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UNLINED I,üATER CONDUITS IN NORI,¡AY

Unlíned I^rater tunnels and shafts wíth pressure of any signíficance carne

ínto use ín Norway at the end. of I'Iorld trüar I in 1919. After the first four
shafts were bui1t, no unlíned high pressure conduits l{tere constructed
before the rnid fíftíes. From then on a number of shafts and tunnels wíth
steadily íncreasíng pressure on unlined rock have been constructed. Start-
íng in th. "".r.rrtiãs 

a number of hydropower plants have been constructed
¡^riih unlined aír cushion surge chambers in rock. Two common lay-outs of
tunnels and shafËs are shol^ln on fig. 1. The choice of actual lay-out is
dependent upon topography, access and the need for secondary íntakes.

An unlíned pressure conduit ís a tunnel or shaft whích ís not lined to
wíthstand internal \^later pressure. As the rock is a material with a cer-
taín permeability albeit low, water wíll migrate into or out of a tunnel
depenãing on the relation beÈween naÈural ground \¡rater Pressure and the
prã""nr.-in the tunnel. Thís ís shown in principle on fig. 2.Liníng for
iock support purpose ís aPplied as necessary as ís grouting and sealing of
pervíous zones. Ãt.t"g. length of lining very seldom exceeds 5 7" of total
tunnel length.

In exhíbít I a lísting of hydropower plants which have tunnels and shafts
\^rith statíc head higher than approxímately 150 m are given' Some plants
r¿íth lower pressure r¿hích are of specíal interesË due to faílures or heavy

leakage havã been included. The líst in exhíbiÈ I gives only the maximum

static head on unlined rock. One reference may therefore include several
kilomeÈers of tunnels with 1ower, but still comparatively high head' The

total length of unlined pressure conduíts in operation in Norway today is
not kno\dn exactly, but ís estímated to exceed 2000 krn. There ís of course
also a number of hydropower sÈatíons whÍch have a maximum statíc head on

unlíned rock lor¿er than 150 rn. Except for a few interesting cases these
po\ÀIer statíons, approximately 150 in number, are not included ín the list'
The information given in exhibit I ís based partly on an unpublished
reporÈ, NGI-54402 from the Norwegian Geotechnícal ínstitute' partly on the
Norwegían publications listed ín the bibliography ín exhíbit 2, and partly
on information from the various ohTners.

The design princíples used for the first shafts are not known, but from
reports ùrítten ott th" failures of two of the four shafts builË around
l92O an understanding of the need for an overburderi pressure to counteract
the waterpressure can be discerned.

For the planËs built in the fiftíes and sixtíes Èhe need for a certain
excess overburden pressure or rather positive effective rock stresses hTere

recognízed and ,r".à 
"" 

a design principle. There excisted' however, only a

numbár of rather crude empiric methods for estimatíng rock stresses.

The need for a better understanding of the problems and a more reliable
desígn method r¿as realized in the early seventies when three pressure
shafÈs and tunnels suffered hydraulic splítting. The Norwegian Geotechni-
cal Institute undertook a systematic analysis of excistíng pressure shafts
and tunnels and the Department of Geology at the Norwegian Technical
University developed a fínite element programme for stability analysis.

A summary of the data comPiled by NGI ís gíven on fig. 3 and an example of
a finite element model wíth dotted equilibríum línes representing various
heads Ís given on fig. 4.



After the newer and more precíse desígn methods came ínto use, problems

r^ríth failures seem largely to have been overcome. The increasíngly conmon

practíce of checking the ãesign values by ín situ stress measurements and

pore pressure measuiements has contríbuted to the successful construcÈion
ãna op.ration of a number of high head conduits and aír cushion surge

charnbãrs in the late seventíes. Currently there are L7 separate conduits
with staÈic head on unlined rock in excess of 400 m in operation, the
híghest beeíng 780 n.

A number of high head plants are under construction today (1983).

The shaft with highest Pressure under constructíon is Tjodan wíth 890 rn

static head on unlíned rock and shafts with head in excess of 1000 m are

planned.
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EXHIBIT I

LIST OF NORI^IEGIAN

UNLINED PRESSURE

SHAFTS AND TUNNELS



Reference Name

number
of project Type of conduítYear of

commis-
Static Geologic
head conditions

Corunents

t Skar

Herlandsfoss

Svelgen

Tafj ord K3

saona

1919 Pressure tunnel
and shaft

136

1920 Pressure tunnel I42

Pressure shaft and
tunnel

Pressure shaft

Ilornblende
schist ínter-
bedded wíth
mica schist

Granític gneiss
with lenses of
amphibolite 'partly
weathered

l"fassive gray-
green sandsÈone

Banded gneisses

Mica schist 'horízontal
foliatíon

Greenschist with
a short section
of qtartz dolo-
rnite and shale

Hydraulic splitting of a Iow - level
high - pressure tunnel occured
írnmedíately after fírst filling and
again after repairs with reinforced
concrete lining and groutíng. The
r^rhole horizontal tunnel \¡ras even-
tually steel lined to compensate for
inadequate rock cover.

Ilydraulic splitting occured during
testing at a head of 8l m and again
after repairs at a head of 116 m. Due

to ínsufficient rock cover in general
the lower tunnel was rePlaced bY a
penstock on the surface.

Leaks of 3-4 1/sec occurred during
testing, but \^7ere stoPped by grouting.

Srnall leaks into the shaft have been
observed when the shaft is emptied.
Cracks in concrete lined section with
faulted rock ís ProbablY due to
expanding clay.

No leaks observed from the shaft.

Problems with leakage in the dolomíte
during constructíon. The leaks were
stopped wiËh groutíng and shotcrete.
No leaks reported during operation.

3.

4.

192l

1958

152

286

5. Daj a t95 8 Pressure shaft 144

Pressure shaft
and tunnel

6. Porsa r95 9 222



7.

8.

Svartelva

Fortun

Sokna

Straumsmo

Tafjord K 4

0rteren

Flaen

Kalvedalen

Tysso II

Uvdal fI

S0a

Rana

1959

t963

1964

L966

1966

L966

L966

t967

L967

1967

t967

r9 68

Pressure

Pressure

Pressure shaft

Pressure shaft

Pressure shaft
and tunnel

Pressure shaft

Pressure shaft

Pressure shaft
and tunnel

Pressure shaft

Pressure shaft

Mica schist

Arkose

Greenschíst 'phyllíte and
graywacke
l4íca schíst

Banded gneíss

Gneíss partlY
schistose

Míca schist

Gabbro and
quartz diorite

Granite

Granític
gneiss

Granitic gneiss

Gneíss partly
schistose

shaft

tunnel

100

186

174

232

450

160

200

225

2t7

170

267

220

No operatíonal problems reporÈed.

Concrete lining of faulted and fractured
zones. Sealing of leaks encountered
during construction bY grouting.
No operaËional problerns reported.

No operaÈíonal problems reported.

Zones with faulted rock ín the shaft
supported by grouted dowels and
reinforced shotcrete.

No rock support or sealing required. No

operational Problems rePorted.

Joint opening and leakage during first
filling. Leak was sealed by groutíng
and no further problems are reported.

No operatíonal problems reported.

No operational problems reported.

No operational problems reported.

No operational problems reported.

No operational problems reported.

Some leaks encountered during construc-
Ëion. Moderate to high intensitY
rock burst.

o

10.

11.

t2.

13.

L4.

15.

16.

17.

18.

Pressure

Pressure

shaft

shaft



19. Trollheim 196g pressure shaft 297 Gneíss with high Grouted, dowels, shotcrete and concreÈe
qlrartz content 1iníng used for rock support in faulted

areas. Some leaks encountered during
constructions. No operational problems
reported.

zo. Byrte 196g pressure shaft 303 Gneíss and srnall leaks encountered during constÏuc-
granitic gneiss tion. Hydraulic splittíng occured due to

insufficient rock cover, and the whole
shaft had to be steel líned.

2L. B1åfal1i rrr 1968 pressure shaft 302 Granite No operational problems reported'

22. Ilove 1969 pressure shaft 320 The lower 100 m Faulted and fractured zones supported
of the shaft lies by grouted dowels, shotcrete and

in gneíss and cast in place concrete. No operatíonal
separated from problems reported.
the upper 300 n
in phyllite and
mica schist bY
thrust fault

23. Målset 1969 pressure runnel l9o Phyllíte and No operatíonal problems reported'
mica schist

24. Småvatna 1969 pressure shaft 220 Phyllite and No operational problems reported'
quartzbearing
schist

25. Guolasjokka L¡TO pressure shaft 180 Quartzose mica No operational problems reported'
schist and thin
layers of graPh-
íte schíst

26. Fjone r97o pressure shaft 250 Granitic gneiss Faulted zone suPported by cast in place
concreÈe and sealed by grouting. No

operational Problems rePorted.



21. Âskåra T LgTo pressure tunnel 2Lo sandstone Deformation and flushing out of clay-
filled seams due Ëo insuffícient rock
cover. Steel 1iníng rnras extended and
additional grouting performed, and
no further operational problems are
reported.

2g. Hovatn IglO pressure shaft 475 Granític gneiss FaulÈed zones supported by cast in
and tunnel Place concrete'

Sealíng of seams in tunnel and shaft by
grouting. No operational problems
reported.

29. Jørundland. lgTL pressure tunnel 280 Arnphibolitic Seam ín front of plug shotcreted and

foliated gneiss grouted. No operatíonal problems
wíth some Peg- rePorted.
matitic lenses

30. Bjerka IITI pressure tunnel 72 Foliated gneiss Deformatíon and flushing out of clay-
interbedded ¡¿íÈh fil].ed seams due to insufficient rock
mica schist cover. Steel lining \n/as extefided. No

further Problems are rePorted.

31. Bogna l97r pressure shaft 28o Granitic gneiss Rock support by shotcrete and cast in
place concrete in faultzones partly with
calcareous fillíng.

32. Savalen IITI pressure shaft 250 Quartzitíc mica No operational problems reported'
schist

33. Fínnd,la lg72 pressure shaft 2g5 Granitic gneiss No operatíonal problems reported'
and tunnel

34. svelgen rv 1972 pressure shaft 160 Massive gray- No operational problems reported'
and tunnel green sandstone



35. ylja Ig73 pressure shaft 2IO Meta-arkose Leakage occured duríng first filling
probably due to an oPen joint.
Sealing by shotcrete and grouting
has reduced leakage to appr. L0 Il sec. 'an acceptable level.

36. Sjona L973 Pressure shaft 250 Calcareous No operational problems reported.
sediments and
mica schists

1973 Pressure tunnel 350 Graníte37. Skjonen

38. Driva

39. Dívidalen

40. Solhon

4I . Llauranger

42. Ulvik

1973 Pressure tunnel 450 Gneiss

lg73 pressure shaft 278 Mica schist No operational problems reported.
and tunnel

1913 Pressure shaft 200 Gneíss

No operatíonal problems reported.
Average mass_Bermeabílity calculated
to be 3 x 10 ' mf sec. based on Ineasure-
ments during first filling.

Air cushion surge chamber ín unlined
rock, volume appr. 3000 n3. Static
pressure 42 bar. Air leakage too small
to be measurable. No operational
problems reported.

Rock supported by unreínforced cast in
place concrete.
No operational problems reported.

No operational problems reported.197 4 Pressure shaft 440 Gneiss
and tunnel

Lg74 pressure shaft 330 Partly phyllites No operatíonal problems reported.
and tunnel partly gneiss



t+3. Ø1jusj øen

44. Jukla

r97 4 Pressure tunnel 250 Gneiss

t97 4 Pressure tunnel 250 Gneiss

No operational problems reported.
Average mass_nermeability calculated
to be I x 10 " m/sec. based on measure-
ments during first filling.

Air cushion surge chamber in unlined
rock. Volume appr. 4000 m3, static
pressure 24 bar. Aír leakage very low
as predicted in fÍnal design. No

operatíonal problems rePorted.

No operational problems reported.

No operational problems reported.

No operational problems reported.

No operational problems reported.

No operational problems reported.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Grytten

Fagerli

Vemundsbotn

Lassaj avri

Svandalsflona

Âmæla I

Åuræla II

BåtsvaÈn

Brattsberg

r97 5

r97 5

r97 6

r97 7

r97 7

r977

r97 7

r97 7

t97 7

Pressure tunnel

Pressure shaft
and tunnel

Pressure shaft

Pressure shaft
and tunnel

Pressure tunnel

Pressure shaft

Pressure shaft

Pressure tunnel

Pressure tunnel
and shaft

Gneiss

Mica schist

Gneiss

Quartzite and
phyllite

Greenschist,
phyllite and
gneiss

Banded gneiss

Banded gneiss

Massive fine
grained, granite

Greenschist

No operational

No operational

No operatíonal

problems reported.

problems reported.

problems reported.

310

2t5

250

148

203

500

514

2to

150 No operational problems reported.



54. Leirdó1a

55. Duge

56.

57. Lomi

Skibotn

59. Kj ela

60. Kolsvik

r97 I

r978

Pressure shaft 450 Gneiss

Pressure shaft 140 Gneiss

Pressure tunnel 30 Gneíss

Pressure shaft 510 Mica schíst
and phyllite

Pressure tunnel 440 Mica schíst

Pressure tunnel 180 Granitic
gneiss

GneissL91 9 Pressure tunnel 430

No operational problems reported.
Average maås permeabílity calculated to
be 1 x 10-" rn/sec., based on measure-
ments duríng first filling.

Partly lined with unreínforced concrete
as rock support. No operational problems
reported.

Ilydraulíc splitting gave consíderable
but still acceptable leakage. Plug was
moved further into the tunnel in order
to get suffícient overburden when the
po\¡Ier station \¡ras renovated in 1978.

No operational problems reported.
Average mass Bermeability calculated
to be 5 x 10-" m/sec., based on measure-
ments during first filling.

Grouted dowels, shotcrete and concrete
lining for rock support in faulted
zones. Average mass PerngabilitY
calculated to be 3 x 10-' m/sec., based
on measurements during first fi11ing.
No operational problems reported.

Deeply weathered rock. Open joinËs
required extensive grouting. No opera-
tional problems rePorted.

No operational problems reported.

Ä1 195 1

r97 I

58.

r97 9

r97 9

r97 9



61.

62.

63.

64.

65.

66.

67.

Lang-Sirna

Oksla

Steínsland

Nye Osa

Sy Sina

Tafjord K

Holen

r980 Pressure tunnel 520 Gneiss

1980 Pressure tunnel 450 Gneiss

Air cushion surge charnber in unlíned
rock, static pressure 49 bar, volume
6200 mJ. Recorded air leakage less than
0,1 NM'/min.

Aír cushion surge chamber ín unlined
rock, statíc Pressure 44 bar, volume
f7.000 rn3. Air leakage too small to be
measurable.

No operational problems reported.

and Numerous vlater leaks encountered during
excavation of tunnels, and extensive
groutíng necessary. Rock support in
faulted areas by grouted dowels, shot-
crete and concrete lining. Air cushion
surge chamber in unlined rock, pressure
18 bar, volume 12.000 m3. Extensíve
grouting of surge chamber has rçduced
the air leakage to approx. I NM-/nin.,
r¿hich is well r¡ithin acceptable opera-
tional límits.

No operational problems reported.

Aír cushion surge chamber in unlined rocl
pressure 75 bar restrictions on opera-
tion due to air leaks. Grouting planned
in 1983. Tunnel and shaft function
properly.

No operational problems reported.

1980

1981

198 I

I9B1

Pressure shaft

Pressure tunnel

Pressure tunneL

Pressure shaft
and tunnel

470

200

Gneiss

Granite
arkose

Gneiss

Gneiss

290

780

198 I Pressure shaft 320 Gneiss



68. Kvilldal 1981 Pressure tunnel 465 Gneiss Air cushion surge chamber in unlíned
rock, pressure 4l bar, voluqe 110.000 m3.
Recorded air leakage t-4 NM-/urin., well
within acceptable límits.

69. Lavkajokka Igg2 pressure shaft I22 Mica schist No operational problems reported.
and tunnel

70. SíIdvik IgB2 pressure shaft 640 Mica schist Moderate to high intensity rock burst
in the lower part of the shaft. No

operational Problems rePorted.

7I. Grana IgB2 pressure shaft 430 Granodioríte No operational problens reported.
and mica schist Locally moderate rock burst.
interbedded and
folded

72. Litjfossen lgg2 pressure tunnel 2OO Mica schíst No operational problems reported-

73. Brattset IggZ pressure shaft 23O Mica schist No operational problems reported. Aír
and tunnel cushion surge chamber, unlined rock,

pressure 20 bar, volume 10.000 n3.
Aír leakage too small to be measurable.

14. sgrfjord rgg2 pressure shaft 450 Mica schist No operatíonal problems reported.
and tunnel

75. Ar6y 19g3 pressure tunnel 140 Granite No operational problems reporÈed-

76. Slunkajavre 19g3 pressure Ëunnel 240 Phyllíte and No operatíonal problems reported.
and shaft marble

Sandvika ' 12.4.83
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