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SYNOPSI S:  De s c r i be d i n t hi s  pa pe r  a r e  t he  s t a bi l i t y e va l ua t i on a nd r eme di a l  t r e a t me nt s  f or  an ea r t h- cor e  r ockf i l l  da m whi ch 

expe r i e nce d s e r i ous  open c r ac ks  on t he  cr es t .  Da t a  obt a i ne d f r om t he  s i t e  i nves t i ga t i on,  t he  f i e l d i ns t r ument a t i on and t he  numer i ca l  

s i mul a t i on have  bee n i nc l us i ve l y a na l ys ed t o c ha r ac t e r i z e  t he  c aus e s  of  t he  c r a c k deve l opment .  The  e f f ec t  of  r api d dr awdown of

t he wa t e r  l eve l  has  bee n e va l ua t e d as  a pos s i bl e  caus e  t o i nduce  t he di f f e r ent i a l  s e t t l e me nt  be t we en t he  da m cor e  a nd a dj ac ent  

zones .

1. I NTRODUCTI ON

Compr ehens i ve  i nves t i ga t i ons  have  bee n pe r f or me d t o i dent i f y t he 

pot ent i a l  c aus es  of  t he  c r ac ks  s hown i n t he  da m cr es t .  The  da m 

i nves t i ga t ed f or  t he  s t udy i s  one  of  t wo r es e r voi r  dams  

cons t r uc t ed f or  an unde r gr ound pumped- s t or a ge  powe r  pl a nt  whi c h i s  

l ocat ed i n t he  s out h- ea s t e r n a r ea  of  Kor e a n Peni ns ul a .  The 

nomi nal  c a pa c i t y of  e l e c t r i c  powe r  gene r a t i on i s  600 MW pe r  year .  

The wa t e r  l eve l  change  of  t he  uppe r  r e s e r voi r  f or  ope r a t i ng t he  

power  gene r a t or  wa s  a bout  20 m pe r  da y i n a  s t or age - and- e mpt yi ng 

cycl e.

The c ons t r uc t i on of  t he  uppe r  da m whi c h was  s t udi e d i n t hi s  

paper  be gan i n Oc t or bor  1979 and c ompl e t e d i n J une  1984.  The  

i mpoundi ng was  c ompl e t e d i n Nove mbe r  1985.  The  f i r s t  s e t  of  c r acks  

wer e obs er ved on t he  da m c r e s t  i n J a nua r y 1987,  15 mont hs  a f t e r  

t he begi nni ng of  oper a t i on.  Two mor e  s e t s  of  c r ac ks  oc cur r ed a f t e r  

t he f i r s t  one  a l t hough t he y  ha d bee n t r e a t e d wi t h s ubs e que nt  

r emedi al  wor ks .  The  c r a c k ope ni ngs  we r e  f i l l ed wi t h t he  s l ur r y 

gr out i ng.  Recent l y,  c r a c ks  we r e  de t e c t e d aga i n and cons i de r e d t o 

be of  pr ogr e s s i ve  nat ur e .  Fur t he r  c r a c k pr opa ga t i on mi ght  a f f e c t  

t he over a l l  s t abi l i t y of  t he  da m body.

Thi s  pa pe r  di s cus s e s  a bout  t he  s t a bi l i t y e va l ua t i on of  t he  da m 

and t he  pos s i bl e  r e me di a l  me as ur e s  ba s e d on t he  a na l ys e s  of  t he  

dat a obt a i ne d f r om t he  s i t e  i nves t i ga t i on,  t he  f i e l d me a s ur eme nt  

and t he  numer i ca l  pr edi c t i on.

2.  GENERAL DESCRI PTI ON OF THE DAH AND SI TE GEOLOGY

2. 1 Si t e  Ge ol ogy

The uppe r  r e s e r voi r  da m i s  l oc a t e d i n t he  na r r ow val l ey.  

Vol cani c  r oc k of  t he  Cr e t a ce ous  Uppe r  Yuc hun Gr oup i s  di s t r i but e d 

i r r egul ar l y and wi de l y i n t he  da m s i t e .  The  r i ght  s i de  and

downs t r e a m a r ea  of  t he  da m c ons i s t  of  t he  r hyol i t e  a s hy t uf f  of  

whi c h col our  i s  mos t l y gr ay a nd l i ght  gr e e ni s h gr ay.  And i t  

i nc l udes  a quar t z ,  ar kos e ,  and a l i t t l e  r ock- pl a t e .  The  ups t r eam 

ar ea  of  t he  da m c ons i s t s  of  Kangha  t uf f .

2. 2 Da m Di mens i ons  and Cons t r uc t i on Mat e r i a l s

The  da m i s  an e a r t h cor e  r oc kf i l l  dam.  The  ma xi mum he i ght  and 

l engt h of  t he  c r e s t  a r e  86 m a nd 269 m r es pec t i ve l y.  The  t ypi ca l  

c r os s  s e c t i on of  t he  dam i s  s hown i n Fi g.  1.  The  engi nee r i ng 

pr ope r t i e s  of  t he  da m cons t r uc t i on ma t e r i a l s  ar e  l i s t e d i n Tabl e

1.  The  e ngi ne er i ng pr oper t i e s  of  t he  cor e  wer e  de t e r mi ne d f r om 

l abor a t or y t e s t s  and wer e  obt a i ne d f r om t he  de s i gn r epor t s .

Cons t r uc t i on mat e r i a l s  f or  t he  dam wer e  bor r owe d f r om f i ve  

di s t i nc t  mount a i n a r ea s  nea r  t he  dam s i t e  a nd ma i nl y c ons i s t  of  

r e s i dual  s oi l s  and col l uvi a l  depos i t s .  The  cor e  ma t e r i a l s  obt a i ned 

by r emovi ng r ubbl es  gr ea t e r  t ha n 150 mm s i ze  a r e  c l a s s i f i e d as  

we l l - gr a ded c ohe s i ve  s oi l s .  The  f i l t e r  mat e r i a l s  wer e  f r om t he 

r i ve r - be d depos i t s .  The  i nner  f i l t e r  l aye r s  c ons i s t  of  uni f or m 

f i ne  s ands  mi xe d wi t h c l a ye y s oi l s .  The  out e r  f i l t e r  l aye r s  

c ons i s t e d of  t he  coa r s e  r i ve r  s ands .  For  t he  s he l l  mar t e r i a l s ,  t he  

mucks  obt a i ne d dur i ng t he  excava t i on of  t he  di ve r s i on t unne l  and 

power  hous e  we r e  us ed.  The  r ema i ni ng ma t e r i a l s  wer e  bor r owe d f r om 

t he adj a c ent  qua r r y s i t e.

3.  ON- SI TE I NVESTI GATI ON

Fi g.  2.  s hows  t he  t ypi ca l  c r a c k pa t t e r n.  The  l ongi t udi na l  c r acks  

occ ur r ed f our  t i mes ,  i n J anuar y 1987,  i n Fe bur a r y 1989,  i n 

Febur ar y 1991,  and i n Augus t  1992.  The  l e ngt h of  t he  c r a cks  r anged 

f r om 21 t o 130 m and t he  wi dt h of  t he  c r ac ks  r anged f r om 0. 4 t o

5. 0 cm.  A 6 m- l ong t r ans ver s e  c r acks  wer e  a l s o appear ed.  Af t e r
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f i r s t  l ongi t udi na l  c r a c k wa s  appear ed,  t he  non- pr e s s ur e  gr out i ngs

Ta bl e  1.  Engi ne e r i ng Pr ope r t i e s  of  t he  Uppe r  Da m Zones

Mat e r i a l s

Pr ope r t i es

Cor e Fi ne

f i l t e r

Coar s e

f i l t e r

I nne r

s he l l

Out e r

s he l l

Spe c i f i c  gr a vi t y 2. 67 2. 63 2. 63 2. 63 2. 63

Wa t e r  cont ent ( Z) 17. 3 5 5 3 3

Uni t  we i ght ( t / m3 ) 

dr y ( r a ) 1. 723 1. 9 1. 9 1. 8 1. 8

Sa t ur a t e d( r s « t ) 2. 077 2. 1 2. 1 2. 1 2. 1

Coe f f i c i e nt  of  pe - 3. 3x10- « 1x10- « l xl O- 3 l xl O“2 Fr ee

r meabi l i t y( c m/ s ec )  

Cohe s i on( t / m2 ) ( c ' ) 3. 1 0. 0 0. 0 0. 0

dr a i ni ng

0. 0

Angl e  of  i nt e r na l  

f r i c t i ont  ¿ ' l ( de g) 29 33 33 36 40

wer e  us e d f or  t he  r emedi a l  t r e a t ment s .  Gr out i ng ma t e r i a l s  us e d 

wer e  t he  bent oni t e  mi xe d wi t h  c e me nt  a nd wat er .

l e s t  pi t  was  ma de  i n or de r  t o obs e r ve  t he  de pt h a nd di r ec t i on of  

c r a c k deve l opment .  The  pos i t i on of  t he  t e s t  pi t  was  a t  SP No. 4. ,  

180 m f r om t he  r i ght  abut ment .  Be f or e  t he  t e s t  pi t  excava t i on,  

non- s ol ua bl e  whi t e  pa i nt  wa s  pour ed i nt o t he  c r a c k openi ng t o 

t r ace  t he  c r a c k de ve l opme nt  i ns i de  t he  da m cor e.

I t  was  obs e r ve d t ha t  t he  c r ac ks  de ve l ope d f r om t he  c r e s t  s ur f a ce  

and c ont i nue d ve r t i c a l l y downwa r d a nd l a t e r a l l y i n t he  

l ongi t udi na l  di r ec t i on,  but  t he y di s a ppea r ed deep i n t he  dam cor e.  

Down t o t he  e xc a va t i on dept h of  1. 4 m t he  c r a c k s ur f ace  c ol our e d 

wi t h t he  whi t e  pa i nt  was  c l ea r l y vi s i bl e  a nd t he  wi dt h of  c r a ck 

ope ni ng wa s  me a s ur e d a ppr oxi ma t e l y 5 cm.  Fr om t hi s  dept h t he  t r ace  

of  whi t e  pa i nt  got  l e s s  c l e a r  wi t h t he  wi dt h of  c r a c k openi ng 

ge t t i ng r educed.  Al s o t he  t r ace  of  be nt oni t e  f i l l  wa s  s hown.  The  

be nt oni t e  wa s  pour e d i nt o t he  c r a cks  i n t he  pr evi ous  r epa i r  wor ks .  

The  t ot a l  e xc a va t i on was  ma de  down t o 1. 9 m wher e  no s i gn of

c r a c k de ve l opme nt  wa s  obs e r ved.  At  t he  dept h of  1. 8 m t he  t r ace  

of  whi t e  pa i nt  and t he  be nt oni t e  wer e  r a r e l y s een.  But  t he r e  

s houl d e xi s t  s ome  we a keni ng zone  be l ow t hi s  l eve l  whi c h coul d not  

be  i de nt i f i ed f r om t he  f i e l d obs e r va t i on.  The  wea ke ni ng zone  

c ha r ac t e r i ze d by  means  of  numer i ca l  mode l l i ng wi l l  be  di s cus s e d 

next .

The  ve r t i ca l  di r e c t i on of  t he  c r a c k s ur f a ce  i ndi ca t e s  t ha t  t he  

c r a c k de ve l opme nt  woul d a t t r i but e  mor e  l i ke l y t o t he  di f f e r e nt i a l  

s e t t l eme nt  t a ke n pl ac e  i n a l oca l  zone  t ha n t o t he  gl oba l  s l ope  

i ns t abi l i t y c ondi t i on of  s he a r  s l i di ng.  The  c ons i de r ed pos s i bl e  

caus es  of  t he  di f f e r ent i a l  s e t t l eme nt s  a r e  t he  e f f e c t i ve  s t r e s s  

change  i nduced by t he  r e pe a t e d r a pi d dr a wdown of  t he  r es e r voi r  

wa t e r  l evel ,  t he  pos s i bi l i t y of  t he  pa r t i c l e  mi gr a t i on of  t he  f i ne  

cor e  ma t e r i a l  due  t o t he  hi gh  hydr a ul i c  gr a di e nt  or  poor  condi t i on 

of  f i l t e r  ma t e r i a l s  and i mpr ope r  c ondi t i on of  c ompac t ed c l a y cor e.

4.  FI ELD MEASUREMENT AND NUMERI CAL PREDI CTI ON

4. 1 Ana l ys e s  of  t he  Fi e l d Me a s ur e me nt  Da t a

Fi e l d da t a  i nc l ude  t he  s ur f ac e  s e t t l ement ,  hor i z ont a l  

di s pl acement ,  and por e  wa t e r  pr es s ur e .  Sur f a ce  s e t t l e me nt  poi nt s  

a r e  l oc a t e d on t he  c r e s t  and t he  s l ope s  of  t he  dam as  s hown i n 

Fi g.  3.

As  r ec or de d i n Oc t obe r  1992,  t he  s e t t l e me nt s  a t  t he  da m c r es t  

r a nged f r om 3. 3 c m t o 81. 5 cm.  Fi g.  3.  Ti me - de pe nde nt  s e t t l ement s  

of  t he  da m c r e s t  r a nged f r om 3. 3 c m t o 81. 5 cm.  The  s e t t l eme nt  i s  

l a r ge s t  a t  t he  poi nt  USP4.  Acc or di ng t o t he  empi r i c a l  f or mul a  ( 

S=0. 001 H3/ z ; wher e  H i s  t he  da m hei ght )  s ugge s t e d by  t he  La wt on 

a nd Les t e r ( 1964) ,  t he  f i na l  s e t t l e me nt  i s  c a l c ul a t e d t o be  79. 8 c m 

whi ch i s  s i mi l a r  t o t he  ac t ua l  s e t t l e me nt  meas ur ed.

Whe n i mpoundi ng began,  s e t t l e me nt s  i nc r ea s ed s ha r pl y and 

c ont i nued s moot hl y a f t e r  t he  i mpoundi ng was  compl e t ed.  Da t a  f or  

hor i z ont a l  di s pl ac e me nt s  s how s mal l  hor i zont a l  di s pl ac e me nt  t owar d 

t he  downs t r e a m s i de  i n gener a l .

Numbe r  of  por e  wa t e r  pr es s ur e  ga ges  wer e  i ns t a l l ed i n t he  cor e  

a nd a dj a ce nt  f i l t e r  z one  as  s hown i n Fi g.  4.  As  s hown i n t he 

f i gur e ,  por e  wa t e r  pr es s ur e  we r e  i ncr e as e d r a pi dl y i n t he  e ar l y 

c ons t r uc t i on s t age  a nd t hen r ema i ne d ne a r l y c ons t a nt  i n t he  l a t t e r  

c ons t r uc t i on s t age.  Whe n i mpoundi ng began,  t he y we r e  i nc r e as e d 

r api dl y,  and t he n s t a r t e d t o s l owl y c onve r ge  a t  s ma l l e r  va l ues .  I n
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cas e of  t he  UFP1 a nd UP1,  por e  wa t e r  pr e s s ur e  we r e  de c r e a s e d a 

l i t t l e  f r om t he  e a r l y 1986,  s howe d a r a ndom f ea t ur e  be t wee n 1987 

and 1988,  and i ncr e a s e d f r om t he  e a r l y 1989.

4. 2 Numer i ca l  Ana l ys e s

A s e r i es  of  FEM ana l ys es  wer e  pe r f or me d t o s i mul a t e  t he  da m 

behavi our  f r om t he  c ons t r uc t i on s t age  up t o t he  pr es ent .  The  c r os s  

s ect i on f or  t he  a na l ys i s  wa s  s e l e c t e d a t  s t a .  1+20 poi nt  wher e  

f i el d da t a  wer e  ava i l abl e .  Two di me ns i ona l  f i ni t e  e l e me nt  

mode l l i ng was  c a r r i ed out  ba s e d on t he  i nc r ement a l  me t hod and 

zoni ng.  The  i nc r e ment a l  c ons t r uc t i on of  e mba nkment  was  s i mul a t ed 

as  wel l  as  t he  i mpoundi ng a nd da i l y dr awdown of  t he  wa t e r  l evel .  

Embankment s  wer e  di vi de d i nt o f i ve  zones  a s  s hown i n Fi g.  1.  I nput  

dat a f or  t he  Ca m- c l a y mode l  we r e  de t e r mi ne d ba s e d on t he  

l abor a t or y t e s t  dat a.

Fi g.  5 s hows  t he  de f or ma t i on pa t t e r n i n t he  da m s t r uc t ur e ,  whi ch 

i ndi cat es  a l a r ge  s e t t l e ment  i n t he  cor e  a nd i n t he  ups t r e a m s he l l  

por t i on.  As  a c ons equence ,  t he  c r e s t  i s  t i l t e d t owa r d t he  ups t r ea m 

di r ect i on.  At  t he  e nd of  c ons t r uc t i on s t age,  t he  ma xi mum 

s e t t l ement  i s  1. 2 m ne a r  t he  c e nt e r  of  t he  embankment .  I t  

cont i nuous l y i nc r e as e d t o 2. 1 m i n t he  ups t r ea m f i l t e r  zone.

Fi g.  6 s hows  t he  ma j or  a nd mi nor  pr i nc i pa l  s t r e s s  vec t or s  

cal cul a t ed f or  t he  c ur r e nt  dam condi t i on.  I t  i ndi ca t es  t ha t  t he  

el ement s  of  t he  downs t r e a m s i de  s how gr e a t e r  magni t ude  of  s t r e s s  

l evel s  t han t hos e  of  ups t r e a m s i de.  Thi s  i s  be ca us e  t he  por e  

wat er  pr es s ur e  i s  hi ghe r  i n t he  ups t r e am s i de.  And t he  r ot a t i on 

of  pr i nc i pa l  s t r e s s  vec t or s  ar e  r emar kabl e  a l ong t he  i nt e r f ace  

bet ween t he  cor e  a nd t he  f i l t e r  zones .  Thi s  a t t r i but e s  t o t he  

deve l opment  of  s hea r  s t r es s es  i nduc ed due  t o t he  di f f e r ent i a l

s e t t l e ment  be t wee n t he  cor e  a nd a dj a c e nt  zones .

I n or de r  t o e va l ua t e  t he  s t a bi l i t y c ondi t i on t he  s t r e s s  r a t i o Fr 

was  ca l cul a t e d f or  e a c h e l e me nt  a s  f ol l ows :

( 0 i-0 a )
Fr  = ----------------------

( a i -  cr 3) f

whe r e  ( 01- 03):  t he  de vi a t or  s t r e s s  a t  t he  c ur r e nt  s t a t e  

( 01- 0 s ) f : t he  de vi a t or  s t r es s  a t  t he  f a i l ur e  s t a t e

The  ca l cul a t e d s t r e s s  r a t i os  r ange  i n gener a l  a ppr oxi ma t e l y f r om

0. 3 t o 0. 65 e xc e pt  t he  r egi ons  c l os e  t o "A"  a nd "B"  s hown i n Fi g.  

6.  I n t hes e  r egi ons ,  Fr wa s  ca l cul a t e d t o be  c l os e  t o one.  The  

pos s i bl e  caus e  of  t he  hi gher  va l ue  of  s t r e s s  r a t i o i n t he  z one  "A"  

i s  c ons i de r ed t o be  a  nume r i c a l  di f f i cul t y.  The  r e gi on " A"  i s  t he  

s ur r oundi ng of  t he  bounda r y be t wee n t he  pa r t  whi c h was  us ed as  a 

c of f e r  da m and t he  ma i n body.  The  r e gi on " B"  i s  t he  a r ea  f r om t he 

dam c r e s t  t o t he  de pt h of  a ppr oxi mat e l y 15 m.  The  hi gher  va l ue  of  

s t r e s s  r a t i o i n t hi s  z one  i s  c ons i de r e d t o be  due  t o t he  exces s i ve  

di f f e r ent i a l  s e t t l e me nt  de ve l ope d be t we en t he  cor e  and f i l t e r  

zones .  Regi on "A"  i s  a l s o t he  a r ea  whe r e  t he  l a r ge s t  di f f e r ent i a l  

s e t t l e me nt  i s  t a ke n pl ac e  as  s hown i n Fi g.  5.  The  f i e l d 

i nve s t i ga t i on da t a  i ndi ca t ed t ha t  t he  c r a c k dept h was  onl y 1. 8 m 

deep,  but  t he  we a ke ni ng zone  t o have  be en f or med be l ow t he  c r acks  

coul d be  muc h de e per  a s  t hi s  numer i ca l  da t a  i ndi ca t es .  For  a 

pr e c i s e r  a na l ys i s  f i ne r  me s h ge ne r a t i on i s  r equi r ed.

5.  St abi l i t y Eval uat i on and Reaedi al  Tr eat ment

As  di s c us s e d be f or e  t he  ma j or  c aus e  of  l ongi t udi na l  c r acks  

cont empl a t e d s o f a r  i s  t he  di f f e r ent i a l  s e t t l e me nt  deve l ope d 

be t wee n t he  cor e  a nd a dj a c ent  zones .  Common caus e s  of  t hi s  t ype  

of  c r a c k oc c ur r i ng i n t he  c e nt e r - c or e  r ockf i l l  da m a t t r i but e  t o 

t he  nonuni f or mi t y i n s t r e s s  l eve l  of  obver bur den,  ma t e r i a l  or  

c ompac t i on c ondi t i on a nd f ounda t i on condi t i on,  et c.  But  i n t hi s  

cas e  a not he r  i mpor t a nt  f a c t or  t o be  c ons i de r e d i s  t he  r api d 

dr awdown c ondi t i on of  t he  r e s e r voi r  wa t e r  l evel .

The  dept h of  l ongi t udi na l  c r a c k has  been i nves t i ga t ed t o be  

a ppr oxi ma t e l y 2 m.  Be l ow t he  c r a cks  t her e  exi s t s  s ome wea ke ni ng 

zone  of  whi c h de pt h i s  nume r i c a l l y pr e di c t e d t o be  a bout  10 t o 13 

m.  Thes e  l ongi t udi na l  c r a cks  a r e  j udge d t o be  ha r dl y any i mmi nent  

t hr ea t s  t o t he  dam s a f e t y be c aus e  t he y do not  c r ea t e  di r e c t  

l eakage  c hannel s  a nd woul d be  s e l f - he a l e d i n t he  de e pe r  zone  due 

t o t he  l a t e r a l  c onf i nement .  But  i n or de r  t o cope  wi t h a ny pos s i bl e  

l ong t e r m or  s hor t  t e r m da nger  r emedi a l  t r e a t ment  has  bee n 

s ugge s t e d t o s ol ve  t he  c r a c k pr obl em.

The  r emedi a l  t r e a t me nt  e mpl oyed up t o now wa s  t he  i nj ec t i on and
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f i l l i ng of  t he  be nt oni t e  s ol ut i on i nt o t he  c r a c k openi ngs  but  i t  

coul d not  be  an f unda me nt a l  s ol ut i on.  The  r ec ommendat i ons  a r e  made  

t ent a t i ve l y as  s hown i n Ta l bl e  2.  I ns t a l l a t i on of  i ns t r ument s  was  

been a l s o r e comme nde d t o f ur t he r  i nc l ude  c r a c k gages  and 

i nc l i nomet e r s .  The  f i na l  s e l e c t i on of  t he  f undament a l  r emedi a l  

wor ks  and de t a i l ed pl a ns  mus t  be  s e t  up a f t e r  t he  f ul l  a na l ys es  of  

al l  a va i l abl e  i nf or mat i ons .

Ta bl e  2.  Te nt a t i ve  Remedi a l  t r ea t ment s

Remedi a l  pl ans Mer i t s Demer i t s Ef f e c t

Gr out i ng Wi t h

pr e s s ur e

-  Si mpl e  wor k

-  Economi ca l

-  Pos s i bi l i t y 

of  hydr aul i c  

f r ac t ur e

-  Ha r d pr es s ur e  

cont r ol

-  Shor t  

t e r m

Wi t hout

pr e s s ur e

-  Si mpl e  wor k

-  Economi ca l

-  Poor  c ont ac t ■

Repl ac e me nt  wi t h 

gr ound r e i nf or ce ­

ment

-  Ec onomi c a l  when 

c r a c k de pt h i s  

not  deep

-  Te chni ca l  

pr obl e m when 

c r a c k i s  deep 

a nd l a r ge

-  Unec onomi ca l

-  Long 

t e r m

6.  CONCLUSI ONS

A cas e  s t udy has  be e n pe r f or me d i n or de r  t o e va l ua t e  t he  

s t a bi l i t y of  a c l a y- c or e  r ockf i l l  da m whi c h e xpe r i e nce d s e r i ous  

c r acks  on t he  cr es t .  The  be ha vi our  of  t he  da m has  be e n s t udi e d 

bas ed on t he  da t a  obt a i ned f r om t he  s i t e  i nves t i ga t i on,  t he  f i e l d 

i ns t r ument a t i on a nd t he  numer i c a l  s i mul a t i on.  Fol l owi ng a r e  t he  

c onc l us i ons  ma de  f r om t he  ana l ys es :

1)  Mos t  of  t he  c r a cks  we r e  deve l ope d i n t he  l ongi t udi na l  di r e c ­

t i on a nd a t t r i but e  t o t he  di f f e r ent i a l  s e t t l e ment s  be t wee n t he  

c l a y cor e  a nd t he  f i l t e r  zone.

2)  The  ma j or  c a us e  of  t he  di f f e r ent i a l  s e t t l eme nt  i nc l udi ng 

c r a cks  has  be en c ons i de r e d t o be  t he  une ve n di s t r i but i on of  

addi t i ona l  e f f e c t i ve  s t r e s s es  f or me d i n t he  da m body by  t he  

r a pi d dr awdown of  t he  r e s e r voi r  wa t e r  l evel .

3)  The  numer i ca l  pr edi c t i on da t a  i ndi ca t e s  t ha t  t he  da maged pa r t

of  t he  e mba nkme nt  woul d be  f r om t he  c r e s t  t o be  de pt h of  

a ppr oxi mat e l y 15 m i n t he  c l a y c or e  i nc l udi ng t he  c r a c k zone  

pl us  t he  we ake ni ng zone  bel ow.

4)  Remedi a l  pl a ns  ha ve  be en t e nt a t i ve l y r e comme nde d t o s ol ve  t he  

c r a ck pr obl e m : gr out i ng appl i c a t i on i nt o t he  exi s t i ng c r acks  

and t he s oi l  r epl a c e me nt  wi t h gr ound r e i nf or ce ment  f or  t he  

s hor t  t e r m a nd l ong t e r m t r e a t me nt s  r es pec t i ve l y.
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