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Objectives of tunnelling: Mountain (deep) and Urban (shallow) tunnels

1.  Mountain tunnels – usually deep tunnels (d > 30m)

• Excavation and support of a stable tunnel face and section, which fulfills operational 
requirements, and is safe for the tunnelling personnel  no collapse

• Minimisation of support: Relatively large radial wall convergence and axial face extrusion are 
not critical. They are desirable, since they mobilise the surrounding rockmass  radial stress 
reduction (increased deconfinement)  arch development  reduced support.

Note: Excessive deformations can degrade the surrounding rockmass, causing structural 
(wedge) failures and increasing support requirements.

Methods of excavation and support:
(1) Conventional excavation (ΝΑΤΜ / SCL), with two-stage support (immediate and final)
(2) Mechanised excavation (ΤΒΜ), with two-stage or one-stage support (precast elements)



2.  Urban tunnels – usually shallow tunnels (d < 30m)

• Excavation and support of a stable tunnel face and section, which fulfills operational 
requirements, and is safe for the tunnelling personnel  no collapse

• Minimization of tunnel wall convergence and face extrusion, in order to minimize ground 
deformations and surface settlement  avoid damage of surface structures.

However: Small deformations  small deconfinement  small radial stress reduction  tunnel 

support loads almost equal to the geostatic. This is not a serious problem, because the 
geostatic loads are small (shallow tunnel), e.g. depth = 30m  σvo = γ d = 20 x 30 = 600 kPa

Methods of excavation and support:
(1) Mechanised excavation (ΤΒΜ) and final support with precast elements
(2) Conventional excavation (ΝΑΤΜ), with very stiff immediate support (+ face reinforcement) and 

final support

Hoop stress in lining (thickness 
t = 0.35m, tunnel radius R = 
4.5m):
σ = σvo (R/t) = 0.6 x (4.5/0.35) 
= 7.7 MPa, reasonable for 
concrete with strength:

fck = 30 MPa 

Objectives of tunnelling: Mountain (deep) and Urban (shallow) tunnels
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Objectives of tunnelling: Mountain (deep) and Urban (shallow) tunnels

2.  Urban tunnels – usually shallow tunnels (d < 30m)

Catastrophic failure (2003) along Douk. Plakentias Av. during 
conventional tunnelling of the Athens Metro tunnels



Tunnel excavation (using explosives) in 
very good ground. Hardly any support is 
required - Hydroelectric tunnel in the 
Himalayas (India)

Tunnel excavation in good ground

Tunnel excavation (using explosives) in good 
ground. Support with sporadic rockbolts
(Olympiada gold mine, Greece)



Tunnel excavation methods
1. Old methods with wooden/steel support and multiple phases

2. Conventional excavation (ΝΑΤΜ)

3. Mechanised excavation (ΤΒΜ)

1  Simplon tunnel (1912-21)

2

3



Tunnel excavation methods – Eupalinus Tunnel in Samos (Greece) 

(4)
(7)

(1036m)

(1)

Town fortification

The tunnel was dug in the 
middle of the sixth century 
BCE, in order to supply the 
ancient capital of Samos 
(today called Pythagoreion) 
with fresh water.

It was dug by two groups (one 
from each end) working under 
the direction of the engineer 
Eupalinos from Megara.



Tunnel excavation methods - Tunnel of Eupalinus in Samos (Greece) 



Old methods with wooden/steel support and multiple phases
Tunnel excavation methods

“Modern” tunneling began in late 1700s, mainly for canal navigation, with the use of black powder and various 
methods of timbering. Final linings, when used, included bricks, dressing stone and cement. In Great Britain, 
about 60 km of canal tunnels had been built by 1850. In France, a soft ground tunnel for a canal, with continuous 
brick arching, was completed in 1803. 

In the early 1800s, consideration was given to tunneling under the Thames River in London, for 
communication across the river. The “shield”, patented by Marc Isambard Brunel in 1828, was used for the 
construction of the first Thames River Tunnel in the 1820s. The effort was so time consuming, expensive and 
riddled with problems, that no other shield tunneling was attempted until the late 1860s.

Starting in the 1850’s, tunnels began to be built for railroads, vastly increasing both tunnel size and the need 
for tunneling through difficult ground. Foremost among these railroad projects was the 13.7 km long Mont Cenis 
(Frejus) Rail Tunnel across the Alps (France to Italy, opened in 1871) and the Hoosac Rail Tunnel in 
Western Massachusetts (7.6 km, opened in 1875)

Hoosac Rail Tunnel Brunel’s shield



Mont Cenis (Frejus) Rail Tunnel across the Alps (France to Italy, 13.7 km, 
opened in 1871) 

Portal from the Italian side

Original portal from the French side



Old methods with brick support and multiple phases

Tunnel excavation methods



Shield-driven tunnels with cast-iron segments - Workers build early sections of the New York City 
subway in ca. 1900 (subway opened in 1904)



“Old” Austrian Tunneling Method



“Old” Austrian Tunneling Method



“Old” Austrian Tunneling Method



“Old” Austrian Tunneling Method

Old tunnel in a gold mine 

(Olympiada, Greece)



Collapse of tunnels



Terzaghi empirical loads (1946)





Older analysis methods of tunnel excavation and support design:

Analysis of the tunnel lining with known vertical and horizontal 
loads. In some cases, ground reaction springs are added to 
model the ground-structure interaction (added / reduced loads 
on the lining if it moves towards / away from the ground.

Terzaghi empirical loads (1946)

Conventional tunnel excavation

ph  0.5 pv

pv = γ Ηp

ph

Tunnel: B (width), Ηt (height) Hp = height of ground load



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method, 1974)

2. 

1. 



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)



Conventional tunnel 
excavation (ΝΑΤΜ)

Empirical methods of tunnel 
support design:

1. Q-system (Norwegian method)



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)



Conventional tunnel excavation (ΝΑΤΜ)
Empirical methods of tunnel support design: 1. Q-system (Norwegian method)

Sfr = Shotcrete (fibre reinforced)
RRS = Rib Reinforced Shotcrete



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 1. Q-system (Norwegian method)

RRS (Rib 

Reinforced 

Shotcrete



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 2. Rock Mass Rating (RMR) system (1976)

RMR = R1 + R2 + R3 + R4 + R5 + R6



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 2. Rock Mass Rating (RMR) system

RMR = R1 + R2 + R3 + R4 + R5 + R6



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 2. Rock Mass Rating (RMR) system

RMR = R1 + R2 + R3 + R4 + R5 + R6



Conventional tunnel excavation (ΝΑΤΜ)

Empirical methods of tunnel support design: 2. Rock Mass Rating (RMR) system

RMR = R1 + R2 + R3 + R4 + R5 + R6



Conventional tunnel excavation (ΝΑΤΜ)
Empirical methods of tunnel support design: 3. Geological Strength Index (GSI)

GSI is estimated by a direct method (a 
double entry Table), and thus involves less 
uncertainty than Q or RMR (which are the 
product or sum of many factors, and thus 
uncertainties add).

The GSI is not used to obtain support 
measures directly, but to calculate 
mechanical parameters (strength and 
stiffness) by empirical rules. These 
parameters are then used in numerical 
methods of analysis of tunnel excavation to 
obtain the required support measures. 
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Strength calculation:

Hoek (1996)



“New” Austrian Tunneling Method (NATM)

Beginning with the late 1950’s, the use of rockbolts and shotcrete for support, revolutionized 
tunnelling in difficult ground.
This technique first gained attention in the work of Rabcewicz, Müller & Pacher between 1957 and 
1964 in Austria, who named it “Shotcrete Method”. In 1964, Rabcewicz named it “New Austrian 
Tunnelling Method” (NATM)





Conventional tunnel excavation (ΝΑΤΜ)

Face excavation

Face charging with explosives

Face support with nails

Face support with forepoling



Conventional tunnel excavation (ΝΑΤΜ)

Multi-phase excavation and support, to reduce 
the size of each excavation (and better control 
face and wall stability and deformations)



Conventional tunnel excavation (ΝΑΤΜ)

Face excavation Multi-stage excavation



Mechanised tunnel excavation (ΤΒΜ)

• Has better control (minimization) of face extrusion and radial wall convergence. Thus. has 
advantage over conventional excavation (NATM) in urban tunnels

• Faster production rate (meters per day). Has advantage over NATM in long tunnels

• An “industrialised” method with advantages (faster excavation rate) and disadvantages (less 
flexible in changing ground). Advantages prevail in long tunnels (> 2500m), since the high cost of 
the TBM machine is spread over a long length.



Rock (Gripper, open) TBM



Soft ground TBMs
(single shield, double shield, 
EPB, slurry, etc)



Mechanised tunnel excavation (ΤΒΜ)
Segmental tunnel lining



Mechanised tunnel excavation (ΤΒΜ) Partial Face TBM (Roadheaders)



History of tunnel design methods

Purely empirical methods of tunnelling (1850’s – 1946)

Terzaghi loads (1946)

Empirical design methods
Q-system (1974), RMR (1976)

Convergence-Confinement method
(Pacher, 1964 or Panet, 1974)

2D Numerical analyses (1990’s)

GSI (1994)

3D Numerical analyses (2010’s)


