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Hard Rock Tunnelling Hard Rock Tunnelling 
MethodsMethods

Tunnel Excavation in RockTunnel Excavation in Rock
It is instructive to consider the fundamental objective of the excavation 
process – which is to remove rock material (either to create an opening or 
to obtain material for its inherent value). In order to remove part of a 
rock mass, it is necessary to induce additional fracturing and 
fragmentation of the rock. fragmentation of the rock. 

The peak strength of the rock 
must be exceeded.

This introduces three critical aspects of excavation: 

The in situ block size 
distribution must be changed 

 h  d f   
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to the required fragment size 
distribution.

By what means should the 
required energy be introduced 
into the rock?
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Tunnel Excavation in RockTunnel Excavation in Rock

Strength The tensile strength of rock is about 
1/10th the compressive strength and 
the energy beneath the stress-strain 
curve is roughly its square. 
Therefore, breaking the rock in herefore, break ng the rock n 
tension requires only 1/100th of the 
energy as that in compression. 

Block size

The fracturing of rock during 
excavation changes the natural 
block size distribution to the 
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Hudson & Harrison (1997)

block size distribution to the 
fragment size distribution. The goal 
therefore is to consider how best 
to move from one curve to the 
other in the excavation process. 

Energy and Excavation ProcessEnergy and Excavation Process

One objective in the excavation process may be to optimize the use of 
energy, i.e. the amount of energy required to remove a unit volume of 
rock (specific energy = J/m3). There are two fundamental ways of 
inputting energy into the rock for excavation:

Blasting: Energy is input in large 
quantities over very short 
durations (cyclical – drill then 
blast, drill then blast, etc.).

Machine Excavation: Energy is 
input in smaller quantities 
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p q
continuously.
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Drill & BlastDrill & Blast

The technique of rock breakage using explosives 
involves drilling blastholes by percussion or rotary-
percussive means, loading the boreholes with 
explosives and then detonating the explosive in each 
hole in sequence according to the blast designhole in sequence according to the blast design.

The explosion generates a 
stress wave and significant 
gas pressure. Following the 
local fracturing at the 
blasthole wall and the 
spalling of the free face, 
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p g ,
the subsequent gas 
pressure then provides the 
necessary energy to 
disaggregate the broken 
rock. Hudson & Harrison (1997)

Conventional Drill & Conventional Drill & Blast CycleBlast Cycle

Drill Load

Blast

VentilateBolt

Survey
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ScoopScale
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Drill & Blast Drill & Blast –– Drilling RatesDrilling Rates
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Blasting Rounds Blasting Rounds –– Burn CutBurn Cut
The correct design of a blast starts with the first hole to be detonated. 
In the case of a tunnel blast, the first requirement is to create a void into 
which rock broken by the blast can expand. This is generally achieved by a 
wedge or burn cut which is designed to create a clean void and to eject the 
rock originally contained in this void clear of the tunnel face.
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Burn cut designs using 
millisecond delays. 

Blasting Rounds Blasting Rounds –– Blast Pattern DesignBlast Pattern Design
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Specialized Blasting TechniquesSpecialized Blasting Techniques
During blasting, the explosive damage may not only occur according 
to the blasting round design, but there may also be extra rock 
damage behind the excavation boundary. To minimize damage to the 
rock, a smooth-wall blast may be used to create the final 
excavation surfaceexcavation surface.
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The smooth-wall blast begins by creating a rough opening using a large bulk blast. 
This is followed by a smooth-wall blast along a series of closely spaced and lightly 
charged parallel holes, designed to create a fracture plane connecting the holes 
through by means of coalescing fractures.

Blasting AccessoriesBlasting Accessories

Explosives  
Delays: used to 

orchestrate 
rotational firing.
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Primacord: ignition velocity is 
approx. 6,400 m/s.

Safety fuse: Gives miner time to light 
all fuses and still have time to seek 
safety before the blast occurs.
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Blasting Rounds Blasting Rounds –– FragmentationFragmentation

How efficiently muck from a working tunnel or surface excavation can be 
removed is a function of the blast fragmentation. Broken rock by volume 
is usually 50% greater than the in situ material. In mining, both the ore 
and waste has to be moved to surface for milling or disposal. Some waste 
material can be used underground to backfill mined voids  In tunnelling  material can be used underground to backfill mined voids. In tunnelling, 
everything has to be removed and dumped in fills – or if the material is 
right, may be removed and used for road ballast or concrete aggregate 
(which can sometimes then be re-used in the tunnel itself).
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Blasting Blasting –– SummarySummary
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Mechanical Excavation in Rock Mechanical Excavation in Rock 

Tunnel Boring Machine (TBM)
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Mechanical Excavation in RockMechanical Excavation in Rock
There are two basic types of machine for underground rock excavation:
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Partial-face machines: use a 
cutting head on the end of a 
movable boom (that itself may be 
track mounted).

Full-face machines: use a rotating head 
armed with cutters, which fills the tunnel 
cross-section completely, and thus almost 
always excavates circular tunnels.
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Mechanical Excavation in RockMechanical Excavation in Rock
Partial-face machines 
are cheaper, smaller 
and much more flexible 
in operation.

cut

scoop

muck 
out
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Mechanical Excavation in RockMechanical Excavation in Rock
Full-face machines – when used for relatively 
straight and long tunnels (>2 km) – permit high 
rates of advance in a smooth, automated 
construction operation.

muck 
out

scoop
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cut
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Mechanical ExcavationMechanical Excavation
The advance rate at which the excavation proceeds is a function of the 
cutting rate and utilization factor (which is the amount of time that the 
machine is cutting rock). Factors contributing to low utilization rates are 
difficulties with ground support and steering, the need to frequently 
replace cutters, blocked scoops, broken conveyors, etc.p , p , y ,

The cutters may jam if the 
TBM is pushed forwards 
with too much force. Then 
they might scrape against 
the rock and become 
flattened on one side. 
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Broken conveyor

TBM TBM OperationOperation
Factors that may control 
TBM performance include:

• TBM Penetration Rate 
(meters/machine hour) 

• TBM Downtime (minutes) TBM Downtime (minutes) 
• TBM Utilization (machine 

hours/shift hours) 
• Tool Wear (tool changes per 

shift) 
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Mechanics of Rock CuttingMechanics of Rock Cutting
In tunnelling terms, a TBM applies both thrust (Fn) and torque (Ft) during 
the cutting process. In selecting the proper cutting tool, the engineer 
wishes to know how the tools should be configured on a machine cutting 
head, how to minimize the need to replace cutters, how to avoid 
damaging the cutter mounts, and how to minimize vibration.
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Mechanics of Rock CuttingMechanics of Rock Cutting
Cutting involves a complex mixture of tensile, 
shear and compressive modes of failure. With 
thrust, the cutting disc penetrates the rock and 
generates extensive crack propagation to the 
free surface. Further strain relief occurs as the 
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disc edge rolls out of its cut, inducing further 
tensile cracking and slabbing at the rock surface.
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Mechanics of Rock Cutting Mechanics of Rock Cutting –– Cutter Cutter WearWear
The primary impact of disc wear on costs can be so severe that cutter 
costs are often considered as a separate item in bid preparation. In 
general, 1.5 hours are required for a single cutter change, and if several 
cutters are changed at one time, each may require 30-40 minutes. Even 
higher downtimes can be expected with large water inflows, which make 

new
uneven
wear

cutter change activities more difficult and time-consuming. 
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normal
wear

heavy
wear

Mechanical Excavation Mechanical Excavation –– Cutter HeadsCutter Heads
Delays: When the tunnel boring machine is inside the tunnel, the cutters 
must be changed from the inside the cutting head.
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Mechanical Excavation Mechanical Excavation –– Cutter HeadsCutter Heads
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Mechanical Excavation Mechanical Excavation –– Cutter HeadsCutter Heads
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Mechanical Excavation Mechanical Excavation –– Cutter HeadsCutter Heads
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Mechanical Excavation Mechanical Excavation –– Cutter HeadsCutter Heads
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TBM Excavation & DesignTBM Excavation & Design
The two main factors that will stop 
tunnel boring machines are either 
the rock is too hard to cut or that 
the rock is too soft to sustain the 
reactionary force necessary to y f y
push the machine forward. TBM’s 
will operate within certain ranges 
of rock deformability and strength, 
where the machine can be tailored 
to a specific range to achieve 
maximum efficiency (the risk being 
if rock conditions diverge from 
those the TBM is designed for) . 0)
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Instability problems at the tunnel 
face, encountered during excavation of 
the 12.9km long Pinglin tunnel in 
Taiwan.
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TBM Excavation & DesignTBM Excavation & Design
Single & Double Shield TBM’s – Single-shield TBM’s are cheaper and are the 
preferred machine for hard rock tunnelling. Double shielded TBMs are normally 
used in unstable geology (as they offer more worker protection), or where a high 
rate of advancement is required. 

“Double” shield 
TBM
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“Single” shield 
TBM

TBM Excavation & DesignTBM Excavation & Design
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U.S. Army Corps of Engineers (1997)
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TBM Excavation & DesignTBM Excavation & Design
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U.S. Army Corps of Engineers (1997)

TBM Excavation & DesignTBM Excavation & Design
TBM insertion through 
vertical shaft. 

TBM gripper used to provide
reactionary force for forward thrust 
by gripping onto sidewalls of tunnel.
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TBM working platform for 
installing support (e.g. rock 
bolts, meshing, shotcrete). 
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TBM TBM OperationOperation
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TBM Excavation & Design TBM Excavation & Design -- PrePre--Cast LiningsCast Linings

36 of 40 Tunnelling Grad Class (2012) Dr. Erik Eberhardt 



19

Tunnelling BreakthroughsTunnelling Breakthroughs

37 of 40 Tunnelling Grad Class (2012) Dr. Erik Eberhardt 

TBM Selection & Geological RiskTBM Selection & Geological Risk
The Yacambú-Quibor Tunnel is a prime example of 
tunnelling blind – the geology was largely unfamiliar 
and unpredictable. With little previous experience, 
it was unknown how the rock would react, especially 
under the high stresses of the Andes. g

1975: Excavation begins on the 24 km tunnel, for which the 
use of a full-face TBM is specified (for rapid excavation).

1977: The weak phyllites fail to provide the TBM grippers 
with enough of a foundation to push off of. Supporting 
squeezing ground was another defeating problem

Geology: Weak, tectonically sheared graphitic phyllites were 
encountered giving rise to serious squeezing problems, which without 
adequate support would result in complete closure of the tunnel.
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squeezing ground was another defeating problem.
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Mining out the remains of 
the trapped TBM.

1979: During a holiday shutdown, squeezing rock conditions 
were left unchecked, resulting in the converging ground 
effectively “swallowing” one of the TBMs. 

1980’s: A decision is made to permit the tunnel to be 
excavated by drill & blast. Recently completed, it took 
more than 33 years to tunnel the full 24 km.
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Sequential Excavation & Design Sequential Excavation & Design -- BenchesBenches
Benched excavations are used for large 
diameter tunnels in weak rock. The benefits 
are that the weak rock will be easier to 
control for a small opening and reinforcement
can be progressively installed along the 
h di  b f  b hi  d d  V i ti  heading before benching downward. Variations 
may involve sequences in which the inverts, top 
heading and bench are excavated in different 
order. 
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