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A s i m p l e  a r c h i n g  t h e o r y  i s  used t o  c a l c u l a t e  v e r t i c a l  s t r e s s e s  w i t h i n  
t h e  cores o f  embankment danrs. The c a l c u l a t e d  s t r e s s e s  a r e  compared 
w i t h  p u b l i s h e d  f i n i t e  e lement  ana lyses  (FEA) and e a r t h  p r e s s u r e  
nleasureinents. 

The cocilparison w i t h  n o n l i n e a r  FEA shows good agreement f o r  a  w ide  
range  o f  s o i l  s t r e n g t h s  and h y p e r b o l i c  parameters i n  t h e  c o r e  and 
s h e l l s .  The apparen t  accu racy  o f  t h e  a r c h i n g  t h e o r y ,  when compared 
t h e  l i n e a r  FEA, i s  poor .  Con~pu ta t iona l  d e t a i l s  o f  t h e  TEA do n o t ,  
i n  g e n e r a l ,  i n f l u e n c e  t h e  r e s u l t s .  

V e r t i c a l  c o r e  s t r e s s e s  f rom t h e  a r c h i n g  t h e o r y ,  compared t o  e a r t h  
p r e s s u r e  measurements, e x h i b i t  a  w ide range i n  t h e  apparen t  accu racy .  
However, t h e  agreement i s  good where d e s i g n  o r  c o n s t r u c t i o n  d e t a i l s  
do n o t  undu ly  i n f l u e n c e  t h e  dain behav iou r .  

The agreement between t h e  a r c h i n g  t h e o r y  and TEA, p a r t i c u l a r l y  n o n l i n e a r  
FEA, o r  e a r t h  p ressure  measurenlents, i s  good f o r  a w i d e  range o f  
c o r e  i n c l i n a t i o n s ,  t h i c k n e s s e s  and m a t e r i a l  p r o p e r t i e s .  
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1. INTRODUCTION 

The phenoa~enon o f  a r c h i n g  w i t h i n  e a r t h  and  r o c k f i l l  dams, whe reby  
s t r e s s e s  a r e  t r a n s f e r r e d  fro111 a  r e l a t i v e l y  c o m p r e s s i b l e  c o r e  t o  
s t i f f e r  s h e l l s ,  has  l o n g  been  r e c o g n i z e d .  S e v e r a l  t h e o r i e s  h a v e  
been  advanced  t o  p e r i n i t  t i r e  c a l c u l a t i o n  o f  c o r e  s t r e s s e s  ( L o f q u i s t ,  
1951 ;  R e i n i u s ,  1954 ;  Sains ioe,  1955;  T r o l l o p e ,  1957 )  ; a l l  i n v o l v e  
a  number o f  s i n i p l i f y i n g  assu i i i p t i ons  w h i c h  may l i m i t  t h e  a p p l i c a t i o n  
o f  t h e  t h e o r i e s .  The d e v e l o p ~ i i e n t  o f  t h e  f i n i t e  e l e m e n t  me thod  has  
per irr i  t t e d  a  inore r i g o r o i i s  a n a l y s i s  o f  ewbanki i ient s t r e s s e s  t h a n  i s  p o s s i b l e  
w i t h  s i m p l e  t h e o r i e s  w h i c h  y i e l d  f o r m u l a s  i n t e n d e d  f o r  manual  c a l c u l a t i o n .  

S e v e r a l  dams h a v e  been  s u c c e s s f u l l y  i n s t r u m e n t e d  w i t h  e a r t h  p r e s s u r e  
c e l l s  w h i c h  p r o v i d e  a  d i r e c t  measurecnent o f  t o t a l  s t r e s s e s  ( S c h o b e r ,  
1967 ;  Penman and  M i t c h e l l ,  1970 ;  A d i k a r i  and  P a r k i n ,  1 9 8 2 ) .  The 
measurenients  p r o v i d e  a  b a s i s  f o r  a s s e s s i n g  t h e  a c c u r a c y  o f  v a r i o u s  
a r c h i n g  t h e o r i e s .  

T h i s  s t u d y  w i l l  coinpare t h e  t h e o r y  o f  a r c h i n g  as  p r e s e n t e d  b y  T e r z a g h i  
( 1 9 4 3 )  w i t h  t h e  r e s u l t s  o f  s e v e r a l  f i n i t e  e l e m e n t  a n a l y s e s  (FEA)  
o f  and e a r t h  p r e s s u r e  nieasureciients w i t h i n  embankment dams. The FCA 
i n c l u d e  b o t h  p a r a n i e t r i c  s t u d i e s ,  w h e r e  r a n g e s  o f  p a r a m e t e r s  a r e  i n p u t  
t o  d e t e r m i n e  t h e i r  i n f l u e n c e  o n  eiribankriient b c h a v i o u r ,  and  s t u d i e s  
o f  e x i s t i n g  dans u t i l i z i n g  p a r a m e t e r s  d e t e r m i n e d  f r o m  l a b o r a t o r y  
t e s t i n g .  I t  w i l l  be shown t i r a t  i n  many cases  t h e  a r c h i n g  t h e o r y ,  
assur i i ing t h e  a c t i v e  l i i n i t  s t a t e  h a s  been  f u l l y  n i o b i l i z e d  a t  t h e  c o r e  
b o u n d a r i e s ,  p r o v i d e s  a r e a s o n a b l e  e s t i m a t e  o f  t h e  v e r t i c a l  t o t a l  s t r e s s e s  
w i t h i n  t l i e  c o r e .  The l i i r ~ i t a t i o n s  o f  t h e  t h e o r y  w i l l  a l s o  b e  d e m o n s t r a t e d .  

The s t r e s s e s  w i t h i n  t h e  c o r e  a t  t h e  e n d  o f  c o n s t r u c t i o n  w i l l  b e  
a s s e s s e d  i n  t h i s  s t u d y ,  t h a t  i s ,  b e f o r e  n o n s y m e t r i c a l  l o a d i n g  due  t o  
r e s e r v o i r  f i l l i n g  i s  i n ~ p o s e d  o n  t h e  embankment.  



2 .  BEHAVIOUK OF EMBANKMENT DAMS -- 

The da ta  f r o n ~  s e v e r a l  w e l l - i n s t r u a ~ e n t e d  danis demonst ra te  t h a t  movements 
w i t h i n  t h e i r  c e n t r a l  p o r t i o n s  t y p i c a l l y  r e s u l t  i n  a  l a t e r a l  t r a n s v e r s e  
s p r e a d i n q  o f  t l i e  c o r e s .  FFA a l s o  i n d i c a t e  s i m i l a r  t e n s i l e  s t r a i n i n g  
o f  t h e  c o r e  i n  t h e  h o r i z o n t a l  d i r e c t i o n .  

F i g s .  1 and 2  p r e s e n t  moven~ent d a t a  f rom two embankments. F i g .  1 
shows measured d e f o r l i ~ a t i o n s  w i t h i n  L l y n  Rr ianne  dam a t  t h e  end o f  
c o n s t r u c t i o n  ( C a r l y l e , 1 9 7 3 ) .  F ig .  2 p resen ts  c a l c u l a t e d  d e f o r m a t i o n s  
o f  T a l b i n g o  dam ( A d i k a r i  and Park in ,1982) .  For  b o t h  t h e  c e n t r a l  c o r e  
o f  L l y n  Br ianne  and t h e  i n c l i n e d  c o r e  o f  Ta lb ingo ,  t h e  h o r i z o n t a l  
s t r a i n s  w i t h i n  t h e  c o r e  a r e  t e n s i l e .  

Severa l  FEA have demonst ra ted t h a t  a  h i g h  p r o p o r t i o n  o f  t h e  s t r e n g t h  
o f  t h e  c o r e  m a t e r i a l  i s  i n ~ o b i l i z e d  a t  t h e  c o r e  boundar ies .  As an 
example, F i g .  3 i l l u s t r a t e s  t h e  s t r e n g t h  m o b i l i z a t i o n  c a l c u l a t e d  f o r  
O r o v i l l e  dam (Kulhawy and Duncan, 1972 ) .  

The above o b s e r v a t i o n s  and p r e d i c t i o n s  suggest  t h a t  an a r c h i n g  t h e o r y  
wh ich  assumes t h e  a c t i v e  s t r e n g t h  o f  t h e  c o r e  t o  be m o b i l i z e d  a t  i t s  
boundar ies  m i g h t  p r o v i d e  a  reasonab le  e s t i m a t e  o f  s t r e s s e s  w i t h i n  
t h e  c o r e .  I t i s  recogn ized  t h a t  t h e  movements w i t h i n  a  dan~ a r e  more 
complex than  t h e  case o f  r i g i d  s h e l l s  moving away f rom t h e  c o r e ,  t h a t  
i s ,  t h e  f a m i l i a r  a c t i v e  case f o r  a  r e t a i n i n g  s t r u c t u r e .  D e s p i t e  t h i s  
s i m p l i f i c a t i o n ,  i t  w i l l  be shown t h a t  such an approach p r o v i d e s  
reasonab le  e s t i n ~ a t e s  o f  v e r t i c a l  s t r e s s e s  i n  many cases.  



3. THEORY OF A R C H I N G  

Terzaghi (1343)  presented the  theory of arching developed by Janssen 
(1895)  f o r  a  colu~iin of s o i l  s l i d i n g  between two  v e r t i c a l  su r f aces .  
The theory i s  sunlinarized herein for  t he  case where the  a c t i v e  l i m i t  
s t a t e  has been i!iobil ized on the  v e r t i c a l  s u r f a c e s .  

Fig.  4 i l l i r s t r a t e s  tlie geon~etry and s t r e s s e s .  Assulriing t h a t  a; i s  
cons tan t  across  t he  width 2 B ,  t h e  summation of v e r t i c a l  forces  gives 

o r ,  sinlpl i  fying 

For a  s o i l  possessing f r i c t i o n  and cohesion and where and CTh 
a r e  major and niinor pr inc ipa l  s t r e s s e s  a t  t he  a c t i v e  l i m i t  s t a t e ,  
r e spec t ive ly  

where 

S u b s t i t u t i n g  Equdtion 3 i n t o  Equation 1 and so lv ing  for  t h e  case  
where o; =q when 2-0 qives 

Note t h a t  in  t h i s  developliient t h e r e  a r e  no pore p re s su res ,  t h a t  i s ,  
t he  s t r e s s e s  a r e  t r e a t e d  as t o t a l  s t r e s s e s  in  Equation 1 and a s  
e f f e c t i v e  s t r e s s e s  in  Equation 3. 

The arching theory as presented here in  assumes f u l l  niobi l izat ion of  
s o i l  f r i c t i o n  on t h e  v e r t i c a l  su r f aces  of s l i d i n g ,  a s  shown on Fig. 
4 .  For da~ils with r e l a t i v e l y  coi i~pressihle  cores  t h i s  would be a  reasonable 
assumption r ega rd l e s s  of t he  general s t r e s s  s t a t e  wi th in  the  c o r e s ;  
t h e  r e l a t i v e  co re - she l l  move~l~ents would mobilize f r i c t i o n  which i s  t o  
some ex ten t  independent of t he  pr inc ipa l  s t r e s s  r a t i o  within the  core .  



F i g .  5 shows t h e  v e r t i c a l  c o r e  s t r e s s e s  c a l c u l a t e d  f r o m  t h e  a r c h i n g  
t h e o r y  f o r  a t - r e s t  and a c t i v e  c o n d i t i o n s .  F r i c t i o n  a t  t $ e  c o r e  
b o u n d a r i e s  i s  assumed f r i l l y  m o b i l i z e d  f o r  b o t h  cases.  Two s o i l  s t r e n g t h  
pa ramete rs  a r e  shown wh ich  c o v e r  t h e  r a n g e  com~nonly encoun te red  i n  
p r a c t i c e .  For co res  o f  l ow  s t r e n g t h  t h e r e  i s  l i t t l e  d i f f e r e n c e  between 
t h e  a c t i v e  and a t - r e s t  cases,  The d i f f e r e n c e  i s  s i g n i f i c a n t  f o r  h i g h  
s t r e n g t h  c o r e s ,  e s p e c i a l l y  when t h e y  a r e  na r row .  

F i g .  5 p r e s e n t s  a  s i m p l i f i e d  case where t h e  c o r e  w i d t h  a t  t h e  c r e s t  i s  
z e r o .  I n  t h i s  case t h e  c o r e  s t r e s s  r a t i o  i s  dependent  o n l y  on t h e  
c o r e  s l o p e  (when c o h e s i o n  = z e r o ) .  I n  a c t u a l  dams t h e  s t r e s s  r a t i o  
wou ld  v a r y  w i t h  dep th ;  t h e  v a r i a t i o n  i s  t y p i c a l l y  s i g n i f i c a n t  o n l y  
n e a r  t h e  c r e s t .  



4. ARCHING THEORY APPLIED T O  CORES OF DAMS 

The Janssen and s i m i l a r  a r c h i n g  t h e o r i e s  have been a p p l i e d  t o  t h e  
prob lem o f  p r e d i c t i n g  s t r e s s e s  i n  t h e  cores o f  daiiis by  s e v e r a l  a u t h o r s .  
T h e i r  work i s  rev iewed  below i n  t h e  l i y h t  o f  r e s u l t s  f rom nunlerous 
i n s t r u m e n t a t i o n  o b s e r v a t i o n s  and F t A  r e s u l t s .  

Severa l  methods i n  a d d i t i o n  t o  those  based on t h e  Janssen t h e o r y  have 
been developed t o  e s t i m a t e  c o r e  s t r e s s e s ,  f o r  example R e i n i u s  (1954) ,  
Samsioe (1955)  and T r o l l o p e  (1957) .  However, t h e  a r c h i n g  t h e o r y  
p resen ted  by  Terzagh i  (1943) i s  t h e  ti lost w e l l  known, i s  r e l a t i v e l y  
s i m p l e  i n  developnient  and, as w i l l  b e  shown below, i t  p r o v i d e s  a  
reasonab le  r e s u l t  i n  many cases. 

L o f q u i s t  (1951)  used t h e  a r c h i n g  t h e o r y  t o  ana lyze  two danis, t h e i r  
i m p e r v i o u s  elements c o m p r i s i n g  t h i n  c l a y  cores b e h i n d  c o n c r e t e  w a l l s .  
L o f q u i s t  assumed t h a t  t h e  a c t i v e  p r e s s u r e  o f  t h e  c o r e  was a p p l i c a b l e  
down t o  some dep th ,  be low which t h e  a c t i v e  p ressure  o f  t h e  s h e l l s  
was g r e a t e r  t h a n  t h a t  o f  t h e  co re .  He recogn ized  t h a t  t h e  c o r e  
s t r e n g t h  would n o t ,  i n  f a c t ,  be f u l l y  o r  u n i f o r i i l l y  m o b i l i z e d  o v e r  
t h e  e n t i r e  h e i g h t  o f  t h e  dam. He a l s o  no ted  t h a t  f o r  t h e  cases s t u d i e d ,  
t h e  a c t i v e  p ressure  f rom t h e  s h e l l s  assuming f u l l  ove rburden  p r e s s u r e  
was s i m i l a r  t o  t h a t  o f  t h e  c o r e  assuming s t r e s s  t r a n s f e r .  

The r e s u l t s  f rom i n s t r u m e n t e d  dams and FEA suggest  t h a t ,  i n  g e n e r a l ,  
i t  i s  u n l i k e l y  t h a t  t h e  s h e l l s  would  reach  an a c t i v e  s t a t e  a t  depth .  
T h i s  would  r e q u i r e  t h a t  t h e  s h e l l s  undergo t e n s i l e  s t r a i n ,  whereas 
t h e y  a r e  t y p i c a l l y  compressed i n  t h e  c e n t r a l  p a r t  o f  an embankment. 

N o n v e i l l e r  and Anagnost i  (1961)  deve loped t h e  a r c h i n g  t h e o r y  f o r  t h e  
case o f  a  s y m e t r i c a l  c o r e  w i t h  s l o p i n g  boundar ies .  They assumed 
t h a t  t h e  l i m i t  s t a t e  was f u l l y  m o b i l i z e d  over  t h e  e n t i r e  w i d t h  o f  t h e  
c o r e  and t h e y  f u r t h e r  assumed a p a r a b o l i c  (li s t r i b u t i o n  o f  s t r e s s  
ac ross  t h e  core .  T h e i r  111ethod would  b e  d i f f i c u l t  t o  ex tend  t o  t h e  case 
o f  n o n s y m e t r i c a l  co res .  The f u l l  n i o b i l i z a t i o n  o f  s t r e n f t h  ac ross  t h e  
c o r e  need n o t  be assumed; FEA t y p i c a l l y  detnonst ra te  a  v a r i a t i o n  
i n  s t r e n g t h  inob i l  i z a t i o n  ac ross  t h e  c o r e  as sliown, f o r  example, i n  
F i g .  3 .  

B l i g h t  (1973) i n t r o d u c e d  t h e  concept  o f  e f f e c t i v e  s t r e s s  t o  t h e  a r c h i n g  
t h e o r y ;  t h a t  i s ,  he i n t r o d u c e d  t h e  po re  p ressure  parameter a t o  accoun t  
f o r  t h e  po re  p ressures  which do n o t  c o n t r i b u t e  t o  a r c h i n g .  B l i g h t  
a l s o  i n c o r p o r a t e d  t h e  m o b i l i z e d  s t r e n g t h s  c / F  and tan@/F.  The r e s u l t  
was t h a t  sonie t r i a l  and e r r o r  was r e q u i r e d  t o  de te rm ine  B, F and t h e  
l a t e r a l  s t r e s s  parameter K .  The f a c t o r  o f  s a f e t y  was assumed t o  be 



c o n s t a n t  ove r  t h e  f u l l  h e i g h t  o f  t h e  dam. 

U n f o r t u n a t e l y ,  B l i g h t  i g n o r e d  t h e  f a c t  t h a t  a t  c o r e  b o u n d a r i e s ,  
d r a i n a g e  t y p i c a l l y  occu rs  r a p i d l y  i n t o  t h e  a d j a c e n t  much more permeable 
s h e l l  o r  f i l t e r  zones. Thus, i s  a p p r o x i m a t e l y  ze ro  a t  t h e  c o r e  
boundar ies  and t h e  e f f e c t i v e  s t r e s s  equa ls  t h e  t o t a l  s t r e s s .  B l i g h t ' s  
method would be a p p l i c a b l e  o n l y  where d r a i n a g e  f rom t h e  c o r e  i s  
impeded; i n  such a  case t h e  a p p r o p r i a t e  va lue  o f  would  be t h a t  
measured a t  t h e  c o r e  houndar ies .  



5. COMPARISON OF ARCHING THEORY W I T H  FINITE ELEMENT ANALYSES 

5 . 1  General 

I n  t h e  f o l l o w i n g ,  t h e  a r c h i n g  t h e o r y  w i l l  be compared w i t h  s e v e r a l  
p u b l i s h e d  case h i s t o r i e s  o f  FEA. The t h e o r y  w i l l  be a p p l i e d  assuming 
an a c t i v e  s t r e s s  s t a t e  a t  t h e  c o r e  boundar ies .  I t  w i l l  be assumed t h a t  
t h e  p r i n c i p a l  s t r e s s e s  a r e  v e r t i c a l  and h o r i z o n t a l  and t h e  i n c l i n a t i o n s  
o f  t h e  c o r e  boundar ies  w i l l  be i g n o r e d .  

The geomet r i c  terms a r e  d e f i n e d  on F i g .  6. The s u b s c r i p t s  c  and s  
w i l l  i d e n t i f y  p r o p e r t i e s  o f  t h e  c o r e  and s h e l l ,  r e s p e c t i v e l y .  

The a r c h i n g  t h e o r y  w i l l  be compared w i t h  t h e  r e s u l t s  o f  FEA u s i n g  b o t h  
1  i near  and n o n l i n e a r  s o i  1  modul i . 

5.2 L i n e a r  E l a s t i c  FEA 

A l t h o u g h  t h e  assumpt ion o f  l i n e a r  e l a s t i c  s o i l  behav iou r  i n  t h e  a n a l y s i s  
o f  embankments can l e a d  t o  e r r o r s  i n  t h e  magni tude o f  s t r e s s e s  
( E i s e n s t e i n ,  1974),  a compar ison w i t h  t h e  a r c h i n g  t h e o r y  i s  p resen ted  
i n  o r d e r  t o  assess t h e  i n f l u e n c e  o f  r e l a t i v e  c o r e - s h e l l  s t i f f n e s s .  
S t u d i e s  such as those  by  Maksimovic (1973)  and E i s e n s t e i n  and Law 
(1975)  demonst ra te  t h a t  t h e  r e l a t i v e  s t i f f n e s s  has an i n l p o r t a n t  
i n f l u e n c e  on t h e  degree o f  s t r e s s  t r a n s f e r .  

Data f rom t h e  case h i s t o r i e s  a r e  s u m ~ i ~ a r i z e d  i n  Tab le  1. F i g s .  7  t o  14 
p r e s e n t  t h e  i n f o r m a t i o n  f o r  each case.  E l a s t i c  t h e o r y  and t h e  Jaky 
e q u a t i o n  were used t o  c a l c u l a t e  gi f rom P o i s s o n ' s  r a t i o  t' , f o r  use 
i n  t h e  a r c h i n g  e q u a t i o n .  

F i g s .  7 and 8  summarize t h e  da ta  f rom Yaksimovic (1973)  and E i s e n s t e i n  
and Law (1975) ,  r e s p e c t i v e l y .  The i n f l u e n c e  o f  r e l a t i v e  c o r e - s h e l l  
s t i f f n e s s  i s  apparen t .  F i g .  7b i l l u s t r a t e s  t h e  i n f l u e n c e  o f  P o i s s o n ' s  
r a t i o  on t h e  degree o f  s t r e s s  t r a n s f e r .  

F i g  14 p resen ts  d a t a  f rom a  p a r a m e t r i c  s t u d y  by Cavounid is  and V a z i r i  
(1982)  on t h e  i n f l u e n c e  o f  p o s t - y i e l d  behav iou r  on s t r e s s  t r a n s f e r .  
It i s  obv ious t h a t  a  s i m p l e  a r c h i n g  t h e o r y  can n o t  model t h e  complex 
b e h a v i o u r  d i s p l a y e d  on F i g .  14. I t  i s  w o r t h  n o t i n g ,  however, t h a t  a t  
d e p t h  t h e  behav iou r  o f  t h e  two dams w i t h  w i d e r  cores i s  s i m i l a r ,  as 
i s  t h e  case o f  t h e  na r rowes t  c o r e  when y i e l d  i s  n o t  mode l led .  



The i n f o r i i i a t i o n  f r o m  t h e  l i n e a r  e l a s t i c  a n a l y s e s  i s  summar i zed  o n  
F i g .  15 .  The a c c u r a c y  o f  t h e  a r c h i n g  t h e o r y  a t  a  d e p t h  z=0.8H i s  
p l o t t e d  a g a i n s t  t h e  r a t i o  o f  t h e  s o i l  m o d u l i  Cc/Es. The d e p t h  i s  
a r b i t r a r y ;  e x c e p t  f o r  t h e  d a t a  f r o m  C a v o u n i d i s  and  V a z i r i  (1902) 
t h e  a c c u r a c y  o f  t h e  a r c h i n g  t h e o r y  changes  l i t t l e  o v e r  t h e  l o w e r  
p o r t i o n s  o f  i h e  ei i ibankinents.  

B e s i d e  each  d a t a  p o i n t  o r  c u r v e  o n  F i g .  1 5  a r e  shown t h e  c o r e  s t r e n g t h  
a n d  r a t i o  o f  c o r e  b a s e  w i d t h  t o  l i e i g h t .  The c u r v e s  based  o n  d a t a  
f r o m  M a k s i m o v i c  ( 1 9 7 3 )  and E i s e n s t e i n  and  Law ( 1 9 7 5 )  s u g g e s t  a  r e l a t i o n  
b e t w e e n  r e l a t i v e  c o r e  w i d t h  and a c c u r a c y  o f  t h e  a r c h i n g  t h e o r y ;  
t h i s  may o r  niay n o t  b e  c o i n c i d e n c e .  

I n  o r d e r  t o  e s t a b l i s h  a  l o w e r  l i m i t  f o r  t h e  a c c u r a c y  o f  t h e  a r c h i n g  
t h e o r y ,  t h e  r e s u l t s  f r o m  s t u d i e s  o f  homogeneous embankments c a n  b e  
u t i l i z e d .  F i g s .  1 6  t o  1 8  p r e s e n t  a n a l y s e s  o f  s t r e s s e s  w i t h i n  homogeneous 
dams b y  C l o u g h  and woodward ( 1 9 6 7 ) ,  P o u l o s  e t  a1 ( 1 9 7 2 )  and  L e e  and 
I d r i s s  ( 1 9 7 5 ) .  The danis r e p r e s e n t  t h r e e  v a l u e s  o f  v . By assun l i ng  a  
' c o r e '  o f  v a r i o u s  w i d t h s  t h e  s t r e s s e s  w i t h i n  t h e  c o r e  c a n  b e  c a l c u l a t e d  
b y  t h e  a r c h i n g  t h e o r y  and compared w i t h  t h e  r e s u l t s  o f  t h e  FEA. These 
v a l u e s  a r e  p l o t t e d  o n  F i g .  15 f o r  E c / E s = l .  S i ~ r ~ i l a r l y ,  i n c l i n e d  ' c o r e s '  
c a n  b e  assu~ned  t o  e x t e n d  t h e  d a t a  fro111 M a k s i m o v i c  ( 1 9 7 3 )  t o  t h e  c a s e  
i n  w h i c h  i c / E s = l .  

F i g .  1 5  i n d i c a t e s  t h e  a r c h i n g  t h e o r y  t o  b e  a  p o o r  me thod  f o r  e s t i m a t i n g  
c o r e  s t r e s s e s  as d e t e r m i n e d  f r o m  1  i n e a r  e l a s t i c  FEA. i-lowever, i t  i s  
c o n s i d e r e d  s i g n i f i c a n t  t h a t  whe re  l i n e a r  e l a s t i c  s o i l  m o d u l i  w e r e  
s e l e c t e d  t o  inodel t h e  b e h a v i o u r  o f  r e a l  dams, t h e  c a l c u l a t e d  c o r e  
s t r e s s e s  a g r e e  c l o s e l y  w i t h  t h o s e  c a l c u l a t e d  f rom t h e  a r c h i n g  t h e o r y  
( d a t a  p o i n t s  6 and  7 i n  F i g .  1 5 ) .  

The r a t i o  a; fro111 a r c h i n g  t h e o t - y / G  f r o m  FCA i s  h i g h e s t  f o r  t h e  c a s e  
o f  M a d i n  dam ( F l o r e s  and A u v i n c t ,  1 9 7 7 ) .  A  v e r y  c o a r s e  mesh was u s e d  
f o r  t h e  a n a l y s i s  o f  t h i s  dam, t h e  c o r e  w i d t h  b e i n g  r e p r e s e n t e d  b y  a  
s i n g l e  e l e m e n t .  T h i s  i s  c o n s i d e r e o  t o  b e  a n  i n a p p r o p r i a t e    nod el t o  
s t u d y  s t r e s s  t r a n s f e r ,  as t h e  e n t i r e  c o r e  ' hangs  u p '  o n  t h e  s t i f f e r  
s h e l l s .  R e l a t i v e  c o r e - s h e l l  s l i p  was n o t  p e r n i i t t e d  b y  t h e  mode l .  

The g r e a t e s t  r a n g e  o f  r e s u l t s  o n  F i g .  1 5  i s  f o r  t h e  c a s e  i n  w h i c h  
Cc=Es, w h i c h  i s  t y p i c a l l y  n o t  t h e  c o n d i t i o n  i n  a c t u a l  dams. F o r  t h i s  
c a s e  t h e  f r i c t i o n  m o b i l i z e d  a t  t h e  c o r e  b o u n d a r i e s  w o u l d  b e  l o w ,  because  
o f  t h e  c o m p a t i b i l i t y  o f  movements b e t w e e n  c o r e  and  s h e l l s .  From 
E q u a t i o n  5 ,  l o w e r  111obi1 i r e d  f r i c t i o n  w o u l d  r e s u l t  i n  h i g h e r  v e r t i c a l  
c o r e  s t r e s s e s  c a l c u l a t e d  f r o ~ n  t h e  a r c h i n g  t t i e o r y .  

F i g .  15 i n d i c a t e s  t h a t  as Bc d e c r e a s e s .  t h e  r a t i o  f r o m  a r c h i n g 1  
6 f r o m  FEA becolnes more  n e a r l y  c o n s t a n t .  T h i s  b e h a v i o u r  i s  r e a s o n a b l e ;  
i n  t h e  l i m i t  a  f l u i d  c o r e  (RC=O) w o u l d  t r a n s f e r  t h e  salne s t r e s s  t o  



t h e  s h e l l s  r e g a r d l e s s  o f  t h e  s h e l l  s t i f f n e s s .  

C o r e  s t r e s s e s  d e t e r i i i i n e d  f r o i n  s e v e r a l  TEA i r r o d e l l i n g  n o n l i n e a r  s t r e s s -  
s t r a i n  b e h a v i o u r ,  t o g e t h e r  w i t h  s t r e s s e s  c a l c u l a t e d  f r o m  t h e  a r c h i n g  
t h e o r y ,  a r e  shown o n  F i g s .  9 ,  10  and  1 9  t o  20.  T a b l e  2  sunimar izes 
t h e  d e t a i l s  o f  t h e  c a s e  h i s t o r i e s ,  

A p a r a m e t r i c  s t u d y  b y  Ku lhawy and G u r t o w s k i  ( 1 9 7 6 )  i s  p a r t i c u l a r l y  
u s e f u l  i n  a s s e s s i n g  t h e  i n f l u e n c e  o f  c o r e  w i d t h  and  i n c l i n a t i o n  o n  
d e g r e e  o f  s t r e s s  t r a n s f e r .  Da ta  fro111 t h e  s t u d y  a r e  p r e s e n t e d  o n  F i g .  
23.  N o t e  t h a t  f o r  i n c l i n e d  c o r e s  t h e  d e g r e e  o f  s t r e s s  t r a n s f e r  i s  
p r a c t i c a l l y  t h e  same as  f o r  c e n t r a l  c o r e s  w i t h  t h e  same w i d t h  t o  
h e i g h t  r a t i o  (conrpare Cases 11 and  1 2  w i t h  Case 5; Case 1 3  w i t h  
Case 7 ) .  Thus,  t h e  a r c h i n g  t h e o r y  w o u l d  p r o v i d e  t l i e  same a c c u r a c y  
r e g a r d l e s s  o f  t h e  c o r e  i n c l i n a t i o n .  

As shown o n  F i g s .  9 ,  10  a n d  1 9  t o  28,  t h e  a r c h i n g  t h e o r y  p r o v i d e s  a  
r e a s o n a b l e  e s t i n i a t e  o f  t h e  v e r t i c a l  s t r e s s e s  i n  t h e  c o r e  f o r  many o f  
t h e  enibanknients. T h e r e  i s  p o o r  ag reemen t  n e a r  t h e  c r e s t s  o f  many o f  
t h e  dams. T h i s  i s  t o  b e  e x p e c t e d  s i n c e  t h e  a r c h i n g  t h e o r y  assumes 
f u l l  m o b i l i z a t i o n  o f  t h e  a c t i v e  s t a t e ,  w h i c h  i s  l e s s  l i k e l y  t o  o c c u r  
n e a r  t h e  c r e s t  where  s t r a i n s  a r e  s m a l l e r  t h a n  a t  d e p t h .  

F i g .  29 su i i imar izes t l i e  a c c u r a c y  o f  t h e  a r c h i n g  t h e o r y  as  a  f u n c t i o n  
o f  t h e  r a t i o  o f  h y p e r b o l i c  pa ran ie te r s  K (Duncan  and  Chang, 1970 )  
f o r  c o r e  and s h e l l .  The  i i i a j o r i t y  o f  t h e  d a t a  o n  F i g .  29  i n d i c a t e  t h a t  
t h e  a r c h i n g  t h e o r y  p r o v i d e s  e s t i i i l a t e s  o f  v e r t i c a l  s t r e s s e s  i n  t h e  c o r e  
w h i c h  a r e  w i t h i n  15 p e r  c e n t  o f  t ! i ose  d e t e r m i n e d  b y  n o n l i n e a r  FEA. 
T h i s  i s  a  s i g n i f i c a n t  r e s u l t ,  c o n s i d e r i n g  t h e  r a n g e  o f  s o i l  s t r e n g t h s ,  
c o r e  g e o m e t r i e s  a n d  h y p e r b o l i c  p a r a m e t e r s  a n a l y z e d  i n  t h e  c a s e  
h i s t o r i e s .  N o t e  a l s o  t h a t  t h e  c o n i p u t a t i o n a l  d e t a i l s  o f  t h e  v a r i o u s  
FCA have  been  n e g l e c t e d .  

No c l e a r  r e l a t i o n s h i p  c a n  b e  d i s t i n g u i s h e d  o n  F i g .  29  be tween  a c c u r a c y  
o f  t h e  a r c h i n g  t h e o r y  and  r e l a t i v e  c o r e - s h e l l  s t i f f n e s s  a s  measured  
b y  t h e  r a t i o  o f  h y p e r b o l i c  p a r a i n e t e r s  Kc/Ks.  O t h e r  h y p e r b o l i c  p a r a m e t e r s  
we re  examined  b u t  showed a s i m i l a r  l a c k  o f  r e l a t i o n s h i p .  T h i s  i s  n o t  
s u r p r i s i n g ,  c o n s i d e r i n g  t h e  r a n g e  o f  p a r a m e t e r s ,  w h i c h  a r e  summar ized  
i n  T a b l e  2 .  

I t a p p e a r s  f ron i  F i g .  29 t t i a t  as  t h e  r a t i o  o; f r o i n  a r c h i n g  t h e o r y /  
cr, f ronr f E A  i n c r e d s e s ,  Oc dec reases  and  t h e  r a t i o  c o r e  b a s e  w i d t h /  
h e i g h t  i n c r e a s e s .  t i oweve r ,  n o  d e f i n i t e  r e l a t i o n s h i p s  c a n  b e  e s t a b l i s h e d .  



The cases f o r  wh ich  t h e  a r c h i n g  t h e o r y  i s  l e a s t  a c c u r a t e  a r e  w o r t h  
e x a i i ~ i n i n g  i n  more d e t a i l .  The l o w e s t  v a l u e  o f  a; f r o m  a r c h i n g  t h e o r y /  
cr, f r om FEA i s  f o r  Case 10 o f  Kulhawy and Gur towsk i  (1976 ) ,  shown 
i n  Tab le  2 .  T h i s  case  has a  h i g h  r a t i o  Kc!ICs and t h e  i n i t i a l  Po i sson  
pa ramete r  G i s  g r e a t e r  i n  t h e  s h e l l s  t h a n  i n  t h e  c o r e .  These c o n d i t i o n s  
wou ld  t e n d  t o  i n h i t i  t t h e  iiioveiiients necessa ry  f o r  f u l  1  ~ i i o b i  1  i z a t i o n  
o f  f r i c t i o n  on t h e  c o r e  boundar ies  and f o r  f u l l  m o b i l i z a t i o n  o f  t h e  
a c t i v e  s t r e n g t h .  

The ~ i~ax imun l  r a t i o  o f  o; f roin a r c h i n g  t h e o r y / a j  f r o m  FEA i s  f o r  a  
s t u d y  o f  M ica  dam b y  Skerii ier (1975;) shown as d a t a  p o i n t  6  on F i g .  
29. The ~ n o d u l i  i n  t h i s  s t u d y  were found on a  t r i a l  and e r r o r  b a s i s ,  
a d j u s t i n g  v a l u e s  u n t i l  good agreement between c a l c u l a t e d  and measured 
s e t t l e m e n t s  was a c h i e v e d .  The e l a s t i c  m o d u l i  used f o r  s h e l l  zones 
were  assumed t o  he c o n s t a n t ;  t h i s  i s  u n l i k e l y  t o  be t h e  case  f o r  t h e  
a c t u a l  b e h a v i o u r .  Note  t h a t  t h e  a r c h i n g  t h e o r y  gave good agreement 
w i t h  t h e  r e s u l t s  o f  E i s e n s t e i n  and Law (1975) ,  who used h y p e r b o l i c  
p a r a n ~ e t e r s  based on  l a b o r a t o r y  t e s t i n g  o f  t h e  s o i l s  used i n  Mica  
da111. 

The c o r e  s t r e s s e s  de te rm ined  i n  E l  I n f i e r n i l l o  dam b y  Skermer (19731,  
d a t a  p o i n t  3 on F i g .  29,  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  c a l c u l a t e d  
f r o m  t h e  a r c h i n g  t h e o r y .  The dain has a  r e l a t i v e l y  t h i n  c o r e ,  t h e  w i d t h  
o f  w h i c h  Skermer m o d e l l e d  w i t h  two e lemen ts .  I n  a d d i t i o n ,  v e r y  h i g h  
m o d u l i  were used f o r  t h e  t r a n s i t i o n  zones a d j a c e n t  t o  t h e  c o r e  and 
no s l i p  was p e r m i t t e d  a t  t h e  c o r e  b o u n d a r i e s .  T h i s  c o i n b i n a t i o n  o f  
c o a r s e  mesh and ex t reme modulus c o n t r a s t  appears t o  have i n f l u e n c e d  
t h e  r e s u l t s  o f  t h e  TEA. 

A h i g h  r a t i o  o f  f r o in  a r c h i n g  t h e o r y / &  f r o m  FEA i s  shown a t  d a t a  
p o i n t  7  on F i g .  29,  f r o m  Lee and I d r i s s  (1976 ) .  T h i s  case has one o f  
t h e  l a r g e s t  c o n t r a s t s  i n  t h e  Po isson  parameter  D o f  d a t a  i n  T a b l e  2 .  
Thus, under  i n c r e a s i n g  s t r e s s  P o i s s o n ' s  r a t i o  f o r  t h e  s h e l l  wou ld  
i n c r e a s e  w h i l e  t h a t  f o r  t h e  c o r e  wou ld  r e m a i n  n e a r l y  c o n s t a n t .  
T h i s  wou ld  c o n f i n e  t h e  c o r e  a t  h i g h  s t r e s s  l e v e l s  and p e r m i t  more 
s t r e s s  t r a n s f e r  t o  t h e  s h e l l s  t h a n  t h e  a r c h i n g  t h e o r y  wou ld  i n d i c a t e .  

V e r t i c a l  s t r e s s e s  i n  t h e  c o r e  o f  Te ton  dam ( U . S .  Depar tment  o f  t h e  
I n t e r i o r ,  1976)  a r e  rhown on F i g .  24. Te ton  dam f e a t u r e d  a  na r row  
c o r e  t r e n c h  benea th  a  w ide  c o r e .  I t i s  obv ious  t h a t  a  s i m p l e  a r c h i n g  
t h e o r y  can n o t  a c c o u n t  f o r  t h e  i n f l u e n c e  o f  t h e  t r e n c h  on t h e  s t r e s s e s  
i n  t h e  o v e r l y i n g  c o r e .  An e m p i r i c a l  method has t h e r e f o r e  been used 
t o  m o d i f y  t h e  w i d t h  o v e r  w h i c h  a r c h i n g  i s  assumed t o  o c c u r .  As shown 
on  F i g .  24,  t h e  w i d t h  i s  t a k e n  between l i n e s  r i s i n g  a  1 h o r i z o n t a l :  
2 v e r t i c a l  f r o m  t h e  t o p  o f  t h e  c o r e .  T h i s  r e s u l t s  i n  good agreement 
between t h e  a r c h i n g  t h e o r y  and t h e  TEA. 

The s t r e s s e s  i n  t h e  c o r e  t r e n c h  o f  T e t o n  dam were d e t e r m i n e d  b y  a p p l y i n g  



t h e  l o a d  c a l c u l a t e d  a t  t h e  t o p  o f  t h e  t r e n c l i  a s  a  s u r c h a r g e  q, a s  
i n  E q u a t i o n  5 .  

The surnnlary o f  n o n l i n e a r  s t r e s s - s t r a i n  p a r a m e t e r s  i n  T a b l e  2 shows 
t h a t  t h e  P o i s s o n  p a r a m e t e r s  c a n  h a v e  as  i m p o r t a n t  a n  i n f l u e n c e  o n  
t h e  d e y r e e  o f  s t r e s s  t r a n s f e r  as  t h e  modu lus  p a r a m e t e r s .  F o r  examp le  
C o l e  and Cummins (1941) t r t i l i z e  s i m i l a r  ~ n o d u l u s  p a r a m e t e r s  f o r  t h e  
c o r e  and s h e l l s ,  b u t  t h e  P o i s s o n  p a r a m e t e r s  f o r  t h e  c o r e  a r e  so  much 
g r e a t e r  t h a n  t h o s e  f o r  t h e  t h e  s h e l l s  t h a t  a  s i g n i f i c a n t  s t r e s s  t r a n s f e r  
o c c u r s .  



6 .  COMPARISON OF A R C H I N G  THEORY T H E O R Y  WITH E A R T H  PRESSURE MEASUREMENTS 

Several dairis have heen instrui~iented with e a r t h  pressure c e l l s  i n  order  
t o  provide a  d i r e c t  ineasurenient of t o t a l  s t r e s s e s .  Although d i f f i c u l t i e s  
can a r i s e  in  tlie i n s t a l l a t i o n  of the c e l l s  (Skermer, 1975; DiBiagio 
e t  a l ,  1982) ,  in  inany cases they provide r e l i a b l e  d a t a .  

Earth pressure c e l l  ilieasurenients a r e  shown on Figs.  11 t o  1 3 ,  27 and 
30 t o  36, toge ther  with t h e  ve r t i ca l  s t r e s s e s  ca l cu la t ed  from t h e  arching 
theory .  For several  cases t h e r e  i s  reasonable agreement between 
theory  and measuremerlts. Comiiients a re  given below f o r  t h e  cases 
where s i g n i f i c a n t  d i f f e rences  occur .  

In Balderhead dam, Fig. 3 0 ,  the  lower pa r t  of t h e  s h e l l s  was compacted 
t o  a  lower dens i ty  than t h e  upper p a r t  (Kennard e t  a l ,  1967; Vaughan 
e t  a l ,  1971).  This i i~ight be the  reason why the arching theory under- 
es t imates  t h e  nleasurcd v e r t i c a l  s t r e s s ;  the  lower s h e l l  modulus 
i n  t h e  lower pa r t  of  t h e  dailr inlay have r e su l t ed  in snrall r e l a t i v e  nrovei~ients 
between the  core and s h e l l s  a n d ,  consequently,  l i t t l e  s t r e s s  t r a n s f e r  
from t h e  core .  

Ihe  ea r th  pressiit-e iiieasure~i~ent near tlie base of Scamlilonden d a m ,  Fig. 
33 ,  i s  approxiii~ately 20 per cent higher  than t h a t  ca l cu la t ed  fronr t h e  
arching theory.  Tlie inc l ined  core of t h e  dam i s  zoned, with t h e  upstream 
t h i r d  placed a t  a  hi(jher water content  (Penman and Mi tche l l ,  1970).  
I t  i s  possible  t h a t  the  wet te r  zone i s  arching t o  some degree within 
t h e  c o r e ,  r e s u l t i n g  in a higher  s t r e s s  in  t h e  cen te r  where t h e  c e l l  
i s  located than would otherwise occur.  

Earth pressure measurenrents in  High Aswan dam, Fig. 34, a r e  ~nuch higher 
t h a n  those ca l cu la t ed  from the  arching theory .  This dam was cons t ruc ted  
i n  a  unique nianner (Kinawy and Shenouda, 1973; Kinawy e t  a l ,  1973) .  
The lower pa r t  of t h e  dani comprises a  cen t r a l  zone of san:! bounded 
upstreani and downstrea~rl by r o c k f i l l  which was s lu i ced  with sand. 
The c lay  core was constructed on top of t h e  sand which was grouted during 
core  placeiiient; grout ing caused u p l i f t  of t h e  co re .  T h u s ,  the  core 
was loaded by t h e  r e l a t i v e  settlelrrent of t h e  s h e l l s ,  a  movenient which 
i s  oppos i te  t o  t h a t  assumed in t h e  arching theory .  

A t  Takase dam, F i g  36, t h e  core i s  approxinlately t h e  same s t r eng th  
as  the  s h e l l s  (Takai e t  a l ,  1977).  In a d d i t i o n ,  t h e r e  was l i t t l e  
r e l a t i v e  settleirlent between the  core and s h e l l s  during cons t ruc t ion .  
The ne t  r e s i i l t  appears t o  be t h a t  a  high degree of shear  s t r eng th  
has not been olobilized a t  t h e  core boundaries.  

The conlparisons between arching theory and ea r th  pressure measurements 



d i s p l a y  a  l a r g e  range  i n  t h e  a p p a r e n t  accu racy  o f  t h e  t h e o r y .  However, 
i n  t h e  t n a j o r i t y  o f  cdses where a s i g n i f i c a n t  d i f f e r e n c e  between t h e o r y  
and nledsurenient e x i s t s ,  t h e  d i f f e r e n c e  can b e  e x p l a i n e d  by  r e f e r e n c e  
t o  t h e  d e s i g n  d e t a i l s  and c o n s t r u c t i o n  methods.  N e g l e c t i n g  t h e s e  
cases ,  t h e  t h e o r y  g i v e s  c a l c u l a t e d  s t r e s s e s  w i t h i n  a b o u t  20 p e r  c e n t  
o f  t h e  tiieasureocents. 

It s h o u l d  be n o t e d  t h a t  e a r t h  p r e s s u r e  measurements a r e  i n f l u e n c e d  
b y  t h r e e - d i m e n s i o n a l  e f f e c t s ,  d e s i g n  and i n s t a l l a t i o n  d e t a i l s ,  l o c a l  
v a r i a t i o n  o f  m a t e r i a l  p r o p e r t i e s  and o t h e r  c o n d i t i o n s  wh ich  t h e  
i d e a l i z e d  b e h a v i o u r  ~ r l o d e l l e d  by  FTA does n o t  t a k e  i n t o  a c c o u n t .  
I n  v i e x  o f  t h i s  t h e  genera l  agreement o f  a r c h i n g  t h e o r y  and measurements, 
n e g l e c t i n g  t h e  cases d e s c r i b e d  above, i s  encou rag ing .  



7 .  SUMMARY 

An a n a l y s i s  o f  s e v e r a l  case h i s t o r i e s  demons t ra tes  t h a t  i n  many 
i n s t a n c e s  t h e  a r c h i n g  t h e o r y  p r e s e n t e d  b y  Te rzagh i  ( 1 9 4 3 )  p r o v i d e s  
a r e a s o n a b l e  e s t i m a t e  o f  v e r t i c a l  s t r e s s e s  i n  t h e  c o r e s  o f  embankment 
dai~ is .  The t h e o r y  has been a p p l i e d  u s i n g  t h e  f o l l o w i n g  assumpt ions :  

a.  t h e  c o r e  b o u n d a r i e s  a r e  v e r t i c a l  ; 

b. t h e  v e r t i c a l  s t r e s s  i s  u n i f o r m  a c r o s s  t h e  f u l l  w i d t h  o f  
t h e  c o r e ;  

c .  t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s  a r e  v e r t i c a l  and h o r i z o n t a l ;  

d. s u f f i c i e n t  l a t e r a l  s t r a i n  o c c u r s  w i t h i n  t h e  c o r e  t o  f u l l y  
n iob i l  i r e  t h e  a c t i v e  l i m i t  s t a t e ;  

e .  s u f f i c i e n t  s h e a r  occu rs  a t  t h e  c o r e  b o u n d a r i e s  t o  f u l l y  
m o b i l i z e  s o i l  f r i c t i o n ;  and 

f .  no excess p o r e  p r e s s u r e s  e x i s t  a t  t h e  c o r e  boundar ies .  

Core s t r e s s e s  c a l c u l a t e d  f r o m  t h e  a r c h i n g  t h e o r y  a r e  t y p i c a l l y  w i t h i n  
15 p e r  c e n t  o f  t h o s e  d e t e r m i n e d  f r o m  n o n l i n e a r  TEA, p r o v i d e d  t h a t  t h e  
r e l a t i v e  s t r e s s - s t r a i n  b e h d v i o u r  o f  c o r e  and s h e l l s  a r e  such t h a t  
s e t t l e n l e n t  o f  t h e  c o r e  r e l a t i v e  t o  t h e  s h e l l s  and t e n s i l e  s t r a i n i n g  
o f  t h e  c o r e  can o c c u r .  The a r c h i n g  t h e o r y  can n o t  accoun t  for t h e  presence 
o f  e x t r e a l e l y  s t i f f  zones.  Ab rup t  changes i n  geometry,  such as c o r e  
t r e n c h e s ,  can n o t  be accoun ted  f o r  b y  t h e  t h e o r y ,  b u t  an  e m p i r i c a l  
a d j u s t m e n t  o f  t h e  geomet ry  pa ramete r  has  r e s u l t e d  i n  good agreement 
w i t h  FEA i n  one case.  

Compar ison o f  t h e  a r c h i n g  t h e o r y  w i t h  r e s u l t s  o f  l i n e a r  e l a s t i c  
TEA i s  much p o o r e r  t h a n  w i t h  n o n l i n e a r  FEA. However, t h e  p o o r e r  accu racy  
o f  l i n e a r  TEA i n  c a l c u l a t i n g  s t r e s s  magn i tudes i s  w e l l  known. 

Fo r  b o t h  l i n e a r  and n o n l i n e a r  FEA t h e  case  h i s t o r i e s  i n  wh ich  a c t u a l  
dams a r e  a n a l y z e d  g e n e r a l l y  g i v e  c o r e  s t r e s s e s  r e a s o n a b l y  c l o s e  t o  t h o s e  
c a l c u l a t e d  f rom t h e  a r c h i n g  t h e o r y .  P a r a m e t r i c  s t u d i e s ,  where m a t e r i a l  
p r o p e r t i e s  may have been chosen f o r  c o m p u t a t i o n a l  conven ience  o r  t o  
s t u d y  a  w ide  range o f  s o i l  p r o p e r t i e s ,  show l e s s  agreement w i t h  t h e  
a r c h i n g  t h e o r y .  

The d a t a  sunvnarired i n  Tab les  1 and 2 and on  F i g s .  1 5  and 29 i l l u s t r a t e  
t h a t  t h e  Po isson  r a t i o  ( l i n e a r  FEA)  and Po isson parameters  ( n o n l i n e a r  
F E A )  can have as g r e a t  an i n f l u e n c e  on  t h e  degree o f  s t r e s s  t r a n s f e r  



a s  t h e  n iodulus p a r a m e t e r s .  The d a t a  i n  t h e  t a b l e s ,  e s p e c i a l l y  T a b l e  
2 f o r  n o n l i n e a r  FEA where  a  l a r g e  nun~be r  o f  s t u d i e s  a r e  sumnrarized, 
c a n  be  used  as a  g u i d e  t o  d e t e r m i n e  w h e t h e r  t h e  a r c h i n g  t h e o r y  nlay 
b e  a p p l i e d  t o  a  p a r t i c u l a r  embankment. 

The c o r n p u t d t i o n a l  d e t a i l s  o f  t h e  v a r i o u s  FEA have  been i g n o r e d  i n  t h e  
s t u d y  and a p p e a r ,  i n  g e n e r a l ,  t o  have  l i t t l e  i n f l u e n c e  on  t h e  r e s u l t i n g  
c o r e  s t r e s s e s .  However ,  v e r y  c o a r s e  meshes can  s i g n i f i c a n t l y  a f f e c t  
t h e  s t r e s s  m a g n i t u d e s  , pal-titularly whe re  r e l a t i v e  c o r e - s h e 1  1  s l  i p  
i s  p r o h i b i t t e d .  

A r e v i e w  o f  p u b l i s h e d  e a r t h  p r e s s u r e  measurements r e v e a l s  a l a r g e  
r a n g e  i n  v e r t i c a l  c o r e  s t r e s s e s  compared  t o  t h o s e  c a l c u l a t e d  by t h e  
a r c h i n g  t h e o r y .  However ,  t h e  l a r g e  d i f f e r e n c e s  c a n  t y p i c a l l y  be  
e x p l a i n e d  i n  t e r i ns  o f  t h e  i n a t e r i a l  p r o p e r t i e s  o r  me thod  o f  c o n s t r u c t i o n .  
S t r e s s e s  c a l c u l a t e d  b y  t h e  a r c h i n g  t h e o r y  a r e  i n  r e a s o n a b l e  ag reemen t  
w i t h  t h e  measurements where  d e s i g n  and  c o n s t r u c t i o n  d e t a i l s  have  n o t  
u n d u l y  i n f l u e n c e d  t h e  embankment b e h a v i o u r .  

Conrpar isons o f  t h e  a r c h i n g  t h e o r y  w i t h  b o t h  t h e  FEA and  t h e  e a r t h  
p r e s s u r e  measurements s u g g e s t  t h a t  t h e  assu l l l p t i ons  r e g a r d i n g  s t r e n g t h  
i n o b i l i z a t i o n  have  t h e  g r e a t e s t  i n f l u e n c e  o n  t h e  a c c u r a c y  o f  t h e  t h e o r y .  
The a c c u r a c y  i s  g e n e r a l l y  p o o r e r  n e a r  t h e  c r e s t s  o f  embankments where  
s t r a i n s  a r e  r e l a t i v e l y  s m a l l  and t h e  a c t i v e  s t a t e  i s  n o t  f u l l y  m o b i l i z e d .  

D e s p i t e  t h e  s i m p l i f y i n g  assump t i ons  made i n  t h e  deve lopmen t  o f  t h e  a r c h i n g  
t h e o r y ,  i t  p r o v i d e s  r e a s o n a b l e  e s t i i i r a t e s  o f  v e r t i c a l  s t r e s s  i n  many 
cases  f o r  a  w i d e  r a n g e  o f  c o r e  i n c l i n a t i o n s ,  t h i c k n e s s e s  and  m a t e r i a l  
p r o p e r t i e s .  
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F i g .  1. Deformation o f  L l y n  B r i a n n e  dam d u r i n g  c o n s t r u c t i o n  ( a f t e r  
C a r l y l e ,  1973).  



F i g .  2. P r e d i c t e d  de fo r tna t ions  o f  T a l b i n g o  da~n a t  end o f  c o n s t r u c t i o n  
( a f t e r  A d i k a r i  and P a r k i n ,  1982) .  



F i g .  3 .  strength mobilized in Oroville dam (after Kulhawy and Duncan, 
1972). Calculated by nonlinear FEA. 



Fig. 4.  Geometry a n d  s t r e s se s  for so i l  column s l i d ing  between two 
ver t ical  surfaces ( a f t e r  Terzaghi , 1943).  



Fig. 5.  Vertical s t resses  in the core calculated from arching theory 
for a t - r e s t  a n d  act ive  s t resses  on core boundaries. 
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Fig. 6.  Geonietric terms used i n  study. 



F i g .  7. Core s t r e s s e s  ( a f t e r  Maksimovic,  1973) .  L i n e a r  e l a s t i c  FEA. 



F i g .  8. Major pr inc ipa l  s t r e s s  near  t h e  base of a dam ( a f t e r  E i s e n s t e i n  
and Law, 1 9 7 5 ) .  Linear e l a s t i c  FEA.  



F i g .  9.  Core s t r e s s e s  i n  zoned dams ( a f t e r  Lee  a n d  I d r i s s ,  1975 ) .  



F i g .  10. Core s t r e s s e s  a t  end o f  c o n s t r u c t i o n  ( a f t e r  Cavoun id i s  
and Hoeg, 1977 ) .  
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F i g .  11. Core s t resses  i n  Madin dani ( a f t e r  Flores and Auvinet, 1977) .  
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F i g .  1 2 .  Core s t r e s s e s  i n  Llyn Br ianne  dam. 





F i g .  14.  Core s t r e s s e s  as i n f l u e n c e d  by  p o s t - y i e l d  behav iou r  ( a f t e r  
Cavounid is  and V a z i r i  , 1982).  L i n e a r  e l a s t i c  FEA. Y i e l d  
d e f i n e d  by  von l l i s e s  c r i t e r i o n ,  Y=0 .7 fH .  



F i g .  14. Cont inued.  



F i g .  1 4 .  Continued. 
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F i g .  15. Comparison o f  a r c h i n g  t h e o r y  w i t h  l i n e a r  e l a s t i c  FEA. 



F i g .  16.  A n a l y s i s  o f  homogeneous embankment ( a f t e r  Clough and 
Woodward, 1967 ) .  L i n e a r  e l a s t i c  FEA. 



F i g .  16 .  Con t i nued  
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Fig. 17. Analysis o f  homogeneous embankment (after Poulos et al, 
1972). Linear elastic FEA. 



b. Compar,son of -theory and FEA. 

F i g .  17. Cont inued. 



a; from archln~ t h e o r d ~ r ,  from FEA at base cf dam. 

F i g .  18. A n a l y s i s  o f  homogeneous embankment ( a f t e r  Lee and I d r i s s ,  
1975). L i n e a r  e l a s t i c  FEA. 



F i g .  19. Core s t r e s s e s  i n  O r o v i l l e  dam ( a f t e r  Kulhawy and Duncan, 
1972). Nonl i n e a r  FEA. 



F i g .  20. Core stresses in El Infiernillo dam. Nonlinear FEA. 



F i g .  21. Core s t resses  i n  M i c a  dam. Nonlinear FEA. 



F i g .  22. Core s t r e s s e s  i n  Lower Van Norman dam ( a f t e r  Va le ra  and 
Chen, 1974) .  N o n l i n e a r  FEA. 



a. Central core, ej, =2T0 core s/L7es =@./ 

F ig .  2 3 .  Core s t r e s s e s  f r o m  p a r a m e t r i c  s t u d y  ( a f t e r  Kulhawy and 
Gur towsk i  , 1976) .  N o n l i n e a r  FEA. 
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Fig. 2 3 .  Cont inued. 



F i g .  2 3 .  Continued. 



F ig .  23. Cont inued.  
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F i g .  24. Core s t r e s s e s  i n  Te ton  dam ( a f t e r  U . S .  Department o f  t h e  
I n t e r i o r ,  1 9 7 6 ) .  N o n l i n e a r  FEA. 



F i g .  25. Core s t resses  in Tehri dam ( a f t e r  Sharma e t  a l ,  1979).  
Ncnlinear FEA.  



F i g .  26. Core s t resses  in Dartmouth dam Nonlinear F E A .  
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F i g .  27. Core s t r e s s e s  i n  T a l b i n g o  dam ( a f t e r  A d i k a r i  and P a r k i n ,  
1902). N o n l i n e a r  FEA. 



F i g .  28. Core stresses in LG4 main dam (after par6  et a l ,  1984). 
Nonlinear FEA. 
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F i g .  29. Conlpar ison o f  a r c h i n g  t h e o r y  w i t h  n o n l i n e a r  FEA.  
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F i g .  30. Core s t resses  in  Balderhead dam ( a f t e r  Kennard e t  a l ,  1967) .  
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F i g .  31. Core s t r e s s e s  i n  Gepatsch dam ( a f t e r  Schober, 1967) .  
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Fig. 32. Core s t resses  in Hyttejuvet dam ( a f t e r  Kjaernsli and T o r b l a a ,  
1968).  



Ley end 

F i g .  33. Core s t r e s s e s  i n  Scanlrnonden dam ( a f t e r  Penman and M i t c h e l l ,  
1970). 
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F i g .  34. Core s t r e s s e s  i n  H i g h  Aswan dam ( a f t e r  Kinawy and Shenouda, 
1973 ) .  
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F i g .  35 .  Core s t r e s s e s  i n  Maut thaus dam ( a f t e r  Lorenz ,  1973) .  
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F i g .  36. Core  s t r e s s e s  i n  Takase  darn ( a f t e r  T a k a i  e t  a l ,  1977) 


