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Tunnel boring excavation has come a
long way in the last three decades,
venturing into areas where the rock is
hard, highly fractured, susceptible to
water inflows or where mixed face
conditions occur. Alongside this
development, the excavation of inclines
and declines by TBMs has also become
possible. While the earliest such project
was undertaken by a Jarva machine in
1967, it is Wirth's TBMs which are
credited with having driven the greatest
number of non-horizontal bored tunnels.

decline be accessible, a pilot hole drilled
through the invert of the intended decline
can be used partially to pre-drain the rock
along the alignment.

If the bottom of the decline is inaccess-
ible, it is still possible to pre-drill a centred
drain hole, with additional holes drilled
along and outside the line of the decline
to serve as dewatering holes. By blasting
both the centre drain hole and the peri-
pheral holes, hydraulic communication
between them will permit the centre hole
to act as a drain for the whole face area.

In addition to water considerations, the
geometry of an incline will interact with
geotechnical conditions, causing further
stability and support challenges. For ex-
ample, block fallout in horizontal tunnels
generally occurs only when the support of
the cutterhead is removed as the machine
is advanced. In an inclined excavation,
where the gravity component acts away
from the face, blocks may become un-
stable even before they are completely
daylighted by the cutterhead.

Excavation on an incline requires very
specific design considerations in terms of
the TBM's cutting and muck removal
potential, the backup system, the muck
handling as well as various ancillary sub-
systems. Considerations and conceptual
design requirements for excavation of
inclines and declines are summarised in
Tables 5 and 6 respectively.

Mechanical v. conventional
The advantages of mechanically exca-

vating inclines becomes app-arent when
this method is compared to conventional
excavation. Drill + blast excavations can
be dangerous as loose rock and ravelling
material has the potential of falling to the
bottom of the incline.

In addition to this, drilling equipment,
scaffolding and supply lines must be re-
moved before each round is blasted and
stored away from the scatter zone, only to
be reassembled to allow support and
drilling to continue. While the Alimak-
type of system does relieve this proce-
dure, it is expensive to install and operate.
When fine sandy and silty muck with
larger fragments occur together in the
invert, the mixture can, in the presence of
adequate water, vibration or inclination,
become unstable and lead to a mud flow.

Cost comparisons for inclined shaft
drives by conventional and mechanically
excavated means have established cost
savings of 17% and 45% for 3OOm and
1000m drives respectively.

Coming of age
Excavating non-horizontal tunnels by

TBMs has come of age: excavating up-
ward drives is more easily
achieved and is thus prefer-
able to excavating declines.
However, the disadvantages
of excavating on an incline
can be minimised or even
effectively eliminated by
proper engineering design,
logistical planning, and suit-
able mechanical design.

The advantages of exca-
vating on an incline include
simpler, cheaper and more
convenient mucking sys-
tems, while its greatest po-
tential benefit lies in its
safety and the operational
costs when compared to
conventional excavation
methods. D

T he technology developed for the
boring of declines, first employed
in coal mine applications, has been

transferred to allow the boring of pen-
stock declines for hydropower schemes.
In recent years, the boring of inclined
cable railway tunnels for all-weather ac-
cess to ski slopes has become popular.

In North America the mechanical exca-
vation of inclines and declines is still
associated with coal mines. However, this
is not the case in Europe, where inclines
associated with hydropower-related tun-
nels, ventilation structures for trans-
Alpine tunnels and, more recently, all-
weather underground cable railways, are
now being driven by TBMs.

Design considerations
The unique yet obvious consideration

for excavating a tunnel having a substan-
tial inclination from the horizontal is the
action of gravity towards or away from the
face. When boring an incline, muck, water
and the machine will tend to slide away
from the heading, these first two charac-
teristics being advantageous, whereas the
potential for the machine to slide away is
nearly always a disadvantage.

In a decline excavation, muck, water
and the machine will tend to slide towards
the heading, and while the possibility of
machine slippage is simpler to deal with,
effective mucking becomes difficult, espe-
cially when water is present. In gentle
gradient tunnelling, such/tis that required
for water, sewer and transportation tun-
nels, contractors prefer to excavate up-
grade so that water naturally drains away
from the face. Consequently, total flood-
ing is unlikely even when
heavy inflows are
encountered.

While the decision to
tunnel downgrade is never
taken lightly by the contrac-
tor, if no other alternatives
exist, precautions can be
taken that will ensure that
the project is completed
safely. One such precaution
when water inflows are
anticipated is to pre-grout
along the alignment of the
decline. However, this pro-
cess may be cost-
prohibitive, especially with
longer declines, and even
so, is not without its risks.
Should the bottom of the Fig 1. Start of incline at Tignes.
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decline be accessible, a pilot hole drilled
through the invert of the intended decline
can be used partially to pre-drain the rock
along the alignment.
If the bottom of the decline is inaccessible,
it is still possible to pre-drill a centred
drain hole, with additional holes drilled
along and outside the line of the decline
to serve as dewatering holes. By blasting
both the centre drain hole and the peripheral
holes, hydraulic communication
between them will permit the centre hole
to act as a drain for the whole face area.
In addition to water considerations, the
geometry of an incline will interact with
geotechnical conditions, causing further
stability and support challenges. For example,
block fallout in horizontal tunnels
generally occurs only when the support of
the cutterhead is removed as the machine
is advanced. In an inclined excavation,
where the gravity component acts away
from the face, blocks may become unstable
even before they are completely
daylighted by the cutterhead.
Excavation on an incline requires very
specific design considerations in terms of
the TBM's cutting and muck removal
potential, the backup system, the muck
handling as well as various ancillary subsystems.
Considerations and conceptual
design requirements for excavation of
inclines and declines are summarised in
Tables 5 and 6 respectively.
Mechanical v. conventional
The advantages of mechanically excavating
inclines becomes app-arent when
this method is compared to conventional
excavation. Drill + blast excavations can
be dangerous as loose rock and ravelling
material has the potential of falling to the
bottom of the incline.
In addition to this, drilling equipment,
scaffolding and supply lines must be removed
before each round is blasted and
stored away from the scatter zone, only to
be reassembled to allow support and
drilling to continue. While the Alimaktype
of system does relieve this procedure,
it is expensive to install and operate.
When fine sandy and silty muck with
larger fragments occur together in the
invert, the mixture can, in the presence of
adequate water, vibration or inclination,
become unstable and lead to a mud flow.
Cost comparisons for inclined shaft
drives by conventional and mechanically
excavated means have established cost
savings of 17% and 45% for 3OOm and
1000m drives respectively.
Coming of age
Excavating non-horizontal tunnels by
TBMs has come of age: excavating upward
drives is more easily
achieved and is thus preferable
to excavating declines.
However, the disadvantages
of excavating on an incline
can be minimised or even
effectively eliminated by
proper engineering design,
logistical planning, and suitable
mechanical design.
The advantages of excavating
on an incline include
simpler, cheaper and more
convenient mucking systems,
while its greatest potential
benefit lies in its
safety and the operational
costs when compared to
conventional excavation
methods. D
T he technology developed for the
boring of declines, first employed
in coal mine applications, has been
transferred to allow the boring of penstock
declines for hydropower schemes.
In recent years, the boring of inclined
cable railway tunnels for all-weather access
to ski slopes has become popular.
In North America the mechanical excavation
of inclines and declines is still
associated with coal mines. However, this
is not the case in Europe, where inclines
associated with hydropower-related tunnels,
ventilation structures for trans-
Alpine tunnels and, more recently, allweather
underground cable railways, are
now being driven by TBMs.
Design considerations
The unique yet obvious consideration
for excavating a tunnel having a substantial
inclination from the horizontal is the
action of gravity towards or away from the
face. When boring an incline, muck, water
and the machine will tend to slide away
from the heading, these first two characteristics
being advantageous, whereas the
potential for the machine to slide away is
nearly always a disadvantage.
In a decline excavation, muck, water
and the machine will tend to slide towards
the heading, and while the possibility of
machine slippage is simpler to deal with,
effective mucking becomes difficult, especially
when water is present. In gentle
gradient tunnelling, such/tis that required
for water, sewer and transportation tunnels,
contractors prefer to excavate upgrade
so that water naturally drains away
from the face. Consequently, total flooding
is unlikely even when
heavy inflows are
encountered.
While the decision to
tunnel downgrade is never
taken lightly by the contractor,
if no other alternatives
exist, precautions can be
taken that will ensure that
the project is completed
safely. One such precaution
when water inflows are
anticipated is to pre-grout
along the alignment of the
decline. However, this process
may be costprohibitive,
especially with
longer declines, and even
so, is not without its risks.
Should the bottom of the Fig 1. Start of incline at Tignes.
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