prispévku. To, Ze
z tohoto pottu prislo 59 abstraktl ze zemi mimo Ceskou
i Slovenskou republiky, vyznamné podtrhuje mezindrodni
zaméreni konference.

Piispévky zpracované podle pokynu pro autory mély byt
dodéany do 1. prosince 2012, nicméné poradatelé konferen-
ce jsou pripraveni prijmout prispévky zaslané i zacdtkem
roku 2013. Vybeér prispévku k dstni prezentaci bude prove-
den k 15. lednu 2013, o ¢emz budou ndsledné autori infor-
movani.

Nadadle trva pro podnikatelské organizace moZnost stat se
partnerem konference.

Vsechny potiebné informace lze nalézt na www.ita-
aites.cz. Pres tyto webové stranky probihd také veskerd
komunikace s organizédtory konference, zasilani prispévka
i registrace dcastniki. Zvyhodnény ucastnicky poplatek
(early bird) vyuZije ten, kdo se zaregistruje do 15. ledna
2013.

Na shledanou v Praze v dubnu 2013!!!

ING. MILOSLAV NOVOTNY, sekretdri CzTA ITA-
AITES, ita-aites @metrostav.cz
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Of course, the preparation of the Conference further con-
tinues. The ITA-AITES Czech Tunnelling Association (the
Conference organiser) and the Steering Committee are
delighted to announce that, as of the 18t November 2012,
175 abstracts of papers have been registered. The fact
that 59 of them arrived from other countries than the Czech
and Slovak Republics significantly emphasises the interna-
tional focus of the Conference.

Papers processed in compliance with the requirements of
the Instructions for Authors were to be submitted not later
than 1st December 2012. However, the Conference organisers
are prepared even to accept papers sent until the beginning of
2013. The selection of papers for oral presentation will be car-
ried out from those received not later than 15th  January
2013. Authors will be informed about it subsequently.

The opportunity for entrepreneurial organisations to
become conference partners continues to exist.

All information necessary is available on www.ita-
aites.cz. All communication with the Conference organi-
sers, submitting of papers and registration of attendees is
to be made through these web pages. The early bird fee
will apply to the attendees who will register themselves till
15th January 2013.

We are looking forward to seeing you in Prague in April
20131

ING. MILOSLAV NOVOTNY,
CzTA ITA-AITES Secretary, ita-aites @metrostav.cz

ODBORNY ZAJEZD CESKE TUNELARSKE ASOCIACE ITA-AITES DO BRNA A RAKOUSKA

VE DNECH 3. AZ 6. RIJNA 2012

TECHNICAL TRIP OF THE ITA-AITES CZECH TUNNELLING ASSOCIATION TO BRNO AND AUSTRIA

FROM 3RD TO 6™H OCTOBER 2012

The October 2012 technical trip of the ITA-AITES Czech
Tunnelling Association headed to Brno, the Moravian capi-
tal, and Austria.

In Brno, the trip attendees visited historic underground
spaces, which had recently been made accessible to the
public. Mined cellars were built under burgher houses in
Brno from the Middle Ages. They spread not only under the
ground plans of the houses but also under adjacent public
areas. The unique underground ossuary neighbouring with
Saint Jakub church was visited at the same time.

Two excursions took place in Austria. The first one was
to the virtually completed Wienerwald tunnel, where the
excursion attendees walked from the western portal through
the northern tube up to the first cross passage and subsequ-
ently returned back through the southern tube. The second
excursion led to the Koralm rail tunnel construction site.

Puvodnim zdmérem pro odborny zdjezd v roce 2012 byla
navstéva staveb nedaleko za hranicemi. Tomu odpovidal
pldan podivat se na metro a Zeleznici ve Vidni, pripadné
tunel Turecky Vrch u Nového Mesta nad Vahom. Zjistilo se
ale, Ze na videnském metru se toho ¢asu zZddné tunely nesta-
vi (prodluzovéni linky metra Ul na jih husté obydlenou
oblasti ve zvodnélych sedimentech za¢ne pravdépodobné
pristi rok). Na rakouské nejvetsi stavbé — Haupbahnhof
Wien, kterd zacala v roce 2009, v soucasnosti Zddné geo-
technicky zajimavé prace neprobihaji. Je to ovSem ucty-

hodna stavba. Nové nddrazi propoji transevropské koridory
sever-jih a vychod-zdpad. Rozkldd4 se na izemi celé mést-
ské ¢tvrti o rozloze 109 ha, pritom je blizko centra Vidne,
ke katedrile sv. Stépdna je to jen 2,5 km. Na stavbé bylo
vytézeno vice nez 1 mil. m3 zeminy a bude zabudovéno
285 tis. m3 betonu. Od ndvstévy Vidné bylo tedy upusténo.

Vysledny program zdjezdu:

— Brno, prohlidka neddvno otevieného historického pod-

zemi,

— navstéva dokonceného tunelu Wienerwald (u zdpadni-

ho portalu),

— exkurze na stavbu tunelu Koralm.

Navstéva Brna byla zdafild. RaZené sklepy byly pod
mésStanskymi domy v Brné budované jiz od stiedovéku.
A nejen pod pudorysy domd, ale i pod priléhajicim vefej-
nym prostranstvim, coZ se sice ani tehdy nesmélo, ale toto
narizeni prekracovali nejen obyCejni méstané, ale i radni.
TakZe nebyl nikdo, kdo by na nelegdlni rozsifovéni sklepu
poukdzal. Napriklad pod Zelnym trhem se sklepy postupné
propojily v labyrint podzemnich chodeb a prostor. Soucasti
prohlidky byly i prostory, které nejsou soucdsti oficidlnich
prohlidek pro turisty. Poutavy vyklad podal jeden
z duchovnich otcu zpfistupnéni Ing. Svoboda. Dalsi pro-
hlidka jedine¢né podzemni kostnice u kostela sv. Jakuba
byla péknym rozlou¢enim s Brnem.

Ve c¢tvrtek rano cesta vedla z Mikulova k zdpadnimu por-
talu zelezni¢niho tunelu Wienerwald.



21. rocnik - €. 4/2012

West portal

East portal

Obr. 1 Schéma Zeleznicniho tunelu Koralm
Fig. 1 Schematic diagram of the Koralm tunnel

Z videnského hlavniho nadrazi povede vysokovykonna
zelezni¢ni trat’ (rakousky termin pouzivany pro vysoko-
rychlostni Zeleznici) na zdpad pres tunel Wienerwald do
St. Polten a ddle. Dlouhy tunel Wienerwald je soucasti
nového useku modernizované rakouské zapadni drahy
a je nyni ve zkuSebnim provozu. Vlaky s cestujicimi by
mely zaclit jezdit od prosince 2012. Jednd se o dlouhy
Zelezni¢ni tunel pro vysoké rychlosti, a bylo tady zajima-
vé zjistit hlavni technické parametry, prohlédnout si
pevnou jizdni drahu, portdly, vybaveni, bezpeénostni zafi-
zeni atd. Hlavni zdpadni ¢ast tunelu Wienerwald délky
zhruba 11 km predstavuji dve paralelni jednokolejné tune-
lové trouby. Na né smérem k Vidni navazuje bezpeénost-
ni a ventilani kaverna a Sachta, dvoukolejny tunel vyra-
Zeny NRTM dlouhy 2,5 km a pak hloubeny tunel Leinzer
délky 10 km.

Stavba zacala v roce 2005. Jednokolejné tunelové trou-
by byly vyrazeny mechanizované dvéma plnoprofilovymi
tunelovacimi stroji. V rdmci razby bylo zabudovano pri-
marni osténi z Zelezobetonovych tybinku, prordzka do
kaverny byla v roce 2007. V tunelovych rourdch pak byla
na tybinky provedena izolace s bo¢nimi drendZemi
a definitivni monolitické osténi ukoncené v roce 2010.
Nisledné bylo instalovano vybaveni — pevnd jizdni draha,
trakéni vedeni, pozarnébezpecnostni zafizeni veetné tla-
kové odolnych dveri do propojek, vétrani propojek, spojo-
vaci vedeni, Zelezni¢ni signalizacni a zabezpelovaci zafi-
zeni, osvétleni, napéjeni elektrickou energii a dalsi.
Kazdych 500 m je mezi tunely bezpecnostni propojka
a technologické mistnosti. Profil tunelu je navrzen pro
maximdlni rychlost 250 km/hod s vnitfnim prumérem
8,95 m. Nezvykle velky svétly profil tunelu tak umoznuje
splnit 1ékarské kritérium maximaélnich zmén tlaku a tim
také tlakovy komfort pro cestujici uvnitt vlaku pri vysoké
rychlosti. Rovnéz tvar portélu je feSen tak, aby zmirnil tla-
kové razy pri vjezdu do tunelu.

V pitek 5. 10. 2012 ndsledovala ndv$téva stavby
Koralmtunnelu na nové budované ,,vysokovykonné*
Zeleznicni trati Koralmbahn mezi Grazem a Klagenfurtem
na takzvané balticko-adriatické ose. Jeden z nejvétSich
projekti evropské Zelezni¢ni infrastruktury Koralmtunel
je 32,9 km dlouhy, tvofi ho dvojice jednokolejnych tune-
14 s propojkami, vétracimi Sachtami, nouzovou podzemni
stanici, montdznimi Sachtami a dal$imi objekty (obr. 1).
Prvni zastavkou bylo stavenisté KAT 2 u Leibenfeldu. Na
ném se nachézeji 60 m hluboké montézni Sachty, jednou
z nich se spouSti prvni plnoprofilovy tunelovaci stroj
Wirth pruméru 9,93 m. Diky tomu, Ze na stavbé pracuje
firma 3G, ndsledovala prohlidka stavenisté KAT 1
u vychodniho portdlu. Uastnici zde byli sezndmeni s tim,
jak byl z této strany realizovan hloubeny tunel a prilehly
usek razeny technologiif NRTM az k montdznim Sachtdm.

Piijemnou teCkou za pracovnimi exkurzemi byla pfi
zpate¢ni cesté do Grazu zastavka v sedle masivu Koralpe,
pod kterym budouci tunel povede. Dluzno poznamenat, Ze
¢tvrt hodiny zdaleka neumoZznilo vychutnat si nddherny
rozhled pfi krdsném sluneéném podzimnim pocasi nebo
uskute¢nit vychdzku do prilehlych kopcii. Skoda, byla to
dan za to, Zze se exkurze predchazejici den protdhla
a obsdhly program redak¢ni rady Casopisu Tunel jiz vyza-
doval dodrzeni ¢asového planu.

Co fici zdvérem? Program zahrnoval hodn€ c¢ili a hodné
Casu se proto stravilo jizdou autobusem. Pristé by bylo
moznd lep$i drZet se hesla, Ze méné nékdy znamend vice.
Presto byl program zajimavy, uritym nenaplnénim oce-
kavani bylo, Ze ani povolenych dvacet osob se nakonec
nedostalo na staveniSti Leibenfeld do raZenych tuneld
Koralm.

ING. OTAKAR HASIK, hasik@metroprojekt.cz,
METROPROJEKT Praha, a. s.
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FOTOREPORTAZ Z ODBORNEHO ZAJEZDU CESKE TUNELARSKE
ASOCIACE ITA-AITES DO BRNA A RAKOUSKA

PICTURE REPORT FROM THE TECHNICAL TRIP OF THE ITA-AITES
CZECH TUNNELLING ASSOCIATION TO BRNO AND AUSTRIA

—— S =
Obr. 3 Unikovd cesta — propojka mezi tunely Wienerwald
Fig. 3 Escape route — a cross passage between the Wienerwald tunnel tubes

Obr. 5 Montdzni Sachta Leibenfeld — na dné probihd montdZ prvniho tunelovaciho stroje
Fig. 5 Leibenfeld assembly shaft with the first full-face tunnelling machine being
assembled at the bottom

Obr. 2 Zdpadni portdl tunelit Wienerwald
Fig. 2 Western portal of the Wienerwald tunnel
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Obr. 4 Zarizeni stavenisté KAT 2 u Leibenfeldu, v pozadi hala vyrobny segmentii
Fig. 4 KAT 2 construction site utility near Leibenfeld with a segment casting yard in
the background

Obr. 6 Vyrobni hala segmenti
Fig. 6 Segment casting yard





