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Island of Samos, Greece
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Eupalinos Tunnel

A oldest known tunnel, built from two
sides of the hill

A 530 B.C.

A water supply
A length: 1 km

A Dbreakthrough error:
A direction: 2m
A height: 3 m
A distance ?
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Drawing of Heron
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rectangular traverse, Pythagoras (5801 500 B.C.)
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Prolongation of straight lines across the mountain

Trassenabsteckung tiber den Berg
durch "Gegenseitiges Einrichten”

Richtungsabsteckung im Nordstollen
mittels Festpunkt im Gegenhang
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Richtungsabsteckung im

h Siidstollen mittels Abloten
i% der Vortrichsrichtung
. in einem Visierschacht

Mundloch Nord /
Mundloch Siid

France 1 Italy: Mont Cenis 1871
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The Qanat method (light holes) 1 Iran
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Railway Tunnels in the Swiss Alps

A Gotthard (1882), Simplon (1905)
A traditional triangulation networks across the mountains
A straight line tunnels
A straight auxiliary tunnels at the portals: Airolo, Brig

A Lotschberg (1913)
A project of a straight line tunnel
A adjustment of the project due to geological reasons
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Surveying networks of Gotthard and Simplon tunnel

Gotthard tunnel 1882

Simplon tunnel 1905

0 Uberried

Axrichiung

Yerbindungen des Hauptnelzes

Grundilnie Nir Léngerianechluss i
woieee Anschlilyse des Hauptnetzes an dic Orundlinis

[Frglschwald

A Hilllehern

Spatzhorn ¢
Briengrat ~
f Faullvarig

Seehorn

Ganuina
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Gotthard tunnel Goschenen

I Airolo: breakthrough 28.02.1880
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lateral: 33 cm
height: 5cm
distance: 710cm

LZ01-566168



ETHZ 1 EG1T Tunnel Surveying

1 30.11.2016

Lotschberg tunnel 1913

Gotthard
San Gottasdn
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Tunnels for hydroelectric power plants

Hydroelectric power plants

Altstafel

Maggia, Tessin, Switzerland Gries®

r

A
A

area: 750 km?

length of tunnels and
caverns: ~ 150 km

height difference: 2200 m

built: 1950717 1970

" Presadacqua
wee  Galleria

@  Pozzo piezometrico
w  Condotta forzata

source: www.ofima.ch ™  Centrale
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Subterraneous Excavations

Tunnel

Strassen

i\ Tv ernen

Eisenbahn Q

‘Cﬂ34:

ca. 6?6

ca. 8,0

$55-25m?

L 75-120m? |

25 120m? ]
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Smaller Tunnels / Galleries

A inclination up to 20 %

A <25 m?2

Tunnel

A long extension

A horizontal or slightly inclined
A cross-section of excavation > 25 m?2
Shafts

A inclination > 20 %
Man-made caverns

A extended cross-section

A limited length

Cave rooms

A small excavations

source: Girmscheid (2008) Baubetrieb und Bauverfahren im
Tunnelbau. 2. Aufl., Ernst & Sohn, 694 S
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Tunneling methods

Conventional tunnel excavation

A blasting method

A excavation with digger

GesiioTe. Tunnel boring machines (TBM)
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By _— A solid rock tunnel excavation
ot .. ".‘ it

T IR L O SO B

g - A shield tunneling machine

2l [P -~ A groundwater!

2 4 8 22 2t Dl o iRt Ll bl B et e L e source: Girmscheid (2008)
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Tunnel cross section T conventional tunnel excavation

arch formwork
FIRST , SCHEITEL
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Abdichtung A

Conventional tunnel excavation of large
tunnels: typical break-out progress

Raum zur Aufnghme
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Geodetic tasks for tunnel construction

A Design, installation and determination of tunnel-networks to define the mutual
position and height of the portal points, respectively the tunnel axis in case of above
ground construction of a tunnel.

A Stake-out the tunnel axis in accordance with the tunneling works
A Stake-out the lining works in the tunnel

A Monitoring

A Geometric quality checks

A Geometric documentation

LZ01-566168



Tunnel networks 1 three elements

Main tunnel network
A above ground connection of the portals
A past: triangulation, trilateration

A today: reference points determined by
GNSS

Portal network

A connection to the main tunnel network

r

A combined adjustment with main tunnel
network, stochastic or hierarchic
adjustment

A protected against damages by
construction works

? Jo
A sightings towards the portal of the tunnel al
Portal
Subterraneous tunnel network 5 B
Hauptnetzpunkte y Say
©  Portalpunkte 27 ©

A connected to the portal network * Urker Nekzpnite
A steering of the tunneling works

source: Kruger J (1985) Absteckungsnetze, speziell fir Tunnelabsteckungen. In
Pelzer (Hrsg) Geodatische Netze in Landes- und Ingenieurvermessung

Z
Netzmafistab —— 1km
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Three-part tunnel surveying
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GNSS-network - portal networks - tunneling networks
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Network adjustment / position / height

A Tunnel networks without constraints!
A network of reference points, specially designed for a construction site
A consistent homogenous design
A free network adjustment

A Position (Y, X)
A high accuracy of GNSS
A transfer of position, orientation and scale between portals

A Height
A high accuracy of leveling, for long tunnels existing national leveling network
A GNSS:
A height accuracy over big distances normally not good enough
A good information about the geoid is essential

.\
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Breakthrough error

A Main goal of a tunnel network: required breakthrough accuracy
A Often:sy=s,,*T ;A

A T = length of the tunnel in km Dy’
A s, =required value, e.g. 1 cm/km
A s, = required maximal breakthrough error

A Proof of the breakthrough accuracy has to be independent of the definition of the
network datum A a priori breakthrough error

A Breakthrough point, independent measurement from both sides A D,, D,

A Approximate coordinates for D, and D, are identical A no observations between D,
and D,

566168

A Breakthrough error is determined using the relative error ellipse between D, and D, :
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Breakthrough error

A The relative error ellipse between two points can
be determined also the distance is O

A The two points need to have a different
identification: D,, D,

A As the distance between the two points is 0, this
relative error ellipse is independent of the datum
of the geodetic network!

A Determination of the breakthrough error in cross and longitudinal direction:
sZ=a’sin’(t- g)+b’cod(t- q)
sZ=a’cog(t- g)+b’sin(t- g)

A Scaling of the ellipse for confidence level 1-a with z, ., respectively t 1. a0

LZ01-566168



A

AlpTransit .

Definitions

A Dbreakthrough: location, inside a tunnel, where the independent tunnelling works
from two sides meet. If a tunnel is built only from one side, the breakthrough
coincides with one of the portals.

A a priori breakthrough prediction: a priori calculated accuracy for the breakthrough,
relative confidence ellipsis of two points (distance = 0), each on one side of the
break-through without opposite geodetic measurements.

A effective breakthrough error: difference between actual and nominal value of the
differences in length, lateral and in height between two points, each on one side oft
the breakthrough

LZ01-566168
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Traverse supported by gyro azimuths 7 Example
Tunnel length: 4.5 km
A «Flying» traverses g
A s=250m Yo
A s.,=2mm+ 2 ppm 10y e
A S, = 0.5 mgon ~ ;x\o":l_‘ ""' \ | NetzmaBstab
Breakthrough error (95 %): I L 1000 m
A 150 mm (|atel’a|) E " \\\? Maf}stab der Konfidenzellipsen
A 17 mm (longitudinal) 5 em
/)"
Additional gyro azimuths: i i ¥,
A every fourth side (,\ \\% \ \Q\K\Q%%% /
< o\benresi-efete e |\ |
— ) o ‘ Netzmal3stab
A s,=1mgon o %%\\ NAN NN DT
Breakthrough error (95 %): A R —
A T Mafstab der Konfidenzellipsen
A 66 mm (lateral) il
Jcm

A 17 mm (longitudinal)

LZ01-566

source: Mdoser et al. (2008) Handbuch
Ingenieurgeodasie - Ingenieurbau



»H

AlpTransit "

Reduction of refraction influences by mean of gyro azimuths

Horizontal refraction angles can amount up to 10 mgon!

A Measurement along the tunnel wall

~ identic refraction A" o -
g ALz - Aiz 'dlz A21 200 Ql
m + m _20@0n
Alz (0) A&z A212
A

A Measurement diagonally from one tunnel d
12
wall to the opposite tunnel wall

A{; = A&z 'dlz
Aznl: ALz 200 d21
A, + Ay -200™

2 T (A, ) ar OAQ

A When ever possible: measurements in the middle of the tunnel!
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Guidance for tunneling works 1 traditional method

Definition of any cross-section relative to the tunnel axis by laser

A laser ~ parallel to the tunnel axis (in curves as long as possible at the interior of
the cross-section

A cross-section is defined by vertical and horizontal offsets to the laser beam

H FI

X stranl x, N A Xy |

1 TYZ Ty; Laser-TYA
X'Z

source: Moser et al. (2008)

A the traditional laser method is disappearing more and more from tunnel
construction sites!
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Guidance for tunnelingworks 1t odayo0s met hod

Total station with professional tunnel measurement software

A one-man-station solutions for almost all daily surveying tasks in the tunnel

.-. = =
{3
j ] " .- =
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Conventional drilling and blasting
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Steering mechanism of the tunnel boring machine with laser

reference plates with raster

DB O B2 ST TR I TP
Laser L. laser beam
rd

i o
% / =G
tunnel axis Ia U e 2 _SOII

tunng| borin :
Aok Sl BAAAA AL A A A A 9 Machine



Selbsthorizontierender
Dreifuss

LZ01-566168



i Faido
Open Hard-Rock Gripper TBM

Tunnel boring machine Bodio

Length:

Weight:
Diameter:

Drive:
Advancing force:
Gripping force:
Torque:

Rotational speed:

Stroke:
Advance rate:
Purchase price:
Manufacturer:
Shift crew:
Operating cycle:
In service:

A

AlpTransit 2.

450 m (including backup train)
2,700 metric tons

8.8 m (Bodio), 9.5 m (Faido)
3.5MW /4,700 HP

Max. 2,500 metric tons

7,000 metric tons

> 6,000 kNm

6 rpm

2m

Up to 40 m per day

Approx. CHF 30 million
Herrenknecht/Germany

17 men

2 x 9 h driving + 6 h maintenance
320 days/year

LZ01-566168
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Tolerance 1 accuracy 1 reliability

A communication aspects:

A civil and geomatics specialists have different ideas about the signification of
these terms

A civil engineers talk about accuracy when they mean (construction) tolerance
A e.g. the built tunnel axis may differ 15 cm of the axis of the project

A accuracy in geodesy: 1 s (standard deviation)
A the construction tolerance matches more with the geodetic expression of the
reliability
A reliability : accuracy ° factor:2.57 3

a precise and written definition of the values is part of a good
guality management

LZ01-566168
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A flat rail -link across the Alps

PP
303 i 14 i{}?«t

N

project idea 1947
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AlpTransit Létschberg and Gotthard
S?Ske ulnne Olten Z“”Ch O base tunnel
miong o ; 57 km long
Neuchatel 4 PZugS <
® (3 Bern o
Luzern Arth- \
Goldau o
]i"len
Geneve « ,\l
~" 5
Ceneri
Chiasso base tunnel
15 km long
AlpTransit Lotschberg- Streckenausbauten
@ Gotthard Basistunnel . a0 Ostschweiz

www.alptransit.ch

LZ01-566168
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Gotthard base tunnel

- gz
— .

B0 )
- A

suunR mmm— Gotthard-Basistunnel
o s 20 (CkgESTEN

wrmmmn w—— bestehende Bahnlinie
et Schacht, Stollen 2. 5
Sondiersystem Pioramulde £ % 2%

LT R e B

< |
.~ Bodio

K Lange 16,6 km

'. o4

A 5 construction sites:
A north portal Erstfeld

A intermediate attacks of Amsteg,
Sedrun and Faido

A south portal Bodio

A Line is curved:
A geological reasons
A construction sites in the valleys
A not directly below concrete dams

A

AlpTransit

Gotthard
San Gottasdn
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A flat railway -link across the Alps

A

AlpTransit ©"2..

mu.M.
2500 m
2000 m o
1500 m ||
1000 m Géschenen’ ......... \Airolo
500 m a8 Arth-Goldau ff iiiies
_ ”Hu“,,"

Chiasso T,

0Om Basel Zurich Zug Erstfeld Biasca Bellinzona

Gotthard

Ceneri

LZ01-566168



ETHZ 1T EGT Tunnel Surveying 1 30.11.2016 A

. . ) AlpTransit "L,
Travelling from Zurich to Lugano / Milano

National Current 2015 Time saved Time saved Target travel
travel times from late 2016" from late 2020 times in late 20202

T D

Zurich-Bellinzona ~ 2 hrs 16 mins 30 mins 40 mins ~ 1 hr 36 mins

‘ 1L 11 (IR0 N ~. -
Zurich-Lugano ~ 2 hrs 41 mins 30 mins 50 mins ~ 1 hr 53 mins

N W ST
International Target travel times
R 1 VR, YWURURURI L
Zurich—Milan ~ 4 hrs 03 mins 60 mins ~ 3 hrs 03 mins

!q‘ 1 l\ ‘j I
¥

Opening Gotthard Base Tunrrwﬂél 2016
Opening Ceneri Base Tunnel 2020
‘Ir*

) April 20.1'-6\\hrsion > 2 —
2 From STEP-referencW V. A e :

~
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Gotthard base tunnel: tunnel system

Southportal
_ Bodio

two tubes with lateral
connections every 325 m

|
Shafts Sedrun /

—

L,

Multifunction station &
4 Emergency

stop station

Access tunnel Faido

shaft Il
shaft |

Multifunction station

Emergency
Emergency stop station

stop station &

Cable tunnel

Cross p,é"ésage
r ~

<

Northportal
Erstfeld

Access tunnel Amsteg 40 @ approx. 9,40 m
m s

LZ01-566168
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Underground junction for a possible prolongation of the tunnel towards north
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Removal of the tunnel boring machine after the breakthrough
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Installation of the slab track

LZ01-566168
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Sedrun: railway switch in the multifunction station
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Vertical ventilation shaft in the underground emergency station
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Bodio: slab track ready for the trains
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Bodio: the south portal / control center Pollegio

LZ01-566168
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Bodio: 07.11.2015 1 Highspeed -Tests with ICE (275 km/h)
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Intensive testing and improvements since October 2015
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