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Session 8/18

Applications of Soil Mechanics in River Structures (India)

Application de la mécanique des sols aux travaux de rivière

by K.  L.  R a o , Dr . ,  Msc. ,  Ph. D. ,  M. I . C. E.  ( London) ,  M.  I. St r uct .  E. ,  M. I . E.  ( I ndi a) ,  Di r ect or ,  Cent r al  Desi gns Or gani sat i on,  
Cent r al  Wat er  and Power  Commi ss i on,  Ne w Del hi ,  I ndi a

Su mma r y

A  l arge number  of  dams and bar r ages ar e under  i nvest i gat i on or  
const r uct i on i n I ndi a,  wi t h a vi ew t o over comi ng t he pr esent  shor t age 
of  f ood and el ect r i c power .  Thei r  economi c scheme i nvol ves t he 
appl i cat i on of  Soi l  Sci ence at  var i ous st ages.  Thi s Paper  r evi ews 
some of  t he pr obl ems t hat  have ar i sen and t he way  t hey have been 
sol ved as wel l  as t hose needi ng f ur t her  i nvest i gat i on.

Sommai r e

Les I ndes ont  déci dé l a const r uct i on d’un gr and nombr e de di gues 
et  de bar r ages af i n de sur mont er  l a pr ésent e pénur i e de denr ées al i 
ment ai r es et  d’éner gi e él ect r i que.  Ces ouvr ages -  l es uns en const r uc
t i on,  l es aut res à l ’ét at  de proj et  -  i mpl i quent  l ’appl i cat i on de di f f é
r ent s aspect s de l a mécani que des sol s et  l ’obj et  de cet t e c ommuni 
cat i on est  de passer  en r evue l es pr obl èmes soul evés par  l eur  cons
t ruct i on,  l es sol ut i ons appor t ées et  l es r echer ches ent repr i ses.

I nvest i gat i ons

The  6, 600- f oot  l ong Rampadas agar  D a m t o be bui l t  acr oss 
Ri ver  Godavar i  about  100 mi l es above i ts conf l uence wi t h t he 

sea,  i s t o be a concr et e gr avi t y st r uct ur e;  i n t he r i ver  bed,  t he 

f oundat i on r ock i s over l ai d wi t h sand and at  pl aces wi t h l enses 

of  cl ay,  f or  dept hs var yi ng f r om 100 t o 200 f eet .  Near  t he r i ght  
abut ment ,  f or  a l engt h of  about  800 f eet ,  t he over bur den,  over  

50 f eet  deep,  consi st s of  sl i cken- si ded cl ay.  The pr evai l i ng soi l s 

at  t he d a m si t e ar e coar se sand,  si l t y cl ay and f i ne cl ean or  si l t y 

sand.  The i nvest i gat i ons wer e f or  det er mi ni ng;  dept h and 

nat ur e of  over bur den,  mi n i mu m sl opes f or  excavat i on i n cl ay 

and ot her  soi l s i n t he r i ver  bed,  per meabi l i t y of  t he over bur den 

sand det er mi ned by  pumpi ng t est s t o est i mat e t he ext ent  of  
dewat er i ng r equi r ed dur i ng f oundat i on excavat i on,  and sui t 

abi l i t y of  var i ous i nj ect i ons or  gr out i ngs t o wat er - pr oof  t he 

pr oposed sheet - pi l e cof f er dam.  Sand sampl es wer e obt ai ned 
by  spl i t  spoon sampl er s and cl ay by  Deni son sampl er s.

These i nvest i gat i ons,  car r i ed out  under  t he gui dance of  Dr .  

Terzaghi, ar e br i ef l y descr i bed bel ow.

To  det er mi ne t he dept h of  over bur den al ong t he axi s of  t he 

dam,  and t he cof f er dam al i gnment ,  penetrometer sounding was  

ver y successf ul l y used.  The penet r omet er  consi st ed of  l j - i nch 
di amet er  r ods i n 6- f oot  l engt hs wi t h a 2- i nch di amet er  coni cal  

dr i vi ng poi nt  ( Fi g.  1)  and was  dr i ven wi t h a 100- l b.  wei ght  

dr oppi ng t hr ough 30 i nches.  The number  of  bl ows r equi r ed 

f or  ever y f oot  of  penet r at i on i ndi cat ed t he t ype of  over bur den.  
Wh e n  t he penet r omet er  r eaches r ock or  cl ay l ayer ,  i t  becomes 

not i ceabl y di f f i cul t  t o dr i ve i t  any  f ur t her ;  but  t he l ayer  can
Fig. 1 T ypical Penetrom eter Charts

R ésultats typiques des essais au pénétrom ètre
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be i ndent i f i ed f r om t he f act  t hat  t he penet r omet er  r ebounds 

onl y on r ock.  The soundi ngs cover ed an ext ensi ve ar ea and 
gave val uabl e resul t s.  These wer e checked by  put t i ng i n casi ng 

pi pes and t aki ng out  cor e sampl es wi t h cal yx dri l l s.  A  t ypi cal  

pl ot  of  soundi ngs obt ai ned i s s hown i n Fi g.  1.— These sound

i ngs wer e of  f ur t her  val ue as t hey showed t o what  dept h t he 

r i ver  bed was  scour ed and back- f i l l ed.  Thi s back- f i l l  i s onl y 
l oosel y l ai d and so of f er s pr act i cal l y no r esi st ance t o t he coni cal  

poi nt ; t he dept h of  scour  was  deduced f r om t hese obser vat i ons 

as 50 f eet .  A  di r ect  det er mi nat i on was  al so at t empt ed t o de

t er mi ne t he dept h of  scour ,  by  pl aci ng an annul ar  di sc concen
t r i c wi t h a pi pe bur i ed secur el y.  The di sc was  hel d over  pul l eys 

by  a smal l  wei ght  mov i ng i nsi de t he pi pe.  Wh e n  t he soi l  under  

t he di sc was  scour ed t he di sc woul d f al l  d o wn  and r ai se t he 

wei ght  i nsi de t he pi pe.  A  number  of  t hese pi pes had been set  

up at  i nt er val s i n t he r i ver  bed ; but  unf or t unat el y as t he r i ver  

has ver y hi gh di schar ges r angi ng up t o mi l l i on cusecs,  mos t  
of  t hese pi pes wer e washed out  and coul d not  be t r aced.  I n a 

f ew t hat  hel d,  t he di scs went  d o wn  onl y by  4 f eet . — The pene

t r omet er  t est s wer e f ur t her  ver i f i ed by  geophysi cal  expl or at i on 

empl oy i ng el ect r i cal  resi st i vi t y met hods  ( M.  B. Rao, 1947) .  I t  

mus t  be admi t t ed t hat  penet r omet er  t est s pr oved mor e  rel i abl e 
t han geophysi cal  met hods  i n t hi s subsoi l  pr ospect i ng.

I t  was  essent i al  t o det er mi ne,  t o pr event  f ai l ur e dur i ng exca

vat i on,  t he exact  slopes t o whi ch cl ay,  or  sand wi t h cl ay l enses 

has t o be excavat ed and t he pr ecaut i ons t o be t aken f or  pr oper  

dr ai nage.  A  shaf t  6 f eet  i n di amet er  was  sunk  near l y 80 f eet  

deep and soi l  sampl es wer e col l ect ed at  di f f er ent  l evel s.  The 
soi l  was  f ound t o be uni f or ml y sl i ckensi ded cl ay.  A  f unnel  

shaped pi t  was  dug about  30 f eet  deep wi t h di f f er ent  sl opes.  

I t  was  f ound t hat  t he 1^: 1 sl ope col l apsed af t er  a dept h of  

30 f eet  was  r eached.  The cl ay cl osel y r esembl es London  Cl ay 
and has t he f ol l owi ng char act er i st i cs:  Li qui d l i mi t  60 t o 90%,  

Pl ast i c l i mi t  32 t o 35%,  Nat ur al  moi st ur e cont ent  25 t o 40%,  

Unconf i ned compr essi ve st r engt h 1 t o 6 t ons/ sq. f t .  The shear 

i ng st ress on t he sur f ace of  sl i di ng was  r oughl y equal  t o 0. 25 

t on per  sq. f t .  I f  t he rest  of  t he soi l  was  not  bet t er  t han i n t hi s 

pl ace,  i t  was  concl uded t hat  t he sl opes coul d not  be st eeper  t han 
4 t o 1 f or  a cr i t i cal  hei ght  of  50 f eet .

The l ar ge coar se sandy over bur den (ef f ect i ve si ze of  sand 

0. 6 mm)  const i t ut es a l ar ge under gr ound r eser voi r  mak i ng de-  

wat er i ng a di f f i cul t  pr obl em.  To  get  an i dea of  t he per meabi l i t y 
of  t he sands i n pl aces,  sever al  pumping tests wer e car r i ed out .  

I n one t est ,  a pi t  100 f eet  di amet er  was  excavat ed and at t empt s 

wer e ma d e  t o dewat er  i t  by  pump s  pl aced al ong t he per i pher y 

of  t he pi t ;  i t  was  not  possi bl e t o l ower  t he wat er  appr eci abl y 

beyond 5 f eet ,  t hough wat er  was  bei ng p u mp e d  out  at  t he r at e 

of  10, 000 gal l ons per  mi nut e.  The coef f i ci ent  of  per meabi l i t y 
cal cul at ed r anged f r om 20 f eet  t o 40 f eet / hour .  Wi t h t he out er  

pi pe of  20 i nches di amet er  sunk t o r ock l evel  (i .e. 50 f eet  bel ow 

bed l evel )  a st r ai ner  wel l  of  15 i nches di amet er  was  i nser t ed and 

t he annul ar  space f i l l ed wi t h shi ngl e,  i  t o f  i nch si ze.  The 

casi ng was  wi t hdr awn;  pumpi ng at  t he r at e of  18. 00 gal l ons 
per  mi nut e depr essed t he wat er  l evel  7 f eet .  The ef f ect i ve gr ai n 

si ze of  sand at  t hi s si t e i s 0. 36 m m  except  f or  t he l ower  por t i on 

wher e i t  i s 0. 57 mm.  Unf or t unat el y t he l ocat i on of  t he t est  

wel l  was  such t hat  on t he sout h si de wat er  edge was  105 f eet  

away  whi l e on East  si de i t  was  500 f eet .  Obser vat i ons of  t he 
wat er  t abl e i n t he nei ghbour hood wer e r ecor ded f r om l j - i nch 

di amet er  pi pes l ocat ed at  var yi ng di st ances f r om t he wel l  i n 

t wo di r ect i ons at  r i ght  angl es t o each ot her .  Ther e was  no de

pr essi on beyond 700 f eet .  The val ue of  t he per meabi l i t y coef f i 
ci ent  was  c omput ed as 70 f eet  per  hour .

I t  was  evi dent  f r om t hese t est s t hat  ver y l ar ge pumpi ng i n

st al l at i ons woul d be necessar y t o do t he mai n excavat i on.  

Apar t  f r om t hi s,  t her e wi l l  be danger  of  er osi on f r om excess 
f l ow.  The sheet pi l e cel l s of  60- f oot  di amet er ,  pr oposed t o be 

dr i ven al ong t he cof f er dam al i gnment ,  coul d not  be expect ed 

t o penet r at e al l  t he 200- f oot  over bur den.  At  best  t hey ma y  go 

f r om 75 t o 100 f eet .  Henc e t he pr obl em sti l l  r emai ned r egar d

i ng t he pr obabl e leakage f r om under neat h t he sheet  pi l es.

Chemi cal  i nj ect i ons wer e out  of  quest i on on account  of  ex 
cessi ve cost .  Bi t umen emul si on i nj ect i ons si mi l ar  t o t hose 

car r i ed out  at  Esna Bar r age i n Egypt  wer e consi der ed.  Pr e

l i mi nar y exper i ment s wer e car r i ed out  wi t h t he Godavar i  Sands 
at  Ams t er dam Labor at or i es (Laboratorium B.P.M., Amsterdam, 
1947) .  The  pr oposal  was  t o i nj ect  emul si f i ed bi t umen under  

l ow pr essur e i n f r ont  of  t he cel l s.  The bi t umen gl obul es woul d 

fi l l  t he i nt erst i ces,  per meat e t he ent i r e t r eat ed ar ea and pr event  

f l ow of  wat er .  I t  was  f ound t hat  per meabi l i t y coul d be r educed 

f r om 20 t o 4 f eet / hour .  The l abor at or y exper i ment s s howed 

t hat  t he per meabi l i t y of  t he i mpr egnat ed soi l s decr eased wi t h 
t i me.  The val ues wer e not  al t er ed even at  gr adi ent s of  30.  

Under  hi gh gr adi ent s l i ke 135,  t he coef f i ci ent  of  per meabi l i t y 

i ncr eased,  per haps due t o t ur bul ence i n wat er ,  but  decr eased 

agai n when  t he gr adi ent  was  decr eased.

On  f ur t her  exami nat i on when  i t  was  f ound t hat  bi t umen 
gr out i ng mi ght  pr ove cost l y,  Dr .  Terzaghi suggest ed f i el d ex 

per i ment s wi t h clay injections. At  a si t e wher e t he sand was

50 f eet  deep,  a pumpi ng t est  was  done wi t h a 8- i nch wel l .  Cl ay 

was  t hen i nj ect ed t hr ough 14- i nch pi pes at  t he f our  cor ner s of  

a squar e 5 x 5  f eet .  The speci f i c gr avi t y of  cl ay suspensi on was  

1. 1,  and t he pr opor t i on of  var i ous chemi cal s used was  as 
f ol l ows:  Cl ay 1000 c m3; Gu m Ar abi c 150 c m3 ( 2% st r engt h) ; 

Sodi um Si l i cat e 100 c m3 ( 50 c m3 i n 100 c m3 of  wat er ) ;  Hy dr o 

chl or i c Ac i d 100 c m3 ( 10 c m3 of  aci d i n 100 c m3 of  wat er ) .  The 

pr essur e of  i nj ect i on was  30 I bs. / sq. i nch;  cl ay was  i nj ect ed at  

ever y 2- f oot  i nt er val s;  a t ot al  of  10, 000 gal l ons was  i nj ect ed.  
Fi ve days af t er  t he i nj ect i on,  pumpi ng t est s wer e agai n car r i ed 

out  at  t he cent r e of  t he ar ea t r eat ed.  For  t he pumpi ng r at e of  

700 gal l ons per  mi nut e,  t he depr essi on i n t he wel l  was  10. 85 

f eet ,  near l y doubl e of  what  i t  was  bef or e t r eat ment .  Sampl i ng 

of  t he t r eat ed soi l  s howed cl ay cont ent s var yi ng up t o 6. 4%. —  

A  f ur t her  t est  was  done by  dr i vi ng a 20- f oot  di amet er  sheet  

pi l e cel l  t o r ock l evel  t hr ough 40 f eet  of  over bur den.  Cl ay was  
i nj ect ed ar ound t he per i pher y of  t he cel l  at  i t s j unct i on wi t h 

t he r ock.  Pumpi ng t est s car r i ed out  bef or e and af t er  i nj ect ed 

cl ay,  s howed consi der abl e st oppage of  l eakage f l ow.

Si mi l ar  i nvest i gat i ons ( geophysi cal  pr ospect i ng and penet r o

met er  soundi ngs)  car r i ed out  at  t he si t e of  t he pr oposed d a m 
acr oss t he Pennar ( ma x i mu m di schar ge of  hal f  a mi l l i on cusecs)  

s howed t hat  sound r ock was  about  100 f eet  bel ow bed.  The 

char act er i st i cs of  t he sand i n t he r i ver  bed ar e det er mi ned t o b e : 

Sand 95%;  Si l t  5%;  D 10 0. 2 t o 0. 35 mm;  Per meabi l i t y coef f i 

ci ent  20 f eet / hour .  The  necessi t y f or  heavy pumpi ng dur i ng 

excavat i on was  i ndi cat ed by t he hi gh val ue of  per meabi l i t y 
coef f i ci ent  r eveal ed by  pumpi ng t est s.  As  a r esul t  of  t hese 

i nvest i gat i ons,  t he desi gn was  changed f r om a concr et e gr avi t y 

t o an ear t h dam,  as t he si t e condi t i ons per mi t  l ocat i ng t he spi l l 

wa y  sect i on t o t he l ef t  abut ment  si de on an out cr op of  r ock.
Ther e ar e a l ar ge number  of  si mi l ar  exampl es i n I ndi a wher e 

deep over bur dens of  sand and si l t  i n t he r i ver  bed ma k e  i t  a 

di f f i cul t  pr obl em t o deci de on t he t ype of  st r uct ur e.  Al so di ver 

si on of  t he r i ver  i s not  al ways easy or  possi bl e,  as gener al l y 

r i ver s i n I ndi a car r y ver y l ar ge amount s  of  wat er  dur i ng mo n 
soon mont hs.  Thus  t he Bar akar ,  whos e s ummer  di schar ge wi l l  

be about  50 cusecs,  car r i es 300, 000 t o 400, 000 cusecs i n mo n 

soon mont hs ;  and,  si t e condi t i ons at  Mai t hon d a m do not  per 
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mi t  di ver si on of  t he heavy di schar ge.  At  t he s ame t i me t he 

100- f oot  over bur den of  sand i n t he r i ver  bed mak es  i t i mpos 

si bl e t o adopt  any  but  an ear t h dam.  Thi s necessi t at es t he 

pl aci ng of  near l y 2. 8 mi l l i on cyds of  ear t h i n t he r i ver  bed r i ght  

t o t he t op of  t he d a m i n a si ngl e nonmons oon  per i od whi ch 

ma y  var y f r om 6 t o 8 mont hs.

Soi l  Sel ect i on,  Sl opes and  Por e Pr essur es

The  pr act i ce i n I ndi a bef or e t he advent  of  t he Br i t i sh,  i n t he 
construction of earth dams ver y cl osel y appr oxi mat ed t o t he 

st andar d pr esent  day  pr act i ce;  t he Br i t i sh i n t hei r  t i me,  h o w

ever ,  i nt r oduced t he pr act i ce of  ut i l i si ng cl ay- puddl e cor e i n t he 

hear t i ng of  t he ear t h d a m and adopt i ng f l at t er  sl opes on t he 

downs t r eam r at her  t han on t he upst r eam si de.  Thi s pr act i ce 
conf l i ct s wi t h t he pr esent  pr act i ce of  cont r ol l i ng t he wat er  c on 

t ent  i n t he hear t i ng soi l ,  r ej ect i ng r i ch cl ays and usi ng f l at t er  

sl opes on  t he upst r eam r at her  t han on t he downs t r eam si de.
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A nalyse typique des sols em ployés pour la construction  des bar

rages en terre

Fi gs.  2a and 2b s how exampl es of  t hese t wo pr act i ces i n I ndi a.  

Thi s change i s due t o t he devel opment  of  soi l  sci ence;  at  any  

rat e,  whi l e qui t e a l ar ge number  of  I ndi an engi neer s ar e agai nst  
st eeper  sl opes f or  t he downs t r eam si de t her e i s unani mi t y on 

t he need f or  car ef ul  sel ect i on of  soi l s and avoi dance of  r i ch 

cl ays i n t he hear t i ng.

Fi g.  3 shows t ypi cal  analyses of soils used at  Hi r akud,  Konar  
and Lower  Bhavani  Dams ,  et c.  Hi r akud D a m i s acr oss t he 

Mahanadi  wher e t he mai n ear t h d a m i s 10, 000 f eet  l ong wi t h 

a ma x i mu m hei ght  of  200 f eet ,  about  100 f eet  bei ng t he aver age 

hei ght ;  and t he ear t h wor k  i s 24 mi l l i on cyds.  Kona r  Da m 

i s 9, 800 f eet  l ong and wi l l  have 5. 8 mi l l i on cyds of  ear t h i n i t ;  

t he Lower  Bhavani  i s 28, 000 f eet  l ong and wi l l  have 4. 5 mi l l i on 
cyds of  ear t hwor k.  At  Hi r akud t her e i s onl y a sl i ght  di st i nc

t i on i n mos t  of  t he soi l  used f or  t he i mper vi ous and semi per -  

vi ous zones;  t he soi l  i s desi gnat ed “ aver age i mper vi ous” . Thi s 

i s avai l abl e i n l ar ge quant i t i es and has t o be ut i l i sed,  t her e bei ng 
not  mu c h  of  i deal  semi per vi ous mat er i al .

At  Konar  t he soi l  cont ai ns a l ot  of  mi caceous mat er i al  and 

i ts ef f ect s on t he st abi l i t y of  sl opes have been t aken i nt o ac 

count .

The dry density of  t he di f f er ent  soi l s at  op t i mum moi st ur e 

cont ent s used at  t he above t hr ee dams  ar e,  116,  117 and 128 
l bs. / cu. f t .  r espect i vel y f or  Hi r akud,  Konar  and Lower  Bh a 

vani  Dams .  The dr y densi t y of  i mper vi ous soi l  i s l ess by 8 t o

10 l bs.  i n Hi r akud and Lower  Bhavani  soi l s but  at  Konar  t her e 

i s har dl y any di f f er ence i n densi t i es,  t hough t he per meabi l i t y 
of  t he mat er i al  i n hear t i ng i s 2. 6 f eet  per  year  and t he per me 

abi l i t y of  t he mat er i al  i n casi ng i s 6. 5 f eet  per  year .

The slopes adopt ed i n t he di f f er ent  ear t h dams  under  c on 

st r uct i on ar e s hown i n Fi g.  4.  I t  wi l l  be not ed t hat  f l at t er  sl opes 

ar e adopt ed i n t he case of  Gangapur  Da m.  Thi s i s an ear t h 

st r uct ur e ( 12, 500 f eet  l ong,  ma x i mu m hei ght  140 f eet )  acr oss 
t he Godavar i  near  i ts sour ce.  The char act er i st i cs of  t he soi l s 

avai l abl e i n t he vi ci ni t y ar e as f ol l ows: —•

Impervious 
2 8 %

5 8 %

3 2 %

2 6 %
104 l bs. / cu. f t .

600 l bs. / sq. f t .  —  
t an-1 0. 30 t an-1 0. 63

Cl ay cont ent  

Li qui d l i mi t  

Pl ast i c l i mi t  

Pl ast i ci t y i ndex 

Ma x i mu m dr y densi t y 

Cohesi on
Angl e of  i nt er nal  f r i ct i on

Semi-pervious
3 %

132 l bs. / cu. f t .

__

RUBBLE FILLED  DRAIN  

AT 2 0 0 '  IN TERVA LS

EL-_2p0O,O_ 
- - - - - - - EL-Ü8L0.
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The cl ay i s sl i ckensi ded and i s not  amenabl e t o any sci ent i f i c 
desi gn pr ocedur e.  I n vi ew of  t hese uncer t ai nt i es,  sl opes as f l at  

as 1 i n 3 and 1 i n 4 ar e adopt ed.

I n t he case of  Hi r akud Da m,  t he angl e of  i nt er nal  f r i ct i on 

and cohesi on of  i mper vi ous soi l s at  opt i mum moi st ur e con

t ent s ar e 20°  and 1, 000 l bs. / sq. f t .  r espect i vel y but  i n sat ur at ed 

condi t i on,  t he angl e of  f r i ct i on r educes t o 12°  and cohesi on,
R.L. 1692,0

TOP OF DAM R.L 1812.0 

_R. LJTStU)
. RJJt ZSj O

- EARTH  FILLING

O SM A N SA G A R  DAM

Fig. 4 Slopes o f  Som e Earth D am s

Inclinaison de certains barrages en terre

T A N SA  DAM

PROPOSED STRENGTHENING OF DAM

Fig. 5 T ypical C om posite D am  Sections

Sections typiques de barrages com posés

f or  sl opes,  t he f act or  of  saf et y decr eases.  I t  i s consi der ed t hat  

due t o hi gh i mper meabi l i t y of  t he soi l ,  i t wi l l  never  at t ai n t he 
st at e of  compl et e sat ur at i on.

On e  of  t he i mpor t ant  obser vat i ons on ear t h dams  i s wi t h 

r egar d t o pore pressures devel oped dur i ng const r uct i on.  [ I t  i s 

assumed t hat  soi l s wi t h coef f i ci ent  of  per meabi l i t y l ess t han 

0. 3 f eet  per  year  wi l l  devel op por e pr essur es when  subj ect  t o 

r api d const r uct i on oper at i ons;  f i el d obser vat i ons s how ex 

t r eme r anges; whi l e at  Ander son Ranc h Da m,  por e pr essur es 
up t o 7 0 % of  t he hei ght  of  over bur den ar e obser ved,  at  Davi s 

D a m no por e pr essur e was  obser ved.  The r eason st at ed was  

t hat  t he soi l  was  pl aced at  sl i ght l y l ess t han opt i mum moi st ur e 

cont ent .  I f  t he por e pr essur es ar e so sensi t i ve as t hi s,  i t  wi l l  
be necessar y t o devel op s ome met hod of  r el i evi ng t hese even 
dur i ng const r uct i on i nst ead of  adopt i ng f l at  sl opes t hat  i ncr ease 

cost .  Ther e i s gr eat  obscur i t y r egar di ng t he por e pr essur es de

vel oped i n nat ur al  over bur den over l yi ng t he r ock.  But  s ome 

engi neer s i n I ndi a assume t hat  por e pr essur es devel op i n t hi s 
over bur den j ust  as i n t he ear t h fi l l  bui l t  over  i t ;  t hi s r esul t s i n 

ver y f l at  sl opes.  An  exampl e of  t hi s i s Ko y n a  Da m i n t he 

West er n Ghat s  of  Bo mb a y  St at e.  A  266 f eet  hi gh d a m i s t o 

be bui l t  acr oss a r i ver  t o f or m a r eser voi r ,  t he wat er  of  whi ch 
i s l ed t hr ough a t unnel  t o gener at e el ect r i ci t y of  hal f  a mi l l i on 

k W,  t aki ng advant age of  an abr upt  f al l  of  1, 500 f eet  i n t he 

count r y t owar ds t he Ar abi an Sea.  The ear t h over bur den i n 

s ome pl aces i s 110 f eet  above f oundat i on r ock and t o desi gn 

an ear t hen embank ment ,  t hi s ent i r e over bur den was  t aken as 

devel opi ng f ul l  por e pr essur e wi t h t he r esul t  t hat  t he sl opes t o 
be adopt ed bec ame excessi vel y f l at  and l ed t o t he adopt i on of  

a mas onr y  st r uct ur e.  I t  i s, t her ef or e,  i mpor t ant  t hat  por e pr es

sur e measur ement s mus t  be r ecor ded at  ever y possi bl e damsi t e.  

At  Hi r akud,  measur i ng devi ces ar e bei ng i nst al l ed at  a l ar ge 
number  of  pl aces t o r ecor d f i el d obser vat i ons.

I n s ome r ecent  dams,  hi gh retaining walls f or mi ng t he j unc 

t i on bet ween ear t h and concr et e dams  ar e bei ng empl oyed 

i nst ead of  t r ansi t i on sect i ons,  as bei ng mor e  economi cal .  At  

Hi r akud Da m Pr oj ect  on t he l ef t  si de,  a 140- f oot  hi gh r et ai ni ng 

wal l  i s bei ng const r uct ed.  Car e was  exer ci sed i n speci f yi ng t he 

t ype of  ear t h t o be f i l l ed i n behi nd t he r et ai ni ng wal l ,  si nce 

rel at i vel y mor e  per vi ous soi l  woul d r educe t he l engt h of  per 
col at i on pat h bet ween concr et e and ear t h dams.  I t  was  deci ded 

t o use semi - i mper vi ous soi l  i n t he upst r eam si de up t o l owest  

wat er  l evel  of  t he r eser voi r  and,  above t hat ,  per vi ous soi l  t o 

t he f ul l  r eser voi r  l evel  t o ensur e t hat  no excessi ve por e pr essur es 
devel op when  t he wat er  l evel  f l uct uat es vi ol ent l y bet ween 

ma x i mu m and mi n i mu m r eser voi r  l evel s.  Measur i ng i nst r u

ment s  ar e bei ng i nst al l ed t o obser ve t he pr essur es on t he r e

t ai ni ng wal l .
At  Pykar a,  l ocat ed 6, 000 f eet  above sea l evel  i n t he West er n 

Ghat s,  a gr avi t y d a m was  pr oposed bet ween abut ment s,  but  
dur i ng act ual  const r uct i on,  i t  was  f ound t hat  on t he r i ght  hi l l  

si de,  t he f oundat i on r ock was  deep and i t  was  necessar y t o 

excavat e near l y 100 f eet  f or  t he f oundat i on.  But  t hi s was  not  

possi bl e as t he ear t h compos i ng t he hi l l  was  a hi ghl y sat ur at ed 

cl ayey soi l  wi t h t he f ol l owi ng char act er i st i cs: —

Cl ay cont ent  20- 40%
Si l t  cont ent  20- 30%

Li qui d l i mi t  40- 50%

Pl ast i ci t y i ndex 20- 30%

Nat ur al  moi st ur e 40- 50%
Dr y  densi t y 70 l bs. / cu. f t .  

Unconf i ned compr essi ve st r engt h 1, 600 l bs. / sq. f t .

Cohesi on 400 l bs. / sq. f t .

The hi gh moi st ur e cont ent  ma d e  i t  i mpossi bl e t o excavat e t he 

hi l l  si de wi t h any  r easonabl e sl opes.  El ect r o- osmosi s was  t r i ed
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t o r educe t he moi st ur e cont ent  of  t he soi l  but  not  wi t h success.  

Fi nal l y i t  was  deci ded t o r epl ace t he end gr avi t y por t i on by a 

r et ai ni ng wal l  and ear t h d a m i n cont i nuat i on wi t h t he abut ment  

hi l l .

Ut i l i zat i on of  Ear t h Pr essur e

I n I ndi a,  t he met hod of  havi ng f or  t he d a m sect i on a masonry 
wail with earth fill behi nd i t  i s i n wi de use speci al l y wher e t he 

f oundat i on r ock i s not  good.  Fi g.  5 shows a t ypi cal  exampl e 
of  t he Oos mans agar  d a m at  Hyder abad.  I n such a composi t e 

sect i on,  t he mas onr y  r et ai ni ng wal l  i nsur es i mper meabi l i t y and 

t he ear t h bank  pr ovi des st abi l i t y t o t he wal l  agai nst  t he wat er  

pr essur e.

Tansa Da m,  8, 961 f eet  l ong and 133 f eet  hi gh as i t was  bui l t  

i s bel i eved t o be not  suf f i ci ent l y st abl e agai nst  possi bl e upl i f t  
pr essur e,  t he exi st ence of  whi ch has been i ndi cat ed by  hol es 

dr i l l ed on t he downs t r eam si de of  t he dam.  Remedi al  measur es 

ar e,  t her ef or e,  sought  t o st r engt hen t he dam.  Var i ous al t er 

nat i ves ar e bei ng consi der ed,  i ncl udi ng Coyne’s pr ocess of  pr e
st r essi ng wi t h cabl es.  Pr ovi di ng ear t h backi ng as s hown i n 

Fi g.  5 whi ch gi ves t he necessar y count er pr essur es t o ensur e 

st abi l i t y of  t he st r uct ur e i s al so one of  t hem.

Thi s met hod of  st r engt heni ng and r ai si ng dams  by pr ovi di ng 

ear t h backi ng i s al so pr oposed f or  t he Khadakvas l a Da m,  130 

f eet  hi gh and 4, 827 f eet  l ong ( Fi g.  5).

St r uct ur es on  Per meabl e Foundat i ons

A  number  of  hydr aul i c st r uct ur es,  const r uct ed on sand 
f oundat i ons as f ar  ago as 100 year s,  ar e f unct i oni ng qui t e sat i s
f act or i l y,  but  t hese whi ch wer e i nt ended f or  di ver si on of  r i ver  

wat er ,  ar e l ow st r uct ur es wi t h not  mor e  t han 10 t o 20 f eet  of  

hydr aul i c head di f f er ence.  Ev en f or  t hese t he anal ysi s al ways 

as sumed homogeneous  sands under neat h t he st r uct ur e.  But  

usi ng t he r ecent  met hod i ndi cat ed by  t he aut hor  (K. L. Rao, 
1951) ,  i t  wi l l  be easy t o cal cul at e t he seepage pr essur e even 

t hough t he st r at um ma y  be ext r emel y het er ogeneous.  The 

met hod consi st s i n sol vi ng t he equat i ons of  f l ow by r el axat i on 
met hods.  A  pr act i cal  appl i cat i on ar ose i n t he desi gn of  a

bar r age acr oss t he Sut l ej .  The st r at um under neat h t he 15- f oot  

hi gh st r uct ur e consi st ed of  l enses of  cl ays and si l ts. A  cr oss 

sect i on i s s hown i n Fi g.  6 and t he net  wor k  of  pr essur e c o m

put ed i n t he st r at um i s al so gi ven i n t he s ame f i gure.

Mai t hon D a m on Ri ver  Bar akar ,  r epr esent s an exampl e of  
an ear t h d a m on deep r i ver  sand as f oundat i on mat er i al .  A  

gr eat  deal  of  consi der at i on l ed t o t he use of  a sheet  pi l e cut -of f .  

The pr oposed ei ght y- f oot  hi gh d a m acr oss t he r i ver  Kosi ,  pr e
sent s si mi l ar  f oundat i on pr obl ems.  A  number  of  al t er nat e 

st udi es ar e under  way  but  i t l ooks as i f  i t  woul d be best  t o have 

t he concr et e spi l l way l ocat ed i n t he r i ver  bed i tsel f .  Thi s woul d 

me a n  economi c  desi gn of  a concr et e over - f l ow d a m on per me 

abl e f oundat i ons wi t h a ma x i mu m di f f er ence bet ween upst r eam 

and downs t r eam wat er  l evel s of  about  80 f eet .  Such a desi gn 

ent ai l s cl ose st udy of  seepage f l ows i n soi l  under  gr eat  heads 

and t i me ef f ect s on t hese f l ows.

Po we r  Hous es  Fo u n d e d  on  Soi l s

The const r uct i on of  t he t hr ee power  houses at  Sar da,  Pat hr i  

and Bhakr a- Nangal  No.  1 i nvol ved di f f i cul t  pr obl ems of  de

wat er i ng f oundat i ons.  The det ai l s of  i nst al l at i ons and f ounda

t i on ar e gi ven bel ow: —

Units Proposed Foundation details

No. o f  
Units

Capacity 
each 

in k W

Pit 
in fe e t

Depth below 
G. Level 
in fe e t

Depth below: 
Natural water 
table in fee t

Sard a 3 13500 193

x  91

85 63

P ath ri 4 400 0 176 

x 155

60 33

B h ak ra  

N a n g a l  

N o . 1

3 240 0 0 230  

x 125

110 65

The soi l  st r at um i n each of  t he st at i ons was  hi ghl y per meabl e 

wi t h a hi gh gr ound wat er  t abl e.  Dewat er i ng t he f oundat i on

N 0TE: SOIL HOMOGENEOUS EXCEPT FOR A LEN S 
OF RELATIVELY IMPERVIOUS MATERIAL ON 
THE D /S  SID E . A SS U M E D  RATIO OF 

PE R M E A B IL IT IES 1 - 5 0 0

R.L. 10.0 1000 1000 1000 1000 1000 1000 1000 762 746 724 701 682 673 56S 556
NOTE' TH E SIDE OF EACH SO U A RE R E P R E SE N T S T E N  F E E T -

973 

9*6 

921 

699 

877 

857 

839 

R.L.70,0

972 968 963 956 947 937 936 773 751 724 696 673 670 577 559 538 508 479 454 426 396 3É& 319 I 1 0  1 I

944 937 328 915 897 866

856

7% 756 723 689 653

625

602 570 543 513 484 458 432 399 372 342 320 308 294 284 281 9 0 0 0 0 0

918 909 897 861 860 831 789 753 719 684 650 612 578 550 520 <*90 465 449

400 „  372 \>342 ^ 2 0 ,\.v\308 w?94 v\\284 vSS?81

f 4 0 7 376 348 324 305 289 278 274 no % 91 85 79 76 75

895 883 869 852 831 806 775 743 711 680 649 616 583 555 526 496 468 442

380 353 325 302 280 265 260 2212» 201 186 174 168 166

410 380 353 325 ?02 ?fl0 264
"  241

?17 701 186 174 168 166

Ç73 861 846 829 808 785 759 731 702 673 644 614 584 556 528 500 472 443 414 ?85 JS6 330 305 Z83 763 240 ??f 703 188 176 169 167

853 840 825 80ft 789 767 743 71B 691 664 637 60S 582 SSS 527 500 473 445 418 391 363 336 311 ?S& 264 243 223 70S 189 177 171 169

835 822 807 790 772 751 729 706 681 656 630 » 578 » 526 500 474 41*6 422 396 ro 319 -q.. 271 250 r?s 210 193 178 171 169

829 816 801 784 7661 746 ! 724 7021 6761 6531 628 6021 5771 5511 5261 500 474 445 423 398 372 3471 322I 297 273 252 230 212 194 178 171 169

R-L.- 1S 1 RELATIVELY 

IMPERVIOUS 

M ATERIAL

Fig. 6 Seepage Pressures U nder Barrage by M ethods o f  “ Successive A pp rox im ation ”

Pressions de Pinfiltration sous un barrage par la m éthode d’approxim ations successives
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pi t  r equi r ed i n each case gr eat  ski l l  and was  achi eved mai nl y 

t hr ough t he use of  t ube wel l s.  The ma x i mu m wat er  p u mp e d  

out  was  bet ween 23 and 26 cusecs.  Cl ay l enses wer e r emoved 

and t he f oundat i on raf t s wer e l ai d on sandy soi l s.  Speci al  pr e
caut i ons adopt ed i ncl uded pr ovi si on of  expansi on j oi nt s f or  t he 

penst ocks bef or e t hei r  ent r y i nt o t he power  house t o el i mi nat e 

ef f ect s of  di f f erent i al  set t l ement .

Conc l us i ons

The above di scussi on,  whi l e i t  shows h o w soi l  sci ence has 
ent er ed pr act i cal l y i nt o ever y phase of  i nvest i gat i on,  desi gn and 

const r uct i on of  dams,  dr aws at t ent i on t o t he ur gency of  sol vi ng 

s ome pr obl ems i f  soi l  sci ence has t o f i nd a st i l l  wi der  appl i ca

t i on i n r i ver  st r uct ur es.  The pr essi ng pr obl ems per t ai n t o t he 
val ue and ef f ect  of  por e pr essur es i n embank ment  and i n t he 

nat ur al  gr ound soi l s above r ock,  measur es t o el i mi nat e t hese

dur i ng const r uct i on and val ue of  cut - of f  under neat h ear t h d a m 

f ounded on sands and possi bl e ef f ect s of  omi ssi on of  t hese cut  

of f s.
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