TuouHel

16. rocnik - €. 3/2007

ZMAHANI HAVAROVANEHO USEKU TUNELU BREZNO
RECOVERY OF A COLLAPSED SECTION OF THE BREZNO TUNNEL

MATOUS HILAR, VLADISLAV JOHN

1 0voD

Z duvodu postupu t€Zby hnédého uhli na povrchovém dole Libous bylo potfe-
ba prelozit Zelezni¢ni trat'na tseku Bfezno u Chomutova — Chomutov za hrani-
ce limitu tézby. Na trase stavby nové trati o délce 7,1 km bylo nutné vybudovat
i jednokolejny Zelezni¢ni tunel o celkové délce 1758 m.

Tunel s nadlozim do 30 m byl raZen ve velmi obtiznych geologickych pod-
minkéch, které zahrnovaly prevazné zna¢né plastické jily a jilovce. Hladky
povrch &etnych diskontinuit zptsoboval nizkou stabilitu oblasti nevystrojeného
vyrubu. Dal§fm vyznamnym faktorem bylo ovlivnéni masivu v oblasti portdla
predchozi daln{ &innosti. Pokryvné ttvary (Stérkopisky) zasahovaly do hloubky
cca 6 m.

Stavba tunelu zacala v roce 2000 pomoci metody obvodového vrubu
s predklenbou (MOVP). V roce 2003 po vyrazeni 860 m tunelu nasta-
la mimorddnd udalost (obr. 1), pii které doslo k fetézové ztrité stability fady
predkleneb o délce 77 m. DalSich 44 m tunelu bylo vyplnéno zdvalovym mate-
ridlem.

Uvazovand technickd feSeni sanace zdvalu zahrnovala otevienou stavebn{
jdmu, Sachty, zmdhdni hornickym zpusobem a kombinace téchto metod.
Realizované feSeni spocivalo v predstihovém provedeni pri¢nych pilotovych
podzemnich stén (pfepazek) a v ndsledné razbé v zdvalu pod ochranou mikropi-
lotového destniku mezi prepazkami.

Nasledujici ¢lanek je zaméfen na technické aspekty pripravy a realizace zma-
hdni zévalu. Jednd se predev§im o numerické modelovani predpoklddaného cho-
vani masivu béhem razby a o ndsledné zkuSenosti z vlastni razby. Dle nézoru
autori lze vlastni zmahdni zdvalu, vzhledem k technické ndronosti

1 INTRODUCTION

The further advance of brown coal extraction at the Libous open-cast mine required a rail-
way track in the section between Brezno u Chomutova and Chomutov to be diverted to get
beyond a limit of the mine field. A single-track tunnel 7.1km long had to be designed for the
new 1758m long railway line.

The tunnel was driven under an up to 30m high overburden through very complicated
geology, where significantly plastic clay and claystone dominated. The smooth surface of
numerous discontinuities reduced the stability of the area of unsupported excavation. The
impact of previous mining activities on the rock massif in the area of tunnel portals was anot-
her important factor. The capping mass (gravel-sands) reached the depth of about 6m.

The tunnel construction started in 2002 using the mechanical pre-cutting ‘Prevault
Method’ (the PM). In 2003, when 860m of the tunnel excavation had been completed, an
accident took place during which the prevaults within the tunnel length of 77m collapsed in
a chain-like manner (fig. 1). Another part of the tunnel at a length of 44m was filled with the
rubbles.

The engineering solutions to the recovery of the collapse which were under considerati-
on comprised an open construction trench, shafts, mining methods and combinations of
these methods. The solution which was implemented consisted of transverse pile walls (divi-
ding walls) built in an advance, and subsequent tunnelling in the collapsed section, under the
protection of canopy tube pre-support installed between the dividing walls.

The article below is focused on civil engineering aspects of the planning and execution
of the recovery operations, first of all on numerical modelling of the anticipated behaviour
of the rock mass during the course of the excavation and subsequent experience gained
during the excavation itself. In the opinion of the authors, the recovery operations themsel-
ves can be considered to be successful if we take into consideration the difficulties and uni-

queness of the operations within the Czech Republic.
The entire tunnel construction was funded by the North-Bohemian Mining Company and
the client was the Czech Railways (currently the SZDC s.0.). The recovery operations were

a jedine¢nosti provadéni v ramei CR, hodnotit jako tispé¥né.
Celd stavba tunelu byla financovdna SeveroCeskymi doly, a. s., a investorem
byla SZDC, s. 0. Zmdhdni zdvalu bylo financovano i provddéno hlavnim doda-

e

=/ -

- E = s
Povrch terén R R S T R
Ground surface

e e e e e
s

redsma

Tunel
Tunnel

Zavaleny vrubovaci stroj
Burried pre-cutting machine

Sti‘edni uhelna sloj
Intermediate coal seam

Svrchni uhelna sloj
Upper coal seam

Staniceni v km .
il " " 3 3 ib & £ b " 1 4 3 3 5 'l & " " " i 3

3 - M M . . I i

t t t + t t t t t t t t t t t t t t t t t t # # t t t
Chainage in km | | I | T |

1.875 2,000 2,25 2050 2,075 2,100 2,125
LEGENDA - LEGEND TERCIERNI SEDIMENTY - LIBKOVICKE VRSTVY
TERTIARY SEDIMENTS - THE LIBKOVICE MEMBER

KVARTERNI SEDIMENTY silné zvétraly, pri povrchu rozlozeny zvétraly omezené pevny jilovec s Eetnymi prechody
QUATERNARY SEDIMENTS jilovec prevazné charakteru jilu tuhé v jil pevné konsistence

konzistence

heavily weathered claystone, at the
surface decomposed, mostly
characterised as stiff consistency clay

weathered claystone with limited strength; frequent
transition to stiff consistency clay
navétraly jilovec s podfizenymi plochami jilu pevné
konzistence
hlinity $térkopisek slightly weathered claystone with ancillary areas
- (terasovy sediment) zvétraly az silné zvétraly jilovec of stiff-consistency clay
* loamy gravel-sand _ charakteru zeminy - jilu tuhé konzistence nezvétraly relativné pevny jilovec
(terrace sedimentary deposit) weathered to heavily weathered - unweathered, relatively hard claystone
claystone with frequent transition to stiff naviazka hlinitojilovité zeminy v souvislosti se zavezenim
consistency clay poklesové Kotliny vytvorené v prvni fazi zévalu
:l loamy-clayey earth backfill of the settlement trough which
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Obr. 1 Podélny geologicky rez tunelem po mimorddné uddlosti (vypracoval RNDr. J. Altmann)
Fig. 1 Longitudinal geological section through the tunnel after the collapse (carried out by RNDr. J. Altman)
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Obr. 2 Podélny fez tunelem zahrnujici rozdéleni oblasti zdvalu pomoci pilotovych stén (zpracoval IKP Consulting Engineers s.r.o.)
Fig. 2 Longitudinal section through the tunnel containing the division of the collapsed section by the pile walls (by IKP Consulting Engineers s.r.o.)

vatelem stavby, firmou Metrostav a. s., podzhotovitelem pro sana¢ni prace bylo
Zakladani staveb, a. s. Projektantem zmdhdni byl SUDOP Praha, a. s.,
a projektantem sanacnich praci FG Consult, s. . 0., monitoring a vyhodnocovani
geologickych pomér zajistovala firma SG Geotechnika, a. s., pro zhotovitele
tyto prace provddéla firma K+K Prizkum, s. r. 0. Spole¢nost IKP Consulting
Engineers, s. r. 0., fungovala na projektu od roku 2004 jako technicky konzul-
tant dodavatele stavby. D2 Consult Prague, s. r. 0., pracoval na projektu od roku
2005 jako supervisor a technickd pomoc investora.

2 NAVRZENY ZPUSOB ZMAHANI ZAVALU

Vzhledem ke zna¢nym obavam z nepfiznivého deforma¢niho chovani mate-
ridlu zdvalu bylo rozhodnuto rozdélit havarovanou oblast pomoci pri¢nych pilo-
tovych stén na sedm ¢dsti/komor (obr. 2). Stény z prevrtavanych Zelezobetono-
vych pilot o pruméru 1,18 m mély délku 16 m, jejich osovd vzdalenost byla 9 m,
piloty zasahovaly 3 m pod profil tunelu.

Dile bylo rozhodnuto provést zmédhdni zdvalu pomoci sekvencni metody
(zajisténi vyrubu pomoci pithradovych nosnika, siti a stifkaného betonu). Pred
pouzitim navrhované metody zmdhani bylo nutné dostate¢né provéfit jeji vhod-
nost a navrhnout optimdln{ tvar a skladbu primarniho osténi. Vzhledem ke kom-
plexnosti problému byly vyuzity rovinné vypocty pro potreby vytvoreni reali-
zaéni dokumentace primdrniho osténi, nasledné vSak byly vytvoreny i ovérovaci
trojrozmérné numerické modely. Veskeré vypocty byly zhotoveny pomoci meto-
dy kone¢nych prvki (MKP).

NavrZend metoda razby byla béhem zméhan{ zdvalu prubéZné optimalizova-
na, coz mélo pozitivni vliv na deforma¢ni chovani masivu a na rychlost realiza-
ce. Monitoring raZeb a pozorovéni chovani masivu béhem razeb navic umozni-
ly zpétné ovéreni numerickych vypocta.

3 UVODNI DVOUROZMERNE STATICKE VYPOCTY
3.1 Zakladni tdaje

Staticky vypocet primdrniho osténi byl proveden firmou SUDOP Praha, a. s.,
pomoci MKP ve 2D (predpoklad rovinné deformace). Horninovy masiv byl
modelovén pomoci Mohr-Coulombova pruznoplastického modelu za predpokla-
du izotropniho chovéni. Byl pouZit vypocetni program TUNNEL 12.0 firmy RIB
stavebni software, spol. s r. 0. Statické posouzeni doCasného osténi bylo prove-
deno v souladu s CSN, byl pouZit program BETON 2D firmy FINE, spol. s. . o.

Geologicka vrstva Vstupni hodnoty

y kN/m’) ¢ (kPa) ¢ ()  Epg (MPa)

Kvartérni pokryv 19,2 115 18 17 0,30
Silné zvétraly jilovec 19,2 11,0 10 19 0,40
Silné zvétraly jilovec

v zavalu 19,2 11,0 8 19 0,40
Zvétraly jilovec 19,5 17,0 19 19 0,40
Jilovec A 195 36,0 19 32 0,40
Jilovec B 19,5 40,0 20 35 0,38
Jilovec C 19,5 45,0 25 50 0,38
Uhelni sloj 195 30,0 25 60 0,30

Tab. 1 Vstupni geotechnické parametry

funded and executed by the main contractor, Metrostav a.s., and its sub-contractor for the
rehabilitation work, Zakladani Staveb a.s. The designer for the recovery work was SUDOP
Praha a.s. and the designer for the rehabilitation operations was FG Consult s.r.0.; the moni-
toring and evaluation of geological conditions was provided by SG Geotechnika a.s. The
contractor’s sub-contractor for the above-mentioned activities was K+K Prizkum sr.0. The
company IKP Consulting Engineers s.r.0. was present on site as the consultant for the main
contractor from 2004, while D2 Consult Prague s.r.o. was engaged on site as a supervisor
and technical aid for the client from 2005.

2 THE DESIGN FOR THE RECOVERY OF THE COLLAPSE

Because of great fears of unfavourable deformational behaviour of the rubbles, a decision was
made that the collapsed area be divided by transverse pile walls into seven sections/chambers (see
Figure 2). The 16m long pile walls consisting of 1.18m-diameter secant bored piles were built at
9m spacing; the piles reached 3m under the tunnel profile.

The next decision which was made was that the collapse be recovered using a sequential met-
hod (the excavation support by means of lattice girders, mesh and shotcrete). The suitability of the
designed recovery method had to be verified and the optimum configuration and composition of
the primary lining designed prior to the application of the proposed method. With respect to the
complexity of the problem, 2D calculations were used for the development of the detailed design
for the primary lining; 3D numerical models were developed subsequently, for verification pur-
poses. All calculations were made using the Finite Element Method (FEM).

The excavation method design was continually optimised during the course of the recovery
operations, which fact positively affected the deformational behaviour of the rock mass and the
speed of the works. In addition, the monitoring of the excavation and observation of the rock
mass behaviour during the excavation work made the verification of the numerical calculations
possible.

3 ORIGINAL 2D CALCULATIONS
3.1 Basic information

The structural analysis of the primary lining was carried out by SUDOP Praha a.s. using
the 2D FEM (an assumption of the plane deformation). The rock mass model was develo-
ped using the Mohr-Coulomb elastic-plastic model, under the assumption of isotropic beha-
viour. The computer program TUNNEL 12.0, which was used, was developed by RIB sta-
vebni software spol. s 1. 0. The structural analysis of the temporary lining was carried out in
compliance with requirements of Czech national standards, using the BETON 2D software
developed by FINE spol. s.r.o.

Geological layer Input values
y (KN/m?) ¢ (kPa) ¢ (°)  Epgr (MPa)

Quaternary nappe 19.2 11.5 18 17 0.30
Heavily weathered claystone 19.2 11.0 10 19 040
Heavily weathered claystone

in the collapse section 19.2 11.0 8 19 0.40
Weathered claystone 19.5 17.0 19 19 040
Claystone A 19.5 36.0 19 32 0.40
Claystone B 195 40.0 20 35 038
Claystone C 19.5 45.0 25 50 0.38
Coal seam 195 30.0 25 60 0.30

Table 1 Input geotechnical parameters
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Obr. 3 Geometrie puvodniho 2D modelu
Fig. 3. Geometry of the original 2D model

Vstupni parametry vychazely z puvodniho a dodate¢ného IG pruzkumu. Hodnoty
pouZité pro Gvodn{ vypocty jsou shrnuty v tabulce 1. Pro vypocty primarni napjatos-
ti byla uvazovédna velikost K¢=0,8. Rozdéleni masivu na kvazihomogenni celky
a geometrie numerického modelu jsou prezentovany na obr. 3. Vliv podzemni vody
nebyl do vypocta zahrnut.

3.2 Vypocty primarniho osténi

Uvodnf staticky vypocet uvazoval razbu po zdbérech 1 m. Razba a vystrojovan{
tunelu byly modelovany v nékolika vypoletnich krocich, které predpokladaly ¢lené-
ni vyrubu na kalotu, opéif a dno. Primdrni osténi bylo do vypoctu zahrnuto ve dvou
krocich — nejprve jako nezraly stiikany beton s parametry po 3 dnech (pevnost v tlaku
10MPa), nésledné jako stifkany beton s vyslednymi parametry po 28 dnech. Mocnost
osténi byla uvazovéna 35 cm. Déle bylo pri vypoctu uvazovéno pravidelné uzavird-
ni kaloty do¢asnou spodni klenbou, razba opéfi a dna byla uvaZovana tak, aby neo-
vlivnila chovéni kaloty v oblasti ¢elby (minimdlni odstup jedné pilotové prepazky
mezi Celbou kaloty a razbou dna a opérf). Béhem tivodnich vypoctu primarniho osté-
ni byla optimalizovéna geometrie profilu tunelu. Tvar tunelu ve dné a v opéif tunelu
byl zaoblen tak, aby bylo dosaZeno priznivéjsiho priubéhu ohybovych momentu.

Vzhledem k obavam z deformacniho chovani masivu byla o¢ekavana nutnost oka-
mZitého uzavirdni osténi s tim, Ze se nad osténim prakticky nevytvori horninova klen-
ba. Diky tomu byla relaxace nevystrojeného vyrubu uvazovana velmi nizkd. Primdrn{
osténi tunelu bylo posouzeno na vypoctené vnitini sily, osténi mocnosti 35 cm bylo
vyhovujici. Maximdlni vypoctené deformace osténi tunelu se pohybovaly do 50 mm.

4 OVEROVACI TROJROZMERNE VYPOCTY
41 Zakladni udaje

Prostorové numerické vypocty byly provedeny firmou D2 Consult Prague, s. r. 0.,
v programu Plaxis 3D Tunel (obr. 4). Ukolem tohoto modelovéni bylo predevsim
provéfeni vlivu pilotovych prepdzek na chovdni nevystrojeného vyrubu a osténi.
Model horninového masivu byl vytvoren ve shodé s rovinnym modelem. Rozhran{
jednotlivych geologickych vrstev, pouZity materidlovy model (Mohr-Coulombiv),
vstupn{ parametry pro jednotlivé materidly, i koeficient bo¢niho tlaku v klidu (Ko)
byly voleny shodné. Rovnéz mocnost a parametry tunelového osténi byly zvoleny ve
shodé s rovinnym modelem. Model zahrnoval pouze levou polovinu tunelu (osova
symetrie). Profil tunelu byl ¢lenén na dvé &ésti — kalotu a dno (zanedbdni ¢lenéni na
opéfi a dno by nemélo mit zdsadnéjsi vliv na vysledky). Jeden model byl vytvoren
s pilotovymi prepazkami, jeden bez nich.

Obr. 4 Geometrie
prostorového modelu
Fig. 4 Geometry of the
3D model

16. rocnik - €. 3/2007

The input parameters were based on the original and additional EG surveys. The
values used for the original calculations are summarised in Table 1. The value of
Ko=0.8 was assumed for the purpose of the calculations of the primary state of stress.
The distribution of the rock massif into quasi-homogeneous units and the geometry of
the numerical model are presented in Fig. 3. The influence of ground water was not
taken into the calculations.

3.2 Primary lining analysis

The original structural analysis assumed that 1m long advances per cycle would be app-
lied. The tunnel excavation and support were modelled in several steps, which assumed that
the top heading, bench and invert excavation sequence would be applied. The primary
lining was included into the calculation in two steps — first as green shotcrete with parame-
ters at 3 days (compressive strength of 10MPa) and then as shotcrete with resultant para-
meters at 28 days. The shotcrete layer thickness of 35cm was assumed. Another calculati-
on assumption was that the top heading excavation would be regularly closed by the invert;
the method of the bench and bottom excavation was assumed to be such which would not
affect the behaviour of the top heading in the area of the excavation face (the minimum
distance of one compartment between the dividing pile walls to be maintained between the
top heading face and the bottom and bench excavation). The geometry of the tunnel profi-
le was optimised during the initial analyses of the primary lining. The shape of the tunnel
was rounded at the bottom and side-wall parts so that a more favourable bending moment
diagram was achieved.

With regard to fears that the deformational behaviour of the rock mass would be so bad
that virtually no natural arch would develop above the lining, the necessity for immediate
closing of the lining was expectable. Owing to this fact, very small magnitude of relaxation
of the unsupported tunnel excavation was assumed. The primary tunnel lining was assessed
for the calculated internal forces with the conclusion that the thickness of 35cm was satis-
factory. The maximum calculated deformations of the lining did not exceed 50mm.

4 THREE-DIMENSIONAL VERIFICATION CALCULATIONS
4.1 Basic information

The three-dimensional numerical calculations were carried out by D2 Consult
Prague s.r.0. using the Plaxis 3D Tunel software (see Fig.4). The primary task of this
modelling was to examine the influence of the dividing pile walls on the behaviour of
the unsupported excavation and the lining. The model of the rock mass which was
developed corresponded to the two-dimensional model. Identical interface between
individual geological layers, material model used (Mohr-Coulomb’s), input parameters
for individual materials and the coefficient of side pressure at rest (Ko) were selected.
The thickness and parameters of the tunnel lining were also selected identically with
those used in the 2D model. The model covered only the left half of the tunnel (axial
symmetry). The tunnel cross section was divided into two parts — the top heading and
bottom (the fact that the bench and bottom sequencing was neglected should not have
influenced the results in a significant manner). One model was developed to contain the
dividing pile walls and one without them.

4.2 The influence of the dividing pile walls
The model contained the dividing pile walls built at 9m spacing. The thickness of the
walls of 1.0m was selected for the model. The dividing pile walls were modelled as a line-
arly elastic material. They were divided into two parts as follows:
a) The part found in the tunnel area (cast using concrete) had the parameters : E = 25GPa,
v=02
b) The part above the tunnel (cast using only a suspension) had the parameters:
E=10GPa,v=02
Two comparative calculations were conducted, one with the dividing walls and the other
without them. The results of the 3D calculations of the influence of the dividing walls in the
collapse area are presented in Table 2.

3D - with 3D - without 2D
dividing walls dividing walls
Deformations (mm)  Top of the vault 26 116 50
Moments (kNm) Centre of the bottom 122 196 285
Inverted arch 120 370 300
Top of the vault 40 169 200
Axial forces (kN) Maximum 1610 1770 2450

Table 2 Results for the closed tunnel lining

The reinforcing effect of the dividing pile walls is obvious from the results. The con-
struction of the dividing pile walls leads to significant reductions in the bending
moments in the lining and the resultant deformations. The differences between the 2D
calculations and 3D calculations are first of all caused by the selection of the magnitu-
de of relaxation, which had been, for understandable reasons, included into the calcu-
lations conservatively compared to common calculations.

4.3 The influence of the method of excavation
of the bench and bottom

Another objective of the modelling was to examine the influence of the length of the
bench and bottom excavation (i.e. how many advance rounds are allowed to remain
without the closed invert when the top heading is being enlarged). The execution of the
lower part of the profile was modelled for advance lengths 2m, 4m and 8m long (see
Fig. 5). The results for deformations and internal transverse forces in the top heading
above the excavated bottom are presented in Table 3.
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4.2 Vliv pilotovych piepazek

Model zahrnoval pilotové prepdzky vzddlené osové 9 m. Mocnost piepazek byla
v modelu zvolena 1 m. Pilotové prepazky byly modelovény jako linedrné elasticky
materidl. Pfepdzky byly rozdéleny na dvé ¢dsti:

a) Cést v oblasti tunelu (vyplnéna betonem) méla parametry: E = 25GPa, v =0,2

b) Cést nad tunelem (vyplnéna pouze suspenzi) méla parametry:

E =10GPa,v=0.2

Byly provedeny dva srovndvaci vypocty — s prepazkami a bez nich. Vysledky 3D

vypoctl vlivu prepdZek v oblasti zdvalu jsou uvedeny v tabulce 2.

3D -spre- 3D - bez pre- 2D
pazkami pazek
Deformace (mm)  Vrchol klenby 26 116 50
Momenty (kNm)  Stfed dna 122 196 285
Dno - klenba 120 370 300
Vrchol klenby 40 169 200
Osové sily (kN) Maximum 1610 1770 2450

Tab. 2 Vysledky v osténi uzavieného tunelu

Z vysledku je patrny ztuzujici efekt pilotovych prepazek. Realizace pilo-
tovych prepaZek vede ke znaénému sniZeni ohybovych momentt v osténi
a ke sniZeni vyslednych deformaci. Rozdily mezi vysledky 2D vypocta a 3D
vypolta jsou predeviim zpusobeny volbou velikosti relaxace, kterd
z pochopitelnych duvoda byla do 2D vypoltu zahrnuta v porovndni
s béznymi vypolty konzervativné.

4.3 Vliv zpisobu pobirani opéfi a dna

Dalsim cilem modelovani bylo proSetfeni vlivu délky pobirani opéii a dna
na chovdni osténi kaloty (tj. po kolika zdbérech se md uzavirat spodni klenba
plného profilu pfi rozsifovani kaloty). Realizace spodni &dsti profilu byla
modelovéna v zdbérech 2, 4 a 8 m (obr. 5). Vysledky deformaci a vnitrnich
sil v pficném sméru v kaloté nad odebranym dnem jsou uvedeny v tabulce 3.

Délka zdbéru dna (m) 2 4 8
Deformace (mm) 26 29 52
Momenty (kNm) 61 140 175
Osové sily (kN) 1260 1600 2020

Osténi 350 mm Vyhovuje Vyhovuje Vyhovuje

Tab. 3 Kalota — vnitini sily v pri¢ném sméru

Velikost vnitinich sil v pri¢ném sméru v kaloté nepfindsi zdsadnéjsi problém.
I pri zdbéru opéfi a dna na 8 m (celd komora) byla kapacita ostén{ kaloty posta-
Cujici pro preneseni danych sil (osténf tloustky 35 cm). VEtSi problém prindseji
vnittni sily v podélném sméru a smykové sily v oblasti prechodu osténi
z pilotové prepdazky do horninového masivu. Se vzrustajici délkou zdbéru opéri
a dna logicky tyto sily nartstaji také, coZ muZe vést aZ k poruSeni osténi. Na
zdkladé vypoctu byla doporudena maximalni délka zdbéru opéfi a dna 4 m.

4.4 vypocet stability Celby kaloty

Dile byly provedeny vypolty stability Celby kaloty. Vypolty predpokladaly samo-
statnou razbu kaloty s okamzitym uzaviranim docasné spodni klenby. Déle bylo uva-
Zovano dobirdni opéif a dna s vétsim odstupem od Celby kaloty, takze dobirdni by
nemélo mit na stabilitu Celby kaloty vliv. Vypocet byl proveden ve vice krocich. Prvni
krok simuloval realizaci pilotovych prepazek. Nasledujici kroky simulovaly postup-
nou razbu a instalaci osténi tunelu. Vypocet stability ¢elby byl proveden v okamziku,
kdy Celba kaloty byla 2 m za prepdzkou a 1 m kaloty nebyl vystrojen osténim.

Vypocet stupné stability probihd v programu Plaxis pomoci redukce smyko-
vych parametri. Smykové parametry jsou postupné redukovany, aZ dojde
k poruseni horninového masivu. Vysledny stupeni bezpe¢nosti je potom vypoci-
tén jako pomér pocdte¢nich a vyslednych smykovych parametra. Vypocet stabi-
lity Celby prokézal velmi nizkou stabilitu Celby (hodnota stupné stability byla
blizko 1). Vypoctovy model ov§em nezahrnoval opatfent, s jejichZ vyuZitim se

Obr. 5 Simulace postupu pobirdni opéri a dna (véetné docasné spodni
klenby kaloty)

Fig. 5 Simulation of the bench and bottom excavation procedure (inclu-
sive of the temporary invert of the top heading)

Tuel

Advance per cycle - bottom (m) 2 4 8
Deformations (mm) 26 29 52
Moments (kKNm) 61 140 175
Axial forces (kN) 1260 1600 2020

Lining 350mm Satisfying Satisfying Satisfying

Table 3 Top heading — internal transverse forces

The magnitude of the internal transverse forces in the top heading does not
pose any significant problem. The capacity of the top heading lining (35cm
thick) was sufficient for carrying the given forces even in the case of the 8m
long bench and bottom advance per cycle (the length of the entire compart-
ment). The longitudinal internal forces and shear forces in the area of the
transition of the lining from the dividing pile wall to the rock mass pose a big-
ger problem. Logically, these forces grow also with the growing bench and
bottom excavation advance length, which may result in a failure of the lining.
The maximum length of the bench and bottom advance length of 4m was
recommended on the basis of the calculations.

4.4 Top heading face stability calculation

Another step was the calculation of stability of the top heading face. The
calculations assumed that the top heading would be excavated separately,
with immediate closing of the profile by temporary invert. The excavation of
the bench and bottom was assumed to start at a greater distance from the top
heading face for which reason it should not affect the stability of the top hea-
ding face. The calculation was carried out in several steps. The first step
simulated the construction of the dividing pile walls. The following steps
simulated the process of excavation and installation of the tunnel lining. The
calculation of the face stability was carried out at the moment when the top
heading face was found 2m beyond the dividing wall and 1m of the excava-
tion length was not supported by the lining.

The stability calculation is carried out using the Plaxis software by means
of reduction of shear parameters. The shear parameters are step-by-step redu-
ced until the rock mass fails. The final factor of safety is then calculated as
the proportion of the initial shear parameters to the resultant ones. The face
stability calculation proved that the face stability is very small (the value of
the stability factor was close to 1). The calculation model, however, did not
contain the measures which were assumed to be implemented (canopy tube
pre-support, jet grouting between the dividing walls, a supporting rock wedge
at the face, division of the top heading excavation to partial headings, etc.).

5 THE COURSE OF THE OPERATIONS
5.1 Excavation method

There were, naturally, serious fears before the commencement of the exca-
vation in the collapse area regarding the deformational behaviour of the rock
mass which had been deformed in the area of the tunnel profile and above the
tunnel by the previous accident. For that reason it was decided that core probe
holes be drilled ahead of the face before the commencement of excavation of
each particular section (see Fig. 6) and further decisions made on the extent
of the rehabilitation work necessary. A decision was made before the com-
mencement of the excavation beyond the first dividing pile wall that hori-
zontal jet grouted columns be carried out within the tunnel cross section to
strengthen the rock mass. This measure was also used beyond the third divi-
ding pile wall. The excavation in the other compartments did not require this
strengthening.

The crown of the tunnel was regularly protected by means of canopy tube
pre-support. The drilling for the pre-support was carried out from the front
side of each pile wall. The tubes were always tailed into the next pile wall
(they bridged the entire distance between neighbouring dividing walls).
Efforts were made in the beginning to embed the canopy tubes into jet grou-
ted columns to be carried out above the excavated cross section. However,
the execution of jet grouting in the tunnel overburden stopped after the com-
pletion of the excavation of the initial three compartments, similarly to the jet
grouting within the tunnel profile.

The excavation proceeded in steps of 1m advance per cycle. The excava-
tion was supported by steel mesh, lattice girders and sprayed concrete. In the
beginning, efforts were made to immediately close the temporary invert of
the top heading. Naturally, in terms of structural analysis, it would have mini-
mised the lining deformations. On the other hand, this requirement logically
meant that full-face top heading excavation was necessary. With regard to the
stability problems of the face and the danger to workers at the excavation
face, it was decided that the temporary top heading invert was to be closed
later (i.e. at a distance of 2 — 3m). This measure made the stabilisation of the
face by means of the rock wedge, which was left in the centre of the top hea-
ding, possible. This measure showed to be a suitable compromise. In additi-
on to the rock wedge, the excavation face was regularly stabilised by a thin
layer of shotcrete. When more intense manifestations of instability were
encountered, the top heading excavation and application of shotcrete face
was divided into several steps. The excavation of the bench and tunnel
bottom followed the top heading excavation at a distance exceeding 9m.




Obr. 6 Realizace jadrovych vrtu do profilu tunelu z prostoru pred piloto-
vou prepdzZkou (foto M. Hilar)

Fig. 6 Drilling of core holes to the tunnel profile from the space in front
of the dividing pile wall (photo M. Hilar)

uvazovalo (mikropilotové destniky, tryskové injektdZ mezi prepazkami, opérny

klin v prostoru Celby, ¢lenéni Celby kaloty na diléf ¢dsti, atd.).

5 PRUBEH REALIZACE
5.1 ZpUsob razby

Pred pocitkem razby v oblasti zdvalu byly prirozené znalné obavy
z deformaéniho chovani masivu, ktery byl v oblasti profilu tunelu a nad tunelem pre-
tvoren probéhlou havdrii. Proto bylo rozhodnuto pred razbou kazdé sekce provadét
jadrové vrty z Celby (obr. 6) a na zdkladé jejich vyhodnoceni ndsledné ucinit rozhod-
nuti o rozsahu potfebnych sana¢nich praci. Pfed razbou za prvni pilotovou prepazkou
bylo rozhodnuto o sanaci profilu tunelu pomoci horizontdlnich sloupt z tryskové
injektdze. Toto opatfeni bylo také pouZito za tieti pilotovou prepazkou. Razby ostat-
nich sekci probéhly bez sanaci oblasti profilu tunelu.

Pistropi tunelu bylo pravidelné chrdnéno pomoci mikropilotovych destniku, které
byly vrtany pred kazdou pilotovou sténou. Mikropiloty byly vzdy vetknuty do
ndsledné pilotové steény (tj. preklenovaly celou vzdalenost mezi sousednimi prepdz-
kami). Ze zafdtku byla snaha realizovat jednotlivé mikropiloty do sloupt tryskové
injektdZe nad profilem, ale podobné jako v oblasti profilu tunelu bylo i v nadlozi
tunelu od tryskové injektdZe po razbé prvnich tif sekci upusténo.

Razba probihala po zdbérech délky 1 m. Vyrub byl zajistovan pomoci ocelovych
sitf, pithradovych rdmu a pomocf stifkaného betonu. Ze zaldtku byla snaha uzavirat
provizorni dno kaloty okamZit€, coZ by prirozené ze statického hlediska mélo mini-
malizovat deformace osténi. Na druhou stranu tento poZadavek logicky znamenal
svislou Celbu kaloty na jeji plnou vysku. Vzhledem ke stabilitnim problémtm Celby
a vzhledem k nebezpeci pro pracovniky v prostoru celby bylo rozhodnuto uzavirat
provizorni dno kaloty pozde€ji (t]. s odstupem 2 — 3 m), coz umoznilo stabilizaci celby
pomoci opérného klinu ponechaného ve stiedu elby. Toto opatieni se osvédcilo jako
vhodny kompromis. Kromé opérného klinu navic bylo pravidelné provadéno okamzi-
té zajisténi Celby pomoci tenké vrstvy stitkaného betonu. Pii vyraznéjsich projevech
nestability byla ddle Celba kaloty pobirdna a zastitkdvana po nékolika krocich. Razba
opéif a dna tunelu probihala za razbou kaloty s odstupem vy$§im nez 9 m.

5.2 Vysledky monitoringu

Maximalni sedani povrchu nad tunelem dosdhlo 28 mm (prostor za
2. pilotovou prepdzkou). Vysledné naméfené konvergence jsou uvedeny
v tabulce 4. Deformace se obecné pohybovaly do 40 mm, pouze v prostoru
za druhou pilotovou pfepdzkou byly deformace vyssi.

Staniceni Vrchol Boky kaloty Boky opéri
tunelu (m) Bod 01 Bod 04 Bod 05 Bod 06 Bod 07
2004 5 7 7 0 0
2007 19 14 16 10 10
2012 21 23 27 10 8
2019 20 30 27 - 5
2025 20 30 36 7 3
2027 27 30 28 7 8
2031 33 27 40 8 10
2034 37 36 40 7 7
2036 50 55 105 11 10
2040 93 65 130 14 -
2043 38 37 34 6 7
2048 39 36 53 - -
2052 40 42 46 7 8
2057 40 47 53 7 6
2061 40 43 46 3 6
2066 31 32 35 - -
2070 24 18 23 0 0
2075 26 24 36 - 3
2079 11 18 20 3 3
2081 17 28 27 3 2
2084 8 18 20 - 2
2087 2 7 5 0 0

Tab. 4 Namérené vysledné deformace osténi (mm)

5.3 Razba za druhou pilotovou piepazkou

Co bylo duvodem vys3ich deformaci za druhou pilotovou prepazkou? Je
nutné si uvédomit, Ze razba v obtiznych geologickych pomérech prindsi fadu
protichudnych poZadavku. Napriklad realizace opémého klinu, ktery piiznivé
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5.2 Monitoring resuits

The maximum values of the surface settlement above the tunnel reached
28mm (the area beyond the second dividing pile wall). The final measured
convergences are presented in Table 4. In general, the deformations did not
exceed 40mm, with the exception of the area beyond the second dividing pile
wall.

Tunnel
chainage (m) Crown Top heading side walls Bench side walls
Point 01 Point 04 Point 05 Point 06 Point 07

2004 5 7 7 0 0
2007 19 14 16 10 10
2012 21 23 27 10 8
2019 20 30 27 - 5
2025 20 30 36 7 3
2027 27 30 28 7 8
2031 33 27 40 8 10
2034 37 36 40 7 7
2036 50 55 105 11 10
2040 93 65 130 14 -
2043 38 37 34 6 7
2048 39 36 53 - -
2052 40 42 46 7 8
2057 40 47 53 7 6
2061 40 43 46 3 6
2066 31 32 35 - -
2070 24 18 23 0 0
2075 26 24 36 - 3
2079 11 18 20 3 3
2081 17 28 27 3 2
2084 8 18 20 - 2
2087 2 7 5 0 0

Table 4 Final measured deformations of the lining (mm)

5.3 Excavation beyond the second dividing pile wall

What was the reason of higher deformations beyond the second dividing
pile wall? One must realize that excavation through difficult geology is asso-
ciated with many contradictory requirements. For example, the placement of
the rock wedge, which favourably improves the stability of the excavation
face, prevents the immediate closing of the temporary invert, which would be
beneficial in terms of minimization of deformations of the lining. Another
factor is the excavation advance rate. A fast excavation advance rate inclu-
ding as fast as possible installation of the support generally leads to minimi-
sation of the rock mass deformations. On the other hand, an effort for acce-
leration of the work means reduction of the time for implementation of all
supporting measures or, for example, leads to higher flexibility of the lining
in the vicinity of the excavation face (the section supported with green shotc-
rete is longer).

Regarding the excavation beyond the second dividing wall, there was the
following sequence of events there: Significant excavation face stability pro-
blems started abruptly to appear during the course of the top heading exca-
vation approximately 2m before the third dividing pile wall. With the urgen-
cy of the problems taken into consideration, it was decided to finish the top
heading excavation up to the dividing pile wall (it guaranteed a stable face)
even before the planned closure of the temporary top heading invert. This
action was successful. However, it influenced the deformational behaviour of
the lining. Owing to the completion of the longer than designed section of the
lining without closing the invert, a significant concentration of stress develo-
ped in the area between the closed and unclosed parts of the top heading
lining followed by development of a radial crack in the right-hand side of the
lining (see Table 4). The subsequent prompt closing of the invert up to the
dividing pile wall meant stopping of the deformation growth. In the authors’
opinion, the procedure which was used was adequate to the given situation.

5.4 Other aspects of the excavation

The effect of the jet grouting rather fell short of expectations. The jet grou-
ted columns which had been expected to reinforce the ground, were percei-
vable only in the non-cohesive Quaternary material; unfortunately, they were
not much visible in the cohesive clay or claystone (see Fig. 7). The attempt
to drill through the jet grouted columns for installation of the pre-support
tubes was similarly little successful. We can state that the jet grouting carri-
ed out within the tunnel profile acted rather as pressure grouting. The cement
grout filled various fissures and empty spaces in the collapse rubbles. The
highest accumulation of the grout was found at the beginning of the excava-
tion, under the preserved prevault created by the Perforex machine (see Fig.
8). Because of the relatively favourable consistency of the mostly cohesive
material — the collapse rubble, and with respect to the fact that stabilisation
of cohesive soils by jet grouting is a difficult task, it was decided after the
excavation of the third section to abandon the idea of the stabilisation by jet
grouting.

Conversely, the canopy tube pre-support with the tubes tailed into the pile
walls can be evaluated very positively; the canopy certainly contributed to the
improvement of stability and safety. The top of the excavation face above the
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zvySuje stabilitu Celby, znemoznuje okamzité uzavirdni provizorniho dna, coZ by
bylo vyhodné z hlediska minimalizace deformaci osténi. Dal$im faktorem je
rychlost razby. Rychly postup razby véetné co nejrychlejsiho vystrojeni obecné
vede k minimalizaci deformaci masivu. Na druhou stranu snaha o zvySen{ rych-
losti znamend méné Casu na realizaci viech zajistovacich opatfeni, ddle naptiklad
vede k vyS$§i poddajnosti osténi v blizkosti Celby (delsi dsek zajistény osténim
z nezralého stiikaného betonu).

V pripadé razby za druhou prepdzkou §lo o nésledujici posloupnost udélosti:
Béhem razby kaloty cca 2 m pred treti pilotovou pfepdzkou se velmi ndhle zaca-
ly objevovat vyrazné stabilitni problémy &elby. Vzhledem k urgenci problému
bylo rozhodnuto dokondit razbu kaloty az k pilotové prepédzce (kterd zarucovala
stabilni Celbu) jesté pred planovanym uzavienim docasné spodni klenby kaloty.
To se podatilo, bohuzel viak tento krok mél vliv na deformacni chovéni osténi.
Diky dokonceni del$iho tseku ostén{ kaloty bez uzaviené spodni klenby doslo
k vyrazné koncentraci napéti v oblasti mezi uzavienou a neuzavienou Césti osté-
ni kaloty, coZ znamenalo vytvoreni radidlni trhliny v pravé ¢ésti osténi (tabulka
4). Nasledné urychlené uzavieni provizorni protiklenby az k pilotové prepdzce
znamenalo ukonceni ndrustu deformaci. Dle ndzoru autort byl pouZity postup
adekvatni vzniklé situaci.

5.4 DalSi aspekty razby

nujici Celbu byly patrné pouze v nesoudrzném materidlu kvartéru, v soudrzném
materidlu jilu & jflovcn bohuZel sloupce prilis patrné nebyly (obr. 7). Obdobné
se pokus o vrtani mikropilot (deStniku mezi prepaZkami) do sloupu tryskové
injektdZe také prili§ nezdafil. Lze konstatovat, 7e v profilu tunelu pusobila trys-
kovd injektdZ spiSe jako injektdZ tlakova. Cementovd suspenze vyplnila rizné
trhlinky a volnd mista v zdvalovém materidlu. Nejvetsi koncentrace suspenze
byla patrnd na zacdtku razby pod zachovanou predklenbou vytvorenou strojem
Perforex (obr. 8). Vzhledem k pomérné piiznivé konzistenci prevazné soudrzné-
ho materidlu zdvalu a vzhledem k obtiZnosti sanace soudrznych zemin trysko-
vou injektdzi bylo po razbé¢ tieti sekce rozhodnuto od sanace pomoci tryskové
injektdze ustoupit.

Naopak mikropilotové destniky vetknuté do pilotovych stén lze hodnotit
velmi pozitivné, mikropiloty zcela jisté prispély k vySsi stabilité i bezpecnosti.
Béhem razby doslo nékolikrdt k vypadnuti horni ¢dsti Celby nad opérnym kli-
nem, diky mikropilotdm se vSak nikdy tato nestabilita nerozsitila nad prostor
osazeného destniku. Na zaldtku razby doslo pii stabilitnich problémech Celby
v prvnich zébérech razby pod destnikem k pretiZen{ konct mikropilot, coZ mélo
za ndsledek deformaci prvniho ramu pod de$tnikem. Tento jev se béhem dalsiho
postupu podafilo odstranit zdvojovanim prvniho rdmu pod destniky (v prostoru
prepézek) a privarenim konct mikropilot pomoci vyztuze k poslednimu rdmu
BTX pred prepazkou (tj. nad mikropilotami).

6 ZAVER

Zmdhani zdvalu tunelu Bfezno predstavovalo techniky velice ndro¢ny tkol;
razba zavaleného tunelu je obecné vzdy podstatné ndro¢néjsi v porovndni
s razbou rostlym masivem. Vlastni razba oblasti zdvalu zapocala koncem tinora
2006 a byla dokonCena zaldtkem srpna 2006. To, Ze razba probéhla relativné
rychle bez vyraznéjsich problému, je zasluhou kvalitn{ pripravy i patfi¢ného pri-
stupu béhem vlastni realizace.

Provedené numerické modelovéni je uZzite¢nym prostredkem pro pripravu (a
ovérovéni provadéni) obtiznych geotechnickych staveb. Pfirozené ani provedené
3D modelovani nemohlo presné postihnout veskeré popsané aspekty razby. Pri
porovndni vysledki modelovéni a skute¢nych naméfenych hodnot deformaci jsou
patrné jisté rozdily, které ovSem v tomto piipadé nejsou prilis vyrazné. Modelovani
pomerné dobre postihlo nékteré ocekdvané problémy, které se potvrdily béhem
razby (nizkd stabilita Celby, koncentrace napéti mezi neuzavienym a uzavienym
osténim, pozitivni vliv do¢asné protiklenby a pilotovych prepazek, atd.).

Z pohledu vlastni razby je tfeba vyzdvihnou flexibilni pfistup k realizaci. Jak
je v ¢lanku zminéno, v nékterych piipadech bylo tieba reagovat na vlastnosti
a chovdni masivu velmi pruzné, optimalizaci viech aspektl razby nebylo moZné
provést béhem piipravy. Dané prizptisobeni postupu razby a podpurnych opatre-
ni zastizenym podminkdm bylo provedeno predevsim béhem razby prvnich tif
sekci mezi pilotovymi prepazkami. Pfi razb¢é ndsledujicich sekei jiz byl postup
pomérné odladén, takze veSkeré dal3f razby zdvalem probéhly relativné hladce.
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hilar@d2-consult.cz, D2 Consult Prague, s.r. o.,
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Obr. 7 Uéinek tryskové injektdze v prvni sekci zmdhdni zdvalu
(foto P. Svoboda)

Fig.7 The effect of the jet grouting in the first compartment of the
collapsed tunnel being recovered (photo P. Svoboda)

rock wedge collapsed several times during the excavation. However, owing
to the tubes, the instability had never extended above the completed canopy.
At the beginning of the excavation, the ends of the pre-support tubes got
overloaded due to the stability problems of the face. As a result, the first lat-
tice girder under the canopy was deformed. This problem was successfully
removed by means of doubling the first lattice girder under the canopy tube
pre-support (inside the compartments) and welding of the ends of the tubes
through the steel mesh to the last BTX lattice girder before the dividing wall
(i.e. above the tubes).

6 CONCLUSION

The recovery of the collapse of the Bfezno tunnel represented a task very
complicated from the civil engineering point of view. Re-excavation of a col-
lapsed tunnel is, in general, always much more difficult compared to excava-
tion through native rock mass. The excavation through the collapsed area
itself started at the end of February 2006 and was finished at the beginning of
August 2006. The fact that it was carried out relatively quickly, without more
significant problems, is a credit to high quality planning and adequate attitu-
de during the work itself.

Execution of numerical modelling is a useful means of planning (and veri-
fication) of construction of complicated geotechnical structures. Naturally,
even the 3D modelling which was performed was not capable of exactly for-
mulating all of the above described aspects of the excavation. When the
modelling results are compared with the actually measured values of defor-
mations, some differences become obvious, which, however, are not too
much marked in this particular case. The modelling quite well showed some
of the anticipated problems which appeared subsequently during the excava-
tion (low stability of the excavation face, concentration of stress between the
unclosed and closed linings, the positive influence of the temporary invert
and dividing pile walls etc.).

Regarding the excavation itself, we must hold up the flexible approach to
the construction work. As mentioned above in this paper, it was necessary in
some cases to respond to the properties and behaviour of the rock mass in a
very flexible manner; it was impossible to optimise all aspects of the exca-
vation during the planning phase. The given adjustment of the excavation
procedure and support measures to the conditions encountered was perfor-
med first of all during the excavation in the initial three sections between the
dividing pile walls (compartments). The procedure was relatively well
debugged at the time of the excavation of the further compartments, therefo-
re, all the remaining excavation through the collapsed tunnel passed relative-
ly smoothly. .
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