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GEOLOGY IN HYDROPOWER DESIGN AND CONSTRUCTION

by Senior Engineering Geologist Arild Palmstrom, Norpower a.s

Norway has long traditions in hydropower development.
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This paper outlines the various methods and techniques used in
underground excavation for hydropower plants. It is mostly based
on the vast experience gained in Norway in this field through more
than 75 years of rock construction. Norway has in fact been in the
forefront of hard rock construction development in the world during
the last 40 - 50 years.

The Norwegian resources, with steep topography, abundant precipita-
tion and many natural lakes which can be used as water storage
reservoirs, have given rise to an extensive hydropower developnment.
Since a large part of the country is made up of exposed hard rocks,
the possibilities for and benefits of making use of the underground
are more obvious here than in most other countries. In fact,
hydropower construction has played a main role in the development
of rock excavation.
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FIG. 1. LENGTH OF TUNNELS CONSTRUCTED PER YEAR IN NORWAY. THE MAJORITY OF THESE TUNNELS HAVE
BEEN EXCAVATED IN CONNECTION WITH HYDROPOWER EXPLOITATION.



The development in rock excavation has been important in improving
hydropower construction.
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Rock excavations for Norwegian hydropower constructions are mainly
connected to:
* channels
headrace and tailrace tunnels
access tunnels
shafts
power houses
transformer halls
surge shafts/chambers
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In addition a number of construction tunnels used for excavation
purposes are made in connection with underground power houses.
Many plants include all these types of rock excavations.

The development in rock excavation towards reduced costs and higher
capacities have served to improve conceptual design in hydropower.
This is illustrated in Fig. 2. This development has been the main
reason for hydropower construction to go underground, and for in-
creased use of the rock as construction material not only for con-
veying water, but also for power houses and its auxiliaries.
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FIG. 2. IMPROVEMENTS IN CAPACITIES OF NORWEGIAN TUNNEL EXCAVATION.
THE TUNNELLING PROGRESS TODAY (1990) IS ABOUT 5 TIMES HIGHER THAN IT WAS IN 1945 FOR THE DRILL
& BLAST METHOD. WITH TUNNEL BORING MACHINES IT IS POSSIBLE TO EXCAVATE MORE THAN 10 TIMES
FASTER NOW, AND WITH HALF THE NUMBER OF CREW.

Today's high efficiency in rock excavation, both by the drill &
blast method and by the full face tunnelling machines (TBM), opens
a lot of possibilities for the design and construction of hydro-
power plants, such as:

* Fewer adits required for long tunnels.

* Lower costs per meter of tunnel.

* Reduced construction time.

* A larger part of the plant may be located underground.



These possibilities can be taken advantage of in many cases, see
Fig. 3. Longer tunnels makes development of higher heads and
increasing outputs possible, and water collected from branch rivers
or other river basins utilized in one plant instead of in several.
Many power schemes have therefore long diversion - as well as
supply- or tailrace tunnels. The total tunnel length can be 50 km
or even more for many Norwegian plants.
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FIG. 3. TUNNEL ALIGNMENT OPTIONS BETWEEN THE TWO RESERVOIRS "“A™ AND "“B", IN 1920, IN 1950 AND
IN 1985. WITHIN THE SAME CONSTRUCTION TIME, THE TUNNEL LENGTH INCLUDING ADITS HAS BEEN
REDUCED BY 5.8 km. IF FAVOURABLE ROCK MASS CONDITIONS EXIST, A TUNNEL BORING MACHINE
(TBM) CAN EXCAVATE THE TUNNEL IN ONE SECTION. THIS TUNNEL WOULD BE 1.4 km SHORTER THAN
THE DRILL & BLAST TUNNEL.

Two of the Norwegian hydropower specialities shall be mentioned
here. The first is the submerged tunnel piercing, better known as
the "lake tap method". This is the process of piercing the bottom
of a lake with a tunnel as shown in Fig. 4. In this way the storage
volume of the lake below the original water level becomes avail-
able with significant reduction of cost compared with the alter-
native where the equivalent storage volume is obtained by con-
structing a dam. Some 400 - 500 submerged tunnel piercings have
been carried out in Norway from the first one registered in 1905,
the deepest made to date is at 120 m water depth.

The other Norwegian speciality is the unlined high pressure shafts
and tunnels, see Fig. 6. Unlined in this connection means that no
steel or continuous reinforced concrete lining, is installed with
the result that the rock itself is under direct pressure from the
water. Today more than 80 unlined high pressure waterways with
head in excess of 150 m are in operation, the highest static water
head being 965 m, see Fig. 5. Measurements carried out during fil-
ling up of such tunnels/shafts show that the leakage out is small,
0.5 - 5 1/s per km. Direct cost savings of 40% of the shaft con-
struction cost have been recorded. In addition considerable cost
is gained from the 2 - 3 months possible earlier start-up of the
power plant.

Rock can be excavated by several different methods. The design of
the plant, the geological conditions, available equipment and ex-
perience of the contractor are important elements in the sele-
ction of the excavation method(s) to be chosen for construction
of a hydropower project.
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THE PRINCIPLE OF A SUBMERGED TUNNEL PIERC-
ING. IT IS EFFECTED BY EXCAVATING A TUNNEL
IN THE ROCK UNDER THE LAKE BOTTOM UP TO A

ROCK TRAP
( for blasted tunnel spal )

PRESELECTED POINT, FROM WHERE A CONTROLLED
HOLE THROUGH IS MADE BY BLASTING THE PLUG.
IMPORTANT FOR A SUCCESSFUL EXECUTION ARE
THOROUGH INVESTIGATIONS OF THE GROUND CON-
DITIONS ON THE LAKE BOTTOM, AND SYSTEMA-
TIC PROBE DRILLINGS FROM THE TUNNEL HEAD-
ING COMBINED WITH PREGROUTING OF POSSIBLE
WATER LEAKAGES DETECTED.
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FIG. 5. DEVELOPMENT OF UNLINED, HIGH PRESSURE TUNNELS AND SHAFTS IN NORWAY.
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Suitable geological conditions have been a main reason to improve
the development in Norwegian rock excavation.

As shown on the simplified engineering geological map of Norway,
Fig. 7, almost all rocks are older than 250 mill. years. Most of
the rocks originally formed as sediments - and also many of the
plutonic rocks - have been metamorphosed to the hard rocks we
find today. The rocks have, however, undergone later movements in
the earth's crust, with the result that they are penetrated by
many discontinuities like joints, faults, thrust zones or other
weakness zones. These are in fact the most important features in
rock excavation, because they often cause tunnelling problems due
to the inherent reduced stability.
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FIG. 7. A SIMPLIFIED GEOLOGICAL MAP OF NORWAY. MOST OF THE ROCKS FOUND TODAY ARE HARD ROCKS
OLDER THAN 250 MILL. YEARS. THE MOST IMPORTANT GEOLOGICAL FEATURES FOR UNDERGROUND
EXCAVATIONS ARE JOINTS AND FAULTS WHICH FORM A COMPLEX PATTERN OF DISCONTINUITIES IN THE
ROCK MASSES.

The last Ice age, which ended about 10 000 years ago, provided
advantageous conditions for underground excavations. The ice ero-
sion cleared away all the weathered rocks of the old surface,



leaving a new surface of fresh, hard rocks, with little or no
overburden of soils or loose materials. In such areas it is easy
to explore the geological conditions and to conclude that the un-
derground has excellent possibilities for hydropower construction.
Thus the rock mass conditions can often be evaluated only from
geological surface mapping combined with studies of aerial photo-
graphs, see Fig. 8.
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FIG. 8. IT 1S OFTEN POSSIBLE TO STUDY THE GEOLOGICAL CONDITIONS FROM PLAIN SURFACE OBSERVATIONS,

SINCE WELL EXPOSED AND UNWEATHERED (FRESH) ROCKS OCCUR IN LARGE PARTS OF THE NORWEGIAN
LAND SURFACE. THE PATTERN OF WEAKNESS ZONES SHOWN ON THE FIGURE IS FOUND FROM AERIAL
PHOTOGRAPHS. WITH ROCK CONDITIONS REVEALED LIKE THIS IT 1S A SIMPLE JOB TO FIND THE
BEST POSSIBILITIES FOR UNDERGROUND CONSTRUCTIONS.

The cost of field investigations for Norwegian hydropower plants
have therefore been small, normally between 0.1% and 1% of con-
struction costs. Another important factor in the development, is
that the experience gained from construction of one plant can be
used later in the planning and construction of other plants in the
same region or in areas with similar geological conditions.
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FIG. 9. REFRACTION SEISMIC MEASUREMENT 1S THE MOST FREQUENTLY USED FIELD INVESTIGATION METHOD
IN ADDITION TO ENGINEERING GEOLOGICAL SURFACE MAPPING. THIS GEOPHYSICAL METHOD REVEALS
BOTH THE LOCATION OF THE ROCK SURFACE WHERE COVERED BY SOILS, AND THE VARIOUS SONIC
VELOCITIES IN THE ROCK MASSES. LOW VELOCITIES 2500 - 3500 m/s FOR EXAMPLE, INDICATE
WEAKNESS ZONES OR WEATHERED ROCKS WHERE STABILITY PROBLEMS PROBABLY WILL OCCUR.



Most of the rock excavations for hydropower plants are done by the
drill & blast method.

The principles for this method have not changed very much during
the last decades, but 1mprovements in regard to equipment and ex-
plosives have resulted in increased capacities. The excavation ope-
rations are generally performed in the following order, see Fig 10:

* The plug or the cut is blasted in order to clear the way
for the following dislodgement.

* The size of the cavity is increased by successive
detonations of the explosives in the boreholes around.

* The holes in the contour are fired last, with reduced
charges to obtain smoother tunnel walls.

A similar principle is applied for blasting of benches, the first
blast is started to open for the following, successive blasts of
the adjacent holes to end with the perimeter holes with reduced
charges.
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FIG. 10.  MODERN TUNNEL DRILLING JUMBOS WERE INTRODUCED IN THE 1970'S (LEFT). DRILLING PATTERN FOR
TUNNEL BLAST (RIGHT). THE LENGTH OF THE HOLES IS NORMALLY 15 feet GIVING 4.0 - 4.25 m
PROGRESS PER ROUND. IN LARGER TUNNELS 18 feet LONG HOLES ARE OFTEN USED TO EXCAVATE
ABOUT 5 m TUNNEL PER ROUND.

The drill & blast method has several advantages of which should
be mentioned:

* Almost any type and cross sectional shapes can be made.

* Can be applied to nearly any type of rock.

* Great flexibility in the performance of the excavation.

* The rock support can be installed easily and quickly.

Some of the disadvantages are:
* Production of unpleasant gases and smoke from the
explosives.
* Vibrations on nearby structures from the blasting.
* Often poor working conditions for the crew.
* Rough surface gives head loss for water tunnels.
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FIG. 11. LAYOUT EXAMPLE OF AN UNDERGROUND POWERHOUSE AND ITS AUXILIARIES.

BECAUSE OF THE 35 - 45 m HEIGHT OF THE POWERHOUSE IT IS OFTEN NECESSARY TO MAKE EXTRA

TRANSPORT OR CONSTRUCTION TUNNELS TO GET ACCESS TO ALL LEVELS.

The rate of tunnelling by drill & blast have been recorded at more
than 100 meters per week. Working about 100 hours per week this
gives a progress of 8 meters for each normal shift (7.5 hours).
This is referred to good rock mass conditions where only small
amounts of rock support are required. For most Norwegian hydropower
tunnels the average tunnelling progress today is between 40 and 60
m per week, rock supporting works included. From 1.6 to 2.5 Km
tunnel can thus be excavated annually. With a construction time of

3 years for a power plant, tunnel sections of about 12 km can be
made provided excavation from both sides.
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FIG. 12. CONSTRUCTION OF AN UNDERGROUND POWERHOUSE, EXCAVATION (LEFT) AND AFTER INSTALLATION
(RIGHT). THE TOP HEADING IS EXCAVATED SIMILARLY TO A TUNNEL, SOMETIMES IN TWO OR THREE
SECTIONS. THE BENCHES ARE EXCAVATED BY VERTICAL BLAST HOLES, OFTEN AFTER THE HOLES ALONG
THE WALLS HAVE BEEN BLASTED BY THE SO-CALLED PRESPLITTING METHOD.

Tunnel excavation by TBM (tunnel boring machines).

This method has mainly been developed after World War II, first
for the weaker types of rocks having good stability. Later the
method has been greatly improved to be used also in harder rocks.
In addition to the strength of the rock the degree of jointing and
other weakness planes are important factors for the possible
tunnelling progress.

The machines excavate the full tunnel cross-section of circular
shape. For hard rocks the machines are equipped with disc cutters
fixed to a rotating head. One roller or disc cutter cuts a groove
in the rock, while a second roller cuts another groove at a chosen
distance - varying with the rock - from the first. The rock between
the two grooves is subjected to compression and shear forces. It
crumbles and flakes off to a depth at least equal to the depth of
the grooves.
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The normal tunnel size excavated by the TBM method is between 2.5
and 10 m diam. As mentioned above the capacity will vary a lot
with the type of rock and the presence of weakness planes. In weak
rock more than 400 m tunnel has been bored per week, while less
than half of that has been obtained in hard rocks, see Fig 2.

The large capacity obtained by this method makes it possible to
construct very long tunnels without adits. Thus lengths in excess
of 20 km can be excavated by 7TBM within 2 - 3 years, to pass
through large mountains where no possibilities for adits exist,
ruling out other tunnelling methods.

FIG. 13. THE TUNNEL BORING MACHINE (TBM) OFFERS MANY INTERESTING POSSIBILITIES IN HYDROPOWER
TUNNELLING. THE METHOD 1S BEING USED INCREASINGLY, EVEN IN HARD ROCKS AS GNEISS AND
GRANITE.

In rock suitable for TBM the excavation cost can be equal to or
lower than those for drill & blast with the same cross-sectional
area. In hard rocks with less favourable conditions TBM is more
expensive than drill & blast. TBM requires, however, less rock
support, which tends to reduce the cost of this method.

The smoother walls in TBM tunnels give less head loss, therefore
the they can be made smaller than drill & blast tunnels. When all
the factors involved are taken into account, TBM tunnels can be
made cheaper than drill & blast tunnels, also in many hard rocks,
provided that the tunnel is longer than about 5 km.

Advantages with TBM excavation are:

Less rock support.

Smoother tunnel walls.

Longer tunnel sections between adits.
Shorter construction time.

Better working conditions for the crew.

*

* ¥ ¥ %
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The disadvantages are:

* More geological information from the preinvestigation stage
is required.

* More sensitive to tunnelling problems in poor rock mass
conditions.

* Less flexible method than drill & blast method.

* Oonly longer tunnel sections can be bored more economically
(because of larger investment and rigging costs).

* May get stuck under squeezing rock conditions.

Tunnel and shaft excavation by the reaming method.

The reaming or raise drill method is a relatively new technique,
introduced in Norway in 1970. It starts with a pilot hole of
approximately 11 inches (27 cm) diameter (Fig. 14). After the pilot
hole is completed the reaming head is fixed to the drill rod. The
drilling machine then pulls and rotates the reamer back to the ma-
chine. Shaft diameters between 0.5 and 4 m and lengths up to almost
700 m have been made by this method.

‘\{-

ol

_

TUNNEL %%l el

FIG. 14. PRINCIPLES OF THE REAMING METHOD.

REAMING UP
OF PILOT HOLE

DRILLING OF
PILOT HOLE

]—— UP TO 600m LENGTH
|
|
|




13

The reaming method offers the following advantages:

The equipment is easy to transport.

Short construction time.

Small investment and construction costs.

Reduced need for rock support compared with drill & blast.
Smooth walls, ie.good hydraulic conditions.

¥ ¥ ¥ ¥ *

The equipment is small and can be divided into parts transportable
with helicopter. It can be made ready for operatlon within one
week after arrival on the construction site, and it is operated by
2 -3 men only.

Normal capacities for shaft reaming in hard rocks are 1 - 3 m per
hour for the pilot hole plus 0.5 - 2 m per hour for the reamlng
A 350 m long shaft can be constructed in 3 months only, which is
4 months less than required with drill & blast.

FIG. 15. EXAMPLES OF TWO LONG TUNNELS EXCAVATED BY THE REAMING METHOD IN NORWAY. THE 685 M LONG
TUNNEL WAS MADE IN 4 MONTHS, WHILE THE OTHER WAS MADE IN 3.5 MONTHS.

The method has been used mostly for construction of shafts. During
the last 5 years an interesting development has taken place towards
more horlzontal holes and tunnels. Long tunnels inclined only
5 - 10° have been made in hard rocks. The construction time is,
however, somewhat longer for these tunnels than for shafts, because
it is more difficult to remove the tunnel spoil. The accuracy of
the reaming has been very good. The end of the pilot holes for the
tunnels shown in Fig. 15 were only between 1 m and 3 m off the
planned points.

The reaming method offers many interesting possibilities for tunnel
and shaft constructions especially for smaller hydropower plants.
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Rock support methods.
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Rock support is carried out to improve the stability in an un-
derground opening. Stability in this connection is connected to
the potential for rock falls or rock slides. The stability depends
on the rock mass quality and the location, size and geometry of the
excavation. The degree of stability indicate the stand-up time, ie.
how long the opening can function without undesired rock falls or
slides to occur. Poor stability means that the rock support has to
be installed quickly after excavation.

The installation of rock support has two main purposes:

1. To secure safe conditions for the working crew during con-
struction; this is called initial support.

2. To provide the required stability during the whole life-time
of the plant; this is called final support.

The initial support can form a part of the final support provided
that it can function during the life-time of the project. The
Norwegian philosophy is that rock support is only installed where
necessary, ie. the method(s) and amount is decided when the rock
conditions can be studied on the actual site after the excavation
has been carried out.

ROCK MASS QUALITY
£X. POOR POOR | FAIR GO0D EX.GO0D

100

30

10

TUNNEL SPAN {(m)

,001 003 01 03 1 3 1 3 10 30 100 300 1000
Q-VALUE

FIG. 16. THE METHOD(S) AND AMOUNT OF ROCK SUPPORT IS DECIDED ACCORDING TO THE STABILITY CONDITIONS IN THE
ROCK MASS. THE Q SYSTEM DEVELOPED BY THE NORWEGIAN GEOTECHNICAL INSTITUTE (NGI), IS USED WORLDWIDE
FOR CLASSIFICATION AND DETERMINATION OF THE ROCK SUPPORT.

The contractor is responsible for installation of the initial
support. The working crew decides the amount of rock support to
be used for their own safety, while the various methods to be app-
lied are decided by the owner in cooperation with the contractor.
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The owner is responsible for determining the final rock support.
Normally the owner and his consultant decide both the methods and
amounts of the support necessary in addition to the initial support
installed earlier.

The total cost of rock support in the more than thousand km of
water tunnels built in Norway has varied from less than 10% to more
than 120% of the cost for drilling, blasting and mucking out. In
tunnels and chambers for vehicular traffic (access tunnels) the
supporting cost is often higher due to stricter safety requirements
to avoid even small rockfalls.

The active use of engineering geologists in tunnelling is impor-
tant, not only to solve rock stability problems during construc-
tion and to recommend rock support, but also to find the best
location and rock support design to meet the requirements for the
actual rock mass conditions.

Rock bolts.

Rock bolting is the most common method for rock support. 500,000
bolts are installed annually in Norway. Rock bolting is a flexible
method. It is frequently used as initial support at the tunnel face
to obtain safe working conditions for the crew. It is also used for
the final support. As a measure for capacity, 50 - 100 bolts can
be installed per shift (7.5 hours) by a crew of 3 men.

FIXED

GROUTED BOLT TENSIONED  BOLT

FIG. 17. THE TWO MAIN TYPES OF ROCK BOLTS; THE FULLY GROUTED BOLT AND THE TENSIONED BOLT.
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UNSTABLE
BLOCK

FIG. 18. THE TWO MAIN APPLICATIONS OF ROCK BOLTING. LOCAL ROCK BOLTS (LEFT) ARE INSTALLED
INDIVIDUALLY TO STABILIZE SINGLE, LOOSE BLOCKS. SYSTEMATIC ROCK BOLTS ARE INSTALLED IN
A CERTAIN PATTERN AS A MORE GENERAL SUPPORT IN UNSTABLE AREAS. (IN THE FIGURE THE
INSTABILITY IS CAUSED BY JOINTS SHOWN AS LINES.)

Shotcrete

This type of rock support is obtained by spraying concrete on the
rock surfaces. In Norway the so-called "wet" method - ie. with
water added before the concrete is being pumped through the nozzle
- is being mostly used.

Shotcrete has been used in Norway since 1950. The method is being
used increasingly because of its good properties together with high
capacity and flexibility. Today three different methods are in use:

1. Ordinary shotcrete sprayed in layers up to about 10 cm thick-
ness.

2. Net reinforced shotcrete. This is produced by first spraying a
layer of concrete before installing the net. Then a second and
sometimes more layers are applied to cover the net entirely.

3. Fibrecrete. This is a type of shotcrete where thin needles or
fibres, 3 - 5 cm long, of steel or other materials are mixed
into the (wet) concrete.

In recent years fibrecrete has often been used instead of the
reinforced shotcrete. Advantages of shotcrete are:
* Short time required to mobilize the equipment, ready for
use in the excavation.
No formwork needed.
Independent of the shape of the excavation.
High placing capacity.
Can be combined with other supporting methods.

* % ¥ ¥

The disadvantages are:
* Some examples of collapse of shotcrete applied on swelling
rocks.
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UNSTABLE BLOCK

FIG. 19. ROCK SUPPORT BY SHOTCRETE OR FIBRECRETE.

UNSTABLE BLOCK

FIG. 20.  THE COMBINATION OF SHOTCRETE/FIBRECRETE AND ROCK BOLTS OFFERS ATTRACTIVE SOLUTIONS FOR
MANY ROCK MASS CONDITIONS. THIS METHOD HAS IN MANY OCCASIONS REPLACED THE IN SITU
CONCRETE LINING, BECAUSE IT IS QUICKER TO INSTALL AND CAN MORE EASILY BE ADAPTED TO THE
ACTUAL ROCK MASS CONDITIONS.

Capacities of 30 - 40 m’ per shift (7.5 hours) have often been

achieved in underground excavations. The Norwegian contractors

have been in the forefront during the development of shotcrete and

fibrecrete.

Concrete lining

Since this method can take large loads due to its arching effect,
the cast-in-place concrete 1lining is preferably applied where
larger areas/volumes of poor rock mass conditions occur. It is
however, the most costly and time~-consuming rock supporting met-
hod.

No incident of collapse of concrete lining have been reported from
Norwegian tunnels where a minimum thickness of 0.3 m is used. The
efficiency in installing concrete lining has increased consider-
ably during the last 10 years after improved prefabricated steel
formwork had been introduced. Capacities of 2 - 4 m lining per
shift during excavation and 50% more after break-through of the
tunnel are normal.



FIG. 21. ROCK SUPPORT BY CAST-IN-PLACE CONCRETE LINING.
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SYSTEMATIC
BOLTING

SHOTCRETE
{ UNREINFORCED )

FIBRECRETE

REINFORCED
SHOTCRETE

FIBRECRETE AND
SYSTEMATIC
BOLTING

CAST IN PLACE
CONCRETE LINING

FIG. 22.  THE VARIATION IN COSTS FOR THE VARIOUS ROCK REINFORCEMENT METHODS ACCORDING TO NORWEGIAN

10 50 100 200 300 400
% OF TUNNEL EXCAVATION (BY DRILL & BLAST ) COST PER METER TUNNEL .

EXPERIENCE.
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What are the possibilities for applying Norwegian rock excavation

methods in India?

The geological map of India, Fig. 23, shows that a large part of
the country is consisting of old rocks formed in the same geo-
logical periods as in Norway ie. the rocks found in these areas

are mainly hard rock.
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India has not, however, had a recent ice age like Norway; the rocks
in the surface are therefore weathered and often covered by loose
materials or vegetation (Fig. 24). This implies that possibilities
for underground hydropower construction can not be so easily
detected. Costly field investigations often have to be carried out
to get the same information as can be seen from simple surface
observations in Norway.

INDIA

NORWAY

FRESH ROCKS

FRESH ROCKS

FIG. 24. BELOW THE ZONE OF WEATHERING, INDIA AND NORWAY PROBABLY HAVE SIMILAR ROCK MASS CONDI-
TIONS IN MANY AREAS. IT CAN, HOWEVER, OFTEN BE DIFFICULT TO DETECT THE POSSIBILITIES OF
THE UNDERGROUND WHERE THE "GEOLOGY" IS HIDDEN BY THE WEATHERED ROCKS. THE COST OF
PREINVESTIGATIONS WILL THEREFORE OFTEN BE MUCH HIGHER IN INDIA THAN IN NORWAY.

No record exists of all the tunnels excavated in Norway, but it
is believed that a total of about 3000 km has been constructed in
rocks of medium and high strength. The vast experience gained in
these underground works could be of benefit to future Indian
hydropower projects.
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THE CURRENT TREND OF INCREASED TUNNELLING CAPACITIES AND REDUCED EXCAVATION COST MAKES
UNDERGROUND EXCAVATIONS ATTRACTIVE IN THE FUTURE.

FIG. 25.

There is still a development going on in Norway towards lower
rock excavation cost in Norway. Contractors are today (1990) ex-
cavating a 20 m? drill & blast tunnel for USD 600 (10 000 rupees)
per meter. In addition come the costs of rock support, normally
from 10% to 100% of the excavation cost. Most people outside
Scandinavia may find it surprising that the total cost for a 20 m
tunnel in hard rocks is thus in the range of only 700 - 1200 USD
(11 500 - 20 000 rupees) per meter tunnel.

Great possibilities exist for an active use of the underground in
the future.



