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GEOLOGY IN }IìIDROPOWER DESIGN AND CONSTRUCTION

by Senior Engineering Geotogist Aritd Pal'mstrom, NorPoHer a.s

Norway has long traditions in hydropower developnent.

This paper outlines the various methods and techniques used in
underjrõund excavation f or hydropor4rer plants. It is mostly based
on thé vast experience gained in Norway in this field through more
than 75 years ãf rock cõnstruction. Norway has i.n fSct been in the
forefront of hard rock construction developrnent 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, hãve given rise to an extensive hydropower development.
Since a large parL of the country is made up of exposed hard rocks,
the possi¡ifities 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 excavatíon.
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The development in rock excavation has been important in inproving
hydropower construction.

Rock excavations for Norwegian hydropo\ârer constructions are mainly
connected to:

* channels
* headrace and tailrace tunnels
* access tunnels
* shafts
* pob/er houses
* transformer halls
* surge shafts/chambers

In addition a number of construction tunnels used for excavation
purposes are made in connection with underground power houses.
ù"ny plants include all these types of rock excavations.

The development in rock excavation towards reduced costs and higher
capacitieJ have served to improve conceptuat design in hydropower.
fhis is illustrated in Fiq. 2. This development has been the rnain
reason for hydropo$/er conátruction 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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IMPROVEI,IENTS IN CAPACITIES OF NORIiIEGIAN TUNNEL EXCAVATION.

THE TUNNELLTNG PROGRESS TOÐAY (1990) IS ABOIJT 5 TII,IES HIGHER THAN IT IJAS IN 1945 FOR THE DRILL

& ELAST üETHOD. IJITH TUNNEL BORING I,TACHINES IT IS POSSIBLE TO EXCAVATE I'IORE THAN 1O TII'IES

FASTER Nou, AND ulTH HALF THE NUMBER 0F CREi¿.

Todayrs high efficiency in rock excavation, both by the drill &

blasL method and by the full face tunnelling machines (TBM) ' opens
a lot of possibilities for the design and construction of hydro-
povrer plants, such as:

* Fewer adits required for long tunnels.
* Lower costs per meter of tunnel.
:t Reduced construction tirne.
* A larger part of the plant may be Ìocated underground.



These possibitities 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 povrer schemes have therefore long diversion as weII as
supply- or tailrace tunnels. The ÈotaI tunnel length can be 50 kn
or even more for many Norwegian plants.
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F¡G. 3. TUNNEL ALIGNI,IENT OPTIONS BETL¡EEN THE TIJO RESERVOIRS trAtr AND I3II, IN 1920, IN 1950 AND

IN 1985. TIITHIN THE SAI.IE CONSTRUCTIO¡¡ TIME, THE TUNNEL LENGTH INCLUDING ADITS HAS BEEN

REDUCED BY 5.8 km. IF FAVOURABLE ROCK MASS CONDITIONS EXIST, A TUNNEL BORING IIACHINE

(TBI'I) CAN EXCAVATE THE TUNNEL IN ONE SECTION. THIS TUNNEL IJCI.JLD BE 1.4 Km SHORTER THAN

THE DRILL & BLAST TUNNEL.

Two of the Norwegian hydropower specialit,ies shall be mentioned
here. The first is the submerged tunnel piercing, better known as
the lrlake tap methodrr. This is the process of piercing the botton
of a lake with a tunnel as shown in Figr. 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 volurne is obtained by con-
structíng 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 1-20 n 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 Iining, is installed with
the result that the rock itself is under dírect pressure from the
water. Today more than 80 unlined high pressure waterways with
head in excess of 1,50 m are in operation, the highest stat,ic 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 smal1,
0.5 5 I/s per km. Direct cost savings of 4OZ 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
porrer plant.

Rock can be excavated by several different methods. The design of
the plant, the geological conditions, available equiprnent and ex-
perience of the contractor are important elements in the sele-
ction of the excavation rnethod(s) to be chosen for construction
of a hydropower project.
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THE PRINCIPLE OF A SUBI,IERGED IU}INEL PIERC-

ING. IT IS EFFECTED BY EXCAVATII¡G A TUNNEL

¡N THE ROCK U¡¡DER THE LAKE BOTTOII UP TO A

PRESELECTED p0tNT, FRof,t UHERE A CoI|TROLLED

HOLE THRdJGH IS IIADE BY BLASTI}¡G THE PLUG.

II.IPORTANT IOR A SUCCESSFUL EXECUTIOI¡ ARE

THOR(UGH IIIVESTIGATIONS OF THE GROUIID CON-

DITIoilS ON THE LAKE BoIToil, At{D SySTEttA-

TIC PROBE DRILLINGS FROITI THE TU}¡NEL HEAD.

ING COIIBI}IED IJ¡TH PREGRCT,JTING OF POSSIBLE

IJATER LEAKAGES DETECTED.
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F¡G. 5. DEVELoPI'IENT 0F Ul¡LIllED, HIGH PRESSURE TUNI{ELS AND SHAFTS IN t¡oRt'Ay.
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DIFFERENT DESIG¡¡ SOLUTIONS OF HIGH HEAD UNLINED PRESSURE TUNNELS AIID SHAFTS. II.IPORTANT FOR A SUC-

CESSFUL CONSTRUCTION IS THAT SUFFICIENT PREINVESTIGATIONS ARE CARRIED OUT TO PROVE THAT SUITABLE

GROUND CONDITIONS EXIST, AND THAT THE ASSUTIPTIONS l.lADE 0F THE STRESS LEVEL, IS VERIFIED BY ROCK

STRESS I,IEASUREI,IEilTS AT THE END OF THE PRESSURE TUNNEL OR SHAFT.

FIG. ó.



suitable geological conditions have been a nain reason to inprove
the development in l{onregian rock excavation.

As shown on the sirnplified engineering geological map of Norhlay,
Fig. 7, atmost all rocks are older than 250 nill. years. Most of
the rocks originally formed as sediments and also many of the
plutonic rocks have been metamorphosed to the hard rocks we
iina today. The rocks have, however, undergone later movements in
the earthrs crust, with the result that they are penetrated by
many discontinuities tike 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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leaving a nehr 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 hydropov¡er construction.
Thus the rock mass conditíons can often be evaluated only from
geological surface mapping cornbined with studies of aerial photo-
graphs, see Fig. 8.

0 1km r> LAKE

U/EAKNESS ZONE

FIG.8. IT tS OFTEN POSSIBLE TO STUDY THE GEOLOGICAL CONDITIONS FRCI.I PLAIN SURFACE OBSERVATIO}IS,

SINCE TIELL EXPOSED AND UNWEATHERED (FRESH) ROCKS OCCUR IN LARGE PARTS OF fHE NORIJEGIAN

LAND SURFACE. THE PATTERN OF LIEAKNESS ZONES SHOI.IN ON THE FIGURE IS FOI,ND FRO'I AER¡AL

PHOTOGRAPHS. IJ¡TH ROCK CONDITIONS REVEALED LIKE THIS IT IS A SII.IPLE JOB TO FIND THE

BEST POSSIBILITIES FOR UNDERGROUND CONSTRUCTIONS.

The cost of field investigations for Norwegian hydropower plants
have therefore been smaII, normally between 0.18 and LZ of con-
struction costs. Another important factor in the devel-opment, is
that the experience gained frorn construction of one plant can be
used later in the ptanning and construction of other plants in the
same region or in areas with similar geol-ogical conditions.
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I}¡ ADDITIOI TO ENGINEERING GEOLOGICAL SURFACE I,IAPPING. THIS GEOPHYS¡CAL I.IETHOD REVEALS

BOTH THE LOCATION OF THE ROCK SURFACE IJHERE COVERED BY SOILS, AND THE VARIOIJS SONIC

VELOCITIES IN THE ROCK MASSES. LOIJ VELOCITIES 25OO - 35OO m/s FOR EXAITIPLE, INDICATE

T,EAKIIESS ZONES OR IJEATHERED ROCKS IJHERE STABILITY PROBLEI.IS PROBABLY IJILL OCCUR.

FIG. 9.



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

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

* The plug or the cut is btasted in order to clear the way
for the follot¡ing 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
blast is started to
the adjacent holes
charges.

is applied for blasting of benchesr' the first
open for the following, successive blasts of

to end with the perimeter holes with reduced

x Weàk chãroes I
o Re¿uc"¿ riæ"s I- > 45mm hofêsa Normð[ (hàrqes 
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FIG. 10. I.IODERN TUNNEL DRILLING JUMBOS IJERE INTRODUCED IN THE 1970'S (LEFT). DRILLING PATTERN FOR

TUN}¡EL BLAST (RIGHT). THE LENGTH OF THE HOLES IS NORI,IALLY 15 fEEt GIV¡NG 4.0 - 4.25 N

PROGRESS PER RCIJND. IN LARGER TUNNELS 18 feet LONG HOLES ARE OFTE}¡ USED TO EXCAVATE

ABCIJT 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 quickfy.

Sorne 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 crehr.
:t Rouqh surface gives head loss for water tunnels.



COOLING

FIG. 11. LAYq.JT EXAMPLE OF AN UNDERGROT'ND POIJERHOJSE AND ITS AUXILIARIES.

BECAUSE OF THE 35 - 45 m HEIGHT 0F THE POtlERHCtrSE IT IS OFTEN NECESSARY T0 l,lAKE EXTRA

TRANSPORT OR CONSTRUCTION TUNNELS TO GET ACCESS TO ALL LEVELS.

The rate of tunnelling by drill & blast have been recorded at more
than 1OO meters per r¡ireek. 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 kn
tunnel can thus be excavated annually. l{ith a construction time of
3 years for a po$rer plant, tunnel sections of about L2 km can be
made provided excavation from both sides.



10

FIc. 12. CoNSTRUCTt0N OF AN UNDERGRoUND PotERHCIJSE, EXCAVATI0N (LEFT) Ál¡D ATTER INSTALLATI0N

(RIGHT). THE TOP HEADTNG ¡S EXCAVATED SII.IILARLY TO A TUNNEL, SOI,IETII.IES IN ÏIJO OR THREE

SECTIONS. THE BENCHES ARE EXCAVATED BY VERTICAL BLAST HOLES, OFTEI¡ AFTER THE HOLES ALONG

THE I'ALLS HAVE BEEN BLASTED BY THE SO.CALLED PRESPLITTING },IETHOD.

Tunne1 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 greatty 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 futl tunnel cross-section of circul-ar
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 wiII vary a lot
witn the type of rock and the presence of weakness planes. fn weak
rock more -than 4oo m tunnel has been bored per week, while less
than half of that has been obtained in hard rocks' see FLg 2.

The 1arge capacity obtained by this rngthod makes it possible to
construðt veiy long tunnels without adits. Thus lengths in excess
of 20 km can be ãxcavated by IBM within 2 - 3 years, to pass
through large mountains where no possibitities for adits exist,
ruling out other tunnelling methods.

FIc. 13. THE IUNNEL BOR¡NG MACHINE (TBM) OFFERS l'tANY INTERESTING PoSSIBILITIES IN HYDRoPoUER

TUNNELLING. THE METHOD IS BEING USED INCREASINGLY, EVEN IN HARD ROCKS AS GNEISS AND

GRAN I TE .

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

The smoother walls ín TBM tunnels give less head loss, therefore
the they can be made smaller than drill & btast tunnels. When all
the factors involved are taken into account, TBM tunnels can be
rnade 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 tine.
* Better working conditions for the crehr.
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The disadvantages are:
* More geological information from the preinvestigatíon stage

is required.
* More sensitive to tunnelling problems in poor rock mass

conditions.
* Less flexible method than drill & blast met'hod.
* OnIy longer tunnel sections can be bored more economically

(beðause of larger investment and rigging.cost's).
* ttiaY get stuck under squeezing rock conditions.

Tunnel and shaft excavation by the reaning nethod.

The reaming or raise drill method is a reLatively new technique,
introduced in Norway in L97O. It starts with a pilot hole of
approximately 11 incñes (27 crn) diameter.(Fig. 14). A_fter the pilot
nirie is completed the reaming he d is fixed to the drilt rod. The
drilling maónine then pulls and rotates the reamer back to the ma-
chine. Sfratt diameters between 0.5 and 4 m and lengths up to almost
7OO m have been made bY this method.

DRILLING OF

PILOT HOLE

REAMIN6 UP

OF PILOT HOLE

FIG. 14. PRINCIPLES OI THE REAI'IING }IETH@.
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The reaming method offers the following advantages:
* The equipment is easy to transport.
* Short construction tine.
* Small investment and construction costs-
* Reduced need for rock support compared with drill & b1ast.
* Smooth walls, ie.good hydraulic conditions.

The equipment is sma1l and can be divided into parts. transportable
with ñelicopter. ft can be made ready for operation within one
week after árrival on the construction site, and it is operated by
2 -3 men only.

Norma1 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 reaming.
A 350 m long shaft can bè constructed in 3 months only, which is
4 months less than required with drill & blast.

FIG. 15. EXAI.IPLES OF TIJO LONG TUNNELS EXCAVATED BY THE REAMING ]'IETHOD I}i NORIJAY. THE ó85 I'I LONG

TUNNEL IJAS MADE I}¡ 4I,IONTHS, I'HILE THE OTHER TIAS I,IADE IN 3.5 }'IONTHS.

The method has been used mostly for construction of shafts. During
the tast 5 years an interesting development has taken place towards
more horizontal holes and tunnels. Long tunnels inclined only
5 100 have been made in hard rocks. The construction tine 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 shòwn in Fig. 15 vtere only between 1 m and 3 m off the
planned points.

The reaming rnethod offers many interesting possibilities for tunnel
and shaft constructions especially for smaller hydropower plants.
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Rock support methods.

Rock support is carried out to improve the stability in an-un-
aergrouñå opening. Stability in this connection is connected to
the potentiãf fof rock falls or rock slides. The stability depends
on the rock mass quality and the location, size and geometry of the
excavation. The dãgree ót stability indicate the stand-up time_, ie.
how 1ong the opening can function without undesired rock falls or
slides ùo occui. Poor stability means that the rock support has to
be installed quickly after excavation.

The instatlation of rock support has two main purposes:

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

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

The inítial 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
necesãary, ie. the method(s) and amount is decided when the rock
conditioñs can be studied on the actual site after the excavation
has been carried out.

,001 ,003 ,01 03 ,1 ,3 1 I 10 30 100 100 '1000

O-VALUE

FIG. 1ó. THE I,IETHOD(S) AND AMOTJNT OF ROCK SUPPORT IS DECIDED ACCORDING TO THE STABILITY CONDITIONS IN THE

ROCK I'IASS. THE O SYSTEM DEVELOPED BY THE NORUEGIAN GEOTECHNICAL INSTITUTE (NGI), IS USED IJORLDIJIDE

FOR CLASSIFICATION AND DETERMINATION OF THE ROCK SUPPORT.

The contractor is responsible for installation of the initial
support. ftre working crerlr decides the amount of rock support to
be-üsed for their own safety, while the various methods to be app-
Iied are decided by the owner in cooperation with the contractor.
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The owner is responsible for det'ermining .the fila]-rock support'
Nor*atty the ownÄr and his consultant decide both the methods and
arnounts of the support necessary in addition to the ínitiat support
installed earlier.

The total cost of rock support in the more than thousand km of
water tunnels built in t¡orwãy has varied from less than 10? to more
than L2OZ of the cost for ari-ffinq, 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 dur^ing construc-
tion and to fecommend 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 conmon method for rock supPort. 500'000
bolts are irístalted annualty in Norway. Rock bolting is a flexible
method. It is frequentty usea as initial support at.the tunnel face
to obtain safe woiXing óonditions for the crew. It is also used for
the final support. Ai a measure for capacity, 50 100 bolts can
be instatled per shift (7.5 hours) by a crew of 3 men.

GROUTED BOI.T TENSIONED BOLT

FIG. 17. THE T¡¡O MAIN TYPES OF ROCK BOLTS; THE FULLY GROUTED BOLT AND THE TENSIONED BOLT.
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FIG. 18. THE TIJO I¡IAIN APPL¡CATIONS OF ROCK BOLTING. LOCAL ROCK

INDIVIDUALLY TO STABILIZE SINGLE, LOOSE BLOCKS. SYSTEi{ATIC

A CERTAIN PATTERN AS A I,IORE GENERAL SUPPORT IN UNSTABLE

II¡STABILITY IS CAUSED BY JOINTS SHOI'N AS LINES.)

Shotcrete

BOLTS (LEFT) ARE INSTALLED

ROCK BOLTS ARE INSTALLED IN

AREAS. (IN THE FIGURE THE

This type of rock support is obtained by spraying concrete on the
rock surfaces. rn Nor!¡ay the so-called rrwetrr method ie. with
water added before the concrete is being punped 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 flexibilíty. Today three different rnethods are in use:

1. Ordinary shotcrete sprayed in layers up to about l-O crn 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 material-s 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 nobilize the equipment, ready for
use in the excavation.

* No formwork needed.
* Independent of the shape of the excavation.
't High placing capacity.
* Can be combined with other support,ing methods.

The disadvantages are:
* Some examples of collapse of shotcrete applied on swelling

rocks.
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FIG. 19. ROCK SUPPORT BY SHOTCRETE OR TIBRECRETE.

FIG. 20. THE CCI,IBINATIO}¡ OF SHOTCRETE/FIBRECRETE AND ROCK BOLTS OFFERS ATTRACTIVE SOLUTIONS FOR

l,lANY ROCK IIASS CONDITIONS. THIS I,|ETHOD HAS IN MAilY OCCASIONS REPLACED THE Il¡ SITU

CoNCRETE LtNtNG, BECAUSE IT IS OUICKER T0 INSTALL AND CAN I|ORE EASILY BE ADAPïED T0 THE

ACTUAL ROCK },IASS CONDITIONS-

Capacities of 30 40 m3 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 lining is preferably applied hrhere
Iarger areas/volumes of poor rock mass conditions occur. It is
however, the most costly and time-consurning 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.
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FIG. 21. ROCK SUPPORT BY CAST-IN-PLACE CONCRETE LINING.

FrG. 22.
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O/O OT TUNNEL EXCAVATION (BY DRILL & BI-AST )COST PER METER TUNNEL'

THE VARIATION II,l COSTS FOR THE VARIOTJS ROCK REINFORCEI,IENT }'IETHODS ACCORDING IO NORIJEGIAN

EXPER I ENCE .
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Ifhat, are the possibilities for applying Norwegian rock excavation
methods in India?

The geological maP of India, Fig.
the country is consisting of old
Iogicat periods as in NorwaY ie.
are mainly hard rock.

23, shows that a large Part of
rocks formed in the same geo-
the rocks found in these areas

-t¿ t-t>
Düãaçl\ Ê->-.- ^- ¿

-\b-.7-.^ 4
'f¡l

¿
I

\
I

I

rú.:il
\

BOMBAY

FIG. 23. A SII'IPLIFIED GEOLOGICAL I4AP OF

FOUI'ID IN NORL'AY.
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INDIA. I,IANY PARTS CONSIST OF HARD ROCKS SII'IILAR TO THOSE
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India has not, hos/ever, had a recent ice age like Norv¡ay; the rocks
in the surface are therefore weathered and often covered by loose
naterials or vegetation (Fig. 24). This inplies that possibilities
for underground hydropower construction can not be so easily
detected. Costly field investigations often have to be carried out
to qet the same information as can be seen from simple surface
observations in Norway.

INDTA

NORWAY

FlG. 24. BELOL' THE ZONE OF UEATHERING, INDIA AND NoRtrAY PRoBABLY HAVE SII'|ILAR RoCK IIASS Co}¡DI-

TIONS IN ltANy AREAS. tT CAN, HoUEVER, oFTEN BE DTFFICULT T0 DETECT THE POSSIBILITIES 0F

THE UNDERGROTJND IJHERE THE 'IGEOLOGY'' IS HIDDEN BY THE T'EATHERED ROCKS. THE COST OF

PREINVESTIGATIONS IJILL THEREFORE OFTEN BE ¡|UCH HIGHER II¡ INDIA THAN II¡ NORIJAY.

No record exists of all the tunnels excavated in Norway, but it
is believed that a total of about 3OOO 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.

WEATHERED ROTKS

FRESH ROIKS
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FIG. 25. THE CURRENT TREND OF INCREASED TUNNELLING CAPACITIES AND REDUCED EXCAVATION COST I|IAKES

UNDERGRO,JND EXCAVATIONS ATTRACTIVE II¡ THE FUTURE.

There is still a development going on in Norway towards lower
rock excavation_ cost in Norway. Contractors are today (1990) ex-
cavating a 20 mz drill & blasd tunnel for USD 600 (10 OOO rupees)
per meter. In addition come the costs of rock support, norma]Iy
irom 10? to 1OOå of the excavation cost. Most people outsidq
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 met,er tunnel.

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