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ABSTRAKT

Spolecnost Amberg Engineering piisobi na skandindvském trhu od roku 2010 a béhem této doby se podilela na radé vyznamnych pro-
Jjektii. Jednim z nich je kabelovy tunel Anneberg—Skanstull, ktery propoji severni a jizni ¢dst mésta Stockholm a pomiiZe posilit prenosovou
soustavu v metropoli. Tunel je raZen otevienym TBM do pevnych hornin (Gripper TBM), tj. technologii, kterd je ve Skandindvii nasazovdna
Jjen ziidka. Tento ¢ldnek poddvd zdkladni prehled o projektu a zamértuje se na aspekty, které ho odlisuji od podobnych projektii ve stredni

Evropé.

ABSTRACT

Amberg Engineering has been active in the Scandinavian market since 2010 and has participated in a number of important projects
during that time. One of them is the Anneberg—Skanstull cable tunnel, which will connect the northern and southern parts of the city of
Stockholm and help strengthen the transmission system in the metropolis. The tunnel is driven by an open TBM in hard rock (Gripper
TBM), i.e. a technology that is rarely used in Scandinavia. This article provides a basic overview of the project and focuses on aspects that

distinguish it from similar projects in Central Europe.

1 UvOD

Rostouci poptavka po stabilnich dodavkach elektrické energie
vyZaduje posileni stavajici prenosové soustavy, coZ v kombinaci
s rostouci cenou pozemkil vede v mnoha evropskych méstech k na-
hrazovani nadzemnich vedeni podzemnimi. Hlavni mé&sto Svédska
neni vyjimkou. Mistni provozovatel pfenosové soustavy, spole¢nost
Svenska kraftnit, realizuje v stockholmské metropolitni oblasti fadu
projektd, které maji poptavku po elektrické energii uspokojit. Jednim
z nich je kabelovy tunel Anneberg—Skanstull.

Spolecnost Amberg Engineering se na tomto projektu podili od
roku 2019 jako projektant zajisténi tunelu a TBM konzultant. V sou-
Casné dobe, kdy se projekt nachdzi v realizacni fazi, je spolecnost

1 INTRODUCTION

The growing demand for stable electric power supply requires
strengthening of the existing transmission system, which,
in combination with the rising cost of land, is leading to the
replacement of overhead lines by underground lines in many
European cities. The capital of Sweden is no exception. The
local transmission system operator, Svenska kraftniit, is realizing
a number of projects in the Stockholm metropolitan area to meet
the demand for electricity. One of them is the Anneberg—Skanstull
cable tunnel.

Amberg Engineering has been involved in this project since
2019 as a tunnel support designer and TBM consultant. Currently,

zodpovédna za analyzu dat zaznamenanych
TBM v pribéhu razby tunelu. Tento ¢ldnek
predklada obecny piehled o stavbé, uvadi po-
znatky z projek¢ni faze a strucné shrnuje zkuse-
nosti z faze realizacni.

2 TUNEL ANNEBERG-SKANSTULL

Tunel Anneberg—Skanstull je tunel pro
400 kV elektrické vedeni razeny ve Svédské
metropoli Stockholm. Tunel spojuje severni
rozvodnu Anneberg v obci Danderyd s jiZni
rozvodnou Skanstull, ktera se bude nachizet
v stockholmské ¢tvrti Sodermalm. Mimo jiné
budovy a reziden¢ni oblasti tunel podchazi pod
vyznamnou nemocnici v Danderyd, Stock-
holmskou univerzitou a Kralovskym technolo-
gickym institutem.

Planovana délka tunelu je 13,4 km a razba
se provadi pomoci otevieného Gripper TBM.
Pro vétrani, odvadéni tepla generovaného ka-
bely vysokého napéti a Cerpani podzemni vody
je navrzeno celkem Sest Sachet. V zavislosti
na hloubce a geologickych podminkach jsou
Sachty hloubeny bud metodou Drill and Blast,
nebo metodou Raise Boring. Situace stavby je
schematicky zobrazena na obr. 1 a ilustrovany
podélny profil na obr. 2.

i rozvodna Anneberg station Anneberg

i
Danderyd

Sachta Mérby shaft Morby

$achta _Stock.sundet shaft Stocksundet

Lidingd

Sachta Frescati shaft Frescafi

$achta Stadsgérd;kajen
'\\ shaft Stadsgardskajen

e e T LRI
/ . L rozvodna Skanstull station Skanstull

Sachta Skanstull shait Skanstull
1 =

zdroj: Svenska kraftndt source: Svenska kraftndt
Obr. 1 Schematicky situacni pldn
Fig. 1 Schematic situation plan

when the project is in the construction phase,
the company is responsible for analyzing the
data recorded by the TBM during the tunnel
excavation. This article presents a general
overview of the construction, presents findings
from the design phase and briefly summarizes
the experience from the construction phase.

2 ANNEBERG-SKANSTULL TUNNEL

The Anneberg—Skanstull tunnel is a 400kV
power line tunnel excavated in the Swedish
capital Stockholm. The tunnel connects the
northern substation Anneberg station in the
municipality of Danderyd with the southern
substation Skanstull, which will be located
in Stockholm’s Sédermalm district. Among
other buildings and residential areas, the
tunnel passes under the prominent hospital
in Danderyd, Stockholm University and the
Royal Institute of Technology.

The planned length of the tunnel is 13.4km
and excavation is carried out using an open
Gripper TBM. A total of six shafts are designed
for ventilation, removal of heat generated by
high voltage cables and groundwater pumping.
Depending on the depth and geological
conditions, shafts are excavated either by
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Obr. 2 Schematicky podélny rez
Fig. 2 Schematic longitudinal section

Tab. 1 Klicové informace o projektu
Tab. 1 Key project information

Umisténi stavby Stockholm, Svédsko

Construction location Stockholm, Sweden

Tunelovaci metoda otevieny Gripper TBM

Tunneling method Open Gripper TBM

Celkova délka tunelu 13,4 km

Total length of the tunnel 13.4km

Pramér tunelu 5m

Tunnel diameter 5m

Geologie 2ula, rula, metabazit

Geology granite, gneiss, metabasite
sdruzeni Hochtief —

Zhotovitel Implenia

Contractor Hochtief — Implenia Joint

Venture
Zahéajeni razby Unor 2020
Start of excavation February 2020

2.1 Geologické podminky

Miniméalni skalni nadloZi tunelu je 16 m, celkové nadlozi vcetné
kvartérnich pokryvii se pohybuje v rozmezi 20 az 120 m. Geologické
podminky jsou na stfedoevropské poméry mimoradné pfiznivé. Hor-
ninové prostredi je tvofeno prevazné masivni Zulou, rulou nebo me-
tabazitem. Dle geologického priizkumu je masiv na vice nez 85 %
trasy tunelu hodnocen indexem GSI > 60.

Poruchové zoény jsou charakterizovany alterovanymi a tektonicky
poruSenymi horninami s hodnocenim GSI < 37. Predikovany jsou
gickymi podminkami bude tunel prochdzet ve staniceni 11+460 —
114575, kde razba podchézi panev Baltského mote. Tato oblast je
nazyvana Strommen a vyznacCuje se siln¢ rozpukanymi a alterova-
nymi horninami s diskontinuitami vyplnénymi objemové nestalymi
jily. Fotografie vynosu vrtného jadra z prizkumného vrtu v této ob-
lasti je uvedena na obr. 3.

2.2 Tunelovaci stroj

Tunelovaci stroj vyrobeny spolecnosti Herrenknecht byl v souladu
s ucelem tunelu pojmenovéan Elektra. Hlavni ¢ast stroje ma délku
23,5 m, hmotnost 355 tun a sklada se z fezné hlavy, kratké ochranné
obalky, vrtné soupravy a dvojce radialnich lisi. Za nim nasleduje
naveés — 16 vagonu s podplirnymi systémy o celkové délce pribliz-
né 220 m. Logistiku a zasobovani materidlem zajistuje viceucelové
vozidlo na pneumatikéch, specidlné navrZzené pro stisnény prostor

razeného tunelu a tunelovaciho stroje.
Razici hlava tvofend jednim segmentem je osazena 28 fezny-
mi disky o priméru 48 cm, z nichZ kazdy ma hmotnost pfriblizné

zdroj: Svenska kraftndt source: Svenska kraftndt

the Drill and Blast method or by the Raise Boring method. The
situation of the construction site is shown schematically in Fig. 1
and the illustrated longitudinal profile in Fig. 2.

2.1 Geological conditions

The minimum rock cover of the tunnel is 16m, the total overburden
including Quaternary covers ranges from 20 to 120m. Geological
conditions are extremely favorable compared to Central European
standards. The rock consists mainly of massive granite, gneiss or
metabasite. According to the geological survey more than 85% of
the rock along the tunnel route is rated with a GSI index > 60.

Fault zones are characterized by metamorphic and tectonically
fractured rocks with a GSI < 37. They are predicted to be
approximately 4% of the total length of the tunnel. The tunnel
will pass through the most demanding geological conditions at
stationing 11+460 — 11+575, where the excavation runs under the
Baltic Sea basin. This area is called Strommen and is characterized
by highly fractured and metamorphosed rocks with discontinuities
filled with volumetrically unstable clays. A photo of the rock core
from an exploratory borehole in this area is shown in Fig. 3.

2.2 Tunneling machine

The tunneling machine manufactured by Herrenknecht was
named Elektra in accordance with the purpose of the tunnel. The
main body of the machine is 23.5m long, weighs 355 tons and
consists of a cutting head, a short shield, a drill rig and a pair of
radial grippers. It is followed by a trailing gantries — 16 wagons
with support systems with a total length of approximately 220m.

Tab. 2 Kli¢ovd technickd data TBM
Tab. 2 TBM key technical data

Vyrobce Herrenknecht
Manufacturer Herrenknecht
Nazev TBM Elektra

Name TBM Elektra
Jmenovity primér (s novymi feznymi disky) 5,03 m
Nominal diameter (with new cutting discs) 5.03m
Teoreticka rychlost postupu 200 mm/min
Theoretical advance speed 200mm/min
Hlavni pohon 2100 kW (6 x 350 kW)
Main drive 2,100kW (6 x 350kW)
Rychlost 0-12 otacek za minutu
Cutterhead speed 0-12rpm
Maximalni kroutici moment 3159 kNm
Maximum torque 3,159kNm
Celkova délka (s navésem) cca 240 m

Total length (with gantries) approx. 240m
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180 kg. Pro ochranu fezné hlavy a persondlu pfed moznym padem
horninovych blok je instalovana 6 m dlouha ochranna obalka (tzv.
finger shield — viz obr. 4). Spodni ¢ast obalky je teleskopicka a slouzi
jako posuvna rozpéra, kterd pomaha stabilizovat stroj proti vibracim
pfi razbé.

Rozpérny systém je tvofen dvojici radidlnich listi, kterymi se stroj
pfes pritlacné desky opira o stény tunelu. Ve vhodnych geologickych
podminkidch muze systém vyvinout pritlacnou silu az 14,25 MN
a rozpérnou silu 36 MN. Maximalni délka jednoho zabéru je 2 m.

Stroj umoziuje instalovat zajisténi vyrubu ve dvou oblastech, L1
aL2. Oblast L1 se nachazi pfimo za razici hlavou a ochrannou obal-
kou, tedy priblizné ve vzdélenosti 6 m za celbou. V tomto tseku je
TBM vybaveno vrtnou soupravou pro osazeni svornikl a realizaci
prazkumnych a injektaznich vrtd. Déle se zde nachdzi také erektor
pro montazZ KARI siti a ocelovych raml ze zakruZenych vélcova-
nych profila. Instalace stitkaného betonu v oblasti L1 je mozna pou-
ze manudaln€. V oblasti L2, priblizné 26 m za Celbou tunelu je osazen
roboticky systém pro instalaci stiikaného betonu s integrovanym
sbéracem spadu. Systém umoziuje automatické nanaseni stiikaného
betonu v rozmezi mezi 8 a 4 hodinou, na délce 6 m. Obég oblasti jsou
znazornény na obr. 4.

2.3 TBM Elektra vs. Nobel

Ve vlasti slavného Alfreda Nobela, vynalezce dynamitu, se tunelo-
vaci stroje stale pouZzivaji jen zfidka. Tradi¢ni metoda Drill and Blast
je obvykle uprednostiiovana kvuli své flexibilit€ a v priznivé skandi-
navské geologii také vysoké produktivité. Pro tento typ projektu je
vSak razba pomoci TBM vhodnou alternativou a byla zvolena z na-
sledujicich davodu:

¢ Rubanina je pfepravovana pomoci pasového dopravniku, diky
¢emuz odpada nutnost razit ptistupové tunely. Rubanina se z do-
pravniku nakldda ptimo na ndkladni automobily ve startovaci
kaverné Anneberg, ¢imz se eliminuje prasnost a negativni do-
pady spojené s prepravou vytéZeného materidlu pfes centrum
mésta.

e Tunel je raZen pod husté obydlenou oblasti, kde legislativa sta-
novuje prisné limity hluku a vibraci. Zde je vyhodou TBM rych-
lejsi postup razby, coZ vede ke sniZeni hlukové zatéZe obyvatel.

e Razba pomoci TBM eliminuje seismické ucinky spojené s tr-

budovy na povrchu.

2.4 Hlavni vyzvy projektu

Vyjimecna kvalita horninového masivu je pro razbu prizniva
z hlediska mechaniky hornin. Extrémni tvrdost, v kombinaci s pev-
nosti v tlaku presahujici 200 MPa, jde ruku v ruce s vysokou ab-
razivitou. To sniZuje rychlost postupu a klade zvySené naroky na
fezné disky.

Tyto geologické podminky jsou také velmi piiznivé pro pienos
razbou zpusobenych vibraci a hluku do konstrukci na povrchu. Pris-
né limity vyZaduji rozsdhly akusticky monitoring a omezeni pracov-
ni doby pfi razb€ pod husté obydlenymi oblastmi.

Vzhledem k pouZité technologii razby tunelu a mistnim zvyk-
lostem neni tunel navrZen s vodotésnym osténim. Pfitoky vody do
tunelu jsou omezeny pouze piedstihovou injektdzi. Mistni organy
ochrany Zivotniho prostfedi stanovily relativné prisné limity na ku-
mulativni pfitok vody do tunelu, coZ v kombinaci s vysokym hydro-
statickym tlakem (aZ 12 bar) ¢ini injektdZ znan€ narocnou.

Obr. 3 Vrtné jdadro - oblast Strommen
Fig. 3 Drill core — Strommen area

Logistics and material supply is provided by a multi-purpose
vehicle on tires, specially designed for the confined space of the
driven tunnel and the tunneling machine.

The cutterhead consisting of one segment is equipped with
28 cutting discs with a diameter of 48cm, each of which has
a weight of approximately 180kg. A 6m long protective envelope
(so-called finger shield — see Fig. 4) is installed to protect the
cutting head and personnel from the possible rock fall. The lower
part of the envelope is telescopic and serves as a sliding shoe that
helps to stabilize the machine against vibrations during excavation.

The bracing system consists of a pair of radial grippers, with
which the machine braces against the tunnel walls via gripper
shoes. In suitable geological conditions, the system can develop
a thrust force of up to 14.25MN and a bracing force of 36MN. The
maximum length of one stroke is 2m.

The machine allows to install excavation support in two
locations, L1 and L2. The L1 location is located directly behind
the cutterhead and protective envelope, i.e. approximately 6m
behind the face. In this section, the TBM is equipped with a drill
rig for the installation of bolts and for the drilling of exploratory
and grouting boreholes. There is also an erector for the assembly
of wire meshes and curved frames made of steel rolled profiles.
Only manual installation of shotcrete in the L1 location is possible.
In the L2 location, approximately 26m behind the tunnel face,
a robotic system for the installation of shotcrete with an integrated
shotcrete rebound collector is installed. The system enables the
automatic application of sprayed concrete between 8 and 4 o’clock,
over a length of 6m. Both locations are shown in Fig. 4.

2.3 TBM Elektra vs. Nobel

In the homeland of the famous Alfred Nobel, the inventor of
dynamite, tunneling machines are still rarely used. The traditional
Drill and Blast method is usually preferred due to its flexibility
and also high productivity, in the favorable Scandinavian geology.
However, TBM excavation is a suitable alternative for this type of
project and was chosen for the following reasons:

e The muck is transported using a belt conveyor, which
eliminates the need to excavate access tunnels. The muck is
loaded from the conveyor directly onto trucks in the Anneberg
start-up cavern, thereby eliminating the dust and negative
impacts associated with the transport of excavated material
through the city center.

* The tunnel is excavated under a densely populated area where
legislation sets strict noise and vibration limits. Here, the
advantage of the TBM is the faster mining progress, which

leads to a reduction in the noise burden of residents.
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razici hlava a ochranna obalka
cutter head and finger shield

oblast L1

radialni lisy

L1 area grippers

Obr. 4 Cdsti TBM L1 a L2
Fig. 4 TBM work locations LI and L2

3 ZAJISTENI TUNELU

V realiza¢ni fazi projektu byl optimalizovan navrh zajisténi tunelu
tak, aby byla zohlednéna specifika konkrétniho tunelovaciho stroje.
Celkem bylo navrzeno nasledujicich pét technologickych tfid:

e SCI(GSI 100-60) — Zadné systematické zajiSténi, pouze kotve-

ni potencidlné nestabilnich bloka svorniky;

e SCII (GSI 59-45) — v oblasti L1: svorniky v rastru 2,2 x 1,5 m,
KARI sit D5 75 x 75, v oblasti L2: 50 mm stfikaného betonu na
180°;

e SCIII (GSI 44-30) — v oblasti L1: svorniky v rastru 2,2 x 1,0 m,
KARI sit D5 75 x 75, v oblasti L2: 100 mm stifikaného betonu
na 220°;

e SCIV (GSI29-20) - v oblasti L1: svorniky v rastru 2,2 x 1,0 m,
KARI sit D5 75 x 75 a ram UPN 140 na 110°, v oblasti L2:
100 mm stfikaného betonu na 220°;

e SCV (GSI 19-10) — v oblasti L1: svorniky v rastru 2,2 x 1,0 m,
KARI sit D5 75 x 75 a ram HEA 160 na 360°, v oblasti L.2:
200 mm stikaného betonu na 360°.

Navrh zajisténi tunelu musi zohlednit omezeni dand konstrukci
TBM. Zejména komplikovanou manudlni aplikaci stfikaného betonu
v oblasti L1, které je tfeba se v idedlnim piipad€ vyhnout. Proto jsou
v oblasti L1 jako primarni zajisténi instalovany KARI sité¢ kotvené

* TBM excavation eliminates the seismic effects associated with
blasting. The method causes less disturbance and is safer for
sensitive buildings on the surface.

2.4 The main challenges of the project

The exceptional quality of the rock mass is favorable for excavation
from the point of view of rock mechanics. However, extreme
hardness, combined with compressive strength exceeding 200MPa,
goes hand in hand with high abrasiveness. This reduces the advance
rate and has increased demands on the cutting discs.

The geological conditions also allow propagation of excavation-
induced vibrations and noise to structures on the surface. Strict
limits require extensive acoustic monitoring and working time
restrictions when excavating under densely populated areas.

Due to the tunnel excavation technology used and local
customs, the tunnel is not designed with a waterproof lining. Water
inflows into the tunnel are controlled only by pre-grouting. Local
environmental protection authorities have set relatively strict limits
on the cumulative inflow of water into the tunnel, which combined
with high hydrostatic pressure (up to 12 bar) makes grouting quite
challenging.

3 TUNNEL SUPPORT

In the construction phase of the project, the

kopulovity injektazni adaptér
dome-shaped grouting adapter

matice
nut

télo svorniku opatfené zavitem pro upnuti
matice a hmozdiny

rock bolt with threads for mounting

of expansion shell and nut

polyethylenova manzeta
polyethylen sleeve

design of tunnel support was optimized to take
into account the tunneling machine specifics.
The following five technology classes were
proposed:
e SC I (GSI 100-60) — no systematic sup-
port, only bolting of potentially unstable

expanzni
hmozdina blocks;
e e SC II (GSI 59-45) — in location L1: bolts

in grid 2.2 x 1.5m, wire mesh D5 75 x 75,
in location L2: 50mm shotcrete at 180°;

e SC III (GSI 44-30) — in location L1: bolts
in grid 2.2 x 1.0m, wire mesh D5 75 x 75,
in location L2: 100mm shotcrete at 220°;

kotevni deska
plate

e SC IV (GSI 29-20) — in location L1: bolts

zdroj: DSI Underground source: DSI Underground

Obr. 5 CT svornik
Fig. 5 CT bolt

in grid 2.2 x 1.0m, wire mesh D5 75 x 75
and frame UPN 140 at 110°, in location
L2: 100mm of shotcrete at 220°;
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svorniky. V zavislosti na rastru svornikd mtize KARI sit D5 75 x 75
stabilizovat horninovy blok o tize az 15 kN a tim eliminovat dalsi
rozvoliiovani horninového masivu v blizkosti vyrubu [1]. V nepfizni-
vych geologickych podminkéch (technologické tfidy SCIV a SC V)
jsou sité¢ kombinovany s ocelovymi ramy ze zakruzenych vélcova-
nych profild UPN 140 a HEA 160.

Specifické pozadavky jsou kladeny také na svorniky. Svornik
musi byt unosny ihned po instalaci, zaroven ale musi byt dostate¢né
ochranén proti korozi, aby byla garantovana jeho funkce po celou
dobu Zivotnosti tunelu. To vede k pouZiti kombinovanych CT svor-
nikd. Svornik je ihned po instalaci v oblasti L1 ukotven mechanicky
pomoci expanzni hmozdinky. Pozdéji se v oblasti L2 svornik injek-
tuje pomoci injektazniho adaptéru. Dale je svornik opatfen polyethy-
lenovou manzetou, ktera spolecné s cementovou zélivkou poskytuje
dostate¢nou protikorozni ochranu. CT svornik je zobrazen na obr. 5.

4 STATICKE VYPOCTY

Globdlni stabilita tunelu byla ovéfena 2D numerickou analyzou.
Kazda technologickd tiida byla ovéfend pro odpovidajici geotech-
nické parametry, minimédlni nebo maximalni nadlozZi a gravitacni
nebo zméfenou priméarni napjatost. Kazda tfida tedy byla posouzena
celkem Ctyfmi numerickymi vypocty.

V kvalitnich skandindvskych horninach ale neni kolaps tunelu
v disledku velkych deformaci a vyCerpani inosnosti zajisténi vyru-
bu pfili§ Casty. Pravdépodobné&jsim zptisobem poruseni je vypadnuti
nestabilniho horninového bloku z klenby nebo opéfi tunelu. Uvolné-
ni jednoho bloku pak muzZe vést k postupnému rozvolnéni hornino-
vého masivu v okoli vyrubu, naruseni nosného horninového prstence
a celkové ztraté stability.

Kinematicka stabilita potencidlné nestabilnich blokl vzniklych
nepriznivou orientaci diskontinuit byla ovéfena analyzou v software
UnWedge (Rocscience). Kazda technologicka tfida byla ovéfena
v oblasti L1, tedy s doCasnym zajisténim, a v oblasti L2 s instalo-
vanym findlnim zajiSténim. Pfi posouzeni findlniho zajiSténi byly
konzervativné zanedbany ucinky primarnich napéti, které maji na
nestabilni blok priznivy tcinek. Na obr. 6 je jako ptiklad vystupu
z analyzy uvedeno posouzeni technologické tfidy SC III v oblasti L1,
tedy se zahrnutym vlivem priméarnich napéti.

5 POSTUP RAZBY TUNELU

V dobé psani tohoto ¢lanku byla vyraZzena vice neZ polovina tu-
nelu (7,3 km v Cervenci 2023). Pro koordinaci vSech zainteresova-
nych osob je kazdé dva tydny poradan tzv. ,,production meeting*,

zdroj: Herrenknecht source: Herrenknecht

e SCV (GSI 19-10) — in location L1: bolts in grid 2.2 x 1.0m,
wire mesh D5 75 x 75 and HEA 160 frame at 360°, in location
L2: 200mm of shotcrete at 360°.

The tunnel support design must take into account the limitations
imposed by the TBM structure. In particular, the complicated
manual application of shotcrete in the L1 location, which should
be avoided. Therefore, bolted wire meshes are installed in the L1
location as primary support. Depending on the grid of the bolts,
wire mesh D5 75 x 75 can stabilize a rock block weighing up to
I5kN and thus eliminate further rock loosening in the vicinity of
excavation [1].

In unfavorable geological conditions (support classes SC IV and
SC V), the meshes are combined with round frames from steel rolled
profiles UPN 140 and HEA 160.

Specific requirements are also placed on bolts. The bolt must be
load-bearing immediately after installation, but at the same time it
must be sufficiently protected against corrosion in order to guarantee
its function throughout the lifetime of the tunnel. This leads to the
use of combination CT bolts. Immediately after installation, the
bolt is mechanically anchored in the L1 location using an expansion
shell. Later, in the L2 location, the bolt is injected using an injection
adapter. Furthermore, the bolt is equipped with a polyethylene
sleeve, which, together with the cement grout, provides sufficient
anti-corrosion protection. The CT bolt is shown in Fig. 5.

4 STATIC CALCULATIONS

The global stability of the tunnel was verified by 2D numerical
analysis. Each support class was verified for the corresponding
geotechnical parameters, minimum or maximum overburden and
geostatical or measured primary stresses. Therefore, each class was
verified with a total of four numerical calculations.

However, in high-quality Scandinavian rocks, tunnel collapse
due to large deformations or by exceeding the support bearing
capacity is not very common. A more likely failure mode is the
fall of an unstable rock block from a tunnel vault or abutment. The
loosening of one block can then lead to the gradual loosening of
the rock mass around the excavation, disruption of the rock arching
and a total loss of stability.

The kinematic stability of potentially unstable blocks created
by the unfavorable orientation of discontinuities was verified
by analysis in the UnWedge software (Rocscience). For each
technology class, the primary support was verified in the L1
location, and the final support in the L2 location. The impact of
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insitu stress, which have a favorable influence
on the rock block stability, was conservatively
neglected in the verification of the final
support. Fig. 6 shows the verification of
technology class SC III in the L1 location as
an example of the analysis output, i.e. with
the insitu stress included.

horni levy blok [4]
upper left wedge [4]

stupen stability: 2,068
FS:2.068

objem: 6,735 m?
volume: 6.735m?

hmotnost: 0,178 MN
weight: 0.178MN

vyska vrcholu: 3,32 m
apex height: 3.32m

5 TUNNELING ADVANCE

At the time of writing this paper, more than
half of the tunnel has been driven (7.3km
by July 2023). For the coordination of all
interested parties, a so-called “production
meeting” is held every two weeks, which is
similar to the monitoring board known in
Czech tunnel construction. At these meetings,
hydrogeological and acoustic monitoring,
grouting and measurement of water inflows
into the tunnel and, last but not least, also

spodni pravy blok [5]
lower right wedge [5]
stupen stability: stabilni
FS: stable

objem: 6,724 m?
volume: 6.724m?

hmotnost: 0,178 MN
weight: 0.178MN

vyska vrcholu: 3,32 m
apex height: 3.32m

Obr. 6 Kinematickd stabilita horninového bloku
Fig. 6 Kinematic stability of a rock block

coZ je obdoba rady monitoringu znamé z ceskych tunelovych staveb.
Na téchto schiizkach se diskutuje hydrogeologicky a akusticky mo-
nitoring, injektaz a méfeni pritoki vody do tunelu a v neposledni
fadé také instalované zajiSténi tunelu v kontextu dat zaznamenanych
v prubéhu razby TBM.

V nasledujici ¢asti ptispévku jsou stru¢né shrnuty postiehy projek-
tanta z realizacni faze dila.

5.1 Injektaz a opatieni pro omezeni pFitoki do tunelu

Vétsina budov ve Stockholmu a blizkém okoli je zaloZena na
vrstvach mofskych jili, kde i maly pokles pérovych tlaki mtze
vyvolat vyznamné sedani s disledky na infrastrukturu a budovy
na povrchu. Aby se t€émto negativnim dopadim vystavby tunelu
zabrénilo, jsou mistnimi orgdny ochrany Zivotniho prostiedi sta-
noveny limity pro kumulativni pfitok vody do tunelu. DodrZovani
téchto limith je kontrolovano jak v pribéhu vystavby, tak po celou
Zivotnost tunelu.

Dlouhodoby limit kumulativniho pritoku je stanoven v priméru
10 I/min na 100 m tunelu a li8i se v zavislosti na lokalni mife rizi-
ka. Jedna se o pomérné piisny pozadavek, jehoz vysledkem je témér
suchy tunel. Aby byly tyto pozadavky splnény, realizuji se kazdych
15 m véjite predstihové injektdze do predpoli Celby (tzv. ,,pre-grou-
ting"). Délka injektaZnich vrtd je az 25 m a injektaz se fidi podle
Casovych, pratokovych a tlakovych kritérii na zakladé pozZadované
injektazni tfidy. V mistech, kde ptedstihova injektaZ nepostacuje pro
splnéni limitd, je realizovana dodate¢nd injektdz za TBM (tzv. ,,post-
grouting®).

InjektaZe jsou ve Skandindvii samostatnym oborem a na jejich na-
vrhu a realizaci se podili tymy vysoce specializovanych inzenyru.
Jednd se tedy o komplikovanou problematiku, jejiZ rozsah by vydal
na samostatny ¢lanek.

5.2 Pruzkumné vrty a vodni tlakové zkousky

Kazdych 18 metril raZby se pomoci vrtné soupravy osazené v L1
provadi 25 m dlouhé rozbihavé dovrchni vrty pod tihlem 5,5°. Tyto
vrty slouZi k provadéni vodnich tlakovych zkouSek a zdroven také
k predikci vlastnosti horninového masivu.

Béhem vrtani jsou pomoci systému MWD (,,Measure While Dri-
lling*) zaznamendvané jeho parametry, jako rychlost oticky nebo
pritlak. Nasledné jsou tato data interpretovana a analyzovana. Z dat

the installed tunnel support are discussed in
the context of the data recorded during TBM
excavation.
In the following, the designer’s observations of the construction
phase are briefly summarized.

5.1 Grouting and measures to limit inflows into the
tunnel

Most of the buildings in and around Stockholm are founded on
layers of marine clays, where even a small drop in pore pressures
can cause significant settlement with consequences for infrastructure
and buildings on the surface. To prevent these negative impacts of
tunnel construction, local environmental protection authorities set
limits for the cumulative inflow of water into the tunnel. Adherence
to these limits is checked both during construction and throughout
the lifetime of the tunnel.

The long-term cumulative inflow limit is set at an average of 10L/
min per 100m tunnel and varies depending on the local level of risk.
This is a fairly strict requirement, resulting in an almost dry tunnel.
In order to meet these requirements, fan-shaped grouting is carried
out every 15m in the forefield of the face (so-called “pre-grouting”).
The length of the grouting boreholes is up to 25m and the grouting is
controlled by the time, flow and pressure criteria in correspondence
to required grouting class. In places where pre-grouting is not
sufficient to meet the limits, additional grouting behind the TBM
(so-called “post-grouting”) is realized.

Grouting is a separate profession field in Scandinavia, and teams
of highly specialized engineers participate in grouting design and
construction. It is therefore a complex issue, the scope of which
would require a separate publication.

5.2 Exploratory boreholes and water pressure tests

Every 18 meters of excavation, 25m long boreholes at an angle of
5.5¢ are performed using a drill rig installed in L1. These boreholes
serve to perform water pressure tests and at the same time to predict
the properties of the rock mass.

During drilling, its parameters such as penetration, revolutions or
pressure are recorded using the MWD (“Measure While Drilling”)
system. Subsequently, these data are interpreted and analyzed. From
the data obtained from at least four boreholes, a geological forecast
for the next approximately 20m of excavation is compiled on the
basis of empirical relationships and criteria. On an ongoing basis,
the forecasts are compared with the actually encountered geology,
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ziskanych z minimalné Ctyf vrtd je pak na zakladé empirickych vzta-
ha a kritérii sestavena geologickd progndza pro dalSich priblizné
20 m razby. Priibézné jsou progndzy zpétné porovnavany se sku-
tecné zastizenou geologii, vztahy a kritéria jsou tak kalibrovany pro
dosazeni co nejpresnéjsich prognoz.

Vodni tlakové zkousky se provadi v jedné etdzi ut€snénim vrtu jed-
noduchym obturatorem v hloubce 8 m. Dle vysledkt zkousky je pak
stanovena nebo upresnéna injektazni tfida.

Data jsou na TBM v pribéhu razby zaznamendvana kazdych
20 sekund a jsou pfistupna v realném Case prostiednictvim aplikace
Tunneling Process Control od spolec¢nosti Tunnelsoft. Vyhodnoco-
vany jsou predevsim nasledujici parametry:

e rychlost postupu [mm/min];

e penetrace [mm/ot];

¢ kroutici moment [MN/m];

e pfitlak [MN].

Zakladni predstavu o geologickych podminkach lze ziskat pou-
hym pozorovanim hodnot pfitlaku razici hlavy. K poklesu pfitlaku
obvykle dochazi, kdyZ TBM prochazi poruchovou zénou. Pro pres-
néjsi a komplexnéjsi odhad zastizené geologie se vSak vyuZivaji na-
sledujici parametry:

e jednoosa pevnost v tlaku [MPa], ur¢ena dle empirického Geh-

ringova modelu [2];

* specificka penetrace [mm/kN*rev], na zakladé [3];

e faktor kroutictho momentu [-], stanoveny na zakladé¢ [4].

Oteviend konstrukce TBM umoZiiuje vizudlni kontrolu lice vyru-
bu a podrobnou geologickou dokumentaci razby. Kvalitni geologic-
ka dokumentace je s vyhodou pouZita k nalezeni korelace mezi vyse
uvedenymi parametry a zastizenou geologii a k definovani meznich
a varovnych hodnot. Pro dosaZeni co nejrelevantnéjsi vysledka je
vSak nutné pravidelnd kalibrace a kritické zhodnoceni empiricky vy-
poctenych parametra.

6 ZAVER

Pod méstem Stockholm se pomoci otevieného Gripper TBM razi
kabelovy tunel, ktery mistni prezdivaji ,,dalnice pro elektfinu‘. Tato
pro Svédsko netradi¢ni tunelovaci metoda prokdzala svou vhodnost
pro tento typ projektu navzdory vyzvam, které predstavuji napriklad
prisné limity pfitoku vody do tunelu nebo extrémné pevné horniny.

Razba tunelu probihd bez vyraznéjsich technickych problému
a s velky dirazem na bezpecnost prace a ochranu zdravi pracovni-
ki. To je krasné vystiZzeno sloganem na plakatech rozmisténych po
staveniSti: ,,Safety first ...and then as fast as possible to Skanstull*.
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relationships and criteria are thus calibrated to achieve the most
precise forecasts.

Water pressure tests are performed at one stage by sealing the
borehole with a single obturator at a depth of 8m. The grouting class
is then determined or refined according to the test results.

The machine records the data every 20 seconds during excavation
which can be accessed in real-time via Tunnelsoft’s Tunneling
Process Control application. The following parameters are mainly
evaluated:

* advance speed [mm/min];

* penetration [mm/rev];

e torque [MN/m];

e thrust force [MN].

A basic idea of the geological conditions can be obtained simply
by observing the data values of the cutterhead. A drop in the
thrust usually occurs when the TBM passes through a fault zone.
However, the following parameters are used for a more accurate and
comprehensive estimate of the geology encountered:

* uniaxial compressive strength [MPa], determined according to

the empirical Gehring model [2];

* specific penetration [mm/kN*rev], based on [3];

e torque factor [-], based on [4].

The open structure of the TBM allows visual inspection of the
excavation face and detailed geological documentation of the
excavation. High-quality geological documentation is preferably used
to find the correlation between the above parameters and the geology
encountered and to define limit and warning values. However, in
order to achieve the most relevant results, regular calibration and
critical evaluation of empirically calculated parameters is necessary.

6 CONCLUSION

Under the city of Stockholm, a cable tunnel is being excavated
using an open Gripper TBM, which the locals call the “highway for
electricity”. This tunneling method, which is unusual for Sweden,
proved its suitability for this type of project despite the challenges
posed by, for example, strict limits on water inflow into the tunnel or
extremely hard rock.

Excavation of the tunnel takes place without significant technical
problems and with great emphasis on occupational safety and health
protection of workers. This is beautifully captured by the slogan on
the posters spread around the construction site: “Safety first ...and
then as fast as possible to Skanstull”.
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