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INTRODUCTION 

S t r e s s e s  and deformations a r e  very  important i n  dam des ign  

c a l c u l a t i o n s .  The s t r e s s  a n a l y s i s  i s  equa l ly  important whi le  

compared t o  t h e  s t a b i l i t y  a n a l y s i s  based on t h e  p l a s t i c  e q u i l i -  

brium cond i t ions .  Two kinds of dam s e c t i o n s  have been considered 

he re .  The f i r s t  one i s  a dam wi th  v e r t i c a l  core  and t h e  second 

one i s  a dam wi th  s lop ing  core .  

The main i n t e r e s t  here  i s  t o  compare t h e  performance of two 

k inds  of concre te  co res  w i t h  r e s p e c t  t o  t h e i r  s t r e s s  d i s t r i b u t i o n .  

Moreover, i t  i s  of i n t e r e s t  t o  observe t h e  behaviour of v e r t i c a l  

and s lop ing  concre te  cores  wi th  respec t  t o  t h e  leakage. The leakage 

w i l l  be t h e r e  due t o  c racks .  Cracks i n  concre te  can be of two types  

mainly. The f i r s t  ones a r e  t h e  t e n s i o n  cracks  r e s u l t i n g  from t e n s i l e  

s t r a i n s .  The second types  of cracks a r e  shear  c racks  r e s u l t i n g  from 

s l i p  a c t i o n .  

I n  f a c t ,  t h e  a n a l y s i s  of s t r e s s e s  i s  a  complex problem but t o  

render  t h e  problem t r a c t a b l e  some assumptions a r e  t o  be made. The 

f i r s t  of t h e s e  assumptions i s  t h a t  t h e  a c t u a l  three-dimensional  

system can be represented  a s  a  two-dimensional p lane  s t r a i n  problem. 

Here t h e  s e c t i o n s  a r e  considered normal t o  t h e  dam a x i s .  The second 

assumption i s  t h a t  t h e  s o i l  and concre te  a r e  bo th  l i n e a r l y  e l a s t i c .  

Now, it i s  not  more than  a  s t anda rd  p lane  s t r a i n  problem. The t h i r d  

assumption i s  regard ing  t h e  loading condi t ions  s t a t i n g  t h a t  t h e  dam 

s e c t i o n  has been d i r e c t l y  loaded by t h e  g r a v i t a t i o n a l  body fo rces  



although the ac tua l  construction i s  always carried by 

incremental loading. The fourth assumption i s  that  the  dam 

foundation i s  qu i t e  r i g i d .  



METHOD OF ANALYSIS 

The s t r e s s  a n a l y s i s  has been c a r r i e d  out by using F i n i t e  

Element Technique wi th  t r i a n g u l a r  elemcnts of constant  s t r a i n .  

The program used here  i s  t h e  Wilson - Eisens te in  ve r s ion  wi th  

t h e  automatic  genera t ion  of nodal po in t s  and elements.  

The f i n i t e  element method has been described i n  many pub l i c -  

a t i o n s  and i's, i n  f a c t ,  t h e  i d e a l i z a t i o n  of an  a c t u a l  e l a s t i c  

continuum a s  an assemblage of two-dimensional e l a s t i c  elements, 

i n  t h i s  case  of constant  s t r a i n .  The s e c t i o n s  considered a r e  

shown i n  Figures  1-a and 1-b. The mesh arrangement i s  chosen i n  

such a way t h a t  v e r t i c a l  and s loping cores a r e  generated.  The 

nodal po in t s  a long t h e  foundation contact  with s o i l  have been 

r e s t r i c t e d  t o  move h o r i z o n t a l l y  a s  we l l  a s  v e r t i c a l l y .  The dam 

s e c t i o n  has been divided i n t o  220 elements with 132 nodal po in t s  

The cyc le  p r i n t  i n t e r v a l  and output i n t e r v a l  used a r e  r e s p e c t i v e l y  

5 and 100 cycles  and the  to l e rance  l i m i t  being equal  t o  0.1000 EOO. 

The va lues  of modulus of e l a s t i c i t y  and dens i ty  have been taken i n  

terms of KSF and KCF r e s p e c t i v e l y .  An over laxat ion  f a c t o r  of 1.85 

g ives  q u i t e  a s a t i s f a c t o r y  number of i t e r a t i o n s  f o r  t h e  so lu t ion .  

The values of modulus of e l a s t i c i t y  (E) and Poisson ' s  Rat io  (q of 

p lane  s t r e s s  system were modified t o  plane s t r a i n  va lues  of E* and 

fi by using t h e  p lane  s t r a i n  a n a l y s i s .  

The mesh arrangement i s  shown i n  Figure 2 and p r o p e r t i e s  of s o i l  and 

concre te  a r e  given i n  Table 1. 



RESULTS 

A.  STRESS DISTRIBUTION I N  VERTICAL AND SLOPING CONCRETE CORES 

I n  order  t o  make a good comparison of t h e  s t r e s s  d i s t r i b u t i o n ,  

t h e  same q u a n t i t y  of concre te  has been used i n  v e r t i c a l  and s loping 

cores .  The v e r t i c a l  core  i s  25 f e e t  t h i c k  and 100 f e e t  high whereas 

t h e  s lop ing  core  i s  9 . 3  f e e t  t h i c k  and 269 f e e t  long, thus  each of 

them giv ing  a concre te  quan t i ty  of 2500cfeet per foot  length  of t h e  

dam. 

The s t r e s s  contours  i n  t h e  core  have been p l o t t e d  by i n t e r -  

p o l a t i n g  between d i f f e r e n t  elemental s t r e s s e s  because of t h e  non- 

r e l i a b i l i t y  of s t r e s s e s  e x i s t i n g  a t  t h e  nodal po in t s  due t o  t h e  

presence of t h e  i n t e r f a c e  between t h e  concre te  and t h e  s o i l .  Noreover 

t h e  bottom-most s t r e s s e s  have been neglected due t o  t h e i r  nearness t o  

t h e  boundary. 

( i )  D i s t r i b u t i o n  of Hor izonta l  and V e r t i c a l  Normal S t r e s s e s  

The magnitude of t h e  h o r i z o n t a l  and v e r t i c a l  normal s t r e s s e s  i n  

case  of v e r t i c a l  concre te  co re  i s  found t o  be f a r  g rea te r  as compared 

t o  t h e  magnitude of ho r i zon ta l  and v e r t i c a l  normal s t r e s s e s  e x i s t i n g  

i n  t h e  s lop ing  core .  The foundation contact  of t h e  dam along t h e  dam 

a x i s  is under q u i t e  higher  v e r t i c a l  normal s t r e s s e s  but  under q u i t e  

lower h o r i z o n t a l  normal s t r e s s e s  i n  case of a dam with v e r t i c a l  core  

a s  compared t o  t h e  one with s lop ing  a r e .  The co re  i n t e r f a c e  wi th  

foundation i s  under q u i t e  higher  ho r i zon ta l  and v e r t i c a l  normal s t r e s s e s  



i n  case  of v e r t i c a l  core a s  compared t o  t h e  h o r i z o n t a l  and v e r t i c a l  

normal s t r e s s e s  i n  case  of s lop ing  co re .  Th i s  d i s t r i b u t i o n  i s  shown 

i n  F igures  3 and 4. 

The h o r i z o n t a l  normal s t r e s s e s  i n  t h e  v e r t i c a l  core  a r e  n e a r l y  

twice  a s  much a s  t h e  h o r i z o n t a l  normal s t r e s s e s  e x i s t i n g  i n  t h e  

s lop ing  core  but t h e  maximum v e r t i c a l  normal sLress  i n  v e r t i c a l  core  

i s  about t e n  t imes t h e  maximum v e r t i c a l  normal s t r e s s  i n  t h e  s lop ing  

co re .  



( i i )  D i s t r i b u t i o n  of P r i n c i p a l  S t r e s s e s  

The magnitude of t h e  p r i n c i p a l  s t r e s s e s  i s  f a r  g r e a t e r  i n  

v e r t i c a l  core  a s  compared t o  t h e  one i n  s lop ing  core .  Also, t h e  

d i r e c t i o n  of maximum and minimum p r i n c i p a l  s t r e s s e s  i n  both  types  

of co res  i s  t o t a l l y  d i f f e r e n t  but s t i l l  t h e r e  i s  one kind of 

s i m i l a r i t y  regard ing  t h e  d i r e c t i o n  of t h e  p r i n c i p a l  s t r e s s e s  a s  

compared t o  t h e  s l o p e  of v e r t i c a l  and s lop ing  cores .  The d i r e c t i o n  

of maximum p r i n c i p a l  s t r e s s e s  i s  n e a r l y  p a r a l l e l  t o  t h e  v e r t i c a l  

i n t e r f a c e  of t h e  c o r e  wi th  t h e  s o i l ,  and t h e  d i r e c t i o n  of minimum 

p r i n c i p a l  s t r e s s e s  i s  n e a r l y  ho r i zon ta l  i n  case  of v e r t i c a l  concre te  

co re  but t h e  d i r e c t i o n  of maximum p r i n c i p a l  s t r e s s e s  i s  n e a r l y  

p a r a l l e l  t o  t h e  d i r e c t i o n  of t h e  s loping  core  and t h e  d i r e c t i o n  of 

minimum p r i n c i p a l  s t r e s s e s  dev ia t e s  not much from the  normal d i r e c t i o n  

t o  t h e  d i r e c t i o n  of t h e  s lop ing  core  i n  case  of' a  s lop ing  concre te  

co re .  The magnitude and d i r e c t i o n  of t h e  p r i n c i p a l  s t r e s s e s  a l s o  

v e r i f i e s  t h e  idea expressed by Sherard t h a t  t h e  foundat ion contac t  

moves u /s  i n  case  of s lop ing  core but t h e  v e r t i c a l  co re  i s  q u i t e  f r e e  

from t h i s  t ype  of movement. Had t h e  d i r e c t i o n  of maximum p r i n c i p a l  

s t r e s s e s  i n  s lop ing  co re  been v e r t i c a l ,  which i s  not p o s s i b l e  i n  t h i s  

case ,  t h e r e  was q u i t e  l i t t l e  p o s s i b i l i t y  of t h e  movement of  t h e  found- 

a t i o n  contac t  of core.  From t h e  a n a l y s i s ,  it i s  q u i t e  c l e a r  t h a t  no 

t e n s i l e  s t r e s s e s  have been found, s o  no t e n s i l e  s t r a i n s  would be 

expected i n  both types  of cores .  The s t r e s s e s  and s t r a i n s  present  he re  

a r e  t h e  compressive ones only. This  s t r e s s  d i s t r i b u t i o n  i s  shown i n  

F igure  5. 



( i i i )  D i s t r i b u t i o n  of Maximum Shear S t r e s s e s  

Maximum shear  s t r e s s  d i s t r i b u t i o n  i s  shown i n  F igure  6 .  The 

v e r t i c a l  core i s  found t o  be under q u i t e  higher shea r  s t r e s s e s  a s  

compared t o  t h c  s lop ing  core .  The maximum value of shear  s t r e s s  i n  

v e r t i c a l  core  i s  found t o  be 4.96 Kipslsq.  f t .  but  maximum shear  

s t r e s s  i n  s lop ing  core  i s  about 1.0 Kiplsq. f t .  This  would be 

expected because of t h e  higher  magnitude of maximum p r i n c i p a l  s t r e s s e s  

and lower magnitude of t h e  minimum p r i n c i p a l  s t r e s s e s  i n  v e r t i c a l  co re  

a s  compared t o  t h e  s lop ing  co re .  Since t h e  maximum shear  s t r e s s  i s  

j u s t  one ha l f  of t h e  d i f f e r e n c e  between t h e  maximum and minimum 

p r i n c i p a l  s t r e s s e s ,  t h e r e f o r e ,  t h e  magnitude of maximum shear s t r e s s e s  

i s  q u i t e  higher  i n  case  of v e r t i c a l  core a s  compared t o  t h e  s loping  

core .  The d i r e c t i o n  of t h e  maximum shear s t r e s s  can a l s o  be obtained 

i f  r e f e r e d  t o  F igure  5 i n  which t h e  d i r e c t i o n  of p r i n c i p a l  s t r e s s e s  i s  

0 
shown. Since t h e  maximum shear  s t r e s s  d i r e c t i o n  i s  always 45 away 

from t h e  d i r e c t i o n  of p r i n c i p a l  s t r e s s e s ,  t h e r e f o r e ,  t h e  d i r e c t i o n  

of maximum shear  s t r e s s e s  i s  a l s o  known. 

( i v )  D i s t r i b u t i o n  of Hor izonta l  Shear S t r e s s e s  

Refering t o  Figure 7 ,  t h e  magnitude of ho r i zon ta l  shear  s t r e s s e s  

i n  s lop ing  core  i s  f a r  g r e a t e r  a s  compared t o  t h e  magnitude of 

h o r i z o n t a l  shear  s t r e s s e s  e x i s t i n g  i n  v e r t i c a l  core.  The maximum 

shear  s t r e s s  i n  v e r t i c a l  core  i s  0.24 KSF whereas t h e  maximum shear  

s t r e s s  i n  s l o p i n g  core  i s  a l i t t l e  higher t b n  0.80 KSF. 



B.  COMPARISON OF HORIZONTAL AND MAXIMUM SUEAR STRESSES IN VERTICAL 

AND SLOPING CORES. 

Refer ing  t o  F igures  6 and 7 ,  t h e  v e r t i c a l  core  i s  very  heav i ly  

loaded by t h e  maximum shear  s t r e s s e s  a s  compared t o  t h e  h o r i z o n t a l  

shea r  s t r e s s e s .  The maximum values  of shear  s t r e s s e s  a r e  n e a r l y  

t e n  t o  f i f t e e n  t imes t h e  h o r i z o n t a l  shear  s t r e s s e s .  The h o r i z o n t a l  

shear  s t r e s s e s  a r e  lower because t h e  Poisson ' s  R a t i o  is  lower i n  

case  of concre te  but  t h e  maximum shear  s t r e s s  i s  h igher  because of 

t h e  l a r g e  d i f f e r e n c e  between t h e  va lues  of maximum and minimum 

p r i n c i p a l  s t r e s s e s .  While i n  case of s lop ing  core  t h e r e  is not much 

d i f f e r e n c e  between t h e  ho r i zon ta l  and maximum shear  s t r e s s  va lues  

because t h e  d i f f e r e n c e  between maximum and minimum p r i n c i p a l  s t r e s s e s  

i s  not  much higher  a s  compared t o  t h e  s t r e s s  d i f f e r e n c e  w i t h  r e spec t  

t o  t h e  p r i n c i p a l  s t r e s s  va lues  e x i s t i n g  i n  t h e  v e r t i c a l  co re .  



C. POSSIBILITY OF CRACKING OF VERTICAL AND SLOPING CONCREXE CORES 

Two types  of cracks may appear i n  v e r t i c a l  and s l o p i n g  cores .  

The f i r s t  ones a r e  t h e  t ens ion  cracks and t h e  second ones a r e  shear  

c racks .  

( i )  Tension Cracks: - 
Tension cracks  r e s u l t  from t h e  t e n s i l e  s t r a i n s  which a r e  i n  

f a c t  due t o  t h e  t e n s i l e  s t r e s s e s .  Since no t e n s i l e  s t r e s s e s  have 

been found i n  t h e  above a n a l y s i s  i n  v e r t i c a l  and s lop ing  cores ,  

t h e r e  a r e  no t e n s i l e  s t r a i n s  and hence t h e r e  i s  not any  p o s s i b i l i t y  

of t ens ion  cracks .  

( i i )  Shear Cracks:-  

Shear cracks r e s u l t  from shear  s t r a i n s  caused by shea r  s t r e s s e s .  

Even t h e  s l i p s  between p a r t i c l e s  w i l l  cause microcracking of t h e  

conc re t e  i f  t h e  concre te  mix i s  not proper ly  graded and i s  non- 

homogeneous. The s lop ing  core  i s  not under s o  high va lues  of shear  

s t r e s s e s  a s  compared t o  t h e  v e r t i c a l  core.  But i f  shea r  c racking  

occurs  i t  w i l l  occur i n  v e r t i c a l  core.  Since t h e  maximum shea r  s t r e s s e s  

i n  v e r t i c a l  core  a r e  s t i l l  q u i t e  lower than  t h e  u l t i m a t e  s t r e s s e s  i n  

concre te ,  shear  c racking  w i l l  be of microcracking type .  

I n  conclusion,  i f  a choice has t o  be made of v e r t i c a l  o r  s lop ing  

c o r e  wi th  r e spec t  t o  leakage caused through t h e  c racks ,  t h e  s lop ing  co re  

w i l l  be l e s s  i n c l i n e d  t o  a l l  kinds of cracks.  Moreover, s lop ing  core  

would be placed a f t e r  t h e  whole embankment f i l l  has been placed.  Anyhow, 

t h i s  a n a l y s i s  p r e f e r s  t h e  use of s loping  concre te  co re  a s  compared t o  

v e r t i c a l  core.  



D.  THE EFFECT OF VERTICAL AND SLOPING CORES ON THE NORMAL STRESSES 

AND HORIZONTAL SHEAR STRESSES EXISTIKG I N  FIOMOGENEOUS SECTION OF 

THE DAM HAVING THE SAME VOLUME. 

The s t r e s s  contours  a r e  a v a i l a b l e  i n  F igures  3 ,  4 and 7 f o r  

both  t h e  dam s e c t i o n s .  

The v e r t i c a l  core  inc reases  t h e  va lues  of Uy s t r e s s e s  a t  t h e  

co re  i n t e r f a c e s .  This  i s  t h e  reason why t h e  v e r t i c a l  normal 

s t r e s s  (q) contours  get a  sudden jump near  t h e  i n t e r f a c e  of  s o i l  

w i t h  concre te .  On t h e  other  hand, v e r t i c a l  core wa l l  reduces t h e  

h o r i z o n t a l  normal s t r e s s e s  (o;) a t  t h e  foundat ion i n t e r f a c e  and 

i n c r e a s e s  t h e  v e r t i c a l  normal s t r e s s  (q) over- there .  There i s  a l s o  

a  l a t e r a l  and downward s h i f t  of t h e  shear  s t r e s s  contours  away from 

v e r t i c a l  core  i n t e r f a c e s  wi th  t h e  s o i l ,  t hus ,  r e s u l t i n g  i n  r educ t ion  

of t h e  shear  s t r e s s  va lues  i n  t h e  s o i l .  The inc rease  i n  va lue  of ve r -  

t i c a l  normal s t r e s s  a t  t h e  foundat ion i n t e r f a c e  i s  q u i t e  h e l p f u l  

a g a i n s t  t h e  seepage through t h e  foundat ion contac t  w i th  t h e  core-wall .  

I n  t h e  case  of a n  upstream s l o p i n g  concre te  membrane, t h e  

h o r i z o n t a l  normal s t r e s s  contours  a r e  s h i f t e d  towards t h e  s lop ing  

co re  thereby inc reas ing  t h e  ho r i zon ta l  normal s t r e s s  ( values  on 

t h e  lower one- th i rd  p o r t i o n  of t h e  membrane q u i t e  s i g n i f i c a n t l y .  The 

v e r t i c a l  normal s t r e s s  contours  a r e  a l s o  s h i f t e d  l a t e r a l l y  towards 

t h e  s l o p i n g  membrane. This  r e s u l t s  i n  inc reas ing  t h e  va lues  of Cy a t  

membrane i n t e r f a c e  wi th  t h e  s o i l .  



The most s i g n i f i c a n t  t h i n g  i s  t h a t  t h e  upstream membrane 

a t t r a c t s  t h e  shear  s t r e s s  contours  towards i t s e l f ,  t he reby  inc reas ing  

t h e  shear  s t r e s s  va lues  n e a r l y  a t  t h e  one-half p o r t i o n  of t h e  s lop ing  

membrane. The hee l  and t o e  po r t ion  of t h e  s lop ing  core  a r e  under 

heavier  shea r  s t r e s s e s  a s  compared t o  t h e  s t a t e  of shear  s t r e s s  e x i s t -  

i n g  i n  t h e  homogeneous s e c t i o n  of t h e  dam without co re .  I n  p r a c t i c e ,  

whi le  bonding t h e  end of t h e  s lop ing  core  wi th  t h e  foundat ion,  proper  

contac t  a r e a  should be provided i n  order  t o  prevent  any kind of damage 

a g a i n s t  shear  s t r e s s e s  a t  core i n t e r f a c e  wi th  t h e  foundat ion .  



CONCLUSIONS 

The s t r e s s  a n a l y s i s  c a r r i e d  out w i th  t h e  f i n i t e  element 

technique r e s u l t s  i n  concluding t h e  fol1.owing major po in t s  i n  

cases  of v e r t i c a l  and s loping  concre te  cores .  

(1) The v e r t i c a l  concre te  core  i s  under higher  va lues  of 

maximum shear  s t r e s s e s  but under lower va lues  of h o r i z o n t a l  shear  

s t r e s s e s  a s  compared t o  t h e  s lop ing  core.  

( 2 )  The v e r t i c a l  concre te  core i s  under higher  va lues  of 

h o r i z o n t a l  and v e r t i c a l  normal s t r e s s e s  while  compared t o  t h e  

s lop ing  concre te  core .  

(3 )  Since no t e n s i l e  s t r e s s e s  have been found i n  v e r t i c a l  and 

s lop ing  co res ,  t h e r e  i s  not any p o s s i b i l i t y  of t ens ion  c racks .  

( 4 )  Micro-shear c racking  i n  v e r t i c a l  core  can cause leakage 

through t h e  core,  whereas t h e  s loping  core  i s  more f r e e  from a l l  

kinds of c racks .  Therefore,  t h e  use of s lop ing  core  wi th  r e spec t  t o  

leakage i s  p re fe red .  

(5) The s t r e s s  a n a l y s i s  a l s o  confirms t h e  genera l  idea t h a t  t h e  

dams wi th  v e r t i c a l  concre te  co res  give higher  p re s su res  on t h e  contac t  

between t h e  core  and t h e  foundat ion.  This  provides more p r o t e c t i o n  

a g a i n s t  t h e  p o s s i b i l i t y  of any leakage a long t h a t  c o n t a c t .  



( 6 )  The foundat ion contac t  a r ea  of t h e  s lop ing  core  needs c a r e f u l  

bonding of t h e  conc re t e  w i t h  t h e  foundat ion because t h e  lower p o r t i o n  

of t h e  upstream membrane i s  under higher  maximum and h o r i z o n t a l  shear  

s t r e s s e s  a s  compared t o  t h e  upper p o r t i o n  of t h e  membrane. 
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