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dine. the last World War, more than 300 underground 

hydroelectric stations have been constructed by different 

coo ntries in the World. An equal nub.r is under advanced 

state of planing. A review of the literature indicate that 

moist of these stationo are located underground on economic 

reasons  added with aeny other inherent advantages# t'ndarground 

construction results in as much as So to 35% savings in cost 

than an overground construction all other conditions remain' 

ing more or less comparable. Neither the head nor the flow 

limit the choice of underground location of the power station. 

Economy in underground conotrmotion can be effected 

only if the rook strata in which the citation to be located is 

suitable for large stable openings. If the rock mass in which 

• station is located is so poor that it must be considered 

a load rather than a building material no economy is possible 

by slatting an underground typo. The layout Should be 

&pproachod with the full assurance that rook is available is 

a safe structural material. Geologic investigations and 

muck mechanic investigations are thus Important In the layout 

of underground stations. Based on the surface geological data, 

only tentative layouts  can be made and such layouts before 

finalisation have to be confirmed by exploration tunnels or 

edits. Considerable savings can be effected if rook mechanic 

investigations are correctly interpreted. With proper inter-

pretetion%  a ma3or portion of the water pressure in a steel 

lined pressure shaft can be transmitted to the rock while 



stool Lining need only act as a water sealini membrane. This 

will considerably reduce the project costs. 

Selection of generatin machinezy and auxiliary 

equipmentt deserve serious consideration in an underground lay;-

out. In a layout, the largest cavern is for housing the 

generatin, aachiner r, The span of the power house cavity should 

be as small as possible to reduce the construction hazards. 

The basic parameter in the machinery is the diameter of runner 

and for this to be a minimum the highest possible speed for 

the runner is to be adopted* Generators are of different 

type* Use of the umbrella type generator reduces the visa of 

the under round cavity* Whether it is preferable to locate 

the transformers underground or overground is a contriver' 

sial problem. If underground, whether the transformer$ are to 

be in the main power house cavern or in a separate cavern is 

decided based on economic *tudias, 

An underground layout can be finalised only der 

studying the various alternatives. Whether a scheme is to be 

designed as a 'hsad'O d rvslopsent or 'tail' development or 

' intermediat r'development Is a matter to be decided by econo--

mic studies. Merits and demerits of each alternative have 

to be independently analysed. In the aliment of pressure 

conduits, rook cover should be minimum to reduce the +const-

ruction costs. Large spans for underground cavities should 

as far as possible be avoided. Underground power stations 

require additional facilities like access, ventila~tiont cable 

ducts etc. These are provided by means of tunnels and shafts. 



Multiple tsar of these shafts and tunnels would reduce the 

conet f of ion Costs S. 

The I&ikki Power station as on ina y planned con-

sisted of three dams and an overground power Station. arthsr 

inVastigatjoons and studies indicated that underground to 

cation of the station 10 cheaper. Consideration t,hat led to 
the choice of underground location has been mainly for reasons 

of OCOfL 7 the main factor being a cibetantir l reduction to 

the q antity of steel for the penstocks as a rasalt of the 

parUcipation of the rock to withstand the hydrostatic 

pre*Aire, Another major consideration was that underground 

,ovation will praslude - dnrnsa fri landslides,. 

The rock conditions at the power hoizoe site and 

appurtenances are generally found aatiafactor3r and bacad on 

thece data tentative iorout was prapared1  Initially  ind*- 
ps .ent cavernc3 are suggested for. turbine valves power house 

machinery and transformers„ Before finalising this layout 

the main access tunnel to the power station was drtvsn and 

based on the actual data at site it was considered better 

to aceomnodate all the facilities in one ogle cavern. Based  

on detailed geology at site the power Station was shifted by 

140 ,E Tack in the pressure shaft area wa0 excellent as raasa] d 

by driving an intermediate a&tt • "1'o reduce the length of 

the pica ire shaft, the two shafts will cross before they 

reach the power station. Cable shaft has been used for venom* 

tilation also,, six machines each of 3.30 MW (376 RPM) are 

p1'opoled to be installed In the power station. The above 



proposals are t! *t of the X*r*J i State Etctrtctty Board. 

The author has s igc9aatsd $me alterations in the 

laymt. M& Ines having a sped of 428 'PM have been v q.900b-t 

sd to be used. This will reduce the size of the cavity. 

The cable Shaft Is ggsstsd to be enlarged and used for 

taking cables, providing ventilation, and access. The cost 

of the underground layout  can be reduced by sbo t % If the 

above alterations are incorpor*t.ds 
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CHAP 

A large number of underground hydro-electric 

plants had been successfully completed prior to World 

War 11.E  but most of these war* located in Europe. since 

the War, development of Underground suctions has been 

noticeable in Iurope1  LT,., Australia, Philipines, Canada, 

Japan!  U.s.A., 	and recently In India, In all,, 

there are about 300 Underground h3dro'elsotria stations 

in service or under construction in various countries, with. 

a total installed capacity of 31 Million kw. An equal 

mbar of stations with an installed capacity of approxi-

atately 30 Million kv is under planning stage. 

Increased attention towards the construction of 

underground power stations all over the World is indicated 

by the fact that only 40 plants existed before 1946. The 

basic reason for adopting underground plants has been 

economics. Many underground plants have cost less than the 

alternative sarfaoe layout; or with credit for the additional 

effective head .9  they produce Power at the lowest cost. 

Others are considered economic when due credit is given 

to scenic benefits, freedom from Slides,, avalanches or 

freezing or other semi-tangible benefits. Although major 

underground plants were built as late as the years 

imnediatsly preceding World War 11, similar projects were 



planned considerably earlier. This indicates that the idea 

of locating power stations underground wee not suggested by 

th4ntention of protecting them against air raids1 but by 

technical and economical considerations. 

The followingg tabulation gives and appr4xthate 

distribution of the Underground plants In various countries: 

Algeria 2 Italy '72 

Australia 	- 9 upon 5 

Austria 	V 2 Mexico 	w 4 

Brazil 	- 4 Norway 	~► 

Canada da a Pero 	- I 

China (Po 	o*a) - 3 PhIllipines "' I 

Cuba I Portugal 	4W 5 

Egypt i thodesia 	0* 2 

El $alvi actor 	"" 31 s . ttland 	"r 5 

Finland 	- 2 Spain 	2 2 

France 	w 23 Sweden 44 

Germany 	- 3 Switzerland - 28 

.Guinea 	- 2 United States 4 

Iceland 	*» 1 U.g.B.R, 	- 4 

India 	- 5 1 igoslavia 	• 12 

Italy leads the World in number of Underground 

plants despite poor geological formations of sedimentary 

and neta~corphic rocks with heavy seepage problems, By 

contrast with Italy# geological formations are generally 

oontdr.. 
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good in Noway and Bveden. The total underground station 

capacity In Italy Would be 5 Million kv (30% of the total) , 

about 4 Million kw In Sweden (50% of the total) and 3 Million 

kw in Norway and 2.5 Million kv in Canada and nearly a 

Million kv In Switzerland„ 

t1nderround layout of hydrostations is more popular 

in Fir'op an countries perhaps due to the advancement made 

in tunnel work and economical excavation processes. Under-• 

ground layouts require more labour and less material. 

Labour is relatively more important cost item in the United 

States. Row are advances in underground excavation techni-

ques, equipment and knowledge are tending to increase the 

economic use of underground excavation in that country too, 

The principal cjeetrXm machinery such. as 

turbines and generators, transformers and Bitching equip-

ment and ancillary equipment; station service and operating 

machinery are all the same whether the proposed Station is 

underground or on the surface. Underground plants comprise 

all the elements found in the ordinary types of developments 

with power houses on the earface. These elements area 

1)  torai..end. divere on cilitvr  This fie obtained 
by the construction of dome or weirs or barrages. 

contd.. , 
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i1) ,ntrke Market In low to medium head 

developmental mostly the intake .io combined with the main 

dam constituting the diversion and storar a works and ordl-

narily the concentration of head in the reach of river 

developed. In high head sehemea, the intake works are 

normally separate from the main dam. Intake works ordinarily 

consist of trash racks and control %ate$ together with 

operating facilities, 

U i) C,otdaatorayst„em s In low head plant D l, the 

pressure conduit will be relatively short, sloping or vertical 

and these may be lined or unlined as dictated by rock 

conditions, In high head developments,, the pressure conduit 

may be a combination of a pressure tunnel and a eloping or 

vertical penstock embedded in rook with concrete* In some 

oases, surge tanks would be necessary at the commencement of 

the pressure shaft or tailrace tunnel or at both the 

locations. 

iv) oirerNaace _Cavit~vz The cavity accommodating 

the generating units its excavated in the rock. Sometimes 

provision is made for housing the stop-up transformers 

adjacent to the generator$ in part of the same chamber or in 

a separate chamber; otherwise the transformers are placed 

on the surface. Control valves in the branches of the pen-

stock may either be located within the power house cavity 

or in a separate chamber adjacent to the power house cavity 

with its own drainale connection to the tailrace tunnel. 

.... & A 



v) Tailrace 	z The discharge from the water 

wheels is handled throe h a pressure or free flow tunnel,, 

For stable hydraulic operation, a surge chamber adjacent to 

the power house would, be required if the tailrace is designed 

as a pressure tunnel. 

1.3 7Ai't1 FVUUNPWfl1WiD MU3NGEMEN* 

Considerationsor underground design can be suari-

$ad under four categorleo: 

i? Economical aspect©; 

ii) Operation aspects; 

iii) Nature conservation and land protection; and 

iv) Defence requirements. 

Theo* are dis oned in detail below2 

,3.. c~nc i aor~ is erat ~n,~: An analysis of the 

cOOte of under ,round stations shove that costs are 30 to 40% 

lass than for conventional overg 	atation®. Of course, 

this may not be true In all cases. However,$ in nearly every 

case,, the main reason for the decision to construct an 

underground station has been that it was more an economic 

proposition than one aboveground. The economics can be divi- 

ded up as foflowot 

1) If the steep canyon profile at the site of a 

high den is deep and narrow with steeply riving sides, there 

may not be enough space for locating the Station overground 

at the foot of the dos. (Pig.66) Deep cutting for locating 

the station overgronnd may affect the stability of the slope. 

In Such cases underground location may prove to be 



000no lca.l o1nco thorn In more froodem In pooltionIn the 

station,, In lov to nodorato hoa( plantag Undorgr=nd arrangows 

wont may por,a1t a more effective concentration of head an+1 

thus' tho utilioation of larr or joneratins flnttD trith loo$ 

l3pooif2c e0oto, 

iil) In man oauoo ; tho coot of of xeturov may be 

c ltoat oval to the Curfaco Inotallutiori, Ent tho roa]. 

oav .nmo occur in tho reduction In fractional loC000p duo to 

ohortor trutor conductor oyotoc (x tnplos X&tkk$) 

111) U$th catblo topogrtxphicn3 and toolo ica]. 

oonditlono tho con 2t for tinter conveyanoo bottroon the 

hoadt,ortc and the uMorround otation trill bo much Chortor that 

the headraco tunnel and onp000d ponatock In an Ovorround 

devolopmont 0 •?hio iii l reflect in the coat of undor1round 

last, Coc'tly anchors can be oilttod In undorraund 

ponotookk Ohafta„ Capaeitloo of pipe linen can be inoroaood 

which will be ill not h imp000fbio 9 boaauco of unfavourablo 

CJlopoo and bad r1 un6 An the cat3o of o o►000d ponutooZo„ 

Ate) `a'unnoio An sour may be limos or uniinoc 

dopandirt upon the quality of roc] Rock of good qu€lit , 

or~n 

 

be relied upon to carry full or part of the internal 

proiJciiro, The oonotruotlon of an un6orrround condugt inotoad 

of en o2p000d ponctoo! iaY fihoroforo roG.t in Vzwin ;tO 

in Ccob linin0 In ,cod quality roc!. unlined conEu.4ta have 

boon canofi.~uotcd oven for a hydrootatic psoamaro ao high no 

COO 	'In 	ccooc the Mco3. 1n2no3 10 c ittcd ciit$rol7 

contdi!. b 



-17: 

and a thin coneroto layer to provided to provont 0oopago 

loacoo and roduco friction* 

v) Whon tho conditiono are ouch as rockttU. 

ID the moot foaciblo and oconomical typos, the boot overall  overoU 

oolution Is froquontly that in s`hich rock romovod from the 

other eit ent 0 of tho pouor solo dovolo ont cxch ao tho 

potter houoo chr,  aberq  10 uDed for the conotraction of tho damn 

Thin will entail oconoiy in overall conot etion coot of tho 

Underground dovetopnent if the poor houGo 1,0 cl000 to tho 

dam. 

vi) If the dam atruoturo acrooD the trator coarOo to 

an earth dam or earth and rockfi].l ctructuro, d .voroion of 

river eater during construction of dam will be tha 	tunnolo 

couCtruetod In the. abutting hi1.ICd. Th000 tunnol0 may poliapO 

be ut flood an tai .raco of an undor ;round pourer otation with 

advantalo of incidental. •ocono , Tho available head may con^ 

o4dorably ho tncroncd for tho dovolopmont, nay bo trlth a 

0].gght increa ►o in tho lon'th of the taiiraco tunnola 

vii) With roduced longth of proO uro conduit,, C allow 

Cargo tank dinonaiono aro found cufficiont in Undor ;round 

dovolopmontoo 

• viii) The ratio of ,torero conduit to the tailraco 

tunnel Is of ,root aicnifjcaneo0 ©vorall cooto of tho conduit 

Dyoto arc the loiTor; the -Tcator tho relative lon" th of the 

tallraco tunnol chnco the latter can bo loft unlinod or nro 

vidod with a nlain concroto linin j to ro&ioo friction loco, 

contdo•o 



In the ease of Underground layouts the power station can be 

located aloce to the intake and having long tatbwater tunnel. 

Such arrangement may prove to be economical than the surface 

alternative in overall costa, 

ix) Compared to the penstock of the equivalent Surface 

arrangement, the length of the preacura shaft of Underground 

station would be very short and Sometime$ the synchronous 

relief valves can be omitted without affecting the oveming 

conditionv* 

x) Foundation difficulties can be overcome, for 

example many wi5n valleys and 'Himalayan valleys have oteep 

sides and are filled to a considerable depth with glacial 

drift. A station in the r open valley therefore requires deep 

and costly foundations, 

xi) The underground excavation works con be carried 

out round the year without being hampered by seasonal varia-

tiona ae the work is free from the effect of winds Cnow and 

rain* This helps In great deal in, achieving the object 

earlier, than It would have been, had it been a surface statioi 

'hue, not only is the overall period of construction reduced $, 

but the project begins to yield positive returns earlier. 

Farther, the conet etion of the dam and the power station 

works do not overlap as they cor~atitut• two absolutely 

Independent units. 

xii,) An underground power station can be most econo 

aicelly constructed when the site provides Sound rock* 

contd... 



TTodo i 1annofl1flf technique may nu ko Etch a colutton quito as 

economic no a cirfaco typo poiror station, dopondin on cite 

topographical and goolociaal fonturoaa 

il) Property to be acquired for undo round planto 

is far bona„ 

ziv) Underground arrenetent pooaocoot) croat©r froodora 

than a conventional one fro= dam(ro in an aroa cabJ oat to 

requont and heavy earthquake Ohockc ,into intoncity of Ohakins 

bolo r around to lezo cevero than on the t)arfacoe 

Undergz'ound arrangtemont to not without no at .vo 

traito no far no 00ato are coneer2ed, Theo conaidorationo 

are riven no undors 

1) For houVinq the conoratinq machinery and othoi 

equipmento,, cavitioo are to be conotrutctod undercrou nd vtiloh  

are oxpenoiva„ Hotrouor, In many caOoo g  only a part of thin 

coot can be accounted at) inarcinent over the outlay n00000aaey 

for equivalent ourtsoo swan, ont Dinca the foundation coat13 

of ovorc round tstationa located In poor quality roc c become 

o,raooaiVe Cooto of the interior ctnicturo of tho nnchino hall 

are materially lover than those of the CuporctEucturo of a 

Curfeoo plant of athilar dimonaiono, 

&) Por accooe to the Undor tound otationa, tunnoba 

or ohaf`te are nococoarya ho©o nay incroaco conct action 

cooto of undorgrcund layout Q 

cont'd o 0 0 
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iii) Cost of separate cavity excavated for housing 

Inlet valves and transfox ers aay have to be regarded as 

access cost. 

iv) Extra expenditure will have to be incurred for 

ventilation and air conditioning and cable galleries.. 
v) in sage underground layouts a Surge tank would be 

required downstream of the station which would also increase 

the cost of the underground layout. 

vi) it Is n.aessrrry to protect the generators against 

the image by water discharged from ruptured penstock locate 

underground. Arranngement* for puapina the flood waters or 

construction of a separate tunnel to lead the water$ to the 

tailrace tunnel would becosa necessary. This Increases the 

cost of Underground leycuts. 

1.3.2 0PAT1O7(AI h EM1 i  s 

Operational assets of the Underground layouts could 

be ammarised belows 

i) shorter conduit length rs lts in scaaller head 

losses, The ant of energy thus regained annually can be 

considered an asset over the comparative surface arranQament 

ii) Maintenance and repair costa are lesser for Under 

ground stations. The annual cost is snatter in Under round 

arrangement. Hardly any painting or other maintenance is 

necessary for the pressure shaft and the life of the station 

is almost infinite. Therefore a Qnah lower depreciation 

(0.5% In Sweden) can be taken. If the capital cost of the 
two types of stations are the same,, the reduced annual costs 



sake the underground station a more eaonas►icsat proposition. 

Operational liabilities in a station located 

below ground are Ci) inornenta2. cost of lighting (Ii) Colt 

of ventilation and air conditioning and (iii) disposal of 

Seepage water, 

xn areas ire there is wish to retain the natumi 

unspoilt beauty of the count Or d., an underground statian 

has the advantage of being entirely out of sight, Lesthe ' 

tidal, recreational and tourist interest *like require the 

conservation of the original landscape features and the pro- 

teotion or those againVt spoiling by oxposed penstocks gavel 

hanses etc. In WestEuropean countries, preservation of 

scenery is a major aonoid+ ration and technical reports on 

water poorer developments include a detailed aoconnt on the 

measures envisaged for landscape peoteetion besides tee tea 
considerations and econc ioal s$tluatea in support of the 

project. 

The soft obvious advantage of an under round 

station is its ft  unity troy air attack, Though greater 

security is achieved against air attack, the real reason lb r 

locating the station underground has been econaioe, Virtu-

ally all of the opproxise►tely 31 Million kv installed aapsoi-
ty in the various underground hydro-*lectric projects of the 

World have been developed purely on economic. and teahnioal 

grounds. In dveden t  which is militarily exposed, u Berg m 



stations are built on economic ground* with added advantage. 

of xartine safety. 

As in any project, a very ea rei'u1 evaluation of the 

various alternative solutions to necessary if the full ramo- 

mice inherent in an underground design are to be real issd. 
1,4 , RCP *,,.d.7U~N17►ERd OW i 	—TLOB 3 

Underground power plants may be storage or ran-of- 

the-river type depending upon the topography. some plants are 

designed to operate as base load stations while some are peak 

load stations# A selected fey are pumped Storage schwas. 

These have been constructed in all types of geological fos~aa- 

tion coispricing i neou$ metamorphic and s.d#aefltar r a rt ,► 

Mast of the ' stations in vsden are built ' in hard rocks sitoh 

as granite requiring practically no support at an* A for 

have been constricted in badly tie red and disintegrated rock 

strata (in Brazil, Pe u and Australia) for which oonttnu 

roof support was required, 

Where the undertround Plant neeessitat ►a go  logical 

and economic requirementat neither topography' nor climate 

affect their use: Plants have been constructed in Arctic 
region, exptoa being Porjua and Har ►ranget developments 

In Aden and the Niva development in RctSSia. Plants hats 

been constructed in Algeria, Brazil, Peru: E1 Salvador$ which 

az's hot countries. 
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Economic consideration of Underground plants vary, 

depending on the bydraulie head, capacity of the plant, 

load factor and availability of water. Hydraulic head in 

Underground plants vary from 36 ft. (NorrOors in sweden) to 

4822' (Forges in Francs) • Design flow ranges from as low as 

15 ous•os at Force ponale in Italy to a meiaum of 14200 cas-

ees at Harsprangot in. swodsn. The number of generating units 

runs from two in several plant a to an ultimate 16 In Kano. 

Unit capacity varies from 3 0kw to 18(W (Mont cents plant, 

France) , A low load factor of even 2}% has been adopted in 

certain stations. From the above it may be seen that neither 

head nor flow nor Biz* of generating unit limit development 

of water power re roes by means of underground plantGo 

The construction of underground power stations is 

goo ►ad all over the World primarily by conotderation of 

economics. First costs of the developmentmay in mar oases 

be reduced materially by the underground location of the 

power house. Those considerations are justified in recent A. 

times by the rapid improvement in tunnelling techniques and 

methods and one can conclude that Underground development 

will prove to be more and more economical in the years 

to come. 



Among the various layouts adopted for hydro-olaotri * 

projects with an underground powerhouse, three are the typical 

ones to which others can be referred. (49, 83) , The location 

of the power station may be virtually at any point on the 

power water way (tunnels, penstock$ tailrace) and this marks 

the type of development with underground powirhhouSe. With the 

site of haadvork$ established, the underground power station 

can be siteds 

a) near the intake and such a dsyslopment Is popularly 
known as "head develop ont"; 

b) near the return point and Ouch a type 1r known as 
(tail development"; and 

a) midway between intake and return point and this type 
known as "intemodiate" development. 

244  HAI OUM M N  * (FILS12a) 

In a "head" development, the power station is located 

alose to the , hradvorks and water is directly fed from the had 

pond into the power station and discharged through a long tallow 

water tunnel, Being close to the, head pond #, upstrosm s#xrge 

tank in the power water way may be eliminated. However a 

collection chamber or enrg• chamber night be required just 

downstream of the powexstation to aeays ►date the discaharge 

at fall load. In %cad developments, though the length of 

the preoftre conduits is *iniaised * access to the station and 
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long electrical conneetione present problems for heads in 

excise of three or four hundred feet. If the underground 

station Ie -loaated adjacent to the reservoir as is the case 

with 'head'. development$ "*page can be expected during 

construction and m inter anae, if the rock strata is not 

impervious, 

'Read' development is often referred to ae the 

*aVedigh typo" an this erxang sent in frequently adopted for 

the typical low head high flow projects of that country,. 

203,2 	TAZI .;~I KRI 	!iF q~ 	..ii.■..,■.., I 
In a 'tail' development,, the power station is located 

near the return point. The length of the tailrace tunnel will 

be much shorter than the headrace tunnel,. High head plants 

are usually 'tell' developsonta. This type is almost Similar 
i 

to the conventionat dro over development with overgrourid 

station* When comparing the two possible alternatives with 

underground or surface power house, in favour of the former, 

there will be chiefly the eavina~e obtainable in penstoak 

while in favour of the latter there is the unquestionably 

lover cost of the machine hall and access. The choicer of the 

alternative 1.0 determined only on economic considerations,, 

2.1.3 DER J+i UT.1 M-ShREM.N11 (Pig.2c) i■w■4rw~tlr■r rlwigtirl~■lyw■.~qrwr.Pr 

The Power Station 38 located halfway between the 

Intake and return point along the power water way. surge tads 

at upstream and downstream of the power station might be 

required in the power water way„ 
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.at Wit.:. 

In a scheme layout the choice between a 'head 

development or 'tail' dsyslop ent or 'intermediates' daveiop-

sent is depondint on topography, geology and economics. In 

!u*ut1  (Australia) Project, (Fig.2d) both 'head' development 

(Altern*tivv°e*3) and tail development (Alternatives 2 & 4) Wen 

examined in detail (43*) . '8tad' development involved 

1000 ft. deep access shafts which would have inc srrred high 

costs and a lone construction period and Investigations than 

concentrated on the adopted layout (Alternatives 4) with vertl** 

pressure shafts, the station 1000 ft. underground and 

headwater and taflwater tunnels of 8240 ft. and 4500 ft, 

length resp.atively. Detailed investigations confirmed the 

suitability of the layout as per alternative' 4 and the $a*s 

was adopted. 

2.2 !ZDW.tDYJU$IqMI. jWrCA0Js (F'ig.2.) 

ttnd.rground poor stations can be classified based on 

the hydrodynamic characteristics of different development a, 

especially with regard to governing conditions. Thor* are 

five categories (31) in this classifications 

1) The tailrace tunnel is designed as a free flow 

tunnel without a surge taflk dornstasaa (RUINCO TAflONig)  

ii) The tailrace is designed as. a pressure tunnel with 

a conventional Surge tank located just downstream of the 

power station and there will be no surge tank on the 

upstream of the station (GLBIMORZOTON 8TLTION - Pig .dc) 

contd.. 
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iii) , The whole waterway is under pressure with surge 

tanks at upstream and downstream of the power station. 

(Ex.CEtJThDE • PASSES STATION - Pig .61).. 

iv) The tailrace tunnel accts as a free 1LoW tunnel 
during normal steady conditions and pressure flow exists 
during 	or disturbance in the flow conditions. 

v) The whole power waterway Is very short without 

any Surge tanks. 

The ibovs cases are dealt in detail bsiaws 

+ AT OI .1s  Pre. level tailrace tunnel without 
downstream surge tanks 

This type of arrangement is adopted usually for high 
head plants. However,, many examples with reaction turbines 

can also be mentioned,„ In this type of layouts  an upstream 

cargo tank is uauaUy provided In the power waterway which 

however does not interfere with the flow in the tailrac* tunnel 

The tailrace tunnel viii be large and steep enough to conduct 

r dischargee rrm the power station without putting the 

tunnel under pressara both for Steady and unateady flow 

conditions.. 

An example of this type with Pelton turbines is the 

Innertkirahen. power Station. The grass head is 6?2.3rn. length  

of pressure tunnel being 10,000m and tailrace tunnel 

]44 t with 0.25% slope. When Paton turbines are used, the 

calculation of the water level just downstream of the turbines 

oontd... 



is difficult. A theory' onatoc tU3 to the theory' of lateral 

spillvay is-  developed for thin irpO9e and the Came is used 

for Innertkirchen. several Schemes have been developed on 

the same lines as innortkircheno 

Krangsde Power station with 8 Francis turbine$ 

(60 a head) is of the Dame type. DownStream of the pov.r 

station there to an air Shaft,, but this air Shaft does not 

work as a mirge shaft 9  the flow in the tunnel remaining free 

flow. 

The dimensions and levels of the power station and 

to .lwater tunnel under category 1, are to be suitably fixed 

so as to avoid any poesible flooding of the generator floor 

bY a penstock burnt or a turbine valve rapture * The flood 

water due to a penstock or valve rupture is calculated In 

two wayS (i) by assuming correct closing of the penstock valve 

located at the bottom of the surge tank in the paver water 

way and water draining into the station from the penstock 

below the penstock valve; (ii) by as cumin that the pen* 

stock valve and turbine valve In the power waterway do not 

function in an emergency case, causing the entire flow from 

the intake draining into the power station. 

Xt is considered quite necessary to make exten-

five studies and calculations on all noel and abnormal 

operating conditions and poDmibi• failures to avoid ana► 

accident similar to the, flooding of the Lao Noir Power 

station in the Vosges (Prance) where several engineers were 

drowned in the power station after a penstock rupture and 
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A "Partial. , working" mire tank with a tailrace 

tunnel would prove to be cheaper when there is wide fluctu-

ations in the to lrace channel. Alternative to this would 

be to construct either (1) a surge tank large enough to meet 

the requirements of the Thoma formula or (ii) a free level 

tunnel able to absorb any tranolatory wave. These arran;e" 

mente may not be cheaper than the alternative with "Partial 

working" surge tams. In this alternative, the tunnel is 

constricted large enough to allow steady flow of the maximum 

turbine discharge during high water conditions at exit end 

of tailrace, but unsteady flow conditions produced by the 

opening of the turbines would put the tunnel under pressure 

,by the Formation of positive waves. To meet these unsteady 

flow conditions,, a surge tank to introduced in which the 

water could rise .and afterwards fall* By the fall of the 

water level in the surge tank, back to oteady level, the 

tunnel becomes a free level tunnel again and the surge tank 

is put out of operation, the water no longer rising. Under 

such conditions it to obvious that the condition of Thoma 

does not apply to a "Partial. working" Barge tank. To avoid 

any damage to the generators, the water in the surge tank 

must never rise enough to reach the generator floor, so 

giving a clear limitinj condition for the problem. 

In sate cases the tunnels have to operate momen-

tarily fully under preeeure3  if flood conditions are ruling 

at downstream end. In those cases the area of the surge 

tank has to be somewhat larger than limiting value given by 
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CATS OB[-V - Systems fully under presuare with 
no surge tanks= 

This alternative is considered for designs with 

very short pressure pipes and galleries, the e p]e being a 

underground power station by passing a dam. This arrangement 

having no cargo tank, there are no surges and no surge in 

stability. Unsteady flow conditions will cause pressure 

waves of the elastic type or water hammer to be produced In 

the pipes. The problem will be to estimate the pressure rise 

and the pressure drop caused by water hmer„ and to check 

the conditions for turbine design and turbine regulation.. 

The advantages or disadv*ntagee of any solution 

have to be di. scuseed in relation to the scheme under const-

deratiun. The desitner has to wove between, reaction or 

imputes wheel,   vertical or horizontal shaft and economic 

Studies have to be conducted before deciding on the type of 

layout.. 

çl  ER 

3.1 aNEAa  

The previous section has dealt with the general 

arrangement of uraergroand developments as affected by topo-

graphic and hydraulic considerations. In underground hydro-

electric projects shafts and tunnels which form access and 

waterways and large cavities in rock for housing generating 
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machinery and other equipment$ are prominent features. For 

the location of the Station and appurtenances undergo,)  

a euitable geological conformation in an obvious necessitq. 
Actual location of the conduits and the dimensions of the 

machine hall are greatly influenced by the coil charaeterta-

tics, rook types., their condition and behaviour as well aS 

ground water conditions of the site. Therefore it is of 

paramount importance to carry out all. exploratory work and 

geological information about the physical characters, atru- . 

ctural features and In-situ behaviour of the rocks as well 

as ground water conditions before c onetmotion co menceS. 

The Importance of a detailed geological map of an underground 

layout cannot be oirere nphasised,, such a map not only should 

Show the geologic structures and rocks encountered, but it 

also should serve as a a.soting record to indicate the loca" 
Lion of bad suction$,, which may require attention many yearn 

after the work Is completed. The wisdom of undertaking a 

comprehensive geological study was proven (44) at the 

Chute-desppa$see Project (Canada) where information obtained 

from geological. investigation showed that it would be nece- 

esary to change the orientation and position of the Power 

house and draft tube manifold quite radically from the posi-
tion and orientation selected for preliminary studies of the 

development (Pig .3*) 

3.2  Claasifiqt1on4fA4'..ck 

Rocks can be classified as (1) Consolidated rock 
and (2) unconsolidated rock. The physical characteristics 



are described belows 

Consolidated rocks are those in which the consti-

tuont particles or fragments are bound together strongly to 

produce an aggregate with Moderate to considerable strength. 

Some conootidatod rocko are massive or isotropic and the 

physical characteristics of theoe are sane in all directions 

within the rock. There is no preferred orientation of the 

mineral particles and the ease of tunnelling in ouch rook. is 

the same irrespective of the direction of the conduit. Ig-" 

neoua roars rich as certain types of granite] nedizentarr 

rocks rich as certain limestonem, and metamorphic rocks rich 

as certain marbles and quartzites come under thiis category. 

Most rooks possess directional structures as a 

result of the parallel to cub parallel orientation of many 

or most of the mineral particles, Such rocks are anisotropie 

and Shona diatinot variations in physical properties in dif » 

ferent directions. Consideration of the nature of the ant" 

sotrophy of rocks is Important in tunnelling as it has a 

direct bearing on the coSt of driving the tunnel, 

In Igneous rocks layered or linear Structures are 

commonly present, (Fig.3b) If the rock contains t'platy" 

minerals rich as tabular feldspar or mica # there is a 

tendency for these minerals to rotate into parallel or Sub 

parallel po©itione during the intrusion and crystallisation 

of the rock,. The resulting formation is called "flow 1wering" 

or "platy structure". Rocks having minerals of prissatio 
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or needle like habit ternd to develop a unidirectional 

formation which is described as '1in.ear struuctur ►" or "flow 

Cayer#s ltxm lineation". It is not unaon *on to find both 

pl,aty and linear structures in tho cams rock* Where flow 

lineation and flow layering are steeply inctinedq lineation 

is of slight practical Importance in the tunnel operation. 

however, the direction of the tunnel with respect to the 

flow layering merits careful consideration. For a tunnel 

driven across the flow layering, the face will advance re-

latively rapidly because in the blasting operation the rocks 

will break cleanly and easily away from the planes of weak-

fleas parallelling the flow layering. The walla, floor and 

roof tend to be rough and blocky. If the tunnel is parallel 

to the strike of steeply dipping flow layering the forward 

progress of the tunnel will be slowed bacauca the tunnel is 

parallel to a direction of maxi 	strength and toughness 

in the rook. The walls of the tunnel will be relatively 

ftooth; the floor and roof more or less irregular, 

Layering in metasorphio rocks Is called "foliation" 

and it is well developed in gneisses and achista~. i olla- 

tad metaaorphto rocks tend to split most easily .along planes 

of parallel to the foliation. In foliated rocks the effect 

on the progress of tunnslllnq operation is more pronounced 

than the effect of layering in igneous rocks. A tunnel at 

right angles to the strike of the foliation in general is 

constructed such more rapidly than is one following the 

foliation* although the tunnel is likely to be aich more 



blocky and irregular. A tunnel following the strike of steep_ 

1,y' dipping foliated rocks tends to oav ein from the roof. 

The tendency of the walls to cave increases as the dip of 

the foliation decreases. 

Typical conditions are illustrated in Fig.3c 

which shows one tunnel cutting across steeply dipping fo-

liated rocks, and another following the foliation of steep--

iy inclined layers. The latter condition should be avoided 

If possible* 

If a tunnel is driven through inclined layered 

rooks at right angles to their strike an additional factor 

should be considered i.e. the direction in which the tunnel 

$ driven relative to the dip of the layers. The tunnel 

Should be driven so that the layers will dip away from the 

beading so that blasting operations can be expedited because 
the cleavage in the rocks tends to produce an overhanging 

face rather than one which is eloping back toward the already 

completed section of the tunnel. 

The range of composition, texture and straotare in 

unconsolidated rooks is extreme. Texturally these rooks 

grade from the finest muds to coarse aggregate such as are 

found in the rook slides and bouider9' glacial deposits. 

Unconsolidated rooks are characterised by the lack of in' 

terlocking contacts between adjacent grains or by the lack 

of a strong, binding cement or matrix. Son* rocks, eg 

some sandstones, have been converted into loose aggregates 



of sineral trains through the removal of the cesa nt by 
dissolution. 

In tunnel operations nneon$olidsted rocks gene-

rally are encountered at the portals, where the bed rock 
is blanketed with rock waste and alluviva. The difficultyy 
of tunnelling through unconsolidated rooks consisting part-
ly or largely of very fine grained or clayey materials in-
creases In direct proportion to the amount of water present* 

Dry or slightly moist olayey aggregates stand fairly well 

in portal areas; and despite a slumping tendency, the walls 

and roof generally will stand long enough to permit support 

and lining to be set before caving starts. 

Defeats in rocks such as folding,)  ,joining, 

faulting etc., tend to control the pattern of breakage„ reduce 

stability of rooks and safety in tunnel excavation, 

Rocks may be folded as tightly as pleats on a 
closed accordian or gently an waves on a balmy bar. The 

typs of folding influences the excavation Method (Pi .3s) . 

Folding in stratified rocks require correct interpretation 

in order to predict the attitude of layers in different 

ssotionf of the tunnel. 

A tunnel through a bedded or schistose rock should 

be oriented in the direction providing, maximum stability, 

I.e., with the long ems at an obtuse or 94o angle to the 

strike of beds (Fig.3f). The same oriterion can be used 

in orienting with respect to joint or fissure systems. 
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The degree of foldinti also in.fluenoeo the stress distri-

button in tunnel vnlle. 

Most rocks are characterised by incipient fra - 

Ct%treO and cleavages due to compressive Stresses. Fracture 

to rocks along Which there has been some differential move-

ment Is called a fault (t .3g). Faults are the common 

trouble and a major cause of bad caving in tunnels* if 

fault zones are unavoidable in the alignment and if they 

are predicted prior to the design,, the conduit should be 

located at right angles or nearly so to the fault plane to 

minimise the amount of difficult operation. 

Joints are natural divisional planes in rocks of 

all kinds in which there has not been any appreciable move. ► 

ment. Joint systems out up rocks into blocks or sheets of 

various sizes;. A tunnel in Jointed rock Should as far as 

possible be located so that its direction is at right angles 

to the moat prominent $ most steeply inclined joint System. 

`hiS course should be chosen because in drilling and blast-

ing the ease of breaking the rock in the heading away from 

joints is advantageous. A tunnel which follows a major joint 

system will have the danger of over head caving-in constent-

17 present (P1 g.3d) * 

Other factors Such as alteration, permeability 

*to. are also important. Alteration is responsible to high 

temperatures, air slaking, and Railing and also noxious 

gases in 'annuls. Coarse grained rocks alter more rapidly 
on hydration and swelling reault e. In much cases the tunnel 



*rose footion to reduced by the plastic flay. The pI►aJti-- 
city increase. with water content • No rock 10 ac plebs' 

Imps. cable. The effective remedy to control water $e.pai 
and to relieve pre$ 1To is or great isportanee Sn der 

qrotrnd works. 

It is oimplo to construct t a conduit throuib massive#, 

hard and isotropic rocks as they can be excavated with 

limited overbr.ak vitl ct iuppot. Lo an rocks ba] oonging 
to this table are the granite rocks, basalt, marble and 
quartaite as wall as massive beds of sandstone and limestone, 
Although renito is ho osgensoua the orientation of btotite 
mica flakes in case of biotita-,granite products structural 
patterns and this leafs to ispatarly roofed excavations 

There is generally no pressure acting on the tunnel sides or 
on the rook in Granite and other isotropic Igneous rock . 

isit is quite fit for tilling and iocmtinc 
large cavities. Marble* and quart*item may be sasciT. or 
b+e~ddad. Marble is easy to excavate* Although qtlartzit. 4s 
isotropic, it is brittle and drilling causes shattering 
which rovul t a such ov*rbreak and popping. MaiOiv. beds of 
sandstone and Limestones can be penetrated with Sass advan• 
tags as granite or basalt. 

Stratified formations ar extremely taisotropia. 
The ohiaf rook formations axong stratified rook are Li.. 
stone, Do3aait• and sandstone through Which twm.lifng is 
practicable. The excavation and stability of the stratified 



rocks are highly influenced by the trend and dip of the 

beds. When the beds are traversed with joints spaced fa' r-

thor apart than the width of the tunnel, the hard horizontal 

beds act as solid beams sub, eot only to bending movement and 

this is lees . in hard. Was stones,, Sandstones and greater in 

Nttdetonos and Marl. If bending moment is less than the 

flexural strength of the rock,, the roof is Stable # or ol$. 

the roof requires immediate support. Hornblende and Chlorite 

sohiste are considerably harder and stable whereas Talo!  

Mica and altered gohisto are very soft and earthy and tend 

to cave-►its from the roof. It the tunnel io driven across 

the foliation In Schistose rocks, the roof requires immediate 

Support as the bending, moment is greater than the flexural 

strength. 

The important,  elements of an underground power 

house layout are ShaftS and tunnels for conveying water and 

for access and ventilation and cavities for housing generat.► 

ing machinery and  accessories. The layout of the appurte-► 

nant works and conduit system essentially depends upon the 

location and align sent of the power house cavity with respect 

to the topographical and geological fo=ation of the area. 

The largest span in the underground works will be for the 

power homer cavity and it should be oriented in that 

direction which utilisse to the greatest extent the rock's 

arching action. This occurs when the strike of foliations 

and the bedding planes is perpend eular to the power house 



axis. if the power house is so located, there is a tendency 

to insure that interior rock is confined to the shortest 

dimension of the Power house. It is important to inveoti-

gate the conditions of rook around the presoure shaft and 

tunnels Ina layout. Pressure gifts normally enter the 

power house at right an%lee and if the powerhouse is so 

located that strike of the rock foliations is perpendicular 

to its exist  the strike is necessarily parallel to the 

pressure shaft axis. In those circumstances, It Is to be 

expected that overbreak will exceed that which would have 

occurred had the penetook have been driven normally to the 

strike 0 

Depth of rock cover Is an important aspect in the 

lout. A thumb rule for the overburden (rock cover) above 

a 'poorer house excavation Is that It should be twice the width 

of the excavation, with a minims of 30 to 35 Ft. It is 

easy to apecify hundreds of feet of rock cover„ However care 

should be taken to verify that the rook 10 competent to 

sustain the increased crushing stream induced by excavation. 

This aspect has been dealt in detail under Chapter IV. 

In the ease of steel lined sloping pressure 

shafts, the participation or the rocks depends upon the rock 

cover provided and upon the characteristicsof rocks. A 

minimum rock +e cover of 80% of the design head is usually 

provided and this may be lowered depending upon the results 

of rock mechanic investigations. By going deeper, the 

design of the liner will be governed by the external ground 



-832*-. 

water preavare eepioialiy in the upper section of the 

pressure thatt, From Geological ooneideratione and cover 

requirements # the most economical layout dictates the 

keeping of the undarround penstocks as close to the rock 

•-OOOOO- 
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Underground rock, as a result of nature Is under 

streos and the excavation of an opining causes a rediotri-

bution of strew and displacement of rock which tends to-

wards a new condition of equilibriuu (67!  16, 14, 28)., 

Displacement of rock may involve eliding on plants of weak-
nOSs1  fracture or flow. To prevent displacement and to 

achieve permanent stability,, artificial sopporto might be 

refired. From considerations of economy, the primary ob-

3 eat lye should be to make the rook Oupport by itself in a 

safe manner. The magnitude and direction of principal stress 

often dictate the orientation and ohape of underground cavity. 

The shape best vaited to the functional requirements and the 

natural stress conditions at site and the measures required 

to attain permanent stability have to be studied prior to 

tin design of the cavity. These studios will produce 

considerable savings in cost durini, construction. 

4.2 STR ` ES A OCl l+  R  s 
Pressures duo to the weight of sop•rinacrebsnt 

strata produce stresses in rock arises. Considering ideal 

conditions-rock is homogeneous, isotrojiio, perfectly elastic 

and nowhere do the stresses exceed the elastic limit - 

the vertical stress in the rock prior to the excavation of 
a cavity is exclusively due to gravity (7) given by 6"y  = W.r  z 



where Wr to the density of rook and 'z' is the depth. If 

the rock were free to expand laterally, 	would be the 

only stress acting in the rock. If the lateral expansion 

had been prevented while the Stress (, had been applied and 

the rock had remained elastic throughout that time, then 

horizontal at re  aCes would be Oct up (67, 16) . Penner 

(1938) gives the solution for the horizontal stresses re 

suiting from vertical loading In an elastic body as 

G' h , * G h ii k a-  v where ° hl and cr h2 are the 

horizontal stresses, being Po$ n'o ratio. At greater 

depth, hydrostatic condition can be aooumod (Helm's Theory) 

so that l& a 0.5 and nd the horizontal stresses would be 

same as the vertical stresses* Rock material hao generally 

been ascribed a Poieaon'o ratio of 0.2 to 0#3 which indi.' 
catas horizontal stresses between 0„25 to 0.43 times the 

vertical stresses (&)). 

By virtue of the nature of rock wasses, however# 

the application of a value for Poisson's ratio Is Inappro-

priate and the theoretical ratio of horizontal to Vertical 

stress cannot apply and therefore the above relationship for 

compntin.; stresses has little practical significance. 

Tersaghi (67) has introduced an equation W 
I -,'- 

in  which the assumptions are (I) the stratus under conside• 

ration has never carried any temporary load *zoh as the 

weight of a sheet of ice or other deposits and subsequently 

removed by erosion and (ii) th• temperature,  of the layers 

of the stratum has not changed. The dimensionless factor 
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N depends on the geological history of the mass of rock 

and its value varies with depth and it may even have a 

different value s, in different horizontal directions. If a 

geologically undisturbed stratum of sedimentary rock has 

temporarily carried a heavy overburden, its it value, according 

to Tersaghi, may range between 	and values close 

to unity! In folded and faulted metamorphic rocks, at 

great depth N may have ai value compatible with the strength 
of the material. On account of the uncertainties, involved 

in the estimate of.N values  it is always desirable to devise 

methods for computing t value on the basis of physical data. 

According to the data contained In the Pi al 

Report on the Boulder Canyon Project (76), the initial hori-
sontal'stress in the rock surrounding the tunnel (located 

at a depth of about 18) Ft. below the bottom of canyon) to 

almost equal to three times the overburden pressure* This 

is attributed to the steep rise of the rock slopes on both 

sides of the canyon floor to a height of more than 1000 Ft. 

M©YE (48) in bin investigations in the Euc *bone ui ut tunnel 

through granite (fig.4a) has computed the natural compressive 

stress in the horizontal direction to be 2.6 times the stress 

in the vertical direction and vertical stress about 0.8 of 

the stress due to the weight of overlaying rock. The 

reason for the high horizontal, pressure is attributed to the 

tectonic forces active in the region. The natural values of 

stresses at Ti and T2 Power stations (located in Granite 
Fig.4a) computed by Moye also Showed similar features. The 



compression in the vertical direction was greater than that 

due to the weight of rook vertically above the power station* 

sites,* It Is considered that these abnormally high values 

are perhaps due to the V-fotoh effect of the valley causing 

transfer of part of the stressed duo to the weight of the 

steeply rising ground to the rock below adjacent lower ground. 

Tests on V .notch model of the valley demonstrated qualitati» 

'vely that such stress concentrations are p000ibls r Ender$be• 

(16) in his invistigationa relating to Poatina Underground 

station site (located !D0 ft. under ground and area compri-

sing,  bedded a sand stone $ , silt zones and steal. s) has oft-

puted that the vertical strew field is greater than 1.6 

times the weight of rock directly above the sit r. He 

saggeate that there is ehear transfer from the adjoining 

high ground which partly enatrcl s the Site. The horizontal 

stress computed has a value 3 to 4 times the overburden 

-pressure and twice the measured vertical stress. The in-

vestigati,ons of the U.S .B.R. in the Uorge Power House 

penstock tunnel (located at a depth of 200 ft.) below a 

tenth ridge oonoistinnct granitic gneiss) led to the oondlu-

sion that the initial, horizontal pressure was aonSiderably 

s aller then the initial. vertical pressure. 

The above results demonstrate that in .order to 

obtain the state of stress in rook at depth it is necessary 

to make actual measurements. The proximity of deeply cut 

valleys results in increased stress in rd3aaant lower tround. 
In addition it is evident that the past tectonic history 



ii 	 V 
//{ N\ 

S 11 

f •?G.4Al 	 Q!/~./~G C 

d.~ F.~/.!!/•~i~ 	 #O 11 G4I 77  

/J.E.dSiol~.O.eE-4 

eOC.L~BVt~f ~Cy~ 
" / sysPE.a~vfo <.trr/~/y . 

 

h
ov~ vfoLGrf 

1 .Pe f- f~ 

r_,-Tr.j es- ' 
GD HPP.FSSiO r~.Oe.F.✓  . 

T  

~ f i t tt w 

I 	 r 

LO,YI.o.P~3~/ayI / 

/ \\ \ 	
/ 

~ 	 r / 

d44 dd- 

,' 	 ~o~lP~FSS/v~.vPEO.i r 
~ 	 ~ 	 1 

f/mil : 4 (')  



6,"_37s- 

in the region and the present state of tectonic activity 

also may influence on the state of ctreCC in a manner which 

cannot be reliably predicted. The initial state of stress 

has a major and pervading influence on the behaviour of the 

rock around underground openings. It ie therefore consider" 

od that actual measurements of the natural state of +trees, 

even though the results may be used with caution„ owing to 

the errors inherent in such measurements,, is a prime essential 

for the Intel .ilent design and construction of underground 

workS. 

The actual state of Stress following excavation 

of openin depends not only on the initial state of stress 

condition in the rocks  but also on the Maps of the openin ,, 

the dimensions of the opening and the geological conditions 

actually encountered. Many investi,atore,, Tersaghi (67, 68), 

Mindlin (45) have inveetil;ated stress concentrations for 

circular and elliptical tunnels and spherical cavities* These 

results are useful as a guide for normal tunnel work but 

must be used with considerable judgement In the ease of a 

large irregular opening such as a power station. Rabeewies 

(60) describes that the stress rep  -arrangement is mechanical 

or progressive and generally occurs in three stages (?i,.4o) 

thus wing an opening with elliptical shape. This curve 

would represent the upper limit of the potential rock fall 

into the opening. It would therefore be ideal if we can 

confine the equipment layout within, this ellipse. Usually 

such an ellipse is drawn with a ratio of major to minor 
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axis as 3t 2. Assuming a Poisson's ratio of 0.25 for the 

rock, the Stress distribution at the crown of the ellipse is 

,fir zero (65) , This condition .at the crown of the ellipse will 

alter only if the maximum shear stress exceeds the shear 

strength of the rock. If a concrete arch is placed within 

this ellipse, it need be designed only to carry the weight 

of rook between the arch and the elliptical opening (83) . 

4.3 DE N - N 	T N R 3NDEIJWD. V T E: 

Rook surrounding an underground opening will fail 

if the 	eSs in the rock exceed the ultimate Strength of 

rock* Faire criterion is based on maim stress theory 

Is* rock fails in tension when the tensile stress exceeds 

the tensile strength of rock. if the tensile strength is 

small, the rook will  fail , in shear at a value of compressive 

stress Mual to the compressive strength of rook,. The 

strength and elastic properties vary widely from place to 

place and these should be determined by adopting good sampling 

procedures. Due to the uncertainties involved, large safety 

factors should be employed in the design work. 

Rocks are classified into two -t,roupo viz. massive 

rock and horizontally bedded rock. Massive rock (ex. granite, 

diorite, basalt o  quartzite etc.) are assumed to be elastic, 

homogeneous and isotropic. Horizontally bedded rocks include 

most of the sedimentary rocks and cone metamorphic rocks. 

These types of static Stress fields are usually 

considered when designing underground openings (14) as 

illustrated in Fig. . The State of stress represented 
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by type A would be expected to occur at Cha lov depths, 

near vertieatly tree Surfaces. Typ B (when Poieson' a ratio 

0025 is seated *» Terea► . 61) would occur in geologically 
and . rbad rock over wide range0 of depth* Type a state of 

stress would occur at great depth in neogicatty disturbed 
rock where tectonic forces are active. In ensl $inq the 

stress distri'bation, two directional streso field is only 

considered while the strews distribution along the length of 

the opening Is assumed to be unform. 
For an applied stress field of type A, the oriti-

oat c pr.ODiue stress concentration for various Shaped 

aoeni.n a as a function of wid.th*to tai ht ratio of the 

opening ie 'iven in ?iq,4., Ovoids and Wotan%tee with 
rounded corners are preferred cross section shapes it the 
width wt ► ei1bt ratio, is greater than 1 and elliptical section 
to preferred it the w±dthwotoiwhei t ratio Is 1*00 than 1. 
J`or type B applied stress field (Fig 4t) also ovaloidal or 

otanç4*r cro a section+ are preferred it the width .tO• 
height ratio is greater than I and elliptical arose section 
preferred it the width to hei icht ratio io loss than 1,. For 

type C applied etreoo field (F"igAS) circle or ovaloid is 

the preferred cross section re ,araoss of .dth- to-height 

ratio * The above conclusions are of Duvall (14). 
Another problem is to consider the effect of having 

two or more openings underground thigh are parallel to each 
other and separated by a wall of rock. The stress fields 
around two or *ors parallel openings add together to give( 
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lnereaDed etreee concantrationc if the wall between the 

openinjo is lees than one diameter of the opening. Pig.4i 

illuotratee the case of equal Giza, equally spaced circular 

openings in which as the number of openings increases the 

mazi~Zwm stress concentration increases rapidly at first and 

approaches an upper limit. The concluoion is that in design" 

in underground openings, the spacing of rooma shoald be 

such that the pillar width is equal to or greater than the 

room width. Pear the ?]. Power station photoelastic studies 

showed high stress concentrations when the transformer 

hell was located parallel to the machine chamber separated 

by a .narrow pillar. To limit these stress concentrations . 

the tr nSformer hall was finally located at right angles 

(Ptg.6i) to the machine Chamber (4$). At Serre-Poneon (18) 

the rock forming a wall between the machine chamber and 

transformer hall was brought ender compression by providing 

tie rods of 120 Tons and thus increased Safety was *neared 

(Ptg MGa) 

The stress concentration that occurs when two or 

more openings intersect should also be considered. Inter-

section at right angles Is considered better than oblique 

ones for mininising stress concentrations. 

In bedded formations, the boundary between different 

beds is an inherent plane of weakness and bed separation can 

occur. Therefore it to to be considered the additional Ott-► 

recess that would set ,up in the roof rock ae a result of 

having a gravitywloaded slab of rock over a span equal to 



the room width. Fin. 41 ewe the relation betieen slab 

~hioknoa~ span len?th mind titre 	as liven by be theory 

(14). Fro n these curves it can be - caid that urn"supported 

underground openings in thinly bedded formations are not too 

satisfactory. If a power station is to be located in bedded 

formations underground, elaborate investigations have to be 

made to determine the axze and ape of cavities. Poatina 

station is an example which to located in bedded formations 

consisting of send stones and Mudstonsv. Investigations led 

to the conclusion that a rxmi-drwlar or 	l-el .iptical roof 

for the machine cAvity would tail by ehea'ring along bedding 

planes that intersected the surface near the crown. A reot-

an filar Shaped opening was disregarded singe the roof stress 

near_ the walls exceeded the coipreCoIve strength of the rack 

and Shear on the beddinet planes at the corner exceeded the 

:hear strength, A trapezoidal shape (unconventional) was 

considered beat and the came was adopted (Fig.4b) Even for 

this. shape the boundary compression in the roof near the 

haunches exceeded the compressive strength and the shear on 

the t ding planes near the haunch crown inter-section was 

greater than the shear strength. These high strevoes were 

brought down to desired limits by abrees relieving, slots 

(Fig.4b). 

4.44 SOCK cTABIL.I? AaDUJD PR U 	t 

A pressure tunnel with a diameter 2R located at a 

depth H under horizontal rock surface would be perfectly safe 

without any lining if the water pressure P Inside the tunnel 
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is less than the presmire PA produced by the rock's own 

weight. The hydrodynamic pre©sure in&ide the tunnel can 

thus be written ao P/W a H Where ' Is a factor and W 

specific density of water and P/ 1' and H are to feet or in 

metres. An accepted rule of thumb aScuacS PAl a 3ff or 

A a 3. This rule of thumb is based on the idea that the 

weight of a slice of rock with a width B a 2Rp a height H 

and a length I. should be equal to or larger than the vertical. 

depth on the same area 2R z I and with this condition a 

factor of safety of 5 is obtained. When rock density is 

aCSuaied as 2.5 times the density of water than the limit value 

for >would be fit« such a rule according to Jaeg ar (30) is 

too crude. He has further analysed this problem and showed 

that the rock cover over pressure• tunnels mainly depended 

on the ratio of i/B of overt rden H to tunnel radius R. Jaeger 

has also established that the mid overburden required 

over a pressure tunnel io far greater in fissured rock than 

in sound rock. 

According to Fig.44 at a depth (H ~► x) 9 

v a Wr (if." x) 0 Pl and horizontal stress 9 * K Wr(H • z). 

For hydrostatic stress distribution, K should be tahan as 

unity when ~ - C5 J. - Pi. Again at a distance 'x' from 

the centre of the tunnel, filled with water at a pressure P, 

the circumferential tensile stress (70) is given by the 

equations 

0_ t : P (R1) 2 -a a'o-r : radial compression. 

The balance of pressure at a depth (H - xj) can be assumed 
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(negleatini rock's permitotbie tensile Strength 	3) so 
that - 	t 4 (r h or 

i' (R/xl}3 < k Wr ( 	c,}......,..,«...{~.} 
By writing x1 * H/n and P 	then 

(H/R)2 k (Wr/v) (n -r► i}/n3........... (2} 

	

,or i\ < (fl/R)3 n 	.....,►,.....,.►.,.........~3} 
The above equation III valid provided the rock is nowhere 
fissured. The condition that at a depth H - icy no lifting 

of rock should occur yield$. 

P (1 .)2 /, W, (H-49, a condition 10136 severe 

than equation (1).  

For tunnels in fissured rook (Pieg.9k} , the relationship ie 

2 , k(Wr/W) (a/R) (n - 1)/n9 	°3/n 'WR..,.,.(4) 

aocuming that at a height X2 ■ H/n above the tunnel centre 

Line fissures caused by tensile circumferential stresses 

should not occur or P(B/xg) a A 2 nWR 	k4 r (H 'x2) + 3 

When a tunnel is steel. lined# the pressure to be considered 

which is calculated from known methods (3p). 

Limit values of 	P for the tunnels located in plastic rock 

(Fig «41) can also be established after derivin internal 

preecure equation based on elastic equations. 

Assuming that n a 3! Wr/,I - 2.6 and k * 0.76, 

values of }r, 1 , P 	are calculated for varying values 

H/R given as unders 

R  ~z ~P 

8 	3.2 	1.95 1.88 

10 	13 	3.9 3.4 



This table clearly shown the paramount importance of the rook 

quality and rock etrongth when determining the required 

overburden for protection of a preanure tunnel. Plastic rock 

is substantially love cafe than fiosured rook which in turn 

is less safe than solid massive rock. 

When a pressure tunnel is located near an Inclined 

slope (Fig* 4m), 6v = WH and "'h * k 3- 6-v. The 

constant IS1  will be t ubStant .ally less than k, the value 

assumed when the rock surface to horizontal. With the above 

values#  the not eoprension stress tee. in a direction 

al► Which Should Show that 	Gt < Cra. stresses at point 

vertically above the tunnel centre must be checked as they 

may be loco favourable than the stresses at point No 

Jaeger has also shown that In fissured rook when 

infiltration occurs Az  = I. Wr/W and for values of A 2 

greater than that given by equation (4) O  the rock will be 

fissured*  In such cases., if the lining is not watertight 

for that water pressure, water will penetrate into rock and 

percolate through It. 

4.5 A'E 	ANCF O7 R 	BU CAVZT XEpt  

During the excavation of a cavity, a State of stress 

is reached around the cavity (Para 4.2) co-ipatible with the 

Strength of the rock. If failure occurs, the roof cope aonly 

assumes the shape of an arch. This fact Indicates that the 

etrees conditions in the rock above an arched roof are lees 

injuries to the roof material than those above roofs of any 

other shape. Intact, isotropic rock may fail by "Popping" 
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(detachment of slab-like fragments from roof or wall) while 

jointed role fails along Joints and this process is called 

"Stopping". Both these processes are associated with an 

increase of the ratio between height and the span of the 

cavity and change in the state of stress In the rock. The 

process of "Stoppinv" or "Popping" is prevented by temporary 

supports subsequently replaced or supplemented by a permanent 

lining. Modern method is to give support by rock bolts which 

provides a positive force on the rock and provides a stressed 

membrane distiuf shee it from steel or timber support. When 

tried in appropriate patterns, the 'bolts create a principal 

compressive stress normal to the free surface of the excava-► 

tion and thin, in •turn, creates a zone of rock which acts as 

a Structural membrane capable of providing its own etipport 

(gee Fic.4n9  of  p, q) 'Popping' or 'toping' can be prevented 

if the bolting is done immediately after the excavation. 

Rock bolts may be used for temporary eucport and permanent 

support. When it is employed for permanent support, grouted 

bolts are preferred. Modern trend is to use grouted bolts 

for the roofs of power, house cavities. In certain stations, 

(Ex.Tumut 2 station located in Granite) in addition to 

grouted rock bolts, a reinforced concrete arch roof is also 

provided to prevent loosening of the closely Jointed rock 

and possible minor rock falls. The method of rock bolting 

(5 * 699  349  79) has been Aerfected in recent years and 

designers are now bold enough to locate underground cavities 

even in loosened and fractured roues. 
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Pressure conduits may be unlined or lined with 

concrete or lined with concrete and sSteel. The need or other. 

wise of a concrete lining is often determined by economic 

rather than atluatural considerations in that a concrete 

linin% reduces hydrae ,fc locoee. In some special csases$ how' 

e er a concrete lining may be vSential when the ee* erebe 

ratio of the initial horizontal to vertical stress is low$ 

tension can easily occur at the soffit in an unlined tunnel 

when water preccure is applied, since rock at the soffit 

of a tunnel is often shattered durin' excavation$, rock falls 

from roof can occur when the internal prost3ure is applied. 

To prevent this, concrete lining. is sometimes provided* When 

a lining with concrete Is employed,, It is to be dejegned for 

external water pressure on dewatering the tunnel. Also 

additional etreesee can be developed due to plastic flow In 

the surrounding rock (Tunnels in limeotonest sandstones and 

shales) . Methods of calculating these stresses has been 

dealt by several authorities (45, 5%) . 

steel lined shafts take Into account the relative 

elasticity of steel lining, the concrete and the rock and 

participation of rock and steel in taking the internal water 

pressure. Among the several factors Which can influence the 

decision as to whether a steel lining to required in any 

section* the most Important bein; the need to prevent exce-

ssive leakage from the conduit at points where the rock cover 

might be insufficient to prevent rock heave. 
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The thickneon of X a steel lining to +mall in 

relation to the diameter of the pressure conduit and the 

design 10 very often determined by external water pressure on. 

the lining when the conduit Ic dewatered rather than by 

Internal water pressure. This to especially true for con.' 

duite cub joct to maxims internal pressure heads lest) than 

1000. Ft. (&I) • External water pressuree can be reduced by 

various methods and these have been di scuaeed in Chapter VI. 

Among the various methods employed in Increasing the critical 

buckling stresses of the steel liner, the best known method 

10 to provide longitudinal ribs on the external face of the 

pipe a: at Vianden C73) ULLMANN (74) has demonstrated that the 

above arrangement offers more security then that provided by 

Am*tats'a method# In the design of liner the maximum external. 

pressure head that can exist outside the steel lining will 

not exceed the depth of cover over the Steel lining. 

.Iaetuts (2) and Vaughan (77) both have produced 

curves and formula for the design of steel liner for external 

water pressure. One of the aeaumptions made in using the 

Vaughan and AmOtute formulae to the thickness of the gap 

between the steel liner and the surrounding concrete. The 

size of the gap depends on site conditions and the constru-

ction techniques employed. 

Formulae to determine the portion of the total load 

which will be taken by the Surrounding rock and by a steel 

liner subject to internal pressure have been proposed by 

Jaeger (29) Vaughan (77) , Dl lfuss (4) . It can be calculated 
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If the *odull of elasticity of Steel and of the rock are 

known#  the elastic deformation of the liner in the radial 

direction being equated to the radial deformation of sock. 

The principal difficulty in thin calculation is to aCeume the 

real value of the modulus of elasticity of the rock formation 

traversed by the pressure   conduit , 

Important factors to be considered in the design 

of steel liner are (i) gapbetween the steel liner and con' 

orete (ii) Quality of rock and (iii) Rook cover. With $uitabl* 

construction techniques the gap between the steel liner and 

concrete should be kept minim possible. Rock cover can be 

calculated based on the a$Dumptions contained in pare 4,4. 

This to the uncertainty Which exists with regard. to the rook 

properties It Is jonerally► ausmed that rock cover over a 

pressure conduit (not steel lined) should never be s than 

&)% of the Tnaximum internal pressure head. With this es -

ption„ cracks in the rock above the oof'fIt of the tunnel will 

not occur (s3) If the ratio of the initial horizontal stress 

to the Initial vertical stress is greater than 0.46. If this 

ratio 3s less than O.46, crack a and consequent leakage can 

occur. Bert rock with a unit weight equal to 2.5 times the 

weight of water there stilt exits a factor of safety of 

1.25 against heaving of thefull depth of overlying rock. 

In steel lined #harts! if the gap between the 

liner and concrete and the concrete and rock i0 serox the 

rock cover can be reduced to fairly low values before a 

material increase in the Streas ocrouring In the steel liner. 



However when the vertical. cover is less than four ties 

the -diameter of the pressure conduit or when the preacure 

conduit approaches a rock face, as for example 15 the case 

at the upstream wail of an underground power house, it 19 

desirable to design for a greater factor of safety than might 

be required for other QeetionO of steel lined pressure cono- 

duit (53, 67) . It haopenffi that very few quart ititive values 

for rook properties and in particular for the value of N for 

rock in a given locality are available, it is usually ne- 

eeesary to decide a minimum cover required over any given 

pressure conduit from experience in similar rock formation$ 

!k from a study of the geological history associated with 

the rock formation in question„ 
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5.1 UBRA_ 

As In over;rou d otationc, all the type$ of tur» 

binee - Pelton, Francis and Kaplan - have been employed in 

underground station$. Derias type has been in®talled as at 

Culligran ',G. station (63). The selection of turbine ie 

mainly Qoverned by the head. Roweverf increased Importance 

is given in the $election of hydraulic and electrical equip-

ment for underground stations to minimise construction cost 

and maintenance coot. Coneid.rationo in the selection of 

equipment are given as under. 

.2____MI 
Remarkable results have been achieved In hydraulic 

turbine research and there io increase in size of the three 

main types and also per aieaible head that might be applied to 

each one of them, The increase in size had resulted in a 

reduction in the Specific coot of manufacture and also an 

improvement in efficiency. In Sweden, the cost of turbine 

had remained unchanged Since 1950, inspite of a steneral 

Increase of 	in costs (75). In other words, turbines have 

been made to supply more electricity than ever before in 

relation to the amount of material used in their constrsction. 

5.2.1 Increases in.11)utou;t: The development achieved today 

enables a Single runner Pelton turbine to be constructed for 

250,400 H.P. (Mont Canis Plant#  France). Inflern llo U.Q. 

Station is equit ped with 235,000 H.P. Franai$ turbines. 



Francis Unite producing 3tZt,000 LP. have been built In 

Russia and there is So talk of Raccian and American pro-

jects for 4000*000 H.P. 8D0#000H.P, and even .900,000 kw (87) 

French deei-;nere have in view to produce 800,000 B.P. 

Francis turbines. How much further this development can go 

depend on runner casting, tooling, and transport capacity 

problems* Individual Kaplan turbine units have now reached 

and passed the 1000000 H.P. mark. There are proposals to 

produce Kaplan units for l,000 H.P. and 210,9000 F1.P. 

Pelton turbines are installed under very high heads 

whereas Francis turbines can be relied upon to utilise heads 

In the lower range of high heads. The range of application 

of the Francis turbine has been extending towards the higher 

head range (1800 Ft) during the 'last few years which was 

formerly the sole preserve of the Pelton turbine. Kaplan 

and Francis turbines are competing in the O a to 80m 

head range much in the same way as Francis and Pelton turbine 

at the other end of the head Scale. 

There are certain limitations in selecting large 

capacity units for underground power Stations. Depending upon 

the type of rock strata $ the span of the Power House cavity is 

invariably limited and hence the unit Size, Besides$  this, 

transport limitations also impose restrictions in the 

selection of large unit else. 

Before deciding upon the type to be installed (in 

the head range 1200 to 1800 Ft) Francis and Pelton turbines 

should be compared from several points such as cost of in 
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stallation,, operational considerations andaspects of repair 

and maintenance. Fr*nois turbines are more economical 

beeauae of the higher speed at which they can be ran. In 

crease in speed reduces the dimensions of the unit and there-

fore less space requirement. Deep setting is possible In the s 

case of Trancis turbines, whereas the Setting height of the 

Pelton wheel le. 0.60 to 3 metres is lost (49) 

Economical studies have to be conducted to decide 

whether turbine setting (Francis or Pelton) in Undero;round 

stations Should be horizontal or vertical. Horizontal setting 

has been adopted in .amber of U,G. stations in Italy. For U.G„ 

pumped storage schemes, horizontal units are considered 

better. Horizontal shaft setting (reaction turbines) involves 

noteworthy advantages (49, 15) „ The iddth as well, as the 

height of the machine hall can be reduced as compared with  

vertical cettin , without the necessity of increasing the 

spacing of unite, The volume of concrete required for the 

substructure is considerably less. • Time of construction can 

be abbreviated as it is possible simultaneous installation of 

the generator and turbine. Besides a shorter construction 

period results also from the reduced volume of rock excavation 

and concrete work. Hydraulic losses are minimlee4 since 

straight, axis conical type draft tube can be employed instead 

of the elbow type used with vertical setting (Fig.5a) 

Horizontal setting is not without drawbacks which can be 

eu*nartsed as belows 

1) The overhead trnvsllin;► crane in the machine 
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hell cannot be used for mounting the turbines and therefore 

separate liftin s; device is required. Therefore this arrange- 

merit is hardly suited for very Tare machines; 

ii) Horizontal setting is not favourable to frequent 

use of the -venerating units as synchronous condensera for 

improving power factor and vvlta;e regulation. These di©-

advante ;es were greatly outweighed by the advanta ;es of 

horizontal shaft eettin ; at Ambukleo Project where 3 Francis 

units each of 25 2 14W have been installed (15) 

For high head developments, horizontal impulse tur-

binea have been widely ueed in Turope. However$ horizontal 

setting i.s not adopted when large units are to be installed. 

For the dens Project (10) vertical shaft multi-nozzle Felton 

turbine (92000 H.P. units, six- nozzle, 400 rpm. and 2444 Ft 

head) was selected over horizontal shaft unit for a number of 

reasons higher efficiency, fewer units g  nozzles may be set 

closer to tailwater, higher speed aid therefore dsaller turbirn 

and jenerator, effective energy dissipation into wheel pit walk s 

and less water hammer hazard to the penstock from a single 

faulty nozzle operation because each nozzle controls a small 

part of the flow, Nicolaou (1(4 has drawn some specific 

conclusions by relating type of installation to volume of un-

derground power station excavation. These are-. 

1) For Polton turbines}  horizontal installations 

require from 15% to 40% less volume for power station exoava. 

tion than the vertical installations; 

Ii) For Francis turbines, horizontal installations 

require slightly loss volume for power station excavation 
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than the vertical installations; 

iii) For heads between 1O0O-l)0 PT, Francis turbine 

installations require from .30% to 80% 1sss volume for Power 

station a cavation than the Pelton turbine installation. 

iv) The range between 1400-I 	FT. has usually been 

considered as the province of Pelton turbine. However, with 

modern turbine design and with the savings in underground 

excavation at high headoy there has been a trend towards the 

adoption of Francis units for heads upto 1700 FT. 

Prom the above g It is clear that celeotion of turd' 

hinee and their setting in Underl ound stations deserve epe~- 

ciat con$ideraton., 

4.2.2 	~ „ ►der,. es * Rotational and Specific 

Speed$ are both steadily on the increase, By providing a 

tars number of nozzles around a vertical Patton runner, 

smaller nozzles can be used for a given output and head than 

in horisontal abaft machines which are r.otricted to two no-

silos for each runner. Use of high quality material, Improved 

hydraulic designs, better mountin ;s, efficient bucket tips 

and edges - all, these led to oroduos smaller and lighter 

buckets which can be set on a such smaller mean diameter, 

with the result that higher running speeds can now be achieved. 

In 1953, a twin-novelle Felton rurming at 428 rpm was rs# 

quired to develop 6200 HP under ?DO Metro head. Today 

the solution for this would be a vertical single-nozzle 

turbine running at GMQ rpm* In the ease of runner design* 

a 24 bucket runner designed for a given specilio speed in 



1947 would only have 18 buckets today ( fir ). 

By inor s$in the specific speed of the units not 

only will there be an economy in the coot of the generating 

plant but also in the Size of the powerhouse cavity (66) . 

However,, It willl be necessaryy to U sett the distributor centre 
line lover in order to avoid exOesi cavitation. Increase in 
speed will also result in lower WR2  of the unit which,, in 
turn will affect the Speed rise of the machine and also the 
Stability of the governing system, The lower setting of 
units resi.te in some extra expenditure duo to greater depth 

of excavation, but in underground installation where the 

entire excavation is already r below the ground * there will not 

be any extra expenditure on this account. There will how** 

ever be extra expenditure due to increased lengths of appro-

gab to rl # tailrace tunnel and penstocks due to deeper 

Setting of power house. These aspects have to be examined 

to study whether it would be desirable to increase the speed 

of the units from economic and operational considerations. 

4,,2,3 	Di,...,.̂   ritlin .t,fp4  : Three methods have been 

adopted for dismantling the runner. These depend on the use 

of the power Unit. In the early days, dismantling was done, 
from intermediate floor ii., between the turbine and alter-
nator but later on preference was given to dismantling from  
below than to dismantling through the alternator. For die' 
mantling from intermediate floor, a very long turbine Shaft 1$ 
required and this increases the vertical height of the cavity. 
AiA&&Aiwwt1& citation (6 x 170000 	Francis Units) is 



-e 561w 

designed along these Minas (17). This rrengement II ' 

adopted for high head machines nowadeyG, for as the high $p 

•M at which thi *iu► require comparatively ssall alter-

nator rotors, the alternator casings are too small to allow 

the turbine parts to be vithdraxn through the stator assembly. 

Dismantling from underneath the unit may not also be possible 

as the runnir exit diameter is much smaller than the inlet 

diameter. Current practice in France is to dtftsntte the 

runner from underneath the unit as this method required much 

less ' ime than by other methods. Dit nantling through the 

alternator Involves removal of the rotor and this method i* 

not popular nowadayS. Among the three methods mentioned 

above,, disdantling from intermediate floor and from underneath 

the unit are prefered in under round louts* 

5,2.4 	bir Tves Two types of valves are in t on 

use viz. Butterfly valves and spheric ai valves, The advan-

teges claimed for Butterfly valves are a minima of povor-
house space required for application,, low mechanical friction, 

reliable operation and low cost. 	ease-points s# ~e~w - 

ri4.&abeuepere4&emwan4wweab. Those points easily 

override the disadvantages and leakage and head loss and have 

made it by far the most popular under low and medium head. 

Compared to the aitterfiy Valve, the objections to the sphe-

n cal vales are the cost and complications of control nseess-

arily ansociated with the moving seat* The advantages are 

compact mounting dimension, very low head loss and low 

mechanical friction. It has definite superiority in freedom 
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froa 1i saga and this sakes Spherical valve* more favourite 

for medium and high head application (49, 5) . Beyond 300 ft. 

hoad#  a gphariaal valve, Is moot zited for installation as a 

turbine Out off valve. 
5.2.8  nSp 	j r;  Proper selection of Servomotor reduces 

space requirement. The internally mounted Cervomotor for the 

Sets in place of the usual .ztornally situated aery omotor is 

proving quite SuccesSful for Impulse turbines of medium and  

high output on account of the saving in space and the better 

hydraulic conditions created for the jot. 

5.3 GEtR&TQs 

Designing; large-scale generators of the horizon 

shaft entail difticulttes due to the defection of the Ohaft 

because of the rotor's weight and to the large defoa ation of 

this stator frame becauSe of the weight of the stator cone. 

however,, U the vertical eft type is constructed, these 

problems are eliminated and it is possible to adopt a split 

stator construction in view of the transport limitations 

(49, 21). 

Vertical type voter turbine 'generator is equipped 

with guide bsarints and a thrust bearing. Figure 5 b & a 

• shows typical modsis (a) is the standard model (b) Is the 

semi-umbrella typo In which the thrust bearing is located 
beneath the rotor, (c)is  the umbrella type and (a) is the 

type in which the thrust bearing in located on the head cover 

of turbine which is a desirable location for Kaplan turbine. 

T 	Cara is umbrella type of (d) model and almost all Kaplan 
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6.3.E  Gen.rlgr„ Vooitr►tt,  s A normal voltage rating of 

11 X.V. for the generators is adopted in most of the ste-

tions. Voltage rating of even SS XV has been adopted in 

certain stat .ons. When large capacity generators are In-

stalled Increase in voltage rating to 14 G'' or 15 V may 

lead to more balanced and reliable design for the windings 

and redaction in coat of the heavy current connections between 

the generator and the step up transformer (25) • In modern 

plants, a voltage rating of 13 to 16 KV for generator is 

usually seen. 

5.4 	' nsferas DC) 

Transformers may be located above ground or under-

gerund, in a separate cavity or within the main power house 
eavity. Economic conSIderations have been discussed in 
Chapter VI. Transformers may be single, phase or thaw phase. 
Three phase units will be larger In rise and heavy to hand1s. 
Underground Stations are mostly equipped with single phase 
transformers due to transport limitations. In some recent 
underground stations heavy three phase transformers have 

been used. At erauehnn (81) , 276 3 VA three phase transformers 

have been located in an underground cavity. In order to 

comply with a gross weight limit of 80 Tons on vehicles 

approaching the S tat ion and In view of the loading gauge 

limitations imposed by the access tunnel., each transformer 

after assembly* and test In the works was dismantled and re-

orseted In Its cheaber, The prob1ens involved in such a 

procedure are (1) to rebuild the core to ensure its 



characterletics and (ii) to .regain the specified inat lation 
strsnath, 

When the transformers are located within the main 

powerhouse cavity,, transfotmer noise is apt to be excessive. 

To reduce the noise to a predetermined value, some precaution 

to to be taken in the transformer construction and erection 
In addition to providing end proofing coating for the va11s. 

At Oknt id 	station (33) O  the precautions taken wore$ 

Ci) Flux density was reduced about 10% below standard value; 

(ii) tank side plates were reinforced to oupprs$e vibration 

of the tank; (lit) Transformer proper was placed on a spring 

device with vtbrationproof rubber inserted between tank and 

base and (iv) the air gap between each phase was filled with 

a muffler and applied with a blind cover  to eliminate the 

sound produced from that part 

Selection of transformers to done with utmost care 

so that the dimensions and weight can be reduced. Water-

cooled transformers are preferred for underground location 

so that the dimensions and weight are reduced. By providing 

table connectionsboth on the H.T. and. L.T.$ide without 

bushings (external),, the height is reduced* For the terns.- 

formers at Okutadani U.().Station, a special type of bashing 

called Elephant bushing is used for tranlform.rs (33). It is 

of the indirect type in which the cable head is not connected 

directly to the transformer winding but a connection box is 

provided to separate it from the transformer by means of a 

wall bushing In oil. In this indirect system, all bushings 

are train In all and sIs* i9 greatly reduced and reliability 
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is Increased as caepared with lams bushing and cable head 

exposed in air. 

51,5 	C_ 	t 

The various methods for taking power cables to the 

Ovitahyard located outside have been di*tseed in Chapter VI. 

Selection of cables and their erection assn ee importance 

when the station Is located deep underground. For connections 

to the R.T.00ntr+ol equipment, prestrs oil-filled or gas 

tilled cables are used with proper gradients and pressure 

r %ulators. When cables are laid in stoop, gradients it is 

likely that high internal pressures may be built up at the 

bobtam causing longitudinal exböflsion of the sheathing. at 
would therefore be necessary to provide transverse and longi-

tudinal reinforcement for the cables. At Crauchan (81) the 

transformers are connected to the switchyard by oil filled 

cables passing through a combined ventilation end. cable 

shaft which rises 1080 Ft. vertically. The single core oil-

tilled cable (275 l "k) used has a reinforced lead Sheath 

designed to withstand an internal pressure 45 lbs/Bq.inch. 

Additional strength is imparted by Aivainlua wire armouring 

and the entire *able is encased in PVC Sheath. spacial 

installation technique has been adopted When joint was made. 

•,,.moo . . 
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With the site of dam established,, the scheme can 

be developed either ao 'head' development or 'tail' develop-

ment or 'intermediate # dsv elopfent o In every case,, the purer 

water spay* would play the most important part in the Selection 

of the power house site. AC a result of the advancement sad* 

In equipment arrangement, handling facilities, construction 

techniques and excavation methods,, a wide variety of economical 

plant layouts have been developed and it Is axiomaticc today to 

say that the adoption of the horte5t feasible waterway will 

along develop into the most economical project layout. 

Therefore the selection of site* can well be done with the, 

thought that the power plant can be economically adopted to 

almost any feasible waterway. The itreatest economy with the 

studios is achieved by the use of one of those five waterways 

given under the hgdrodynamio classification of underground 

station layouts. 

6.2 	BUXRENTiOP UND1flG1tND MYOUTR8 

Underground plants comprise all the elements found 

-,11 

in the ordinary types of developments with the power plant on 

the surface. The intakes t  the, pressure- tunnel, the under-

ground sur • tank and the subterranean valve chamber are 

structures to be frequently encountered at surface stations 

as well. On the other hands  the eloping or vertical under-

ground pressure shaft convoying water to the turbinssi the 
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underground cavity housing the generating aachtnery and 

auxiliary equipment and tailw,ate r tunnel - occaewionally with 

downstream surge chamber • are essentially characteristic 

of underground developments. Besides these, under' round 

projects present certain probterns ao ciated with the trans' 

s icaion of powers, ventilation and aooecs and cuitabla prove,*► 

•ston has to be made in the layout. The desjn of the under-

ground layout, prior to effecting entrance to the working area, 

is xade In principle only. The general delis n criteria and pm -

ctices followed for the selection of various sites are dis+ 0$-

ed below& 

6.. 	____: 

.ndamenta .ly there to no difference between the 

Intake works for the classical type of power projects an the 

underground type .* As in surface plants, intakes of under.' 

ground plants can be bested either within the body of the 

darn or upstream of the dam. The basic design requirement 

for an intake in to have, a stream lined Intake tube which 

vill accelerate the water from the trash racks to the junction 

of the intake with the oupply tunnel or pressutre shaft, 

keeping the hydraulic losses to a minis im. This requires 

properly designed transition. It the intake is located a 

little upstream of the dam to suit the topographical. and 

geological condition$ intake shafts or Intake towers are 

generally adopted. In the ease of shaft intske$o  the entrance 

of sh&ft i$ located above the highest storage level of the 

reservoir. The pressure tunnel intersects the shafts by 
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means of a closed pipe section incorporating the Inlet valve. 

The shaft can be eliminated if the fluctuations in the re- 

servoir is 	ll and the conduit valve, together with the 

appurtenances, is located in a chamber directly accessible 

from the surface, In the case of intake towers, flow into 

the tower is generally controlled by a number of mall gates 

inatead of a Single Large in intake shafts. High intake 

towers in earthquake regions are however not desirable. Per 

the Aabtxkla underground project located In an earthquake 

region in Phillipina5o a 380 ft*high intake tower reaching 

above the maximum reservoir level was initially planned. 
forever, to safeguard the tower from possible earthquake 

shocks#  the hei ht of the tower vaC limited to 184 ft. below 

the full reservoir level thereby sacrificing intake accessi-

bility and eliminating intake closure states but achieving a 

considerable caving in project cost. In O*rre-Poneon Under-

ground devetopment, the very largo section of the intake 

(Fig.ea) gallery enabled the engineers to dispense with the 

employment cif a surge chamber. For effecting minimum bydrau-

lie losses it Is desirable to align the pressure shafts (if 

geology permits) perpendicular to both the intake and the 

power plant centre link. An example being the intakes of 

Aldeadavila project (spain) located In a vertical plane 

parallel to the centre line of the underground station (Fig.6b) 

Stability of the hi],1 slope near the intake area ie a major si 
consideration. Level$ of intake should be fixed in such a 

way that under ainilma draw down conditions air is not 
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Purer tunnel upto 70 ft. Teter hav been constructed In 

Granite in Norway. Velocity allowable is also a major con" 

stderation, Limit velocsitiee flticgested by E.Press are' 

Very rough rock surface 	I to 2 m/sec. 

trimmed rock surface 	1.5 to 3 M/600* 

Concrete surface. 	2 to 4 *L/50. 

steel lined 
	 2.5 to 7 e00. 

Prom hydraulic coneidereticn a it is better to 

provide circular or horse-»shoe shaped a actions for power 

tunnels. The sgrade of the tunnel may be fixed after taki 

into consideration the minimum water level requirement in 

the Surge chamber and after ensuring minimum rock cover in Ito 

slinmont if possible. 

Normally tram point of view of minim power ioas,#  

one tunnel is always to be preferred over two or more tunnels 

as It will give least friction losses for the same equivalent 

area of crops section. Where,, however the mas nitude of 4ia" 

charge to be handled requires an excessive value of tunnel 

diameter for the particular types of rook strata w  it may be 

advisable to provide two or more tnnnols and sixes of these 

can be determined from economic studies as mentioned earlier. 

The decision as to 2tsther the tunnel could be 

lined or unlined is purely a matter of economics, some recent 

tunnels es . Upper Vinstra of Norway and Glen moriston of 

Scottland (Pig • 6o) are mainly unlined* Only about 30% of 

the Kernano tunnel of Canada is lined# The higher coefficient 
of friction with an unlined tunnel may dictate a Rabstantial 



Increase to effective diameter which must be weighed against 

the cost of lining a smaller tunnel* Low pressure tunnels can 

be left unlined except for visiblei.stlure$ which may have to 

be sealed suitably. Lining might be a nececcity if the tunnel 

is through fractured rock. A water tight lining is noriaUy 

provided for tunnel© operating under medium and high heeds* 

With the operating heads exceeding a certain limit n],l voids 

between the rock and the lining should carefully be eliminated 

and if this 10 not achieved, lining will be subjected to 

internal pressure and the required pressure thereof would be 

e r'OUO, If the tunnel ie lined or unlined or if the lining 

serves only for water sealing purposes, the permissible In-

texnel pressure is deteruined by the depth of over burden 

and by the quality ©f rook strata. Tunnel lining may be of. 

concrete or with steel. $hen the tunnel is not subject to 

a very larie hy*drestetie pressure (in the order of 10 atmoe- 

pheres) reinforced concrete piped either prestressed or not, 

may be adopted* The alternative with Steel, piping is arrays 

favourable, especially in view of the higher safety of opera-

tion (41) . If lining i0 designed to take only part of the 

internal pressure, the annular space between the lining and th{ 

rook is to be filled with concrete and grouted, In order to 

relieve external pressure exerted by seepage water when the 

tunnel is emptied suddenly$  suitable drainage is to be 

provided. 

A. theoretically ideal tunnel has satisfactory hydra 

to characteristics under .+ .1 working conditions, such as 



the hydraulic gradient it be sufficient to give the re- 

quirsd discharge without causing excessive velocities or 

excessive looses and is boated on the shortest straight line* 

The tunnel should be under eufficisnt rock cover - a rile of 

thumb is go% of static head of water,, Consideration should 

sico be given to the location of Intake. and exit portals and 

availability of intermediate menses points for construction 

activity. 

6., P 	P E, 
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In 'beads developments, mostl3r,, the power plant will 

be located In abutments. 'For such ioc*tion, separate pre' 

isure conduits for each turbine are ordinarily used (3?, 83, 

49) « `fin arran ement would prove economical since manifolds 

and guard valves can be eliminated ( ) • On the other mod * 

the h .. h head or tail developments and intareedtd~e develop  

Gents nomally have one or more pressure conduits from the 

upstream Burg* chamber to the power station and these conduits 

branching off to the individual turbines just upstream of the 

Power station oh# ber. 

Pressure shafts c€ n be either vertical or clopinj,. 

Vertical shafts offer the shortest route for conveying water to 

the turbines, Although the tailrace tunnel becomes longer, a 

saving in cost is still attainable sine* specific costs of 

the taliraos tunnel are comparatively lower than the pressure 

conduit if the latter must be lined. An economic analysis $h-

ould then obtain the minim total cost of the two opposing 

elements vim, the length of the pressure shaft on one side and 
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the length of the tailrace, access and other conduits to 

power house on the other. Such an psis will be the basis 

for determining the value of the penstock slope (41). Other 

benefits with shorter cots are$ (i) the more favourable 

turbine regulation (11) the omis©ion. of relief valves as at 

Glen Morieton and Ceennacroc stations (62) and even the upper 

surge tank (Ex.Poatina station). (iii) the construction of 

very steep shafts is more cumbersome than that of vertical 

ones« shafts, unless of excessive depth, should preferably 

be constructed vertically (49) if the above mentioned adVan-

tagee can be attained.. Vertical ohafts have been constructed 

tot U) 25&n shafts (steel lined.) at Hanabanilla Project, 

Cuba (38); (1i) 660 a deep R.0 .linseed. shaft at the an dia- 

coma Power station., Italy till) 410 m deep shaft with freely 

supported penstock at the Villa Santa Maria Power station 

(Italy)„ When horizontal setting is adopted for turbines 

vertical shafts would be more economical. In the case of low 

head stations as at G~teyabo. Power station in South America. 

Ass suoh no limit can -therefore be given and each it case has 

to be investigated independently* 

In the case of sloping 	ft s, the economical angle 

is determined theoretically from considerations such as (i) 

Quality of the rock and geology of the terrain (ii) Area of the 

conduit and (iii) Construction method and (iv) slope of 

terrain. Removal of suck through shafts inclined at less 

than 3,, is considered expensive While in shafts steeper than 
ViP the additional cost of protection against damages Intl" 
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ated by the spoil emerging from the portal would be high 

(49). Pressure shafts at the Ma~cgia SYetem! Italy# are con,-

struucted to a slope of 67 to 70% corresponding to an angle of 

34 to 35. A slope steeper than. this, eloping at 85%, le. 

almost 40,50 is adopted at Santa Ma sea Power Station for 

reasons of convenient removal of Spoil. For economic reasons, 

the slope of the pressure shaft section of Haas Project ie 

kept at 650 (10) . In Norway, generally slopes vary between 

360 and 390 yet even 45 to 469 t hafts have been constructed 

(49) . In Italy, the slope generally adopted has a value from 

70 to 35% (41) . A 1opo ne flat as 32 was adopted for the 

Vienden Pressure Chatt In Luzembourg for economic reasons 

though there was come excavation problems (73) . Pox' the Clachar 

Station, a elope of 390 is adopted for a variety of reasons 

visa. (i) the inclination was just a little in excess of the 

natural an le of repose of rook spoil so that the spoil was 

more easily removed (ii) the inclination was almost normal to 

the planes of cleavage in rock so that overbreak is lave 

during excavation and (iii) Along the pressure shaft, the 

weight of over burden measured vertically above the shaft 

was sufficient to balance the water pressure at any point 

(29 - discussion by Mr.J.d.Bank$) . Sometimes construction 

adite provided for pressure shaft excavation are subsequently 

used as permanent drainage galleries. With this nrovision, 

the assumed diagram of external water pressure can be interrup-

ted at the elevation of the drainage gallery and from this 

point downward the pressure starts to build up again from 
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sero and taking this aspect in the designs, savings can be 

effected in the cost of lining„ Economical construction adl.ts 

can be provided only if the sloping, shaft is pushed towards the 

elope of the hill* The above method of relieving external 

pressure was successfully applied in the design for the 480 

Komano preosure ahafto (36, 49) and 450 ,Xcyna Pressure shaft 

(40). 

The choice between vertical shaft and inclined shaft 

is purely based on the overall economics of the project. For 

example in 4 endo Power Project, a study was made of plans for 

vertical and inclined shafts. Results of comp&risón did not 

show each difference in construction costs. However inclined 

shaft was adopted for the reason that the 470 m , vertical shaft 

would take about 4 to 5 months more time than the 745 m 

inclined type (64) 

r rrY~ R OP nfl 	* 

In determining the number of shafts # economical +ion-

siderationo require, in general* the sr al.lest possible number cf 

shafts. The excessive diameter and thickness of the steel 

lining required in case of large demands for turbines and high 

heads, however, impose restrictions upon the Size of the 

shafts, consequently necepeitating the increase of their 

r ber. Dosrss of weldability is an important factor in this 

respect. Since the thickness of the steel lining depends, undw 

identical rook conditions„ on the diameter and the heads the 

maximum practicable size of the pressure shaft can be ehara-

oterised by a given value of its Power capacity (49►) . The 

power capacity obtainable by a single pressure shaft is 



rated as per today at Some 600,000 H.P. (K+sano ) 

There 18 no ,eneral. rule In determining the effective 

cross Section of the shaft# Permissible velocities in ex- 

posed penstocks 3 m to 8 % will apply to pressure shafts also. 

The clean diameter of shaft to determined individually for 

each case by economic analysts. Increasing the section invot» 

ves higher construction costs* For compputin economical dia-

meter of steel lined vertical Shafts at depths from 30 a to 80 a 

G. leakkcson gives the following relationship {d a i o•44(m) 

where Q is the maximum dicaharge in cameos. According to 

loo Sow, the above formula can only be applied to preliminary 

estimates and to conditions similar to those encountered in 

Sweden (49) #, The economical shaft diameter decreases with 

increasing heads, With increasing wall thtckne: ees the dia-

meter of the steel lining is preferably reduced in one or two 

occasionally three stages. 

DZ1N CONfiIDER&! ToONgs 
«ice 	Y IA ~~/Yi 11 IYi~~YiYF~i101~ 

Pressure Shafts can be lined or unlined. The orit-

eria in omitting lining ares 

1) The rock should be able to resit expected pre- 

Douro$ 

ii) rock through which the shaft passes should be 

sound in order to eliminate seepage; 

iii) The weight of rook cover should be considerably 

in excess of the hydrostatic pr~rscare. 

Regarding point (iii) experimental data after 
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R. Eegg$tad regarding pressure shafts in Noway - 11 out of 

12 preorure unlined thefts, the weight of rock cover 10 1.7 

times the value of hydrostatic pre: cure. For the 300 metre 

pressure unlined shaft of .Tafjord III Station the rock Cover 

exerts a 2.8 fold counter pressure. sometimes pressure shafts 

of low head and medium head station are lined for no other 

reason than to prevent Seepage* In poor quality roeke, even 

low and medium pressures thafl be borne entirely by the lining 

which can be reinforced concrete or steel lining. For high 

preovu re 1haft o reinforced concrete or -steel lining embedded 

in concrete or preetrecs concrete lining are provided. The 

French claim that prestressed concrete liners for presS.r 

shafts are better than Steel liners because prestress concrete 

liners are stiffer (Water Power 1990). 

Placing of steel penstocks in the tunnel may be 

carried out in two warn; (1) the penstock pipe to laid on 

supporting saddles inside the tunnel and (ii) the interspace 

between the ponatock and the rock io filled with concrete. 

A combination of penStoe.k laid on the mountain Slope and steel 

lined pressure shaft is tomeUmss adopted as in Haaa Project 

(10) and T:hiinco Station (61) Refer.Fig.fa. 

Though the length of conduit can be reduced,, the free 

penotoek in an inclined or vertical shaft ie a less frequent-

ty applied solution as the penstock is to be designed for the 

entire hpdromtatic pressure including water hammer. disposal 

of seepage water Is also a major problem. some examples of 

penstocks laid I.n tunnels eras Santa (batna (41) Otndo Project 



(64) Pic.6t sallano station (head 1474 m) and Villa Santa 

Maria in Italy. The 2.1 a dia. 4]Om penstock of Villa Santa 

Maria station is surrounded by a 3.55 m diameter concrete 

lined service shaft with a winding stair in the anrualar space 

leading down to bottomand the shaft its made accesibls by 

horizontal adito, With the interopace filled with concrete, 

it is poocible to transfer to the rock part of the load acting 

insidethe penstock. By proper attention to design,, taking 

full advantage of the strength of the surrounding rock, 

selection of optimum ,routing pressure and of the economic form 

of lining,, the overall co: t can be minimised. A00uming low 

preoaure grouting io fully effective in filling all gaps bstwom 

steel liner and the concrete encasement and between the en-

casement and the rock,, the % of internal hydrostatic pressure 

In the penstock which will be carried by the rock can be cal* 

culated according to theories of VAUGHI N (77); Jaeger X9); 

Bliefue (4); Amstuts (2) . 

In rock of poor quality, only a nali, in some caseas  

practically negli;ible part of the internal pressure can be tr-

anStiitted to the rock by a ;routed steel lining. Consequent' 

ly the saving In steel attainable thereby would be insignifi- 

cant. In rock of mood quality, a major portion or even the 

entire internal pressure can be tran.a witted to the rock when 

the steel lining ants only as a water sealing membrane. 

According to R.teg stad in sound rocks characterised by defor-

nation modulus between 80 9000 to 19),000 kg/$q.cm. 65 to 75% of 

the Internal pressure can be transmitted to rock provided all 



gaps are carefully grountedi 

In the design of steel liners, both external and ' 

internal presaoreS muCt be considered (18, 13, 36, 779  49 43 

and 2). External proocures occur either during grouting opera-

tion or on dewatering after a. prolonged period of use*  Often 

It i© the external rather than the internal preavare that 

determines the thicknoso of the liner. The decision between 

a lining of adequate strength and a thinner one supported 

freely in a tunnel is governed by the relative economics of 

the two solutions. The problem of estimation of maw 

probable external pressure Is a most delicate one in the 

design of preouure conduits. 

In the case of vertical pree$ure shafts the ground 

water pressure can be almost as high as the hydrostatic value 

corresponding to the head water level (49) . }towevers  with 

the alignment of the inclined pressure shaft situated below a 

Sloping terrain, the external pressure for any point along the 

shaft can obviously be not higher than the water column co-

rreeponding to the local rook cover* Actual ground water 

pressure remain in general well below the theoretical upper 

limit mentioned above, Consequently } pressure shafts located 

almost parallel to the sloping terrain are not likely to be 

exposed to excessive outside water loads and the pressure, is 

not likely to increase downward along the shaft (49) , Amstutz 

has proposed an adequate method for calculating permissible 

external pressure upon embedded steel lining (2). 

The maxims probable water preeeure will be perhaps 
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with the assumption of complete saturation of rock cover upto 

terrain level. No theoretical method of general validity can 

be given for computation of external water load. The degree 

to which the theoretical upper limit characteri©ed by the depth 

of rock overburden Should be reduced is to be determined for 

each individual ease with a thorough knowledge of the teetomic 

and etratigrsphic formation of the mountain as well as of st-

rength properties of the rook and this aspect has already been 

discussed in Chapter IV. 

The design calculation for the ¢teel plate linings 

depend on the form of the anahoragog if any. Theories of 

Iseemim-Filarski (which are generalisation of the theory of 

,Aflievi for pipes) and the formula of Von rises, Foppl and 

Amstutz (2) have been used* A detailed account of these the.' 

ones to beyond the scope of this dissertation.. 

A method of protection against external water pre®.sure 

is to impart gveater stiffness to the lining oar to have it an- 

shored into the rock (49) . Reinforcing hoops or ribs were ado-

pted at Isere-Arc and elsewhere* Etectrioite-de*Franoe has 

introduced "hedge hog spine" anchorage which consists of studs 

welded to the place and this type is used at Roeeens (12) • It 

is found that the weight of steel being added to the steel 

plates for the hedgehog spine anchorage is very small (29). 

To relieve external water pressure some authorities prefer 

drainage pipes running parallel to the penstock (Bitto station 

in Italy). Others provide an inspection jallery adjacent to 

the penstock as at gerlos in Austria. Intermediate drainage 



adit has been provided at Kfmano and Koyna. The defeat in 

prrrvidina drainage pipes running parallel to elopin, $hafts 

in that these pipes got cloggea sometimes or becomes sealed when 

pressure grouting is applied. When these are large, the stress 

distribution on the lining IS no longer symmetrical (29). 

To Increase the stability of the steel lining against 

buckling, grouting is quite popular. According to Amstutz and 

Jullard, the prestress induced In the steel lining by grouting 

tends to increase the safety against buckling. There is 

difference of opinion among authorities regarding grouting 

pressure to be adopted. Swiss and Italian Engineers seem to 

agree with high pressure grouting at P1  a 1.5 P (P1  is 

grouting pressure and P is internal water pressure) . 4erman 

Engineers propose P1  a 2 P. 

Pilling the interepace between the Steel liner and 

rook with concrete is a major problem. According to (Guthrie 

Brown, one of the best means of dealing with the deposition 

of concrete around steel pipes was to modify► the croo3 section 

of the rock to be excavated around stool pipes from circular 

to pear shaped so that better access is obtained for placing 

concrete. 

It ie clear from the foregoing discussions that 

there 1s difference in opinion among various authorities in 

the methods adopted for the design and construction of lined 

and unlined pressure shafts. Though marked advances have been 

made in this field during the last century the dote sination of 

the distribution of load between the liner and the rock ware 
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has not been satisfactorily solved. The prime reason for this, 

may be insufficient fundamental bawled-;e available about the 

elementS involved. 

APTCIAt. CSI DFRAT Q 1 XN TItE 	(BUT {3F PRE t3RE ff I Tt 

If one or two shafts with their manifolds and guard 

valves prove more economical for a multiunit plant located in 

the abutment, it will be better to locate the manifold and 

guard valves as high as -paaoible on the waterway (salamonde 

station). With this arrangement, reduction in cost follows 

from the taller operating head for which the valves and mani-

fold must be designed (83), 

special, consideration to given in the layout of 

conduit adjacent to an underground plant for reducing tunnell-

ing costa. The prescuire Shaft of a multiunit station Should 

preferably be parallel to the longitudinal axis of the machine 

hall (4l 49) , It is usually economical to terminate this 

shaft in a manifold, the shaft of a multiunit Station forming 

branches from this manifold. (PS .6d), According to Maroello 

(41), the most advisable arrangement is to place the distri-

buting conduit to each turbine at ouch an angle in the space 

Co as to reach the *achincs with flatter angles and Shorter 

length of piping. smaller angles lead to longer connecting 

pipes in some eases to larger Caverns (for inatanee when the 

aeergency valves are located in the machine hall itself.) There-

fore the angle of the manifold branches affects the overall 

construction costs, From structural considerations it would 

be preferable to align the distributing pipe at right angles 
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to the powerhouse cavern. In the case of horizontal axis 

units, right angle becomes a necessity for example,, Villa 

Santa Maria station in Italy and stalden station (Fig.6o) 

and others. Whenever the orientation of the machine hall 

fixed by other considOrations happens to be within 300 to 900 

to the direction of the penstocks (in mfr cases) it is cvi- 

dent that the connecting pipes will come at right angle with 

take off from the main shaft at 30 to 45 (Fig.ed & 6f) .. . 

The hydraulic louses greatly depend on the take off 

angle. With reference to the extensive loboratory work by 

Professor 'T%oma in Munich, losses increase with the angle, 

Slowly upto 6010 and much faster up. Take off angle enerall3r 

varies from 450 to 900. Prom velocity considerations, two 

arrangements may be used. One is that the velocity Is the me, 

everywhere, the diameter of pipes varying with the flow and 

the other with the main feeder having a constant section. The 

use of a constant manifold diameter reduces tunnelling costs 

and the Qtandar4 transition from manifold minisee cost of form 

work. The choice of the opts layout depends on economical 

studies taking Into account of head los~seO and the civil costs 

and basked up by practical considerations. 

6.6 URGE CHA +lBER 

The pressure tunnel upstream of the Surge tank is 

not usially designed to withstand high pressure. A surge tank 

located at the head of the pressure shaft will be the best prots-

ction against water hammer penetrating the tuunnel. A surge 

tank located as close as possible to the power station makes 
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to the powerhouse cavern. In the case of horizontal axis 

units, right angle become a necdat Ity for example, Villa 

Santa Maria station in Italy and stalden gtation (Fig.6c) 

and others. Whenever the orientation of the machine hall 

fixed by other oonsiddrations happens to be within 300  to 900  
to the direction of the penstocks (in mart' cases) it to evi-

dent that the connecting pipers Viii come at right angle with 

take off from the main shaft at 3?0  to 450  (Fig.6d. & 6f). 

The hydraulic looees greatly depend on the take off 

angle. With reference to the extensive loboratory work by 

'professor Thoma in Munich#  losses increase with the angler , 

slowly upto 800  and much faster up. Take off angle generally 

varies from 450  to Wo. From velocity considerations, two 

arrangements may be used. One is that the velocity to the same 

everywherel, the diameter of pipes varying with the flow and 

the other with the main feeder having a constant section. The 

use of a constant manifold diameter reduces tunnelling costs 

and the standard transition from manifold miniacs cost of form 

work. The choice of the optimum layout depends on economical 

studies taking into account of head louses and the civil costa 

and backed up by practical considerations. 

6.6  BURL _ CHAMB 

The pressure* tunnel upstream of the surge tank is 

not usually designed to withstand high preezure. A Surge tank 

located at the head of the pressure shaft will be the best pros 

otion against water haler penetrating the tunnel. A surge 

tank located as oloeo as possible to the power station oaks$ 
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the tailrace tunnel may be normally a free flow one and worts 

under pressure when the dovnSt roam level rinse (flood) or when 

the discharge in the tunnel varies rapidly. In most of theme 

instances a proper surge chamber has to be incorporated on the 

downstream side of the turbine no as to minimise the water ham Mx 

and pressure variation and to make the turbine governing pra-

cticable. 

In underground developments_ and overground develop 

menu, design aspects of the upstream surge tank are identical. 

Downstream €purge tanks can also be investigated in a manner 

similar to that followed in the came of upcteeam anew. Systems 

with downstream and upstream surge tanks are applied in 

connection With reaction turbines (1?ranaie turbine€.., loos 

frequently propeller turbines), reaction turbines being only 

followed by' a conduit discharging under pre sours and hydrodyna-

mic condition of such a system will be different. The design 

of a surge tank Is a subject by itself and therefore only 

consideration with regard to type, $hspe, location and arran-

gement with the surge tank related to underground development 

10 discussed belowi 

An analysis shows that combined systems of Cargo 

chambers with two or more shafts,, having restricted orifices,, 

expansion chambers, overflows and reservoir chambers have 

been constructed for upstream location of tanks (27). In all 

cases the main aim is to reduce the volume of excavation while 

assuring stable governing conditions. According to Jeagari  

a throttled surge tank with lateral orifice in a better 
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arrangement than providing a surge tank with restriction just 

above the pressure tunnel1  as in Randens U.G.power house of 

I esre-Ara. this arrangement have definite advanta g;ea 1  the chief 

being that the construction of the tank does not interfere with 

the construction of the main tunnel. Moreover$  the water levels 

In the tank are allowed to fall lower than with a more con-

ventional design of tank with a restricted orifice. Though 

it to ideal to keep the surge tank as clove to the power house 

as poosiblet  it might be neeesnary to locate the surge tank 

fair upstream of the penotock head due to economical reasons. 

The surge tank of Chute-deb►-pa$see (42) located 2800 ft. 

upstream of the penOtock manifold is psrticuiarly illustra-

tive (Fig.Gf). In the above station the draft tube manifold 

which acts as a surge tank for the discharge tunnel is 

approximately 7 tines of Thoma *'aft. similar arrangement is 

adopted for the Besimis (Fig.6d) station also (1). Draft tube 

gates can be suitably arranged in the downstream chambers as 

In Chute.-des PaS$es and Bereimis stations*  The necessity of a 

downstream surge tank can, of course, be a .iminated (49) by 

ensuring free flow conditions in the tailrace tunnel (Ex. 

gtonorrfors and Ceannacroc arrangements - figures 6g and 6h. 

This may prove expensive it long distances are involved. The 

tunnel should accommodate the high surge waves following gate 

opening. The section required would be excessively large so 

that it may be found more economical to eonstruct1  in case of 

long distances, a pressure tunnel with a surge tank just down-' 

stream of the power station (62) as at flenmoriston1  Tunut I 
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and lI Station (Figs. 6e & 61 a 63) and others# The down-

stream rre chamber may be designed arbitrarily ad far as 

the ehave is concerned* It may be shaft like or a basin of 

ample dissension.. The chamber connected to several units should 

be designed as a coherent cavern If a sinvle tailwater tunnel is 

constructed. The stare chamber is in such eaves a long %aUery 

extendinc before the draft tube port s and oichargin into a 

single tailwater tunnel as at Verbano Station. A Short entrance 

section of the tailwater tunnel blasted to a viinifieantly 

enlarged diameter has also been used to act as surce chamber 

Ier A ro Fi .+Sub . In case or two or more to .lwater tunnels 3  

the number of independent surge chambers m,,.1) t be increased 

correspondingly; each of the surge chambers comprises the ports 

of all the draft tubes Served by a common tailwater tunnel 

(49). For the Aldeadavila (Fiq.Bb) immediately downstream of 

the machine hai.1 are four Surge chambers connected in pairs, 

each pair communicatinj with the draft tubes of three machines 

and for each pair of surge chambers a separate tailrace tunnel 

returns the -discharge to the river (80) . With this arrange' 

Mont the station t divided hydraulically into two halves each 

comprising three machines Co that it Is possible to devater 

either half of the (station including tailrace tunnel while 

other half continues in operation (see Fig.6b ct We A single 

or at the most two tailwater tunnels is used in general 

practice (49) . 

Prom the hydraulic aspect,#  the downstream (surge tank 

may be designed an a Simple shaft with expansion galleries at 

top and bottom as at (Ilenmoriston station (Fig.8c) or as a 



I ee  
/ 	I 

ate"lvIN6[ 

II I 
v j 

hI I 

F' 	' • 	hlp~ %,~ 

o 	Lo 	.eo 
$4IF OF f.FE/ 

T 1 

6(!) raf/ar / oowf;95r17i41'_ Isaw,79iv-oFD1r//.1~ 

~`%`:: 6(d )7d. a7 4' "W,m.P 52'f/'#1. /y,7 awe, PSG D,E.adY/.Yl 



NW. %. El: 37Rd3. 

/OH/EP iO!/f F• 
./B1F 

~ 	 yc 4.YffO.C.dl•B Gtr././/B.f.0 

,  ~  t 

RP4,y/f .F 	yPOYYlP/oi so~YE. 	 j'J 
7, 	1

l/>aoiy.1z aefit / ,WM7  

so i so .em 

f : y. 

 

6(k) IOrYG/7'OD/•4< P,BOf/L,E J'•Y.POI/GA'- 4!/.'.9 T/'M*W5 .S.f/O PO~fe5.f'. 

, ,'.PA4DmI,4 P441 APP 	e PlA.#' 

..r.23i?S 

	

c161.~' y fl.4Fr 	J IIE". 
 

.cyA~s~.B.dO!/~• 

~.a eYf`d/.11G ~'•P.4~Et 
~f'o~N/s E✓ls'_ 

jyA~Al'
•
FR ~!'ovt,E• 

o f AV' i5 

~ur.~EJ,i,✓.r. 

O Gf.~fG1J/R A/Y• 
© ./CI~y1.PwVf/l,Iyf /1DL7C. 
O3 ?'L'l6Lf'.F' /F'10/.C• 

PA I' F JM 7Patis~o,P,1r,F,P Gyo41eI . 

,y.. 	0F.OD.GY/.C,4 PD.~.F.2.~14~YT. 



-;8 1, 

simple shaft as at Tramct 2 (fig.63) or Shaft havino, restricted 

orifices. Simple chambers are used in most cases,, yet for 

Increased dampening of oscillations reDtricted-'oriftoe chambers 

are applied (Pionnay station,, gwitserland) . 

Sometimes ourige chambers are arranged within the 

same excavation as that for the transformer hail ($.rre~Poncon 

Station and. Aldesdaavita Ref. Figure$ 6a & ). With this arranr 

gement1 the number of underground cavities can be limited. 

sur;. chambers should be provided with amply d1men-

stoned air vento • The air duct may be combined for reasons 

of economy (49) with one of the service tunneto frequently 

with the main access Shaft or tunnel (gee Figure 48 62) . 

6# 	N '~t~ Y —9 	URBXN VIA-M. s 

Valves are usually installed at two places in the 

penstock* One is at the upstreamm end of the penstock called 

control valve or penstock valve Immediately after the stzrge 

tank, while the second is at the downstrsm end of the shaft 

or at the unit penstock$ immediately ahead of the turbine 

called inlet valve or turbine valve. Dewaterinng of penstocks 

is ensured by the osnstoczk valve which serves at the seas time 

as the iaergency valve in case of penstock rupture. The tur-► 

bins valve is to curse the penstock when the turbine is not 

operated. In installations where one penstock serves two or 

more turbine units o individual valve for each turbine Is 

invariably provided for facilitating maintenance work on one 

unit. Provision of a control valve for each turbine is 

therefore absolutely necessary (49). Penstock valves 
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axe soa•tiaes replaced by gabs, located in the Surge shaft. 

Both these devices can 'be push bottom controlled for remote 

operation from the control room. In the case of penstock 

~fa1ves,f however, the provision of a separate sot of stop logs 

Is ss®entitl for the maintenance of valves itself. When gates 

are insta .led, stop logs can be avoided as maintenance can be 

done even during operation. However during maintenance of 

gates# there will be no safeguard against a penstock rupture. 

Al Mah atop logs would also be required# Provision of gate 

and Stop log In the surge shaft are diffutult and may present 

problems In the design of surge tank. It therefore appoarsq 

desirable to provide valves In a Separate valve house and only 

one set of gates or stop logo as standby arrangement in the 

surge tank* The choice between gates and stop loops is depen" 

dad on economics and ease of operation. Gates are generally 

preferred as stop logs have to ba provided for the entire height. 

In the case of lows-to odium head developments # control of 

flow through the pressure conduit is provided by various types 

of intake gates but several tepees of valves are sometimes 

utilisod. In the case of high head developments a valve is 

ordinarily located at the upstream end of the pressure shaft as 

at Remano (38) and Haas (10) . Sometimes pensatook valves are 

eliminated completely and reliance is placed on automatic 

closing devices at the tunnel intake as at Vionnay and Aldeada-

vila (80), Ample, provision for automatic air inlet oust be 

wade just downstrum from such valves or closing devices to 

avoid collapsing of the penstock liners duo to vacuum. Valves 



61411  

I 	
Syr. ies3 

 
I'd'. 	/~ i  	fir"  

T i  

F ~~ 
 

'7 --7 I i.Yd.S+✓4f,fOg44J, 454/O7P <oLP°6'#t - 
i r 	 I 	I PUMf3Gi . 

' 
	 I 	 roio~:r ~F,ri~'LE PG,riA6 - 

r:~J, 

I 	 Q 	I ad 00 III 	.. t ~► 
r4.Y•f'f- 

" 	e5. 

FY.Qflt 	 t it ̀  	1 - 	- - i  

n I 	I 
oss.~ 	 -- ifl~.s/vr 

YlCB/-✓f/o•Ml.P4l OEf.C. 	~ 	~i.iQ e 

A% COAVI.0/L .AfO 
dLJ.P. I Ld//1F  

A. ye 	 ir. 	ouESS rr v.Nrw 	'r 

O <. Bodea.l  

	

~ 	LQi~>.PG1 

	

a 	"axe 

rcdrsfeeHf~l. s 	c3 

st- Ol/.V 

In 

''P•4.✓f«4~l~~G'Olt . 

~  4 

~7 

ti- 6~~oe /' If ' _or1.2d 	P1.sf/ .4.,Yp G.POS S~GI/Oy 

ra 



II 

V a 
~ h 



44  

rA!PiI 

lw 

n 

L 



-* 86* - 

at the penstock head are generally located in a separate 
gallery►. Removal of thece valves Is done usually by cranes. 

k hook anchored in the rook and a pulley block is used for the 
removal of t valves at Bandon Station. 

Unit valves are ordinarily installed on the branch 

connections to the individual turbines. There may be sinclo or 

duplicate valves as at Innertkirchen. 

The valves may be located in a separate cavern as 

at Zor Station (12) ig.61 and $talden station (82) Aig.6e and 

iuinco Station (61) Fiq*ft and others; in a paeOa • between the 

penstock tunnel and the powerhouse; or in the power house props' 

ns at Mckay Creek Station, ?iT,6n Bersi is I (1) Pic.64 and 

elsewhere. Actual location is governed to a substantial extent 

by the nature of the rook foriation. Placement of the valves 

in a separate chamber reduces the necessary width of the chamber 

required for the generating units but does necessitate a se-

parate crane and access passa ,e, In the case of high head and 

medium head developments, where serious consideration must be 

given to the possibility of a ruptured pressure chart, the 

valve chamber is ordinarily provided with Its own discharge 

tunnel connecting with the tail race as In Jor Power station 

(rig. 61) and others. In the event of a fail closure of an 

underground station located in the upper reaches of a river;  

by-pasi arrangement would be required to ensure supply of water 

for down stream requirements. Bypass valves-cum "energy 

diseipators can be installed on individual units so that they 

autoratiaal y open by the movement of servomotor pistons an 



the quid. vane. cloecs. Such an arrangement is very eaetly. 

In tondo Project a needle valve► i0 provided at the lowest 

portion of the penstock to diacharje irri atian water by dts 

etpatin ► the high pressure. *ne..ry of 400 1* in the event of 

failure of turbines (64). 



6.8.1 	ii8~,,, AI : 

The dimensions of the underground cavity for housing. 

the generating machinery greatly depend on the also and 

number of generating veto and otation arrangement. As in 

the case of surface stations the turbines may be Pelton or 

Francis and of vertical or horizontal type (See Chapter IV) . 

For low heads 'Kaplan turbines are employed. The basis upon 

which rests the choice between the different types of turbines 

is essentially the came as for ordinary aboveground stations, 

'but increased importance is attached to the volume of rock 

excavation, The tendency towards a more economical utilisa-

tion of space 1s oven more pronounced than at the surface arr.' 

an ;ement • Having fixed the type e0 " welt as the shaft setting, 

the section of the Power House cavity can be designed on a 

tentative basis and the same may have to be modified when more 

particulars about the generating machinery are got frcm the 

suppliers. For the underground location of the station, 

coiwminication gellerieet shaft* and tunnels for (i) aQcs*• and 

transportation; (ii) vtntilatian; (iii) accommodating cables 

and bases and (iv) disposal of flood water have to be con' 

struoted. between the power house and the surface as well as 

between individual caverns# To reduce the construction costal 

these passages should be united as far as possible. The de-

sign criteria and principles followed to meet the above r.quirs' 

sent* are discussed below, 
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if cOnStractvd to scco*modat. the turbines, generators and 

ancillary equipment. Sometimes the turbine valves and tra na-

formera are also accommodated within the power house cavity or 

in Independent cavities. Sometimes the entire power station 

equipment and substation equipment are located undergrouxid as 

at Taf3ord III station in Norway Xurobogawa NoA station# Japan 

(Ref$32 PIS *6p). The decision to accommodate the substation 

equipment also in underground caverns was taken to prevent d*' 

mass from snow piles during the extremely inclement weather in 

winter when the mercuryy drops to as low as -2O0 * Depending 

upon the geology and two of rack at sites the span of the 

underground cavity is Limited and In such cases independent 

caverns are constructed for housing turbine valves* generating 

machinery and transformers as at Tor nation ( g•61) XOyna, 

the Sergi Poncon (Fii ,6a) and othears• When a cavity with a 

large span can be constractod,, the *rose section is divided into 

three parts, the machine hail in the middle flanked on either 

side by a hydraulic (valves) and electric section (trans- 

foz ers) as at ifuinco Station (Refs 61. Fig.es) and Pecoia 

(Ptg.6r) and others. In some stations, the valves are located 

inside the main cavern and t ran aforaers are located (1) over-

gro~tnd as at Mackay Creek station (Ref.22 ?ig.6n), Bersizis 

and Natr"dss-Pasass and others or (i) in an extension of the 

station as at Morrow Point Paver Plant (Fig.ev). Another 

arrangement is to accommodate the valves In a separate cavity 

and to house the transformers within the power house cavity as 

at stalden station (Piq.6e) Innertkirch*n (Fig.6r) and others. 
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As discussed earlier, the v Ives upstream. of the 

turbine can be located inside the main cavity or in a separate 

cavity upstream of the Power station. The latter arran emeut 

is mostly retained for high head acheneC. Increased safety 

against flooding is ensured by the construction of a separate 

gallery for valves,, since only the latter become flooded In 

ease of occasional valve failure. The complete filling of the 

valve gallery is prevented by means of a by-pass gallery to the 

surface or to the tailrace as at Jor Station (Fi g.61) . When. 

both the supply conduit and diachari a conduit are arranged at 

the same side of the power house as at Stalden station and 

Thiinco Station (Figures 6e & fir) the valve gallery IS directly 

connected to the tailrace tunnel and thus the By-pass tunnel 

is omitted entirely. According to Mosonyi (49) a  this arran-

g ement ie especially advantageous in cave of a free penstock 

located in a service tunnel. Por medium head stations with 

Francis installation, increased attention is to be paid for the 

location of the bypass tunnels from valve cavity to the teil-

race tunnel as this will invariably be a pressure tunnels In 

Such installations the valves are located at about generator 

floor level or at a higher level In a cavity in the pressure 

Shaft to facilitate connection of the bypass  to the tailrace 

pr*08ure tunnel (salemonde Station). When access to the valve 

cavity located at generator floor level is provided from the 

power house cavity,, a water tight separation door protects the 

power station against floodino, In the event of damage to the 
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Valves or penetoeks. 

When the turbine valves of high head Instal tions 

are located 1w3145 the power house cavern connection galleries 

are provided for discharging the flood water into the free 

flow tailrace tunnel. The tailrace in such :installation 10 

aligned along the longitudinal axis of the station as In Poatirs 

and the Ruint~o Stations (Seefigures 6o & GO * In Poatina. 

station, emergency drains have been provided from valve pits to 

the tailrace# which is under the turbines and on the long axis 

of the station$ thus making a snbsic is ry` excavation unnecessary 

(4?)„ With Francis turbine installationo, however,, special 

problems are involved when valves are also located within the 

main cavity. The valve pit is separated from the generating 

machinery by a concrete wall and flood protection is provided 

by submersible- drainage. pumps brought into operation by water 

level relays. With such arranjement as in Tumut XI,, the 

whole, power plant IS to be but down In the event of the water 

level continuing to riser. 

Prom the above discussion, it ie clear that the valves 

may be located in a separate chamber or In the power house 

proper* Actual location is governed to a substantial extent 

by the nature of the rock formation. In the Case of separate 

cavity, It will be necessary to instal a separate crane for 

handling the valves and additional gallery or Shaft for access* 

On the other handy a separate oavity sometimes afford additional 

access for pressure shaft excavation. The present day trend 

in underground power station layout* is to install the valves 



in the main cavity itself, as it becomes possible to economise 

on the total underground excavations and It to also possible 

to use the power house crane for Its erection and subsequent 

maintenance. 
6.8.3 	 CAL CO EC's 0 WI OUiIDt 

In under*,round stattonO, the main transformers are 

variously located; (a) inside the main underground cavity, 

either in an extension of the cavity as at s3talden Station or 

opposite the generators as in Th&inco Station, Innertkirchen, 

Santa Mass.nsa, Morrow point station and others; (b) in Ss--

parate caverns as in but I and Tumut I1 stations (Fig.6i & 

63) , Jor station and others; (e) outside above ground as in 

Mackey crook$, Chute des' Passes, Bersimia I and others. There 

is an increasing tendency to place the transofraers under;mound 

(3?). The choice of the location depends largely on the disc- 

tenoe between the machine* and the high voltage line take-off. 

If this to about 200 yards or more the underground location is 

preferred both as regards capital cost and losses (19). A 

simple rule of thumb used by Italian Engineers 10 that $ if the 

length of the to tension t ransmi csion c ableS to more than 

25D to. 300 metres, the arrangements with undorgxound tranuforme~s 

is cheaper. The advantage of on. alternative with respect to 

the other should be studied case by case with reference to 

the capacity and number of the machines besides the length of 

the connection between the machines and the tranSfosmerr. 

Comparative study should be made between outdoor and Indoor 

Installation costs, besides the cost of connection* and their 
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losses,) sassing also allowance for the lees effective operation 

of a generator with increased overall reactance in the gene' 

rator bus bar system and the effect on the static and dynamic 

stability of the net work. Whether the transformers are under-

ground or overground, dissasatbly.  . of the transformers has to to 

carried out In a room separate from the machine ha l • Can" 

sideration should be given to higher coat of underground die-

assembly room and relevant fire protection installations which 

are more expensive for underground than for $iuz'tace plants (41). 

some authorities prefer to locate the transformers at ground 

level to avoid hasard associated with large volumes$ of 

transformer oil loacted within or directly adjacent to the 

power station cavity. This arrangement results In song, low  

tension leads. In the Dereimis and Chute des"Passes develop- 

mental  these leads are 400 to 	Pt, long and studies mndi" 

dated that long low voltage tends are economic solution when 

the excavation for underground transformers is taken into 

account (44) . 

The span of the cavity 10 not Increased when the 

transformers are located in an extension of the power Ouse 

cavity„ Added advantage is that the powerhouse Crane can be 

utilised for the erection and maintenance of the transformers. 

The transformers can be placed on rock and therefore cost of 

foundation will be reduced. The transformers are arranged 

in separate compartments and fire protection doors are prow 

-aided. Oil spilling from the transformers in case of explo-

elan can suitably be dealt by constructing drainage pits and 



collection chambers. 

When the transformer$ are located opposite to the 

unit$, the width of the cavity it increased beyond that required 

for the generating units n4 this arrangement necessitates a 

divider wail to m nlntss the fire hazard* Though the po r 

house crane can be ussd for erection and subsequent handling 

of the transformers, the deck on which the transforere are 

to be placed will be +costly. Beside e*  drainage arrangement 

for the oil spiliinj from the trRnsfozeners will be difficiit 

and costly. 

When the width of the poverhouce cavity is United 

by rook conditions,, construction of an additional cavern  

for the transformers may be preferable inspite of the excess 

cost of excavation., Their separation may be beneficial as far 

as Safety requirements are concerned. 

The under round location of 200XV or even higher 

voltage transformers is extremely expensive yet popular now- 

a-days. The 300 KV taR nsformer* at K4wano is accommodated 

within the power house cavern. Binjie phase tx*nsformsrs of 

380 XV at F ripranget and three phase transformers of 27Y at 

Crauchsn (Fig.Ga) both located in separate caverns are par-

tic*iiar interesting features, 

Connection between the generators and their trsnsfor-

nor$ can be either bus or cable depending on the economic 

solution In the Particular case. When separate covarn is 

constructed for transformers, a cable or bus gallery (Fig.6k) 

should be excavated between the machine hall and transformer 
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,harbor for the low voltage electrical aonnaotion. Low 

voltage connection is sometimes taken through the interspace 

between the false ceiling and the power house roof. These 

arrangements are often offset by the problems of providing 

high voltage connection between the transformers and the open 

evitchyard. Depending upon the overground location of the 

switchyard , the high tension cables are taken through shafts of 

sloping tunnels or through the aocoeo tunnel or tailrace tunnel. 

With special. installation techniques enployed, the 275 It'd. 

oil filled -cables have been taken through a 15' diameter ve? 

ti calshaft or 1080 ! at Crauchen• (81 - See Flg.6$) .. 

similar arrangement Is seen at Moir Creole station (22) and 

at A.ldeadavila qtatlon havinj a 1040 Pt. cable shaft (17 

Pig. 6k) and others. in all the above cases these shafts are 

put to multipurpose use Such as for accommodating Power and 

control cables$ lift arrangement, stair way & ventilation ducts. 

sometimeC a passage i10 left for lowering the machine parts to 

the power house cavity„ 

Bonetlm*e power and control cables are taken through 

the access tunnel as at 3cr station CUs . At Huinco station 

(61) the 220 KV all filled cables are laid on a stoe«'ce ent 

trays in a duct ramming along the 800 metro long main access 

tunnel. In certain stations., cables have been taken through 

frees flow tailrace tunnels. sloping tunnels have been 

constructed (3 and 82) solely for the purpose of taking cables 

to the switchyard at Morrorrpoint plant (230 KV sables through 

a 10' z 10' and 190 ft. long tunnel) and taIden Station (g2 



in section and 470 metres long) and In many other stations. In 

some Swedish and other stations sloping tunnels have been 

constructed for ventilation which serve as eablee►y for out-

going power cables. For periodical inspection and maintenance 

work eloping tunnels for cables are constructed with mild slope. 

Cable tunnwlo through Sound rock are invariably unlined. 

The choice between a tunnel or Shaft is purely 1* sed 

on economic studiep. 

~ ~I+~~~~1 	 ■ ~~Ilr r~r~~~ ~~i'ir~~A~f ~ iA1~ 

Palo and Marks (51) and Dolund (13) have established 

basic principles for plant layout In overground stations. 

'hough these concepts are generally followed$ a more rote t" 

Sent approach Ie aimed for equipment layout In underground  underround 

stations to reduce excavation. 

ks in over ;round plantc1 the unit bay layout, the most 

expensive feature # is predicted on five primary items consider 

9d in the toXiowing order (83) 

The plant water way (turbine, draft tube and 
penstock constz zction; 

ii) The generator; 

iii) The main power transformer; 

iv) The overhead cranes or equipment needed for In-
sta .lotion and akaint.nance; end 

v) The maxims ta1lwater, 

The first four Items only is considered in elloting 

space within a unit bay for maximum economy* The last ites. 

Is Important only in theease of Schemes with Palton installa-

tion. 
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The else of the unit varies with the area of the 

required waterway since for a given plant capacity# the head 

and discharge remain the same (83); For example.# a 303,004 kv 

plant with four 75000 kv units will, require less overall 

length than one vt .th six ►,« kv units. Though the width 

and height will be nightly larger for the four unit 75 000kv 

plant p the plant cost will be normally lean. Plant sixs# 

thereforet should be lsr e~tt feasible after considering i i.'► 

tationc In transport and penstock sixes* 

As discussed in Chapter V, vertical settinc of tur-

blues to preferred when large also plants are employed. With 

vertical cetting, the plant wator'ay and the limits of 5ub-

stru+c tore can be easily Sketched (Fig *4c) . The desired access 

to the turbine pit and $ut port for the generator establish the 

generator elevation. At thin Otago, the generator rotor and 

ahaft are located In a position that would penult moving It to 

and from the service area for inntallaticn and maintenance, the 

overhead crane is located. Variations in the generator 

(Umbrella or suspended)., the transformer (single phase or three 

phase) whether Inside or outside, turbine valves* whether 

inside or outside are then considered and the sketch modified 

suitably. According to Wolf ( ), the Unit bay arrived at 

thus would never require a revision- to accommodate the auxili-

axy equipment when the space requirements of the first four 

items are net. With the section ra ghed out # an ellipse of 

no stress is drawn outlining the proposed excavation, Assuming 

that the souk has no appreciable tensile strength this curve, 



would represent the uppxsr t t or the potential rook fall 

into the op*nin;. The concrete stch for the roof is then drawn 

to permit operation of the overhead crate. Roughly the arch 

Is desi nsd to carry the weight of rock bets the arch and 

the elliptical opening which may require revision after model 

studies* 

The adoption of a vertical plant makes possible *e 

Veral alternative power station layouts, and there appears to 

be no universal trend in this respect. .Many authorities favour 

the double floor 4esin, where the top floor Is at generator 

level, and above which the exalters only (Aldeadnvila,, Bersix s, 

Poatfns stations) and oetiaes both the generators end 

exdtero project (Morrowpotnt plant and others) # In thie sass 

most of the auxiliary plaint to placed on the lower turbine 

floor from hih h access Is gained to the turbine pits. .Instm' 

meat 0 and control panels are gene rally pr fsrred on the upper 

floor. The weight of the generator and the hydraulic thrust 

of Its turbine can be taken through the turbine fixed stay► 

vanes to the foundations. Alternatively it can be taken 

through concrete or steel coltans around the outside of the 

turbine casing. The latter arrangement pa nts better access 

to the turbine moving parts for maintenance but may be rss-

triotod to medium and high head machines (19) . The upper 

floor can#  if desired be completely (CI*ndo Power Project 

see.ng*6t) or partly (asrv.-Ponoon Station Fig 6a) slimi-
nsted. If however only the floor at the turbine level is 
provided, the disensions of the cavity usually have to be 
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greater (25) . 

With horizontal setting, the station requIres only 

one floor upon which the auxiliaries are mounted and from 

Which all the operation and maintenance vor1 is carried out. 

With such setting, the machine merge in general almost en-

tirely above the machine hall floor. 'Thus$ at the side opposite 

to the tailrace tunnel, there generally remains sufficient ram 

for cable gallery in the cub-  structure (Huinao station 

Fig.6m. loom is similarly available under the floor between 

Individual machine units* The suxiliary equipment Is housed 

in the machine hail or elsewhere. When the span of the cavity 

is to be limited auxiliary equipment can be arranged in cells 

excavated in the rock between and beyond the ie~a of the 

frames supporting the crane rail. 

Conventional straight line layout la generally 

adopted for the power house cavity. Several alternative plant 

arrangements are possible as the plant is located underground* 

A curved underground layout has been adbpted for the Aubuklao 

(15) power station due to geologic reasons. In curved lay 

outs. the crane arran e~ients would be store costly, but may 

well be offset by reduced coats from shorter penstoakS. 

The longitudinal length of the station is decided 

upon after providing space for service and control bays. 

Before allotting apace for this, consideration should be given 

for the expansion-contraction 3oints. In a conventional 

surface plant unit bay*, expansion-contraction joints are 

provided at each side of the unit framing system while in 



underground stations this can be omitted (flg.6v) « When 

provided in multiunit layouts these need not be kept in a 

strai;ht line, but mey be offset if desired. Further, the 

ozone wails will not be needed to reoist tail race water load$ 

and So, they can be omitted„ EUatnation of one of the curse 

walls will give sawing in length of 3 to St?t. for every pair of 

tuts„ The above provioicnc will permit a closer unit spacing 

and shorter the length of the station as comparedd with its 

surface caainterpart (83) . 

Having fixed the unit a beer layout, the remaining 

layout features and their location are subject to a variety of 

economical ar angement # The service or erection bai is usually 

located at one end of the unit bay in a multiunit plant. When 

two Otago construction Is desired', two service bays at either 

ends are sometimes provided with provision to convert one 

among these as control room. Alternatively a layout with a 

central, erection bay flanked by unit bays is preferred for two 

stage construction. In all cases the width of the service 

bay should necessarily be identical with the unit bars to per-

nit cerement of the powerhouse cranes over the erection area, 

According to an old rule of thumbs  the length of the service 

bay is twice the length of the unit bay. In modern plants*  

the service bay is only 1.25 tines the unit bay length. In 

final designs, the service area fixed this is checked against 

the area recxired for rotor assembling or storing upper guide 

bearing bracket and access for truck-trailer unit needed for 

dolivertng the coaon.nt parts of the generating machinery. 
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The control bay or control room is usually arranged 

as a separate feature of a multiunit layout. It may be loaat-

ed overground close to the transformers and the high voltage 

Switching yard in low and medium stations (for Ex.Aldsadavila 

at one end of the unit bays) in a separate cavity near the 

centre of the unit bays or on the roof over unit bays. The 

central location with respect to the units Is preferred by some 

authorities. The size of the control bay is dictated by the 

apace required for the main control boards and access to them. 

Some special techniques are employed for reducing 

the height and width of the cavity. Installation and removal 

of the rotor deserve more serious consideration than customary. 

The lesser space requirements for handling; the Umbrella Is-► 

nerator (See Chapter V) in lieu of a suspended type are parti-

cularly important. Even with suspended type, measures are 

taken to reduce the height of the cavity. In Bersimie Plant, 

the top of the generator housing to the top of the crane rail 

was held to about 16 Ft. as contrasted to eurfaoe plant in 

stallatione where it varies between 30 to 40 Ft. for units 

of commensurate size (1, iO,000 f.~►) This is achieved by 

lifting the rotor from its spider rather than by the shaft. 

This method ie employed at stornorrfors and Harepranget and 

in many other stations. 

Reduction of power house height above the crane rail 

is possible if proper check is made in the selection of 

overhead cranes. In most of th• stations, two cranes with 

lifting beam Is employed instead of a single larger crane. 



The cost of two cranes the selves may be greater than the cost 

of a single larger crane (10). However, two cranes with 

equalizing beam permit the top of the rotor shaft extended 

up between the cranos and the reduction of distance above crane 

raid, to house the trolley reduces the power house height. In 

stations with smalll and medium sized units a single crane is 

provided whereas two cranes are mostly applied for handling 

heavy parts of large machines,, Recent power houses in 'Sweden 

and other countries are equiped with over zead travelling 

cranes to which turbine shaft governing the height of the 

machine hall could be attached by special yokes for lifting 

at an intermediate point below the flange at the and of the 

shaft i► Compared to the conventional method of attachment a 

caving of 3 to € Metres could be attained in the height of 

the machine hall (49). In some Svins stations a gantry or 

portal crane is used eliminating crane beams and columns, The 

present day thought is to eliminate the high capacity station 

cranes$  used during erection and very seldom thereafter, by 

the provision of built- n jacking facilities whereby the 

generator stator can be lifted to permit access and removal 

of rotor (3?). 

Ordinarily the power house cranes in underground 

stations are carried on beams supported on free standing column$ 

(Jor station s  Morrowpoint and others) independent of the rock 

walls. These column are designed only for sunoorting the crane 

beams. In semi stationer  columns are placed in recesses in 

the vertical wall$ as at Koyna station. When good rock is 
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available the rail beam can be suspended from the roof arch as 

at salamonde, Picots stationo and several stations in Portugal. 

In Such cases the roof arch is abutted Into receo a in the ro-

walls thus throwing the load into the walls and reducing the 

Stresses in the vertical faces of the rock. L.aterai stability 

problems exist when the columns are attached to the walls* P]" 

tbiltty  offered by cotumns is that they need not be basted 

directly opposite one another in the machine hall and this 

arrangement affords a better utilisation of floor space. 

'Handling of the stop log Ca%e in the tailrace also 

deserve due consideration. At the Pormo and other develop-

mente7 the main crane bridge extends downstream over the draft-

tube stop loge no that the gases can be operated by the actin 

crane. Another arrangement is to provide a Special gallery, 

within the powerhouse . cavity ae in Ceanna croc Station 

(Figure 6h) so as to use the powerhouse crane. Separate . 

cavity downstream of the station with lifting arrangement is 

provided at Santa (retina gtonorforre and Korseexbrsnna 

Stations (Figures 6u, +fig & 6v) . Handling of the draft tube 

gates can be done from downstream surge chambers also as at 

Aldeadav ,le, C)ute•ds$ Faeces (Figures 6k & 63) and in many 

other stations. Economical studies have to be conducted for the 

choice of the beat alternative. 

The roof arch to drawn to permit operation of the 

overhead crane and it in to be a designed to carry the weight 

of rook between the arch and the elliptoal opening ($3)« The 

shape of the parer house roof may be Semicirc filar (Chute-des 
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passes and many other stations) or el iptcal epen4nn (Hants 

ft (tatatins).or special chaps es In Poatina (Fig.4b) station. 

The ape Is primarily determined from stress considerations 

(ass Chapter IV). Due consideration should be given for the 

shape when ventilation ducts and cables are to be taken through 

the space above the crane. In Santa Hasaenma station (Fig. 

61') # an assnmtetrical roof is provided for reducing excavation. 

In sound rock„ the roof arch is designed for only 

a part, in some cases as low as 28% of the estimated rook load. 

In the case of relatively weak rock structures, the roof arch 

5 designed to carry the full load.. In most of the stations the 

roof arch is monolithic concrete placed against the rook and 

grouted, Below the roof arch,, a second arch is sometimes 

provided with a waterproof membrane on top as at Znnertkirchan. 

In Some Stations, instead of a concretes arch, the roof is 

strengthened by ungrouted or ;routed rook bolts and the rook 

surface is covered with wire netting and kited. In such 

cases below main roof false roof is often provided which will 

prevent any seepage water from the roof entering into the 

machine hail. At 1Cranngede station, inverted reinforced Tibeaas 

are used in the roof arch, so that an interspaee between the 

rock and ceiling resulted, Vhieh picks up any infiltration of 

ground water. Norwegian engineers favour designs with con-

crete arched roof and the same located at some distance from 

the roof rock. 

The roof Loads are carried on thick walls of rock 

which are continuous except for penstock tunnels on the 
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upstream side and the taliraoer cable and access tunnels on 

the ddvmst ream side (in sort of the TY.1.layout e) . Some light 

inward deflection io to be expected as a rerun of redictri.' 

button of stress but most of this adjustment will take place 

soon after excavation,, and any subsequent dimensional change 

should be too wall to affect aranewrall spacing or machine 

setting. For those and other reasons* the vallo of the power 

house are arched in the horizontal direction and comprise sego» 

merits of cylinders with vertical aces ( aiwi station) , To 

deal with higher rook pressures an elliptical (Santa istina) 

or •gg--shaped cross Section Is adopted. A parabolic shape 1$ 

adopted at Peccia ('ig,6r) widle at aineo•, it is semicircular 

to withstand the rock pressure. in most of the stations, the 

walls are vertical* flu &tnartlyr theSe walls need no support. 

Properly cleaned and Sealed$ granitic rook walls constitute a 

very attractive feature of many underground plants (Rojum In 

Sweden). Walls are so*etime$ lined with concrete* in many 

plants a second wail is constructed with an Interspace between 

the rock and the tail through which air is circulated for rriov* -

ng soeuzalations of moisture. Such a solution is adopted at 

Brea at and Krengede and others. Norwegian engineers prefer 

to leave a space of from 3/2 to 1 metre between the rock and 

walls. The above technique is quite coon in Norway and 

$xeden and Switzerland, 

6.8.5 ACCEa O THE PaWEFtTATIQN  
■ ww■~■~ii/rllr■i 

An Important element associated with underground 

power developments is *Sane of &*as$s and exit. Traffic 
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of the personnel. f+ r operation and taintenance and trans 

portation of machine parts and other equipment should be ensured 

through tunnels or shafts. The section of the tunnel or shaft 

to mainly governed by the largest machine parts to be transported 

all a unit and the transport vehicle, Some aithorities prefer 

two access tunnels or one acoeas tunnel and one shaft, located 

practically at the two ends of the machine hall, from the p$' 

chologl oal view point. Hover, those are not always p rovlddd 

for one, mkt cable duct* and other features can be used as 

emergency exit. The main secant tunnel or shaft should be 

extended to erection bay In the station to that hauling of 

thechine parts bron ht to the Station can be accomplished  

by the Powex ton crane (See Figure 61). 

Ac eO tunnels Y be steep inclined (1 in 6.86 at 

`or Station) . InitiaUy Such tunnels can be used as con- 

etruotion gallery as at Ga ►de pro 	( ,6t) . In Soft of 

the stations the main access is through tunnels with a slope 

rangth from I In 7 to I in 15 (Th. tunnel will . be shorter vh n 

steep slope is adopted) and erency exit through cable tunnels 

or cable $hef'te (in Aldeadavila la anal Crauchan the depth of such 

shaft is 1040 Ft. crud UM Pt. respectively and these are parti 

tioned for accommodating cablest  ventilation ducts} Stairway and 

lift),* Access tunnels are usually preferred when large unit$ 

are to be installed in the parer station. In Miranda station 

(52 MW unite, 3 Nos) naln access to through a vertical shaft, 

9 metres diameter and 63.0 a high ocaparteentod to eecovaodats 

a stairway,, a lift, zIbars, cables and spate for levering 
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machine parts (79) . For reducing construction costs 

in Zorselbranna develop Ont (Fig.G0 a sinO;le excavation 

acconodates two penstock shafts and an open shaft accommodating  

a lift, staircase, bulbar shafts and cables. in Salene dove. 

lope ent, a common tunnel is oonstr, ted for access and tail-

water disposal. In this case two conditions. exist (I) fret 

flow conditions should exist In the tailrace tunnel and (ii) 

the difference between the elevations of the tatlwater level 

and the *athine hail floor should not be excessive, otherwise 

the economical. combination of the two passacas in a single 

tunnel would not be feasible. kn interesting feature Is seen 

at Haas Project (92 - pu].as units) in which the per anent 

aooess is through a vertical shaft 389 rt. deep and 18 ft. die. 
accommodating dating lift, cables etc„, Shile the emergency exit is 

through a walkway in a Gothic arch tailrace tunnel. The 

tailrace tunnel is used for permanent heavy maintenance access. 

The multiple use of the tailrace tuntpi, requires that the 

plant be shut down when loads reater than $ tons (Shaft 

elevator capacity) must be handled. The capital cost saving 

in using the tailrace del as the access tunnel is c onsi• 

dared to greatly outweigh the possible but improbable impair-

ment of operation (10). 

Prom the above discussion it is concluded that two 

independent means of totes for personnel is considered nece-

ssary in underground stations. Vertices, or steep shafts are 

provided to render the paver house accessible in 'head' ' deve-

lopma€ent• whereas horisontal or midlly sloping tunnels appear 
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preferable for •tai'li developments. 

'DO Sections are ueua l adopted for accesS tunnel$. 

These may be lined or unlined depending upon rock conditions, K 

When good rock strata is available, only the invert portion of 

the tunnel Is paved with concrete for heavy traffic. The sides 

and roof are strengthened by rock bolts. 

Mostly shafts are circular In itectton. fleotangular 

or square sections have also been adopted* The section of the 

shaft or tunnel is decided after alloting space for the various 

requirements. 

6.8.6 'WXLakflON 

A permanent ventilation system #s required for under 

ground power Stations, such a System Should (.) maintain a 

dust free atmosphere (i1) provide tr r air (U) maintain a 

temperature to ensure contort of personnel and safe functioning 

of equipment, (iv)  prevent condensation and keep exposed eo 

laces dry end (v) prevent objectionable or d€ ngerous eoneen*► 

tratione of air contaminants in accessible spaces., 
The general design criteria adopted +2 are (1) rate 

of supply of outside air of 50 cuwft/i peroon,, (it) T e* 

nature lets of 80? and 6w'? In control. rooms and 90'x` and 

4th' in other spaces; (iii.) provide good ventilation in 

battery rooms (15.20 air exchanges per hour at times of maximum 

gas emission), and toilets (5 to 10 changes per hour). 

The data required for calculating the loads on the 

ventilation system are i eteForological data:  occupancy, 

Internal heat loads and cavity irises. In calculating hat 
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Iran .1sion losses and gain$ rock temperatures must be 

taken into aoco nt, which increases with increasing depth 

at a rate between extremes of 3,0? per 70 ft.. snd 1.' per 

3.00 Pt). (In the now' Mountains the rate taken Is 107 per 

,04 ), Rock temperatures around the station are usua.]► y high 

enough to avoid any need to heat the station and for this 

reason it is not necessary to make provision on the gsnera* 

tore for louvr $ which allow heated air into the station as 

is coon for surface stations located in cold places. The 

temperature of air supply should be at low temperature to 

absorb the heat iosoes fros equipment without air temperatures 

rising above acceptable I its. To reduce the temperature of 

the incoming air, cooling equipment sight be necessary. The 

maxim t air quantity 'determines the size of the main supply 

fans, filters, air passages end other equipments. 

A basic feature to be kept in mind in all tines 

during the design or the ventilation syst+ to the cost of 

space. Consideration swat be given to the multiple use of 

space* In practices ventilation passages between the station 

and the surface shmld not require extra excavation, separate 

space will be required for ventilation plant roomep but 

space used for air passages will u*asUy be used for other 

purposes she. 

Air is normally drawn from the surface through aul-

tipurpose shaft as In the AVe Project (6) and Ki*va Project 

(22) or through a separate ventilation tunnel as in Morrow 

plant (3) or through the main access tunnel as to :or Station 
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(11) and olmts-des-Passe* (42) or thro igh the free now 

tailrace tunnel, as in $slanfe development. Stal• air tay be 

discharged throu4h shafts or access tunnel or tailrace tunnel 

or cable tunnel. Ste authorities prefer to diooharge sir 

through the ac ess tunnels to carry ezhuuOt fumes from the 

vehicles away from the Station* In 3nr station, the existence 

of a diesel engine exhausting to the tailrace deteaened the 

direction of ventilation as down the SaceSP tunnel and out 

through the tailrace. If intake of air io through the access 
tunnel a ventilation duct in the top oection of the tunnel 1$ 

to be provid d. The tunnel 10 such cases are required to b* 

enlarged to accommodate this duct also, 

8.8.7 	a 	' A 	YT 17 	O 	I 

With no natural, light available,, artificial. illumi-

nation Should most (1) sufficient light intesitp , for inspection 

of mechinerW (it)Illunination should be uniforms (iii) the 

light rays emitted by sources should contain the ultraviolet 

range of the spectrum in a proportion sufficient to replace, 

stloast partly the germ killing effect of san Shins (49) and 

(iv) the ceiling, the waUs, the floor and the machines should 

be painted a pleasing colour. For the optima 111unination, 

N. Mainerdis suggests (1) In the machine hall D lux and in 

th. control room 100 lax. with scattered light reflected 
by the ceiling and the side wall$ uniform illumination can be 

attained. Biological effects of illumination a ensured by 

the use of mercury vapour l ps. Largo windows are installed 
at the interior walls and lamps mounted in the space between 



the rock and the elide balls create the impression of San- 

chile and such a solution is adopted in zany Italian and $w di+i 

power stations. 

In underground $tations,~ sound ab©orbing capacity 

of the wall is inadequate and the transformer noise is apt to 

be excessive (when transformers are also within the main cavity) . 

Limit notes  that could be tolerated is about 80 Phone. To 

reduce the noses to such a level various methods are adopted. 

In some eases, the side walls are finished with sound proofing 

materials & special provision is made In the design of trans- 

formers (see chapter 1) so that the note level can be mini .sed. 

A water tank should be provided within the station 

for supplying water for cooling purpoSes. The tank should 

preferably be located at an elevation permitting gravitational 

supply« Lt high head stations pumping may prove more econo. 

mical because the power r$quj: *d for pumping into the elevator 

tank will be less than the energy' lose caused by drawing off 

the cooling water from m the pressure shaft. At low and medium 
head stations1 it is more economical to draw off the cooling 

water from the pressure shaft. 

Since the specific resistance of rook is such greater 

than than of soils clone to the surface, earthing at underground 

stations constitute an intricate problem especially When the 

transformers are also in the cavern. The earthing should be 

designed in ouch a way so that the voltage gradient does not 

exceed the permissible limit along the underground passages 



and caverns (49) . 

Water infiltrating through the rock wall or drippin; 

from the roof should be collected by guttero and discharged by 

means of a drainage gallery into the tailrace. 

Auxiliary power supply to the station is given by 

taking , en independent circuit fro s other stations. At Montpesat 

underground development auxiliary Supply is obtained by in* 

stalling a mall Felton wheel and connected electrical egtzipmert . 

When the power house is located deep underground work► 

Shop equipment should preferably be located within the main 

cavity, Such an arrangement will prove economical when the 

Station access is throe h long tunnels. 

i 	xL 

The tailrace tunnel 1s one of the moot Important 

eloMents of an underground power scheme in its bearing on the 

overall. econcmy. This is particularly true in the case of lows 

to "medium head plants where the coot of the tailrace tunnel say  

represent a substantial part of the overall invsstaent.. Tail 

rare tunnels with a gradient of 0.01 to 0,028 are usually con-

strueted as unlined grads tunnels designed for a velocity of 6 
to 8 ft/see, The usual prose section is either horseshoe chap -

ed or egg"ahaped or circular 'D' shaped or triangular section 

or rectangle with gothic arch say be adopted in poor rock. 

Tailrace tunnel handles a fluctuating flow depending 

on lead variations and hydraulically it can be designed in thew 

ways as (1) to set as a free flow tunnel at all times (±1.) free 

flow during Steady flow and full flow by the surge waves 



(iii) pressure flow during steady and unsteady flow, According 

to Lawton (37), tailrace tunnel upto 3.00 or 2004ft. in 

length, the economical choice appears to be the first one. As 

the length increases a horizontal surge chamber in the fox* of 

an enlargement reduces the average size of the tunnel section and 

is economical for tunnel len%the of 7000 to ø000t t. or longer 

tunnels, t ,trge shafts are more economical. 

The type of turbine to be Installed is also of 

importance. A free surface must be maintained under all opi~►w 

rating conditions in the tailwater pit for Pelton wheel in 

staliationop and these pits are mostly connsoted to free flow 

tunnels. According to MoSon3ri j there is no objection against 

linking the pit or a free flow Initial gallery with a duct whit 

discharg $ under pressure into the receipisnnt, Both free flow 

and o ,ec54 conduit tunnels are suitable In connection with 

reaction turbines. 

Tailrace tunnels may be lined or unlined. Complete 

lining is not required unlace the rock is of very bad quality. 

The question whether or not to provide a lining can to deter-

mined from economic studies. section should also be based on 

considerations of economics. When reaction turbines are mote-

cod in a station, water seal above the draft tube during low 

stages of the river is achieved by constructing a suitable weir 

at the exit of the tailwater tunnel. This will also prevent dr 

position of sediments in the tai .race tunnels 
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Idikki hydro-oleetrio Project it) the largest power 

project taken up for execution by the State of Kerala. The 

project aft$ at utiliain ; the yield available from 2) $q.ailaS 

of Perlyar Cato ent#  the largest river basin in the state of 

Kerala,, for power generation and irrigation. With a control-* 

ous power draft of 1440 cuSeol over a head of 2183 Ft.. the 

power output of the station would be about 213 14W at 100% Load 

factor* In the Interest of long term planning, which envisages 

a vapor grid for the whole of India bfginning initially with 

southern drid (which is In operation now) , the Station is 

designed for ultimate operation at 30% load factor for purposes 

of functioning as a peaking Station. 

`i.2 GENERM T0P0R&PUaGJWGZ. 

The hills and mountains in the region form part of 

the western Ghat system. The general direction of the ranges 

to roughly north weetM-south east. (figure '7*). The veeternwestern slope C 

of the ghat* are steeper and sheet rock exposed at many places 

is evidently due to heavier rainfall and better drainage, 

The eastern slopes are comparatively gentler. The strike of 

the foliations almost coincides with the pattern of dramas. 

Narrow intermittent ridges running short distances of 2 to 3 

miles is a coon feature of the topography.  

A great part of the Periyar catcent is covered by 

rook* of the Archean Complex representing pre"eaxbrian forma-- 





tiene, of which gn iaee$, ecahiete and charnoekitsa care preda i-

nant. Onei®sie rocki conoict of a very heterogsnous mixture 

of different type© of grantee Intruded into schistose racks 

after the latter were folded, crumbled and mete morphaaed. The 

other Important formations generally met with to laterite which 

is a porous pitted clay-like rock with mottled colours depend.* 

in, upon c ompoaition, 

The region being a part of Peninlai,ar ilia 10 one of 

high Stability,, the mountain building movements having ceased 

to be active long ago.. Very rarely feeble earthquake shooks 

are feat, the reason probably being the fault along the Western 

Coact has not completely attained equilibrium. 

1..3 	jOAkqitEPs 

The project as originally contemplated by Central 

Water and Power Co~nmSeaiun, (ov'ernnent of India envioaged 

conctruction of three date vis. an arch dam MO ft. height at 

idikki across Periyar river, a straight gravity masonry tam 

420 ft. height across Cherut'hont river and an earthen dam 24.5 ft. 

height across ICilivallithc at Kuleitavu O to form a combined 

reservoir having an effective capacity of 35600 Million Get. 

at ?.R.L.2385 ft. The dead storage provided was 24280 M„Cft. 

below the minimum draw down level fixed at 2300 ft • With 

these three dame, the yield from the. combined cat aliment of 

280.7 sq.ailes estimated at 48045 M.Cft, would be controlled. 

The power waterway consisted of a tunnel 8646 ft • long with 

its intake located on the Kilivailithodu. The tunnel ends in a 

e rge shaft wherefrom the water 1e led to a valve house thrs * h 



four pressure tunnels. Prom the valve house eight penstocks 

each S 75 ft. long then carry the water through a drop of 2400f . 

into a surface power house where 8 turbines each of 100 MW 

capseity were to be installed with nozzle level at 176 ft. 

The taiiw&ters were proposed to be led through a tailrace channel 

Into one stream Nsrhar, which Is a eub'tributary of Muvattupuzlz 

river. 

Though the project was sanctioned for executions  one 

*ajor changes in the project features were thought of by the 

Kerala state Electricity Board during the pre-construction 

stage, A very significant change from the C.W. & P.C.'s 

report was the decision to locate the power Station underground. 

Studios also indicated some economy in the use of larger 

units and it was proposed to Install (►ins units each of 120MW 

In the underground power house. Further studies Indicated that 

the effective storage capacity of the refer roir could be 

increased to enable a higher degree of utilication of the 

water power potentialities of the pe rar basin. It was con-

$equ.ntly proposed to raise the full reservoir level upto 

elevation +9W3 and to tower the minimum reseraolr level down 

to elevation +2280, thus Increasing the live storage to 

5*000 M.Cft. This further necessitated an increase in the 

capacity,  of the generating units to 130 Mkt. The design sazimum 

flow for the above units would be 49S) CLiceas and the probable 

load factor ranging between 0*29 and 0.30. Thus the preliw 

minazy proposals of the Kerala state Electricity Board involved 

(Fig.7a) creation of a reservoir by constructing three dams via. 
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(i) an arch dam 50 ft. height across Pertyar at 1dikki; (11) 

a straight gravity concrete dam 445 ft* height across Cheruthoni. 

river and (iii) a masonry gravity darn, 2!Dft. height across 

Kilivallithodu at Kulamavu, The power tunnel with its intake an 

the Kili rallithoda is 8 1 ft. long and 22ft.diamater« It is 

lined with concrete and horse-Shoe Shaped. The tunnel ends in 

a surge Shaft from where the pressure shaft system take off as 

a. single conduit upto a valve house located about 300 ft.avay 

from the ouerge shaft. Just upstream of the valve house*  the. 

single conduit bifurcates into two pressure shafts each 1,2.5ft. 

diameter and these shafts dinned at an anile of 480  to hori* 

sont .. Two underground caverns were propoved, one to acoommo-

date the turbine valves and the other to accommodate the tur-

bines, generators, transformers, repair bar, control room and 1.  

other connected equipments* Both the obaabers ware located 

deep underground accessible by a tunnel about 2 ft. long 

The machine hell proposed was 5W ft. longs 8©f . wide and 

115 ft. high and the valve house about 3 1► ft,► long f  SD ft. 

wide and 2$ft. high., Ths taliwaters were proposed to be led 

through a 3lft. diameter horse shoe unlined tunnel of 4300 ft. 

long into Nachar. 

?.4 ECOJtOMXC.q 9Zra 	r 

The decision to %o und.rcround was based mainly on the  

economical considerations of such a scheme, the main factor 

being substantial reduction in the quantity of steel for the 

penstocks ns a result of the participation of the rock to with-

stand the hydrostatic pressure. The underground layout outlined 



above was proved to be. cheaper by about Rs.3. S +gores due to 

(1) reduced length of the presnare commit Ui) reduced length 

of the btgh pressure comet system beyond the curge shaft, 

tends to result in lower overpr.sCJure due to water homer and 

rSults in simplified governing conditions. Reduction in 

Length of conduit brow ht down the total quantity of steel re 

quired for the high pressure conduit from 16200 tons to 4500 

Tons; A major factor contributed to the reduction in quantity 

of steel required is by replacing three Surface penstocks by 

one single pressure shaft. (in) Costly end difficult anchors 

are avoided, (iv) construction work at underground station can 

coati ie without interruption even under the severest weather 

conditions. (v) Property to be acquired in the caSe of under- 

ground station was far is"*  Apart from the above, operational 

savings could be achieved due to rr..11ex head losses on account 

of the tullovin factors# 

1) Reduced length of Power. tunnel..; 

1i) Reduced length of pressure shaft; 

t) Replacement of throe surface penstocks by a 
single pressure shaft, 

As against the above economical advantages,, the additional 

expenses involved in the, underground layout were - 

1) Increased cost of the power house; 

11) Cost of cable tunnels, ventilation tunnel; 

iii) Cost of construction of part of the► tailrace tunnel 

and 

iv) Cost of access tunnel 

A statement showing the comparative costs of Surface and 



underground system for the project icgiven - belows 

No. 	ITEM. 	 CTIR ACE SYSTEM 4 	UNDER I UND SYST94 
Rs.tmkhe. 	Ro ,Lakhs 

1. Head race tunnel 

2. surge shaft 

3. Valve house 

4,. Penstockc/Precs ure shafts. 

8, Power station, 

60 Tailrace tunnel 

7. Approach tunnel 

So Cable tunnels. 

9. Ventilation tunnel 

10. River training works 

U. Cpita1iz3ad coot over 
years of revenue 

loss due to friction 
in Power tunnel. 

12, .do- In Penotock/Prea-
eare chafta. 

Total:- 

	

3,66 	 115 

	

35 	 22 

	

2 	 6 

	

480 	 170 

	

75 	146 

1- 	 82 

- 	 25 
6 

A* 	 3 

00 	 20 

	

33 	 as 

	

260 	 72 

	

1041 	 691 

davingc for underground layout....Re.3&) ] akh$. 

Besides economic considerations, It was considered better to 

locate the water conductor system and the power station under--  

ground vo that danger due to land slip from steep elopes Is 

avoided. Pending detailed Investigations#  it was tentatively 

decided to locate the power station underground, 

The I various proposals for underground station 

layout are discussed in Chapter VII and the details given 

therein are mostly based on the ree endations of the 



Conailtants M.uars.Surveyar, Nønriiger and Clenevert mono., 

Mont real, Canada. 



The general arrancement of the power waterway (Fig. 

was tentatively Celeeted as the Shortest route is., an alignmeit 

clove to a straight line from the intake located in Xul.amavu 

pool (which was an obligatory point) to the portal of the tail 

race tunnel near the Nachar stream. Keeping in view of the 

project requIrements, several proposals were considered. In 

the initial stage itself few limitations were imposed on the 

range of alternatives* A 'head' development necessitated lo-

cating the power station close to the Vadake Putha. A 'head' 

or ' intermodiate 4  development was ruled out on the ground of 

economical or technical considerations (length of tunnel syystem 

and height of high volts le cables, liner erection problems, 

external pressure design requirements). Investigations were 

therefore concentrated on 'tail' development. Alternatives we= 

considered in 'tail' development, also, One was to have the 

power station right below the ear a tank Co that the penstock 

shafts will be vertical.. This alternative was also rated out 

due to the long length and height of the high voltage cables 

and liner erection problems. Besides theu* considerations$ aa-

v.inge in cost of pressure Shaft was overcome by increases in the 

cost of edits, aocesm road and tailrace tunnel. In considera-

tion of these aspects, the moat economical layout dictated 

the keeping of the underground penstocks as cloee to the rock 

surface as allowed by geological conditions and cover 





requiremento. A 'tail' development was therefore chosen with 

sloping pressure shafts. (Fig; *9a & 8b). Various studies con - 
ducted for finali$ing the layout for Idikki station are dis-
cussed below. 

Having fixed the intake point, a suitable site was 

selected for locatin; the surge shaft entirely underground with 

adit facilities. From the surge tank points  a tentative align 

mentfor the pressure shaft was adopted assuming a minimum rook 

cover of 50% of design static head t a conservative value) at 

any point. To inspire self mucking and to facilitate liner 

erection, the pressure shaft was aligned at an angle of &) 

to the horizontal, The power house was also located tentatiu 

vely right at the foot of they penstocks rather than to have 

an extended horizontal penstock section intervening. In so 

doing, additional costs of the downstream access or tunnels 

were more than oomaencated for by the corresponding savings on 

penstocks, 

8.3 GFWGIGAL 'CUD E  s 

Studies indicated that the entire area from the 

intake through pressure Shafts, power station until the tailrace 

outlet ! the rock type consisted of gneiasee containing 

occasional intrusions of granite. 

The kind of rock is granite in generai g  eoneisting 

mainly of two trpest (a) Paragneiss; (b) granite gneiss. The 

paragneias consists of alternating light and dark bands or 

layers and has a thickness from 6" to more than 10ft. The 
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dark bands of layers are rich in mica and other fesmmagaesian 

minerals and when thick or vet become aueceptiable to altira-

tion and often represent weak zones which require treatment in 

the tunnel. In contract, the light bands which are rich in 

feldspar and quartz and lack mica, are strong not susceptible to 

alteration and behave almost like granite. 

The granite gneiss is pink in colour, massive, Slight"► 

ly foliated and lemo jointed and stronger than the paragneles. 

This rook formation appears in larte bands or sections, more 

than 104tt. in length in tunnels. It is structurally sound, 

represents minor weaknesses and requires no support in genera],. 

The most striking features are the abrupt chain of 

mountains and its cliff at the surge tank location and the huge 

charnockite chain of mountains at the Idtkki dram Site. Those 

features show a NW pattern. 

Based on surface geology $  tentative locations for 

the headraee tunnel #  surge Shafts  penstock and powerhouse were 

selected (tig.8s) . But for a short distance near the Intake 

and Vadake Paaha depression, the tunnel ali nment provided 

aoaentabie and sufficient cover both horizontally and vertl- 

tally. The exposed granite gneiss at the edge of the rock 

cliff near the proposed location of shaft was considered exec 

llent. In the pressure shaft alignment $ he direction of the 

foliation of the granite gneioses strikes at right angles 

and dips 45_6O0  to NE or towards the h3. ,. The !!D degree 

angle proposed is therefore considered ideal for tunnelling. 

Rook in the powerhouse area is granite gneiss frequently 
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disturbed by the alternating mafto and feldepathic zones and 

degree of foliation or gnefssosity. No faulting is anticipated 

in the area but a jointin; and foliation is a major concern 

and its strike N300 d follows the rock ridge and dips &P to 

600E towards it, Jointing is quite common in the area and  ito 

strike crosses the foliation plane$ and rock ridge and dips to 

the north from 45 degree$ to 80 degrees angle. The savor jotht"

ing system strikes N 25 degrees and dips 80 degrees to the 

south or Worth. The power station is thus or .ented based on 

surface geology so that its longitudinal axis is at right 

ng1es to the foliation planes or the jointing planes. Any 

change required In the alignment is suggested to be done after 

reaching the proposed power house site through the acceso tunnel 

and after driving an adit in the power house area. The major 

tends of structural weskneou In the rock as obtained from eta- 

tistica]. analysis of the lineations in the access twins]. &rot 

1.  N 39OW Dip 6NE (Foliation) 300% 

2.  N 450W Dip S1IE (Joints) 49% 

3.  N 19E Dip 67°NE (Joints) 27% 

4.  N 430E Dip 88°8W (Joints) 24% 

6. N 450W Dip 660W (Joints) 24% 

The above mentioned lineations which are the NW foliations or 

bedding planes#  the NW jointing system, and the local geologi-

cal mapping helped to determine the positions and orientation cC 

the power house chamber. The geological information obtained 

from the construction of the a000ss tunnel leading to the 

power house indissted that the rock types and structure on 
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surface are identical to the underground features. 

The access tunnel leadinf4_ to the power station has 

most of Its len;th through Paragneics, Intruded from time to 

time by largo section$ of granitic gneiss. Two zones in the 

alignment  was badly deteriorated by alteration with clove 

,pointing and fracturing. Based on these inveCtigationst  the 

axis was shifted by 10 degrees (Fig.8c) so as to make the long 

axis of the power house at right angles to the foliations or the 

bedding planes* The foliations or bedding plane diroctions are 

not only advantageous to the powerhouse itself, but are also atS 

right angles to the two penstock. 

The excavation of the accost tunnel proved that the 

rock conditions were excellent and this allowed to take some 

radical changes in the power house design. Instead of more 

than one cavern as In Alternative-I and Alternative-ll (Pig, 

Si & 8) a single cavern to contain the spherical valves%  

t ransformerp and generating machinery was structurally found 

feaeibl.e. . 

8.4  ,. ORM , ..TQ„p,  IE 3, 

8,4.10  p0WETpThET4s  The power tunnel from the 

intake to the taro* chamber for the first half of the distance 

from the intake Is under nominal rook cover requiring lining to 

carry a large portion of the internal aressure. The downstream 

portion of the tunnel could be left unlined as its alignment 

is through good rock. However, economic studies indicated that 

the enlargement of the tunnel to com.oensat• for roughnsss was 

lees attractive. Therefore s lined tunnel 23 ft. diameter 
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horseshoe shape was adopted. 

8.4.2 	A PTF .: The Surge Shaft is located right at the 

head of the penstocks. Economic studies were conducted takin 

different types of Surge stems; viz. (i) Burg• shaft with lover 

and upper exoansion galleries; (ii) Differential Surge shaft; 

(iii) Restricted orifice Barge shaft with or without expansion 

galleries. Comparison is done on economical and operational 

advanta%es; ti station of the up and down surges, efficient 

damping f stability and effective protection of the headrace 

tunnel. The din enoionZ of the shaft has been fixed from the 

Thoma's minimum Sectional area for incipient stability Main, a 

safety factor of 1.6 to the cross sectional area* The diameter 

required to found to be 27.5 ft. and the dimension of expansion 

gallery i s fixed to 23 ft * The differential type is found to by 

too expensive. A restricted orifice shaft with upper and lower 

expansion chambers gave best results.. With the proposed loca* 

tion of surge shaft, an edit at top could be provided which 

would ultimately be converted as the top expansion chamber. In 

the final layout, In order to get good rock throughout the depth 

of the Shaft, a lateral shift of the shaft (Fig.9d) was found 

neeeSsary, 

8.4.3 PRE~UUE sHA $ Economical studies taking into account w 	lir.~1~r^ice ~ i 

of civil works costal capitalised revenue losses due to head 

losses and capitalisation have led to two 12'G" diameter eloping 

shafts which compared favourably with the largest high head 

power shafts in the World. A single shaft would have to be in 

the range of 18 Ft. diameter and welding with the required 
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corresponding thicknesses necessitated very elaborate technic 

quee and therefore abandoned. In addition4 considering the 

development In two stages, a dingle penstock required large 

investment also. The two shafts were tentatively aligned to 

as to get a minimum rock cover of 50% of design head at any 

point. These Shafts were also aligned parallel in plan upto 

the poser -station. 

From the Surge shaft upto the upper manifold, 2Pt. 

diameter would theoretically represent the most economical 

diameter. But considering the short length of the section and 

the fact that it will have to be excavated anyway to the head 

race tunnel section, 23' diameter has been maintained. This 

will Dave on concrete backfilling and avoid a transition from 

23 Ft, to 20Ft. The liner in this ceotion is to be designed 

for the external pressure on the basis of Amstutz theory. From 

the bifurcation to Some 700 Pt. downstream,, external pressure 

was still the governing factor. Below this upto the manifold, 

the liner was to be designed for internal presSure. The mani-

fold and a short length of the penotocko was to be designed for 

internal pressure considering no rook participation. 

in the arrangement of feeder pipes near the power 

house end,, two alternatives were considered$ 

i) The usual arrangement with each penstock feeding 

three turbines through a three branch manifold. 

ii) A acre elaborate arrangement where the penstocks 

diverge near the power house and feed the machines from either 

side of the power station. In this case each turbine would 





have three jets supplied by one penstock and three by the other 

one. 

While alternative (it).hao the advnnta7e of lending 

itself to more efficient operation at half load by feeding 

three jets only from one penstock, such a scheme has not been 

used in practice. Electriaite de France 10 contemplating the 

use of this Scheme for their Mont Cents plant but it Is still 

only in the design stage. This proposal did not offer any 

appreciable economy particularly when the project Is proposed 

to be developed in two Stages. Alternative (i) on the other 

hand offered better flexibility in operation and simplification 

in construction and therefore the same was selected for further 

study. 

In the alignment of pressure shaft q, it is of obvious 

interest to go deep enough underground to insure minimum rock 

cover required. By going deeper the liner would still have to 

be designed to the yield stress in considering internal press- 

urea. By going deeper, the requirements of external ground vats i 

pressure will govern the design, especially in the upper 

sections of the penstock$. Initially (Alternative-1) the 

design wad made with SD% design head as rock cover (Fig. ► & 
8b)• Before finalising the design s  an access edit at about 

middle of the shaft was driven for detailed investigation and 

later to be used for penstock installation. It was found 

that the type of rock and joint patterns were similar to those 

described In the case of ecaesa tunnel to the power house. 

Prom these studies, it was found possible to make a chance 
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in the alignment of penotoolco. The inclined part was shifted 

*ownstreaa and it was relocated as close as possible to the 

sanifolds in order to reduce the length of the lower horizontal 

part. With this arrangement (Alternative 111) the penotocks 

will cross •aah other as shown in Figure 93 8o & 8f) and the 

same at higher elevation will approach the ground surface so 

that thereduotion of external pressure will reduce the thick-

ne®s of steel. The caving due to reduction of external 

pressure and the elimination of the lower horizontal, portion 

of penstock worked out as 10% of the total coot of the penstocks. 

Steel used in the design IS of three typa$z (i) Mild steel 

30,000 pzi yield stress (ii) Intermediate steel 50,,000 pat 

yield stress and (lit) High tensile Stool 90,000 psi yield. 

stress. In the designs  the internal pressure. at the turbine 

nozzles was taken according to maximum static head plus 10% 

increase due to water hammer effect. Design external pressure 

due to water percolation and Infiltration in the rock was 

assumed corresponding to a water head equal to the vertical 

distance between ground ®u,rfacs and penstock axis. Whenever the 

rock participation can be taken into account } the required 

thickness was calculated allowing the steel to work upto the 

yield stress without rook participation which means a miniuum 

safety factor of 2 to the yield stress, since the rock parti-

olpation is found to be atleast 50%.  Wherever the rock cover 

is less than 30% of the internal head is. near the power house 

cavern*  the required thickness was calculated using a 2,4 safch 

factor on the yield stress without rock participation. A 
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transition section .between thiokneE c calculated with and with-

out rock participation was established$, with thickness varying 

linearly between values at the ends of it. The thickne$o Pay! 

required to prevent buckling of the steel liner was calculated 

according to the Amstutz curve using a nominal 3.1 safety 

factor on critical thickneeC* An increase of J,6.." was given 
16 

to the design thickness as corrosion allowance. 

In the ease of penstock manifold layout, studies 

indicated that 600  take off and. straight connecting pipe$ re- 

presented the best arrangement. From economic studies it was 

found that 4& and 600  take off are equivalent while 90°  take 

off lead to over Re.10 la'khe additional actualised cost. There-

fore 60 take off was selected on economical and practical 

considerations. 

Based on the design principles discussed above$  

three alternatives were considered* 

i) Two pressure shafts running parallel and these 

and to a valve chamber located parallel to the power house 

chamber (Fig.8a). 

it) The two pressure shafts arose near about the power 

station with the location of surge shaft at gl (Pig.8d). 

iii) The pressure shafts cross near the power station. 

with the location of the surge shaft downstream of sl (Fig.B.). 

Comparin3 the cost of Alternative II with Alterna-

tivo-III there was decrease in cost for Alternative-II, even-

though there was increase in the length of headrace tunnel. 

Alternative It was found to be cheaper by about 10% than 
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Alternative*"I and therefore Alternative 1l waa adopted. 

8.4.4 	V " , sT.AT Ns 
Generally, an a range tent with pent too#$ and tailrace 

alined parallel to the power house axis would be most economical 

Rowever, in most cases, rgeologiaai conoiderations control the 

ali ;nment of the underground caverns. Before peaahing the power 

house site by adite in consideration of the weneral pattern of 

faults,, 3o1.nts and foliation in the power house area, two alter 

natives are considered. Alternative I (Fig.8g & 81) provides 

three independent cave mc one each for accommodating turbine 

valves, generating machinery and transfozers. In alternative 

1= (Pig .8h & 8j) there are only two caverns, one for turbine 

valves and the other for accommodating the generating machinery 

and transformers. In both the anoes the turbine valves which 

are of cpheraeai type ?2" diameter are located in a separate 

cavern for reasons stated belows 

l) The overall width of the powerhouse is mostly 

governed by the turbine manifold di*sneions. To locate the 

shut oft valves in the main cavern would Increase its width 

con©iderablq for the whole width. 

ii) In ' case of bursting of one of the pipes q  flooding 

of the power house can be avoided by providing an emergency 

outlet from the valve hail to the tailrace. 

iii) Driving of the penstock shaft bring a critical 

it in the constriction programme, the valve hail can be used 

as a fast access to this part of the job without interference 

with the poverhoass excavation works. 	. 
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sines the switchyard could be located only r at about 

1500 Ft. from the ststion, location of the transformers close to 

the station is found to be more attractive both from point of 

view of capital coot and energy lose„ Therefore, the trans - 
formere are located underground and it is proposedd to use oil 

tilled cables fron the underground transformers to the outside 

switchyard. Beaauoe of shipping limitations on site and v#ight, 

single phase transformers 	1A rating are decided to be. in 

stalled. 

In order to reduce the length of lox voltage bus bars 

with corresponding savings in equipment and energy lose it is 

prefsrabie to locate the tranofoa ers as close as possible to 

the generators. In liternative't the transformers are in a 

separate cavern while in Alternative II the transformers are 

on the dormstrem aide of the machine hail inside concrete eSUIS 

which are designed for high gas pressures in case of transformer 

failure* The front part of the oc11 together with a section 

of the cover are removable to allow transformer displacement 

with the help of the station cranes. In Alternative II, how-

evert  the structural requirements to accommodate the transfor-

mors are aopr*elable due to the necessity of providing heavy 

floor members and the span of the cavern is increased. Besides 

this, with single phase transformers loaat*d inside the cavern#  

the spacing of the units is increased thereby increasing the 

overall length of the main cavern. Advantages claimed in the 

case of Alternative-I are U) Handling of the transformers 



are simplified; (ii.) Erection and construction problems are 

greatly Simplified ao the electrical equipment is the last to 

be inotalled in the power house. The segregation allows the 

work on the transformers and high voltage cables to proceed 

without conflict with the activities viz. {i) the disposal of 

hot trenstormer aid.; (i1) the problem of fire hazard. These 

considerations led to the choice of Alternative'.I. 

8.4,6 	OF 	N 	f 	$ 

The Idikki project as concerned will have an estimatest 

firm output of 213,000 kv at 3. 	Load factor, The power star 

tion is proposed to be installed with enough plant capacity 

to operate at nearly 	load factor in the ultimate Stage in 

which case the installed capacity iS to be between 7 ,,O00kw 

and 800,000kv. 

Increasing the size of individual unit and its Speed 

leads to reduction in the coot per kw of the installation. 

However, in pushing up the sizes  a Stage is reached when the 

generator or the turbine sets the limit for the output of the 

unit. The bigger the generatin3 unit $ the more sever* can be 

the disturbance to the power system, when there Is an outage 

of the unit. In an interconnected system$  the minimum Sits 

of the generating unit is u*ially limited to about 	of than 

system capability. When Idikici Project is aommisSioned, it 

will together with other projects in operation will provide a 

system capability of about 760 MW at 70% Load factor. Thus a 

rating of about 18D MW can be adopted for the generator at 

Idikki station. It is proposed to instal six units each of 



130 MW capacity. elm pelton turbines,, 185,1000 R.P. rated 

capacity with six. Jets and running at 375 RPM are provided. A 

turbine with a speed of 428 RPM would have reduced the size 

of the unit and consequently the overall dimensions of the 

cavern,. It is considered that the reduction in dimensions may 

induce interference of the jets and the falling back water in 

such 4 restricted space with corresponding looses of efficiency 

and for this reason units having a speed of 375 RPM are sole 

oted. The adoption of six jets for the turbine makes the 

vertical arrsn ement the obvious choice for the station as the 

maximum number of jets that can be accommodated in a horizon. 

tal arrangement le only ► Four. The vertical shaft muttinozz] e 

is selected over a horizontal Shaft unit for a number ' of 

reasons,, higher efficiency, fewer units, nozzles may be sat 

closer to te.ilvater, higher speed and therefore raUr turbine 

and ieneretor , effective energy dissipation into whee' pit 

valio, less hazard due to wheel or bucket failure an \less 

water hammer hazard to penstock from a single faulty i *zle 

operation because each nozzle controls a small part iO) the 

flow. The vertical.. arrangement of the generating mitt with 

two guide bearings instead of the conventional thine. b4 riflg 
• ~  i 

type 1s proposed in order to reduce the height of the 	t , d 

consequently in a saving of about 8 Ft. of the power hois4 \  
hellit« Internally mounted needle servomotor foi thi je ini 

place of the usual externally situated servomotor is prop std 
/-

\\ 

on account of saving in apace and better hydraulic Condit o~ns ~\ .` 

created for the jet. The dismantling of the wheels is 
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proposed to be done complstelp in the turbine pit without the 

use of the powerhouse crane. 8cononicstudies indicated that 

two cranes in the station would be cheaper than providing a 

single crane of larger capacity. 

The two layout0 for the power station are prepared 

based on tentative dimensions of the equipment to be erected. 

These layouts are shown in Fig * 8g, 8h, 81, 8j. 8conic studies 

indicated that aiternative-1 with three caverns in cheaper, as 

may be seen from the Stat+en~ent given below: 

CO)PMXfN OP MAIR QUANTITIEs. 

14L2BINATIVF I $, 

excavation Concrete Excavation Concrete 
4Ir*fl*l 	 Tit . 

1000 Cu opt 1000 Cu..ft. 1000 Cu .Pt 	10 	Cu.Pt. 

1)  Valve Chamber 52 ► 200 Sib 110 

2)  Machine flail.lTalve 
Chamber Gallery 8 1 5 1 

3)  Penstock Branches 28 17 28 17 

4)  wheel Passages 28 6.5 28 8.8 

8) Machine Hall 29 1.8 39)8 688.6 

6)  Bus Galleries 85 10 .• ,» 

7)  Transformer hall 428 85 - 

8)  Tailrace connection 78 19 - 

9)  Tailrace 324 v 
• ~tyrA~YNMr1w IiMw'MMr~M i1~►~r~ss~+MF~Y~MM RF~Y~!!r1lrF~~Aw'w'~~~ 

Total: 3742 791 3814 793 

In the station arrangement of Alternative-I, it 

was originally proposed to have the access tunnel and the 



erection bay to they power houoe at the level of the main 

floor or the exciter floor.-  Economic otudies revealed that 

by layering the access tunnel and erection bay to the level 

of the generator floor,, there, would be 	a reduction in the 

height or the poverhou se cavern and consequent economy In rock 

excavation to the extent of about &)00 cu.ydoo In this arren-

gement the runner can be brought to the valve house for re-

pairs through galleries provided. 

Fending detailed geological data the dimensions of 

the underground cavities for Alternative-I are fixed only 

tentatively, The geological conditions and rock behaviour 

are !11  defined by the excavation of the main access tunnel 

at d exploratory tunnels (fig. 8k), In an underground cavern s  

the behaviour of the roof arch and the side walls are moot 

important and the rock behaviour influence the arch span and the 

longitudinal axis orientation of the cavern with respect to 

joint patterns. At the oits three patterns of joints are 

Win; one is parallel to the foliation or bedding planes and 

constitutes the major structural weakness of the rock. In the 

two other pattern$ the joints appear to be rare and with wide 

spacin # sometimes more than 100 t. apart. Based on a detailed 

analysis, the orientation of the cavern is changed by 100  

so that the longitudinal axis is at right angles to foliations 

and bedding planes. It was also established that the open of 

the cavern can be increased upto as much as 90Ft„ as the rock 

conditions were excellent. This made to think a single cavern 

layout instead of the three cavern layout as per Alternative-I. 



V 



-I1571,. 

The generating machinery details were asalso available by then 

and therefore a detailed study was made. It was found that with 

proper allocation of spaaev  the permanent equipments such as 

turbines,# valves, generators and transformers can be sccommioda 

tad in a single cavern 62'6" wide. (Alternative III -- Fig. 81). 

In this arrangement the turbine valves (64fl die.) are located 

as close as possible to the turbines within the cavern thus 

eliminatinj Separate valve chamber with its separate crane 

and the corresponding access galleries. To take care of the 

psychological ob st .nn of plaeinn the valves in the main 

cavern, one water passace connecting each valve area directly 

to the turbine pit is provided. If one valve or one penstock 

should burst $ the six water paosagos will take the to u flow 

or Bash an unlikely occurrence without the water level reach-

tug the electrical floor. 

The transformers art located in independent cubicles 

In the main. floor. These can be pulled out on raffle and lifted 

and transported by the main crane. Each transformer has Its 

own fire protection. The tailrace passes through the turbine 

pits. It is "W" . type in plan to prov*de means for removing 

the turbine wheel. 

A comparative Statement giving the quentitie ► (rock 

excavation and concrete) involved for Alternative III and 

Alternative-I Is given below. Alternative IV in figure ft 

provides a minor change in the tailrace arrangement and it 

to proved to be costlier than Alternative-II2. 
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Quantity in 10O0C.tt. Quantity In 1000 Cu. ft* 

	

mcz 	CONCRETE 	ROCK 	CONC 

1) Access to Penstocks, 
Valve member and 
T ransfonaer ha l # 	206.8 	- 	 w 

2) Penstocks frcn Valve 
Chamber, 	 29.7 	16.52 	M 	 - 

3) Tailrace tunnel, Mani"" 
told branches and 
collector  

4) Manifold and Pen cks 
from U0183w0 	38 0,0 	128.00 	).13.6 	96«1 

5) Cavern/Caverns 	380.0 	910.00 	2337.0 	382.5 

Totals 	4926.5 	110,52 	2450.6 	4 

Difference In rack excavations say 25 lakhc Oft. 

Difference in concretes 	say 74 la'chs Oft. 

The reduction in volume of excavation and concrete 

results In savinis of 55% in cast* 

Alternative-III results in a saving of about 55% in 

Cost -  which is due to the fact that all the equipment Is ooabs-

ned in one cavern. Paradoxically the useful volumes at the 

electrical and mechanical floors have been increased. The 

additional advantages of Alternative-XII are; 

i) 1sduction of time required for the excavation, 

eoneretIn and construction; 

III Possible reduction of quantity of construction 



equipment, 

In Alterwttive-~ZII1 the power station roof concrete 

is eliminated. From rock iechenic investigations and geologiaal 

investigation& it was found that the - rook In the arch portion 

can vapport by itself and therefore only rock bolting and guni . 

tint to provided for. The above conoideratione led to the 

choice of Alternative -III. Other features of the power station 

layout are diflc e$ed below: 

8.4.? 	c~ 

The location of sit and presented a major problem 

as suitable .te (100' x 100') was not available within a 

reasonable distance from the power Station# The prescure head 

on the 220 kv o1 tilled cables to be taken to the svitcb3r&rd 

was desired to be limited to 5 0Ft°o In order to satisfy this 

condition, a suitable site could be located only on the slope 

of the steep hill in which the power Station In located. The 

site on the slope was proposed to be built up in part cutting, 

and part filling by the musk removed from the power station & 

cable tunnel. 

Several alternatives were considered for taking 

cables from the power station to the switchyards Initially two 

cable tunnels (10' x l0') having a slope of 1:3 were suggested. 

These tunnels were also thought to be used for ventilation. 

A vertical shaft I.M. diameter from the power station connect-

ed by a horizontal tunnel from the Switchyard was also 

considered (Pig .8b) . This alternative proved to be eeonosiga1 

than the sloping tunnels. The shaft extends upto the surface 
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with rdtiction In diameter (10') for ventilation purposes. The 

Shat will he used for aergency exit also. 

7.408   _T-kXt CF_,T ____  t 

The tailrace tunnel has to accommodate a maxlarim t]iw 

of 498D cuseae. A. combination of tunnel and channel had to 

be conSidered to lead the tali wators to Nair stream. Zni- 

provemente to Nair eras also considered necessary to acecmmo4w 

date the large discharges Several alternatives were considered 

to :get en economical aUxnent eonniCtin% of a tunnel portion 

and a channel portion and a section of Nachar for which impro- 
temente have to be made. The Selected alternative involve 
conga ct ion of: (I.) 4016ft1. of tunnel, (i ii) 840Pt , Of channel. 

and (iii) Xmprovements of Nachar stream for a length of about 

i4 miles. 
AD re arde *onion of the tunnels several atterna- 

twee vre considered. The tunnel Is to be designed for free 

flow conditions and therefore a circular section was out of 

question. Economic studies indicated that triangular aection 

with curved roof would be the cheapest* I  However, on practical. 
considerations a rectangular Friction 26' x 16' *irmounted by 
an arch having a rise of 8' to adopted. The flow area in the 
tunnel is aroponed to be lined with concrete while only rock , 
bolting and gunitini are proposed for the of. 

ooOoo 



Sufficient thought has been bestowed in finalising 

the layout of IdIkki underground stations as given in Alter- 
native .4- III. According to the author's opinion, however,, a 

few refinements In the layout are possible and these will fur» 

ther reduce they cost of the layout by about 20%. 

9.1 	REJ0WR W4TEItAZi 

The power waterway, (Power Tunnels  surge Tank and 

tailrace tunnel) selected for Altereetive"TII i.e the shortest 

possible aliment and geology permits construction of the vas► 

rious structures In the align ent. Therefore no modification 

In the .aligmient Is considered neceSSaryr. A minor modification 

in the design of the surge tank to suggested according to 

which the vertical shaft of the surge tank Is connected by a 

small tunnel, with restriction at the entrance. The call 
section of the tunnel will be at right angle$ to the power 

tunnel* With this arrangement, the construction of the surge 

tank is ei.*plifled. 

According to Alternative•III, six units are proposed 

to be installed in the power station. For an output of 13C1W 
at 0.9 power factor at the generator terminals, a turbine of 
185,000 HP having six Jets and a runner speed of 375 RPM 

has been selected* According to the author's opinion a higher 

speed can be adopted so that the cost of the machinery and the 

cost of the power station excavation can be reduced. 



The weight and approximately the price of a ganarat rr 

varies In Inverse proportion to the Square root of the epe.d. 

Pre nt development in Felton wheel d•sicn would permit a spry 

aific Speed as high ar 5.2 per let. The specifics speed per 

Set for a 6 nose single runner Petton turbine of 185,000 HP  

and 200,000 HP under a not head of 2100 FTC. for 	chror e 

$p"dS of 300, 333* 376 and 428 are given below 

T B 	
sy'nch~f Approximate spew 

s 
300 3.12 
333 4*14 

l85000 H.P, 	 1 	3751 4.65 
428 5. 

200,000 H.P. 	I 	300 3#77 
1 	.333 4.2 

375 4.14 
428 5.4 

It *sir thus be swan that for a turbine with a ratiz 

of 1851+00 H.P. a synchronous speed as high as 498 RPM Can 

be adopted. The impact per xuinata on the runner for this Speed 

works out to only 268 which 16 a reasonable value for a gross 

head of about 2200 Ft. Advancementof runner construction 

and materials used for runner enable peiton wheals to be 

nanuf*dared to withstand impact of 3600 /minute, To ru v-a-w ' 

Speed ratio of a Pelton wheel being about 1*8 to 1.9, the 

as.sizaa peripheral Opted of the rotor of 144 MVA (130 MV at 

0.0 P7) generator of normal construction asap, however# reach 

the limit of nearly 3000A4inuts for materials now generally 

used for rotor rims and poles. A generator 144 )Iii'A capacity 



having a speed of 428 RPM for coupling to a Pal.ton turbine osa 

be constructed and therefore there is decided economic advan. 

tags In going in for a unit of this six* and Speed. Increa$at 

In Speed reduces the size of the unit and therefore the space 

requirement in the power station to reduced. If Ito of 

428 RPM are choseni, the overall length can be reduced by abcitabout 

18 Pt# while the width of the powerstatton cavity can be reduced 

by 3 Pt, such a layout will result In a saving of about its% 

in coot on account of reduction in the volume of excavation 

and coot of machinery. 

A normal voltage rating of U I` for the generators  

in adopted for Alternative III. In view of the very large site 

for the XdU&i ceneretor#  an increase in the voltage .rating 

to 14 to L5 V say lead to more, balanced and reliable design 

for the windings and reduction in coot of the heavy current 

connection between the generator and the stop up transformers. 

9.3 	1tER RTA'XIONs 

A basic deeicn criterion was to put all facilities, 

valves, units # control room,, transformers etc., in one ezoat-► 

vatton« It was moved that this would give Lowest coat plant 

and the safest excavation. The height, crane rail to the top 

of the state?, for installation of rotor has been kept aini m 

that required. Pastore that made this di on5ion etnis = are 

(i) .uSe of two cranes with equalizing beam; (ii) lifting thrust 

ring on shaft to be, as far down on shaft as possible; (iii) 

flange between generator shaft and turbine shaft to be as aloft 

to rotor as possible. An ezc*vation width 62' 6'0  was pro- 
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vidod after earmarking space for all facilities. Crane acceeo~ 

to turbine valves is not considered a requirement in determir#ng 

power house width, since it seldom if ever, is necessary after 

installation. Per the units of 375RPM the space provided 

for the various features within the cavity is just the minima. 

The under;routed power house cavity i r approximately 

1200 Pt, vertically below the surface. From stress measuremu tS 

it Is generally found that the horizontal stress in the power 

house area is three or four times the vertical streSe. It may 

be due to the proximity of deeply cut valleys. In th* power 

house areal excellent hard rock io available as revealed by 

the edit driven from the access tunnel. Excavation of the - 

vity wifl result rock meOses to decompress and move Into 

newly created openin;o. Dacompreocion In hard rock material 

results in spa .ling of the material into debt of about an 

inch in thickness extending back into the walls for several 

feet. In its soot extreme forms decompression occurs as buzb' 

.n% ground or as rock b~iratn. According to Ziabeewies (60) 

rigid rock ma3seS containing few structural discontinuities are 

more likely to exhibit serious decomprescion t:aan well Jointed 

rook Masses, whore the very existence of the joint$ to some 

extent may indicate that decompression has already occurred 

and additionally theme joint zones provide apace Into which 

decompressing material may move. According to the author' $ 

opinion the effect of these tresses n the power harass sit• 

will be considerable especially sines cavity has v.r ical 

walls aid therefore # outward curved walls are $uggsOted. 



It is better that the shape of the cavity is determined after 

oonduatinig aodel studios. 

In Alternative"IIl the old* wall$ are covered with 

concretes it to considered better that concrete walls are 

const oted 3* away from th. rook face so that air dryin' of 

the rock wall* to poesibie and the eharmoteristics of rock 

can be Improved. Further any ieakaa a from the walls can be 

properly dealt, 

9.94  _ __ a TM ,i 
Alternative III provides a 24 ft.. x. 20 ft. tunnel 

for permanent access to the underground der station, Ace-

ordinr to the author's opinion this tunnel could have been  
oomplete23 eliminated from the layout, This is possible by 

making use of the 26 ?t, wide tailrace tunnel for permanent 

heavy maintenance access and all other access requirements 

throuth a chau't vhich will be 22 ft. diameter accommodating a 

lift., a stairway,, cables and ventilation ducts. The shaft as 

In .ternativs 111 1$ 1' dia, and this can be Increased to 

22 Pt. dia, to accommodate all the facilities. The multiple 

use of the tailraces tunnel requires that the plant be $hut down  
v'hen toads greater than the shaft elevator capacity must be 

handled,. When the access tunnel is completely eliminated, 

emergency exit provision to to be made, This can suitably 

be provided by constructing a walkway located aboY. the maxi• 

sun water Level in the tailrace tunnel., For accomodating 
the may also a Gothic arch roof. to suggested to be con? 
$tracted for the tailrace tunnel. The capital cost saving 
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In wring the tailrace tunnel as the access tunnel, is oonai" 

dared to greatly outweigh the possible but improbable impair-

ment of operation. 

9.5 TAXL~ UDE 1ramaALi 

The tailwaters of the power station are led through 

a tunnel 4015 ft . long and channel 840 Pt, . to the N&ohar stream. 

Nachar is a smell stream having; a maximum flood discharge of 

about 6000 ousees. The maxims discharge from the power sta-

tion is about 5000 axseos. Thus the Nachar stream below the 

channel exit has to be ouitably widened and trained to a000-

isodate a maximum flow of about 11000 cu$som. The elevation 

at the 	t of the channel (when constructed) will be about 

+ 144.00 whereas the nominal bed level of Haeher stream at the 

confluence point is + 176.00. This necessitates deepening of 

the stream by about 32 Pt. at the confluence point* 

Since the stream has only a very mild Slope, doe- 

penin, and training works will have to be done for about 

8000 rt. from the confluence of the tailrace channel for eon• 

veiny a maximum flow of 11000 o,sees. For the improvements 

of the streams a large area has to be acquired for which very 

heavy compensation will have to be paid. Altogether the above 

proposal appears to be very costly. Besides, the problems 

that will be encountered in the acquisition of oultigat*d laid 

are numerous. Perhaps commissioning of the power station will 

also be affected due to the probable delay in the completion 

of improvement works in Bucher stream. 

Based on the Studies conducted by the author, 



the followingg proposal appears to be cheaper and therefore it 

deserves serious consideration. nsideration. 

It is suc gested that the capacity of the river 

channel, need be only 6000 cu$e o . With this capacity the flodd 
flow together with the maim discharge from the station 
should not be allowed to pass through the channel. This 1s 
possible by ehutting down the power station for a couple of 
hours during the peak flood period. Such a contingency of a 

couplet* shut down of power station may arise perhaps only  

ones in 100 years and it may be permitted* The saving s 

attained by constructing a channel of lesser capacity will 
more than offset the cost on account of power loos 

The cost of alternative UI can be reduced by about 

20% if the modifications 5utsated by the author are into'- 
porated in the Idi'kki underltround powerhouse layout. 
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