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S e v e r a l y e a r s ago t h e w r i t e r , w h i l e w o r k i n g o u t t h e d e s i g n 

o f t h e Long Lake Dam f o r t h e W a s h i n g t o n W a t e r Power Company o f 

Spokane W a s h i n g t o n , came t o t h e c o n c l u s i o n t h a t upward w a t e r 

p r e s s u r e u n d e r dams had b u t s l i g h t e f f e c t on t h e o v e r t u r n i n g 

moment b u t d i d d e c r e a s e t h e f a c t o r o f s a f e t y a g a i n s t s l i d i n g . 

I t w i l l be shown l a t e r t h a t i t i s more e c o n o m i c a l , as f a r as 

s a f e t y a g a i n s t s l i d i n g i s c o n c e r n e d , t o b a t t e r t h e u p s t r e a m 

f a c e o f t h e dam and t h u s e n l i s t t h e a i d o f t h e w a t e r p r e s s u r e 

i n g i v i n g i n c r e a s e d s a f e t y . When t h e Long Lake Dam, wh ich a t 

t h e t i m e o f i t s c o n s t r u c t i o n was t h e h i g h e s t s p i l l w a y dam i n 

t h e w o r l d , was c o m p l e t e d , many i n q u i r i e s were r e c e i v e d as t o 

t h e r e a s o n s f o r t h e b a t t e r o f t h e u p s t r e a m f a c e . I t i s t h e 

p u r p o s e o f t h i s p a p e r t o show t h a t t h i s i s t h e e c o n o m i c a l 

way o f p r o v i d i n g f o r upward p r e s s u r e , i f i t i s d e c i d e d t o 

make such p r o v i s i o n by i n c r e a s e d w e i g h t o f masonry i n a d d i t i o n 

t o o r i n s t e a d o f d r a i n a g e and c u t - o f f w a l l s . 

W h i l e a t t h e p r e s e n t t i m e ( 1 9 3 8 ) t h i s q u e s t i o n i s n o t 

b e i n g d i s c u s s e d much i n e n g i n e e r i n g l i t e r a t u r e , y e t i f a f a i l 

u r e o f some dam s h o u l d o c c u r i n t h e f u t u r e , t h e r e wou ld be f o r 

s e v e r a l months a r e v i v a l o f d i s c u s s i o n and many a d v o c a t e s a r 

g u i n g t h a t u n d e r p r e s s u r e was t h e cause o f such f a i l u r e , and 

t h e y w o u l d p r o b a b l y be r i g h t . The f a i l u r e o f t h e A u s t i n 

P e n n s y l v a n i a Dam and p r i o r t o t h a t t h e A u s t i n Texas Dam b r o u g h t 

o u t a g r e a t d e a l o f d i s c u s s i o n on t h i s p o i n t . The w r i t e r has 

r e a d most o f t h i s d i s c u s s i o n and has s t u d i e d most o f t h e books 

on t h e d e s i g n o f dams and has come t o t h e c o n c l u s i o n t h a t t h e 

E q u a t i o n s d e r i v e d f o r t h e d e s i g n o f dams w i t h upward p r e s s u r e 

c o n s i d e r e d a r e i n e r r o r . I t w i l l be t h e a t t e m p t o f t h i s 
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p a p e r t o show wherein t h e s e e q u a t i o n s a r e e r r o n e o u s . 

The n e a r e s t a p p r o a c h t o t h e w r i t e r 1 s v i e w s a r e t o be f o u n d 

i n Volume I o f H y d r o - e l e c t r i c Power by Lamar Lyndon p u b l i s h e d 

i n 1 9 1 6 . Mr Lyndon p r o b a b l y has t h e same I d e a s as t h e w r i t e r 

b u t does n o t c a r r y them o u t t o a c o m p l e t e c o n c l u s i o n . On page 

1 9 6 o f Volume I o f t h e f i r s t e d i t i o n Mr Lyndon s a y s ; -

"The c o n v e n t i o n a l and a c c e p t e d i d e a s c o n c e r n i n g t h e e n 

t r a n c e o r p e r c o l a t i o n o f w a t e r under t h e b a s e o f a s o l i d dam 

a r e ; 

1 . The f u l l p r e s s u r e , due t o t h e head o f w a t e r b a c k e d up by 

t h e dam i s e x e r t e d u n d e r t h e b a s e , a t t h e u p s t r e a m edge o f 

t h e j o i n t . 

2 . The p r e s s u r e i s z e r o a t t h e downst ream edge o f t h e j o i n t . 

3 . The d i m i n u t i o n o f p r e s s u r e i s u n i f o r m throu&fr t h e base o f 

dam f r o m t h e u p s t r e a m t o t h e downst ream s i d e . 

4 . The t o t a l u p w a r d f o r c e e x e r t e d b y t h e p r e s s u r e ta.ken o v e r 

t h e w h o l e b a s e , i s added t o t h e r e a c t i o n o f t h e f o u n d a t i o n 

a g a i n s t t h e b a s e o f t h e dam. 

5« The c e n t e r o f upward p r e s s u r e i s l o c a t e d a,t a p o i n t L / 3 

f r o m t h e u p s t r e a m edge o f t h e dam a t t h e b a s e l i n e , and t h e 

n e t f o r c e has t h e r e f o r e a l e v e r arm a b o u t t h e t o e o f 3 L / 3 

L b e i n g t h e l e n g t h o f t h e b a s e . 

On page 9 7 we f i n d t h e f o l l o w i n g comments b y Mr Lyndon; 

" B u t a s s u m p t i o n 4 i s t h e one f o r w h i c h t h e l e a s t excuse 

e x i s t s . T h i s assumes t h a t a s t r u c t u r e h a v i n g a c e r t a i n w e i g h t 

r e s t s on a s u p p o r t i n g s u r f a c e , and t h a t a f i l m o f w a t e r under 

p r e s s u r e i n t e r p o s e s i t s e l f b e t w e e n t h e w h o l e a r e a o f t h e b a s e 

o f t h e s t r u c t u r e and t h a t o f t h e s u p p o r t and t h e n adds i t s e l f 



to the existing reaction of the support. 
This would mean;-

(a) That the base of the dam could only rest on a film of 
water and not touch the foundation. 
(b) That the water pressure, plus the reaction of the founda
tion against the base of the dam is the total pressure against 
the base of the dam and the total reaction of the foundation , 
notwithstanding the fact that, according to the theory of an 
interposed film of water, the dam would not rest on the founda
tion but on a water cushion, and the only foundation reaction 
possible would be that of the water. 
(c) That water having a given pressure would spread apart 
surfaces between which a much greater pressure exists, and add 
its pressure to that greater one which first existed." 

All of the above is true and so evident that no proof is 
necessary. However, if a dam has a resultant passing through 
the downstream middle third point, thus making the foundation 
pressure zero at the heel, then at this point and for a short 
distance into the base the upward pressure would exceed the 
foundation reaction and there would be a readjustment of the 
foundation reaction but in no case can the reaction exceed 
the weight of the dam. We would have then a small triangle of 
upward pressure and this triangle would be the total effect of 
upward pressure on overturning moment. To follow Mr. Lyndon's 
argument to conclusion, if the water pressure under the dam 
cannot add to the foundation reaction, neither can it add to 
the overturning moment, excepting the effect of the above 
mentioned small triangle of pressure. 
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To make t h i s c l e a r , a dam w i l l be assumed w i t h a v e r t i c a l 

u p s t r e a m f a c e . L e t a w a t e r t i g h t b u l k h e a d be b u i l t p a r a l l e l 

t o t h i s f a c e a t a d i s t a n c e o f one f o o t and t h e w a t e r b e t w e e n 

t h i s b u l k h e a d and t h e f a c e o f t h e dam be pumped o u t . The w a t e r 

p r e s s u r e w i l l t h e n be a g a i n s t t h e b u l k h e a d and t o s u p p o r t t h e 

b u l k h e a d s h o r t s t r u t s w i l l be p l a c e d a t i n t e r v a l s b e t w e e n t h e 

b u l k h e a d and t h e f a c e o f t h e dam. The w a t e r p r e s s u r e w i l l now 

be t r a n s m i t t e d t h r o u g h t h e s e s t r u t s t o t h e dam and w i l l e x e r t 

p r a c t i c a l l y t h e same o v e r t u r n i n g moment on t h e dam as i t would 

i f t h e b u l k h e a d were removed . Now i f w a t e r i s a l l o w e d t o f l o w 

i n t o t h e space b e t w e e n t h e dam and b u l k h e a d , i t w i l l be c l e a r 

t h a t t h e o v e r t u r n i n g moment i s n o t i n c r e a s e d b y t h i s w a t e r u n t i l 

t h e h e a d o f t h e w a t e r i n t h i s space becomes g r e a t e r t h a n t h e 

h e a d b ack o f t h e b u l k h e a d and t h e n t h e i n c r e a s e w i l l be o n l y 

t h a t due t o t h e e x c e s s h e a d . A t t h e same t i m e t h e s t r e s s e s i n 

t h e s h o r t s t r u t s a r e b e i n g d e c r e a s e d and when t h e two heads a r e 

e q u a l t h e p r e s s u r e o f t h e s t r u t s a g a i n s t t h e f a c e o f t h e dam 

w i l l be z e r o i f no a l l o w a n c e i s made f o r t h e c r o s s s e c t i o n a l 

a r e a o f t h e s t r u t s . A p p l y i n g t h i s t o t h e b a s e o f a dam, t h e 

f o u n d a t i o n w i l l t a k e t h e p l a c e o f t h e b u l k h e a d and t h e p o i n t s 

o f c o n t a c t b e t w e e n t h e f o u n d a t i o n and t h e b a s e t a k e t h e p l a c e 

o f t h e s t r u t s . I f w a t e r i s a l l o w e d t o p e r c o l a t e i n t o t h e 

spaces u n d e r t h e dam, i t i s t h e n e v i d e n t t h a t t h i s w a t e r c a n 

n o t i n c r e a s e t h e o v e r t u r n i n g moment on t h e dam u n t i l i t s p r e s 

s u r e i s e q u a l t o t h e f o u n d a t i o n . r e a c t i o n . Near t h e h e e l o f t h e 

dam where t h e u p w a r d p r e s s u r e i s g r e a t e r t h a n t h e r e a c t i o n , t h e 

c a s e i s s i m i l a r t o t h e u p p e r space b e t w e e n t h e b u l k h e a d and dam 

and t h e e x c e s s h e a d i n b o t h c a s e s does i n c r e a s e t h e moments. 
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H o w e v e r , as t h e s t r e s s e s i n t h e s t r u t s d e c r e a s e so do t h e 

p r e s s u r e s b e t w e e n t h e dam and. i t s f o u n d a t i o n d e c r e a s e and t h e 

s a f e t y a g a i n s t s l i d i n g i s g r e a t l y d e c r e a s e d . 

When t h e heads o f w a t e r on b o t h s i d e s o f t h e b u l k h e a d a r e 

e q u a l t h e t o t a l p r e s s u r e on t h e u p s t r e a m s i d e w i l l be g r e a t e r 

due t o t h e f a c t t h a t i t a c t s on a g r e a t e r a r e a , t h e a r e a on t h e 

o t h e r s i d e b e i n g r e d u c e d by t h e sum o f t h e c r o s s s e c t i o n a l a r e a s 

o f t h e s t r u t s . S i m i l a r l y , t h e w a t e r u n d e r a dam c a n n o t e x e r t 

i t s f u l l p r e s s u r e on t h e e n t i r e a r e a o f t h e b a s e . The u s u a l 

p r a c t i c e o f a s s u m i n g i t as a c t i n g on 2 / 3 o f t h e a r e a a p p e a r s 

t o be t o o h i g h . H o w e v e r , i n v i e w o f t h e f a c t t h a t most dams 

have a l o w s a f e t y f a c t o r a g a i n s t s l i d i n g , i t i s e v i d e n t t h a t u p 

w a r d p r e s s u r e i s v e r y l i k e l y t o r e d u c e t h i s f a c t o r t o l e s s t h a n 

o n e . I t i s t h e w r i t e r ' s o p i n i o n t h a t most o f t h e f a i l u r e s have 

b e e n due t o a l o w f a c t o r o f s a f e t y a g a i n s t s l i d i n g combined 

w i t h a bad l e a k y f o u n d a t i o n . On such f o u n d a t i o n s , e v e r y a t 

t e m p t s h o u l d be made t o i n c r e a s e t h e f a c t o r o f s a f e t y a g a i n s t 

s l i d i n g . I n n e a r l y e v e r y f a i l u r e t h e dam has s l i d o u t and d i d 

n o t o v e r t u r n and i n n e a r l y e v e r y c a s e t h e f o u n d a t i o n was l e a k y . 

I n t h i s c o n n e c t i o n t h e w r i t e r q u o t e s M r . Edward G o d f r e y 

i n t h e d i s c u s s i o n o f an a r t i c l e " P r o v i s i o n s f o r U p l i f t and I c e 

P r e s s u r e i n D e s i g n i n g Masonry Dams" by C L . H a r r i s o n i n t h e 

T r a n s a c t i o n s o f t h e A m e r i c a n S o c i e t y o f C i v i l E n g i n e e r s Volume 

LXXV D e c . 1 9 1 2 . On page 152 Mr G o d f r e y s a y s ; 

"One o f t h e a r g u m e n t s wh ich i s supposed t o show t h a t o f t h e 

t h i r t y o r f o r t y masonry dams t h a t h a v e f a i l e d i n t h e l a s t 

t w e n t y y e a r s , u n d e r p r e s s u r e has n o t b e e n t h e c a u s e , i s t h e f a c t 

t h a t b l o c k s g e n e r a l l y s l i d e o u t and do n o t o v e r t u r n . When 

u n d e r - p r e s s u r e a s s i s t e d by t h e h o r i z o n t a l p r e s s u r e has p r i e d a 



dam l o o s e , t h e f o r m e r has spen t t h e g r e a t e r p a r t o f i t s f o r c e . 

I t w o u l d r e q u i r e t i m e t o g a i n a new momentum as t h e w a t e r can 

e n t e r b u t s l o w l y i n a n a r r o w s l i t . The e s c a p e o f a v e r y s m a l l 

q u a n t i t y o f w a t e r i n a t e s t u n d e r h y d r a u l i c p r e s s u r e drops t h e 

gage p r e s s u r e v e r y q u i c k l y . I n t h e c a s e o f t h e dam, t h e r e i s 

t h e e v e r p r e s e n t h o r i z o n t a l p r e s s u r e w i t h p r a c t i c a l l y u n l i m i t e d 

vo lume b e h i n d i t , and t h i s q u i c k l y a c t s t o f o r c e t h e dam o u t 

i n a h o r i z o n t a l d i r e c t i o n . " 

Mr G o d f r e y i s c o r r e c t i n t h e s t a t e m e n t t h a t u n d e r p r e s s u r e 

a s s i s t e d by t h e h o r i z o n t a l p r e s s u r e p r i e s t h e dam l o o s e b u t i t 

i s n o t t h e o v e r t u r n i n g moment t h a t i s t h e c a u s e . The w r i t e r 

b e l i e v e s t h a t i f t h e f a i l u r e were s t a r t e d b y moments i t would 

c o n t i n u e b y moments n o t w i t h s t a n d i n g t h e a rgument t h a t i t ta.kes 

t i m e f o r w a t e r t o e n t e r a n a r r o w s l i t . I t a p p e a r s t h a t t h e 

o v e r t u r n i n g moment w o u l d i n c r e a s e once t h e dam s t a r t e d t o 

r i s e f r o m i t s f o u n d a t i o n as t h e p r e s s u r e w o u l d t h e n a c t upon 

t h e w h o l e a r e a o f t h e b a s e i n s t e a d o f o n l y a s m a l l p e r c e n t a g e 

o f i t . 

I n t h i s same d i s c u s s i o n t h e r e i s t h e f o l l o w i n g by M r . A. 

P . D a v i e 

" I f t h e dam must be b u i l t as a p u r e l y g r a v i t y s t r u c t u r e 

on a s t r a i g h t p l a n , t h e most e c o n o m i c a l method o f m e e t i n g t h i s 

p r o b l e m i s by i n c r e a s i n g t h e b a t t e r on t h e w a t e r s i d e o f t h e 

o r i g i n a l g r a v i t y s t r u c t u r e , such i n c r e a s e o f b a t t e r t o depend 

on t h e amount o f u p l i f t t o be p r o v i d e d a g a i n s t . F o r dams o f 

m o d e r a t e h e i g h t h , t h e g r e a t e s t s a f e t y w i t h a g i v e n q u a n t i t y o f 

masonry i s a t t a i n e d by a s e c t i o n r o u g h l y c o n f o r m i n g t o a r i g h t 

a n g l e d t r i a n g l e w i t h t h e h y p o t e n u s e on t h e w a t e r s l o p e . 
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T h i s f o r m e n l i s t s t h e a i d o f t h e w a t e r t o a s s i s t i n h o l d i n g t h e 

dam i n p l a c e and t h e i n c r e a s e o f h a t t e r may be v a r i e d t o such 

a p o i n t t h a t t h i s r e s i s t a n c e o v e r b a l a n c e s t h e t e n d e n c y o f t h e 

w a t e r t o push t h e dam down s t r e a m . 

" The r e a s o n t h i s p r i n c i p l e i s i n a p p l i c a b l e i n so many 

c a s e s i s t h a t t h e a v e r a g e low masonry dam must s e r v e as a 

s p i l l w a y , and t h e i m p a c t o f a l a r g e vo lume o f w a t e r a t t h e 

downst ream t o e w o u l d be d a n g e r o u s . T h e r e f o r e , i t becomes n e 

c e s s a r y t o c a r r y t h e masonry on such a s l o p e as w i l l p r e v e n t 

t h i s 'mpaot and c a r r y t h e w a t e r q u i e t l y away f r o m t h e dam, 

a l l o w i n g i t t o expend i t s a c c u m u l a t e d e n e r g y i n f r i c t i o n on 

t h e r i v e r b e d some d i s t a n c e b e l o w . T h i s u s u a l l y r e q u i r e s 

enough masonry t o f u l f i l l g r a v i t y r e q u i r e m e n t s , w i t h o u t much 

b a t t e r on t h e b a c k . " 

I t m i g h t be m e n t i o n e d h e r e t h a t Mr D a v i s , who i s C h i e f 

E n g i n e e r o f t h e U n i t e d S t a t e s R e c l a m a t i o n S e r v i c e , a p p r o v e d 

t h e w r i t e r s d e s i g n o f t h e Long La.ke Dam w h i c h conforms t o t h e 

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

The w r i t e r f o u n d i n d e s i g n i n g t h e above m e n t i o n e d da.m 

t h a t t h e s t a t e m e n t o f M r . D a v i s i s t r u e and t h a t t h e most 

e c o n o m i c a l method o f p r o v i d i n g f o r u p l i f t b y i n c r e a s e d s e c t i o n 

i s t o b a t t e r t h e u p s t r e a m s i d e and t h i s seems t o be t r u e even 

t h o u g h u p l i f t i s c o n s i d e r e d as a d d i n g t o t h e o v e r t u r n i n g mo

m e n t s . I t i s e v e n m o r e r l c o n o m i c a l i f we c o n s i d e r u p l i f t as 

a f f e c t i n g m a i n l y t h e f a c t o r o f s a f e t y a g a i n s t s l i d i n g . The 

f o l l o w i n g p r o o f w i l l show t h a t f o r o v e r t u r n i n g t h e most e c o 

n o m i c a l s e c t i o n i s one w i t h t h e back f a c e v e r t i c a l b u t f o r 

s l i d i n g t h e most e c o n o m i c a l s e c t i o n i s one w i t h t h e f r o n t 
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FACE VERTICAL AND REAR FACE BATTERED. THEORETICALLY THIS BAT

TER WILL BE MORE EFFICIENT I F IT STARTS NEAR THE TOP OF THE 

DAM AND I S GRADUALLY INCREASED AS THE DEPTH INCREASES. THE 

BACK FACE THEN WOULD BE A CURVE APPROXIMATING A PARANOIA TO 

WHICH A VERTICAL LINE WOULD BE TANGENT. CARE WOULD HAVE TO BE 

TAKEN THAT THE VERTICAL SHEAR WOULD NOT BE EXCESSIVE NEAR THE 

BASE OF THE DAM. THIS FORM WILL REQUIRE LESS MASONRY AND ENLIST 

THE AID OF A GREATER WEIGHT OF WATER THAN A STRAIGHT LINE BATTER 

FOR THE WHOLE DEPTH. FOR PRACTICAL REASONS THIS BATTER WOULD 

CONSIST OF A SERIES OF STRAIGHT LINES APPROXIMATING THE CURVED 

FORM. THE BATTER OF THE REAR FACE OF THE LONG LAKE DAM I S OF 

THIS TYPE AS SHOWN BY THE CROSS SECTION SHOWN IN FIGUREL. 

IN THE FOLLOWING DISCUSSION A DAM OF TRIANGULAR SECTION 

I S USED. 

LET S EQUAL THE SPECIFIC GRAVITY OF MASONRY. 

H THE HEAD OF WATER RETAINED BY THE DAM BEING EQUAL TO THE 

HEIGHTH OF DAM IN THE DISCUSSION. 

X AND Y BE THE TWO SEGMENTS INTO WHICH THE BASE I S DIVIDED 

BY A PERPENDICULAR DROPPED FROM THE VERTEX AS SHOWN IN FIGURE I I . 

CONSIDER MOMENTS ONLY, NO UPLIFT 

THE RESISTING MOMENT * S H ( Y 2 / 3 -J-XY/2 -j- X S / 6 ) 

THE OVERTURNING MOMENT = H 3 / 6 — - HXY/2 H X S / 6 

I F F I S THE FACTOR OF SAFETY 

F = S ( 2 Y 2 4 - 5XY + X3) 

I F X I S 0 F - 2 S Y 2 I F Y I S 6 F = SX 2 

FOR THE SAME VALUE OF F IN BOTH CASES 

X 2 - 2 Y 2 OR X = 1 .414Y 

THIS SHOWS THAT FOR OVERTURNING ONLY IT I S MORE ECONOMICAL TO 
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b a t t e r t h e f r o n t f a c e k e e p i n g t h e r e a r f a c e v e r t i c a l . 

F o r s l i d i n g l e t S b e t h e s a f e t y f a c t o r 

s ( x - f - y ) h - f - x h = S h £ 

2 2 
I f y i s 0 S a ( s x 4 - x ) 

h 

I f x i s 0 3 = s y 

h 

F o r t h e s a m e v a l u e o f S i n b o t h c a s e s s x - f - x = s y 

I f s i s 2 . 3 3 y i s 1 . 4 3 x 

I n t h i s ^ a e e i t i s m o r e e c o n o m i c a l t o b a t t e r t h e r e a r f a c e a n d . 

k e e p t h e f r o n t f a c e v e r t i c a l . 

I t i s e v i d e n t t h e n t h a t t o o f f s e t u p l i f t i t i s m o r e e c o n o m i 

c a l t o a d d m a s o n r y t o t h e r e a r f a c e o f t h e s t a n d a r d s e c t i o n . 

I n d o i n g t h i s i t i s p r o b a b l e t h a t t h e b a t t e r o f t h e d o w n s t r e a m 

f a c e c a n b e l e s s e n e d a n d b y b a t t e r i n g t h e r e a r f a c e i n t h e 

c u r v e d f o r m a b o v e m e n t i o n e d , t h e i n c r e a s e i n s e c t i o n o v e r t h e 

s t a n d a r d m a s o n r y d a m s e c t i o n w i l l n o t b e e x c e s s i v e . I n t h e 

L o n g L a k e D a m t h e i n c r e a s e i n s e c t i o n w a s l a r g e r b u t t h i s w a s 

d u e t o t h e c o m p a n y d e s i r i n g a h i g h s a f e t y f a c t o r a g a i n s t 

s l i d i n g . T h e r e a s o n s f o r t h i s w e r e t h e b a d f o u n d a t i o n a n d 

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

p o w e r p l a n t d o w n s t r e a m a n d a p r o b a b l e l o s s o f m a n y l i v e s o f 

i n h a b i t a n t s o f t h e v a l l e y b e l o w t h e d a m . I n t h e c a s e o f t h i s 

d a m , a l i n e o f g r o u t e d h o l e s f o r m i n g a c u t - o f f w a . s p l a c e d 

u n d e r t h e h e e l o f t h e d a m a n d i n a d d i t i o n a t h o r o u g h s y s t e m o f 

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

d a m w e r e d e s i g n e d w i t h u p l i f t n e g l e c t e d a n d w i t h a f a c t o r o f 

s a f e t y a g a i n s t s l i d i n g o f 1 . 4 a n d c o m p a r i s o n m a d e w i t h t h e 

L o n g L a k e D a m t h e i n c r e a s e o f s e c t i o n w o u l d b e f o u n d t o b e 
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L O N G L A K E D A M 

F i g u r e I . 



Water Surface 

Figure I I . 
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n o t v e r y g r e a t , i n t h e l a t t e r c a s e . T h e f i r s t d e s i g n o f t h i s 

d a m h a d a s t r a i g h t c o n t i n u o u s b a t t e r o n t h e r e a r f a c e b u t f o r 

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

s a v i n g i n c o n c r e t e . 

T h e w r i t e r w i l l n o w s h o w t h a t t h e e f f e c t o f u p w a r d p r e s s u r e 

o n t h e o v e r t u r n i n g s a f e t y f a c t o r i s n o t v e r y g r e a t b u t t h a t t h e 

e f f e c t o n t h e s l i d i n g s a f e t y f a c t o r m a y b e v e r y g r e a t , p a r t i c u 

l a r l y i n t h e c a s e o f l o w o v e r f l o w d a m s s u b j e c t t o e x c e s s i v e 

f l o o d s . T h e s e d a m s , i f b u i l t o n a s e a m y f o u n d a t i o n , s h o u l d h a v e 

a m u c h m o r e g e n e r o u s s e c t i o n t h a n i s u s u a l l y a l l o w e d a n d i t i s 

v e r y p r o b a b l e t h a t t h e h o l l o w r e i n f o r c e d c o n c r e t d a m i s t h e 

s a f e r a n d m o r e e c o n o m i c a l t y p e f o r s u c h c o n d i t i o n s . I n t h e c a s e 

o f g r a v i t y d a m s i t w i l l b e m o r e e c o n o m i c a l t o a d d t h e e x c e s s 

m a t e r i a l b y b a t t e r i n g t h e r e a r f a c e . 

I n t h e f o l l o w i n g d i s c u s s i o n , t h e u p w a r d p r e s s u r e i s t a k e n 

a s a c t i n g o n t w o t h i r d s t h e a r e a o f t h e b a s e , a l t h o u g h t h e 

w r i t e r i s o f t h e o p i n i o n t h a t t h i s i s t o o h i g h a v a l u e . T h e 

s p e c i f i c g r a v i t y o f t h e m a s o n r y w i l l b e t a k e n a s 2 . 3 3 a n d t h e 

w e i g h t o f a c u b i c f o o t o f w a t e r w i l l b e t a k e n a s a u n i t . 
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I n t h e d i a g r a m , t h e u n s h a d e d t r i a n g l e o f b a s e 2 / 3 H a n d 

h e i g h t h x r e p r e s e n t s a l l o f t h e u p w a r d p r e s s u r e f o r c e t h a t 

a f f e c t s o v e r t u r n i n g . T o t a k e t h e w h o l e t r i a n g l e o f b a s e 2 / 3 H 

a n d h e i g h t h L i s e r r o n e o u s a n d c o r r e s p o n d s t o t h e o l d m e t h o d 

o f c a l c u l a t i n g i n i t i a l t e n s i o n i n b o l t s w h i c h t h e w r i t e r h a s 

a l w a y s m a i n t a i n e d w a s i n c o r r e c t b u t w h i c h i s n o w c o r r e c t l y 

s t a t e d i n P r o f e s s o r L e u t w i l e r ' s b o o k o n M a c h i n e D e s i g n , i n 

t h e d e s i g n o f b o l t s i n t h e c y l i n d e r h e a d o f a s t e a m e n g i n e . 

T h e p r i n c i p l e i s t h e s a m e i n b o t h c a s e s . H o w e v e r , i n r e g a r d 

t o s l i d i n g , t h e w h o l e t r i a n g l e s h o u l d , b e t a k e n . A s t h e s l i d i n g 

s a f e t y f a c t o r i n m o s t d a m s i s l o w , t h i s m a y r e s u l t i n a d a n g e r 

o u s r e d u c t i o n i n s a f e t y a n d c a u s e f a i l u r e . T h i s a c c o u n t s f o r 

t h e f a c t t h a t a l l f a i l u r e s o f t h i s k i n d s l i d e o u t a n d d o n o t 

o v e r t u r n . 

S i n c e t h e f o u n d a t i o n r e a c t i o n e q u a l s t h e T o t a l w e i g h t o f d a m . 

A r e a o f s h a d e d t r i a n g l e = W — 2 / 3 H x » 2 . 3 3 H L — 2 / 3 H x 

I g 

a P L 

T h e n p = 2 . 3 3 H — • 2 / 3 H x 

L a n d b y p r o p o r t i o n a l t r i a n g l e s 

2 / 3 H = x 

2 . 3 3 H 3 / 3 H x L - x 

L 

2 / 3 L — 2 / 3 x m 2 . 3 3 x « • 2 / 3 x 2 

L 

x 2 — 4 . 5 L x - L 2 = 0 f r o m w h i c h x = 0 . 2 3 L 

A d a m o f t r i a n g u l a r s e c t i o n i s t a k e n a s t h i s i s w h a t 

d a m s e c t i o n s a p p r o x i m a t e a n d t h i s s e c t i o n a l s o g i v e s t h e 

l a r g e s t v a l u e o f x . I f a r e c t a n g u l a r s e c t i o n i s t a k e n x 

w i l l e q u a l L / 8 a n d t h e s e c t i o n s o f a l l d a m s l i e b e t w e e n a 

r e c t a n g l e a n d a t r i a n g l e . 
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A c o m p a r i s o n o f t h e b a s e w i d t h s o f a t r i a n g u l a r dam b o t h 

w i t h o u t and w i t h upward p r e s s u r e w i l l now be made. 

W i t h no upward p r e s s u r e L = z H , 1 / 2 t h e r e s i s t i n g moment 

b e i n g t a k e n f o r a f a c t o r o f s a f e t y o f 2 . 

2 . 3 3 z H ( z H ) H = 2 . 3 3 z 2 H 3 - J I 3 

6 6 6 

2 . 3 3 z 2 = 1 f r o m w h i c h z = 0 . 6 6 

W i t h upward p r e s s u r e c o n s i d e r e d 

2 . 3 3 z % 3 » H 3 4- H( . 2 3 H z ) ( Hz — . 2 3 H z ) 

2 . 3 3 z 2

 s 1 — . 4 2 z 2 

f r o m w h i c h z = . 7 2 3 

The n e c e s s a r y i n c r e a s e i n s e c t i o n i s 9 . 5 p e r c e n t w h i l e by 

t h e c o n v e n t i o n a l method t h e i n c r e a s e i n s e c t i o n i s a b o u t 

2 0 p e r c e n t . 

I f we c o n s i d e r t h e f o u n d a t i o n r e a c t i o n w i t h no upward 

p r e s s u r e and t h e n c o n s i d e r t h e t r i a n g l e o f upward p r e s s u r e 

a c t i n g as a b o v e , i t w i l l be f o u n d t h a t t h e p r e s s u r e on t h e 

t o e o f t h e dam i n c r e a s e s , a l s o t h e a r e a o f t h e t r i a n g l e and 

i t s a l t i t u d e x b u t t h e s e i n c r e m e n t s r e d u c e and f i n a l l y a 

b a l a n c e i s f o u n d . 

I n w o r k i n g o u t g r a p h i c a l l y a dam 90 f e e t h i g h and o f b a s e 

w i d t h 63 f e e t , t h e f o l l o w i n g s u c c e s s i v e v a l u e s o f p , x , p ' and 

U - p ' were f o u n d , 

p 1 8 4 . 0 1 8 8 . 3 7 1 9 0 . 7 1 9 1 . 9 1 9 2 . 7 1 9 3 . 4 1 9 3 . 7 6 1 9 3 . 7 8 

x 9 . 8 1 1 . 8 6 1 2 . 3 5 1 3 . 4 1 3 . 7 1 4 . o 5 1 4 . 1 9 1 4 . 1 9 

p« 2 6 . 0 1 6 . 4 7 1 1 . 1 1 8 . 1 6 . 2 5 4 . 4 7 3 . 6 2 3 . 6 0 

U - p ' 3 4 . 0 4 3 . 5 3 4 8 . 9 5 1 . 9 5 3 , 7 5 5 5 . 5 3 5 6 . 4 1 5 6 . 4 0 

I t w i l l be n o t e d t h a t p ' d i d n o t become 0 n o r d i d x 

6 6 
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become 0.23 of the base or 1 4 . 4 9 which shows that z may be a 
little less than 0 . 7 When x becomes 1 4 . 1 9 a balance is ob
tained. 

It will also be seen that upward pressure increases the 
pressure on the toe and this would have to be taken into con
sideration in the design of very high dams. By the usual 
method of calculating upward pressure, the pressures on the toe 
of the dam are not increased which is not logical. If p 1 , the 
pressure at the heel not considering upward pressure exceeds U 
the intensity of upward pressure at this point, then upward 
pressure will have no effect on overturning. This same state
ment will be found in Parker1s Control of Water and corrobo
rates the writer1s theory. 

The following equations have been derived and the solution 
will have to be made by trial but this will give the value of 
x more quickly than by making successive trials by graphics 
as done above. 



16 p ss pressure at toe, uplift considered Pf - pressure at toe, uplift not considered p(l-x) - 2W — UL p . 3W-UL 
L-x Then p s pf plus increase due to moment minus decrease due to uplift. P » Pf + 6(U-p')x(L/3-x/3L ~~ (Uz2lll 

2L* 3L 
By proportion U-p1 - p (U-p»)x = px2 

x " L-x or L-x 
Substitr '/ing and transposing 
P r _ . Ef 

1 - 3x2(L/3-x/3) + x2 
L2(L-x) 2L(L-x) Substituing value of p above and transposing SW-UL - Pf (L-x)2 L2 

L*(L-x) -3x̂(L/3-x/3) + l/3Lx2 
-z p-p (L-x) 2L2 , 

KJL3-L2x -3/2Lx2 "̂Fx̂  - h Lx2 — Now let x equal kL and substitute 2W-UL - (l-k)2 pfL l-k-k̂-)-k3 For the above dam 2W-UL - 13330-3780 - .816 "PfL 184(63) Then l-3k—k2 = .816 -.816k -,816k2 -|-.816k3 ,816k3 -1.816k2 -f-1.184k -.184 =0 From which k equals .3253 or 1 The value .3353 checks the value .33 previously obtained and also .3353 x 63 - 14.188 checking the value 14.19 in the above table obtained by graphical computation. 
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J 
] 

y 6.3' 
i \ 
1 f /6.e' \ 

W e i g h t o f d a m = 6 . 8 ( 2 0 ) 2 . 3 3 -f> 1 0 x 1 0 = 5 5 9 

H o r i z o n t a l t h r u s t = 5 x 2 0 - 4 - 2 0 x 2 0 s 3 0 0 

2 
F a c t o r S a f e t y ( S l i d i n g ) . 6 6 ( 5 5 9 ) » 1 . 2 3 

3 0 0 
U p w a r d P r e s s u r e ( 2 5 + 5 ) 1 6 . 1 x 2 / 3 = 1 6 8 

2 
F a c t o r S a f e t y ( U p w a r d P r e s s u r e ) . 6 6 ( 5 5 9 - 1 6 8 ) « 0 . 8 6 

3 0 0 " " 

F r o m t h i s w e c a n s e e t h a t u p w a r d p r e s s u r e h a s n o s e r i o u s 

e f f e c t o n o v e r t u r n i n g a n d w i l l n o w t a k e u p t h e e f f e c t o f 

s l i d i n g a n d f i n d o u t w h e r e t h e r e a l d a n g e r o f u p w a r d p r e s s u r e 

l i e s . 

A s e r i e s o f d a m s o f 2 0 , 4 0 , 6 0 , 8 0 a n d 1 0 0 f e e t i n h e i g h t h 

w i l l b e w o r k e d o u t w i t h f l a t t o p s t o s i m p l i f y c a l c u l a t i o n s . 

A l l o f t h e s e d a m s w i l l h a v e a s a f e t y f a c t o r a g a i n s t s l i d i n g o f 

a b o u t 1 . 2 3 w i t h f i v e f e e t o f w a t e r f l o w i n g o v e r t h e c r e s t a n d 

w i t h n o u p w a r d p r e s s u r e c o n s i d e r e d . T h e l a r g e d r o p i n s a f e t y 

w i l l t h e n b e n o t i c e d w h e n u p w a r d p r e s s u r e i s c o n s i d e r e d a n d 

t h e n m o r e o f a d r o p i n t h e s a f e t y f a c t o r a s t h e h e i g h t h o f 

o v e r f l o w i s i n c r e a s e d . T h i s l a t t e r d r o p i s l a r g e r f o r l o w 

d a m s . T h e a s s u m p t i o n i s m a d e , w h i c h i s l o g i c a l , t h a t a f i v e 

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

t h e t a i l w a t e r . A l l d a m s h a v e t h e b a c k f a c e v e r t i c a l a n d t h e 

f r o n t f a c e s l o p i n g 1 h o r i z o n t a l t o t w o v e r t i c a l . 
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O v e r f l o w h e a d o f 1 0 f e e t , 2 0 f o o t d a m 

H o r i z o n t a l T h r u s t - 4 0 0 

F a c t o r S a f e t y . 6 6 ( 5 5 9 ) = . 9 2 4 

400 

U p w a r d P r e s s u r e 2 / 3 ( 1 6 . 8 ) 2 0 = 2 2 4 

F a c t o r S a f e t y ( U p w a r d P r e s s u r e ) , 6 6 ( 5 5 9 - 2 2 4 ) = $ . 5 5 3 

4 5 5 

O v e r f l o w h e a d o f 1 5 f e e t , 2 0 f o o t d a m 

H o r i z o n t a l T h r u s t 5 0 0 

F a c t o r S a f e t y . 6 6 ( 5 5 9 ) - 0 . 7 3 8 

5 0 0 

U p w a r d p r e s s u r e 2 / 3 ( 1 6 . 8 ) 2 5 = 2 8 0 

F a c t o r S a f e t y ( U p w a r d P r e s s u r e ) . 6 6 ( 5 5 9 - 2 8 0 ) - 0 . 3 6 8 

5 0 0 

I f t h i s d a m i s t o t a l l y s u b m e r g e d i t s w e i g h t w o u l d b e 

5 5 9 ( 1 . 3 3 ) O r 3 0 8 I n t h i s c a s e o f 1 5 f e e t o v e r f l o w , t h e 

* 2 . 3 3 

w e i g h t m i n u s u p w a r d p r e s s u r e w a s l e s s t h a n 3 0 8 w h i c h c a n n o t 

b e t r u e . E v i d e n t l y t h e w e i g h t o f t h e w a t e r f a l l i n g o v e r t h e 

d a m w o u l d a d d t o t h e w e i g h t o f d a m b u t t h i s i s a d i f f i c u l t 

t h i n g t o e s t i m a t e . 

4 0 f o o t d a m w i t h 5 f o o t o v e r f l o w T o p w i d t h 9 . 6 6 f e e t , b o t t o m 

w i d t h 2 9 . 6 6 f e e t . 

W e i g h t 9 . 6 6 ( 4 0 ) 2 . 3 3 + 2 0 x 2 0 x 2 . 3 3 = 1 8 3 5 

H o r i z o n t a l T h r u s t 5 x 4 0 - f - 4 0 ( 4 0 ) - 1 0 0 0 

2 

F a c t o r S a f e t y . 6 6 ( 1 8 3 5 ) * 1 . 2 2 

1 0 0 0 

U p w a r d P r e s s u r e 2 9 . 6 6 ( 2 5 ) 2 / 3 = 4 9 5 

F a c t o r S a f e t y ( U p w a r d P r e s s u r e ) . 6 6 ( 1 8 3 5 - 4 9 5 ) » 0 . 8 9 6 

1 0 0 0 



19. 40 foot dam 10 foot overflow 
Horizontal Thrust 10(40) -4- 40x40 - i200 

2 
Factor Safety .66(1835) * 1.01 
Upward Pressure 29.66(40/2 -j-10)2/3 »595 
Factor Safety (Upward Pressure) .66 (1835-595) ~ 0.583 

1 2 0 Q 

Continuing these calculations in the same manner for the 60 80 and 100 foot dams the following table of safety factors are found and the values are plotted curve sheet No. I OVERFLOW HEAD 20 foot dam 5» 10» 15« 20» F.S. No up. press. 1.23 0.924 0.738 F.S. Upward « 0.86 0.553 0.368 40 foot dam F.S. NO. Up. Press. 1.22 1.01 0.865 0.758 F.S. Upward « 0.896 0.683 0.540 0.430 60 foot dam F.S. No. Up. Press. 1.23 1.08 0.958 0.861 F.S. Upward « 0.92 0.760 0.645 0.550 80 foot dam. F.S. No. Up. press. 1.245 1.123 1.02 0.940 F.S. Upward « 0.942 0.815 0.696 0.626 100 foot dam F.S. No Up. press. 1.248 1.142 1.053 0.975 F.S. Upward « 0.940 0.838 0.750 0.674 
As the assumption that upward pressure on two thirds the area of the base is excessive, the following safety factors were worked out for a pressure on 40$ of the base. Also in case the base is thoroughly drained values are worked out for tail water only acting on two thirds the area of the base. This will cover about all the usual assumptions made as to upward pressure. 
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SLIDING- SAFETY FACTORS 

OVERFLOW HEAD 

20 f o o t dam 
No Up. P r e s s u r e 
Up . P r e s s . 4 0 $ 
U p . P r e s s . T a i l 
w a t e r 2 / 3 b a s e 

5 ' 
1 . 2 3 
1 . 0 1 
1 . 1 1 

10 • 
0 ) 9 3 4 
0 . 7 1 3 
0 . 7 4 5 

15* 
0 . 7 3 8 
0 . 5 1 6 
0 . 5 3 5 

2 0 ' 

4 0 f o o t dam 
No . U p . P r e s s u r e 
U p . P r e s s . 4 0 $ 
U p . P r e s s . T a i l 
w a t e r 2 / 3 b a s e 

1 . 2 2 
1 . 0 2 
1 . 1 4 3 

1 . 0 1 0 
0 . 8 1 5 
0 . 9 0 0 

0 . 8 6 5 
0 . 6 7 0 
0 . 7 7 6 

0 . 7 5 8 
0 . 5 6 2 
0 . 5 9 5 

60 f o o t dam 
No . U p . P r e s s u r e 
Up . P r e s s . 4 0 $ 
Up . P r e s s . T a i l 
w a t e r 2 / 3 b a s e 

1 . 2 3 
1 . 0 4 
1 . 1 9 

1 . 0 8 0 
0 . 8 9 0 
1 . 0 0 0 

0 . 9 5 8 
0 . 7 7 0 
0 . 8 5 5 

0 . 8 6 1 
0 . 6 7 5 
0 . 7 3 7 

80 f o o t dam 
No Up. P r e s s u r e 
Up . P r e s s . 4 0 $ 
Up. P r e s s . T a i l 
w a t e r 2 / 3 b a s e 

1 . 2 4 5 
1 . 0 6 0 
1 . 3 1 5 

1 . 1 3 3 
0 . 9 4 0 
1 . 0 6 0 

1 . 0 2 0 
0 . 8 3 6 
0 . 9 3 6 

0 , 9 4 0 
0 . 7 5 0 
0 . 8 3 4 

1 0 0 ' f o o t dam 
No Up. P r e s s u r e 
U p . P r e s s . 4 0 $ 
U p . P r e s s . T a i l 
w a t e r 2 / 3 b a s e 

1 . 3 4 8 
1 . 0 6 3 
1 . 3 3 0 

1 . 1 4 3 
0 . 9 6 0 
1 . 0 9 0 

1 . 0 5 3 
0 . 8 7 2 
0 . 9 9 5 

0 . 9 7 3 
0 . 7 9 6 
0 . 8 9 3 

From an e x a m i n a t i o n o f t h e s e t a b l e s and t h e c o r r e s p o n d i n g 

c u r v e s p l o t t e d t h e r e f r o m , i t w i l l be seen t h a t t h e r e i s a 

l a r g e d rop i n t h e s a f e t y f a c t o r when upward p r e s s u r e i s c o n 

s i d e r e d . I n a d d i t i o n i t w i l l be n o t e d t h a t t h e r e i s s t i l l 

more o f a d r o p as t h e o v e r f l o w head i n c r e a s e s . T h i s l a t t e r 

d rop i s more p r o n o u n c e d t h e l o w e r t h e dam. T h i s i s t o be 

e x p e c t e d as t h e r i s e on a l o w dam i s a l a r g e r p r o p o r t i o n a t e 

r i s e t h a n on a h i g h dam b u t i t i s t r u e t h a t a f i v e o r t e n 

f o o t r i s e i s as l i k e l y t o occur on a l o w dam as on a h i g h o n e . 

I n many c a s e s t h e p r o b a b i l i t y o f a r i s e on t h e l o w dam i s 

g r e a t e r . The w r i t e r b e l i e v e s t h a t t h i s i s t h e r e a s o n why 
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O v e r f l o w H e a d . . 

S o l i d l i n e s ' ; N o U p w a r d P r e s s u r e • - • • -

D o t t e d l i n e s , U p w a r d P r e s s u r e d u e t o f u l l 

u p s t r e a m . , a n d , 3 / 3 

t h e a r e a o f , t h e , . " b a s e . 

C u r v e s s h o w i n g d r o p i n S l i d i n g S a f e t y " F a c t o r 

d u e t o u p w a r d p r e s s u r e c o m b i n e d w i t h a b n o r m a l 

r i s e i n w a t e r o v e r f l o w i n g a r e s t . 
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Curves showing drop in Sliding Safety Factor 
due to upward pressure combined -with abnormal rise 
of water overflowing crest. 
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t h e most o f t h e s e f a i l u r e s have b e e n dams o f l e s s t h a n 60 

f e e t i n h e i g h t h . Of c o u r s e , i t must be c o n s i d e r e d t h a t t h e r e 

a r e more dams o f l o w h e i g h t h and t h a t more c a r e i s t a k e n i n 

t h e d e s i g n and c o n s t r u c t i o n o f h i g h dams t h a n o f l o w dams. 

One o f t h e p u r p o s e s o f t h i s p a p e r i s t o show t h a t as much o r 

e v e n more c a r e s h o u l d be t a k e n i n t h e d e s i g n o f a l o w dam as 

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

A n o t h e r d a n g e r due t o t h e r i s e o f o v e r f l o w h e a d i s t h a t 

due t o t h e f a l l i n g s h e e t o f w a t e r l e a v i n g t h e f a c e o f t h e dam 

and c r e a t i n g a p a r t i a l vacuum b e h i n d i t . The amount o f t h i s 

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

s o u r c e o f d a n g e r when added t o t h e d e c r e a s e d r e s i s t a n c e t o 

s l i d i n g shown a b o v e . 

The s a f e t y f a c t o r a g a i n s t s l i d i n g i s v e r y l o w i n most 

dams. T h i s i s due t o t h e i n c r e a s e i n c o s t n e c e s s a r y t o g e t a 

l a r g e r s a f e t y f a c t o r , b u t i n t h e case o f l o w dams w i t h o v e r f l o w 

t h e h i g h e s t p o s s i b l e s a f e t y s h o u l d be o b t a i n e d . Due t o t h e 

n e c e s s i t y o f h a v i n g t h e downst ream f a c e o f t h e dam c o n f o r m i n 

s l o p e t o t h e s h e e t o f f a l l i n g w a t e r , l o w dams u s u a l l y have a 

l a r g e r b a s e i n p r o p o r t i o n t o h e i g h t h t h a n h i g h dams. T h i s 

adds t o t h e i r s a f e t y b u t i f upward p r e s s u r e i s c o n s i d e r e d as 

a c t i n g on two t h i r d s o f t h e base a r e a , t h e s e c t i o n w i l l s t i l l 

be u n s a f e . E i t h e r t h i s a s s u m p t i o n i s e x c e s s i v e o r most dams 

a r e on good f o u n d a t i o n s , o t h e r w i s e t h e m a j o r i t y o f them would 

h a v e f a i l e d . From t h e e v i d e n c e o f t h o s e t h a t h a v e f a i l e d i t 

seems t h a t t h e f a u l t has b e e n w i t h t h e f o u n d a t i o n . A good 

g e o l o g i s t s h o u l d be c o n s u l t e d b e f o r e any dam i s b u i l t . 

From t h e t a b l e s and c u r v e s g i v e n , i t w i l l b e seen t h a t 



2 4 . 

in the case of tailwater only acting on two thirds the area of 
the base, the lowering of the safety factor is not excessive. 
As this condition can be realized by cut-off walls and thorough 
under-drainage, this seems to be the correct thing to do in the 
case of low dams. As above stated the writer is not aware of 
this ever having been done in the construction of low dams. 
In this case, if any additional material is needed to increase 
the safety, it is more economical to add it by battering the 
upstream face preferably as shown later by starting the batter 
at about one halfl the depth of the dam and thus get the benefit 
of as much water weight as possible for the concrete used. 
However, when the expense of this drainage and extra concrete 
is considered, it will probably be found that the hollow re
inforced concrete dam is to be preferred particularly on foun
dations that are not first class. The upstream face of hollow 
dams has a slope of about forty five degrees and for this rea
son any rise of head water will cause an increase of horizontal 
pressure but at the same time the vertical weight of the water 
on the rear face is increased by an equal amount. As the co
efficient of friction is about two thirds this will not entire
ly compensate for the increased horizontal pressure but will 
prevent and excessive decrease in the safety factor. The base 
of a hollow dam is greater than that of a gravity dam but not 
so large proportionally in the case of low dams as in the case 
of high dams. In the case of low hollow dams, the base of the 
buttresses will have only about one sixth the area of the whole 
foundation and the upward pressure would not be very great. In 
high dams, this buttress ba.se area will be a larger proportion 

http://ba.se
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and t h e upward p r e s s u r e w o u l d have t o be c o n s i d e r e d . F o r t h i s 

r e a s o n , i t a p p e a r s t h a t f o r l o w o v e r f l o w dams t h e h o l l o w dam 

i s more s a f e and e c o n o m i c a l b u t t h a t f o r h i g h dams, c o n s i d e r i n g 

t h e e x t r a f o u n d a t i o n e x c a v a t i o n , c o s t o f f o r m s and b e t t e r g r a d e 

c o n c r e t e , t h e g r a , v i t y dam i s more e c o n o m i c a l and can be made 

as s a f e . J u s t where t h e d i v i d i n g l i n e i s w o u l d h a v e t o be 

worked o u t f o r e a c h p a r t i c u l a r case as t o o many f a c t o r s e n t e r 

i n t o t h e c a s e f o r a g e n e r a l s o l u t i o n . I t i s t h e w r i t e r * s 

o p i n i o n , a f t e r i n v e s t i g a t i o n s made i n t h e d e s i g n o f t h e Long 

Lake dam and i n t h e d e s i g n o f h o l l o w dams o f c l a y sand and r o c k 

f o u n d a t i o n s , t h a t above one hiimdred f e e t i n h e i g h t , t h e g r a v i t y y 

dam w i l l u s u a l l y be t h e more e c o n o m i c a l . 

I t w i l l a l s o b e seen f r o m t h e t a b l e s , t h a t e x c e s s i v e o v e r 

f l o w i s a s o u r c e o f s e r i o u s d a n g e r , e s p e c i a l l y i n t h e case o f 

l o w dams. I n c a s e t h e f l o w r e c o r d s o f t h e r i v e r a r e known f o r 

a p e r i o d o f t w e n t y o r more y e a r s , t h e dam c a n be d e s i g n e d f o r 

t h e h i g h e s t r e c o r d e d f l o w b u t i f r e c o r d s a r e n o t a v a i l a b l e , t h e n 

g r e a t c a u t i o n must be t a k e n . Even f l o w r e c o r d s o f many y e a r s 

a r e n o t an a b s o l u t e l y s a f e g u i d e , as t h e w r i t e r has s e e n a h i g h 

w a t e r mark o f t h e C o l o r a d o R i v e r b e l o w A u s t i n T e x a s w h i c h was 

made i n 1 8 7 6 and y e t when t h e A u s t i n Da,m f a i l e d i n 1 9 0 0 , w i t h 

1 3 f e e t o f w a t e r f l o w i n g o v e r t h e c r e s t , t h e r e s u l t i n g f l o o d 

d i d n o t r e a c h t h i s ma,rk w h i c h i s l o c a t e d s e v e r a l m i l e s b e l o w 

t h e dam. The f l o o d w i t h t h e a d d i t i o n o f t h e r e l e a s e d impounded 

w a t e r d i d n o t r e a c h t h i s mark by t w e n t y f e e t . 

The w r i t e r w i l l now compare t h i s dam a t A u s t i n T e x a s , w h i c h 

f a i l e d , w i t h t h e S p e i r F a l l s Dam on t h e Hudson R i v e r , New Y o r k , 

b o t h dams b e i n g 60 f e e t h i g h and d e s i g n e d f o r 15 f e e t o f o v e r -
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f l o w . The l a t t e r dam has n o t f a i l e d . T h i s dam has a c r o s s -

s e c t i o n a l a r e a o f 1 5 3 s q u a r e f e e t more t h a n t h e A u s t i n Da,m 

and w i t h upward p r e s s u r e c o n s i d e r e d has no l a r g e r s a f e t y f a c t o r 

t h a n t h e A u s t i n Dam, showing t h a t l i t t l e i s g a i n e d b y a d d i n g 

a r e a on t h e d o w n s t r e a m s i d e e x c e p t p o s s i b l y p r e v e n t i n g t h e 

l o w e r nappe o f f a l l i n g w a t e r f r o m l e a v i n g t h e f a c e o f t h e dam 

and p r o d u c i n g a vacuum. T h i s p r o b a b l y happened i n t h e case o f 

t h e A u s t i n Dam, as t h e w r i t e r remembers when a boy o f s e e i n g 

t h i s dam when a f l o o d was p a s s i n g o v e r t h e c r e s t and f e e l i n g 

t h e v i b r a t i o n o f t h e dam c a u s e d by t h e f o r m i n g and b r e a k i n g 

o f a vacuum u n d e r t h e l o w e r nappe o f f a l l i n g w a t e r . However , 

t h e f a c e o f t h i s dam c o r r e s p o n d s v e r y c l o s e l y t o t h e t h e o r e t i 

c a l c u r v e o f t h e l o w e r nappe o f f a l l i n g w a t e r . The w r i t e r 

w i l l add 153 s q u a r e f e e t o f s e c t i o n t o t h e r e a r o f t h e A u s t i n 

Dam and compare t h e r e s u l t s w i t h t h e S p e i r F a l l s Dam. 
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. 5 ' A U S T I N T E X A S D A M 

W e i g h t 1 7 3 2 x 2 . 3 3 = 4 0 4 0 

H o r i z o n t a l T h r u s t 1 5 ( 6 0 ) -4- 6 0 2 - 2 7 0 0 

2 

F a c t o r S a f e t y . 6 6 ( 4 0 4 0 ) 

2 7 0 0 

1 . 0 0 

U p w a r d P r e s s u r e ( 6 0 / 2 « f - 1 5 ) 4 0 . 5 x 2 / 3 * 1 2 1 5 

F a c t o r S a f e t y w i t h . 6 6 ( 4 0 4 0 - 1 2 1 5 ) * 0 . 6 9 

U p w a r d P r e s s u r e 2 7 0 0 

S P E I R F A L L S D A M 

W e i g h t 1 8 8 5 x 2 . 3 3 = 4 4 0 0 

H o r i z o n t a l T h r u s t 2 7 0 0 

F a c t o r S a f e t y . 6 6 ( 4 4 0 0 ) = - 1 . 0 7 2 

2 7 0 0 

U p w a r d P r e s s u r e 4 5 ( 5 0 . 8 3 ) x 2 / 3 - 1 5 2 0 

F a c t o r S a f e t y w i t h . 6 6 ( 4 4 0 0 - 1 5 2 0 ) . » 0 . 7 0 5 

U p w a r d P r e s s u r e 2 7 0 0 
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AUSTIN DAM ( 1 5 3 square feet added on rear) 
Weight 4 4 0 0 -f- 6 0 x 1 0 = 5 0 0 0 

Upward Pressure 4 5 x 5 0 , 5 ( 2 / 3 ) j - 1 5 1 0 

Factor Safety . 6 6 ( 5 0 0 0 - 1 5 1 0 ) = 0 . 8 5 2 
— 2m— 

as compared with 0 . 7 0 5 above 

Additional material added in the form of a 
parabola on the rear face (AUSTIN DAM) 
Weight 4 4 0 0 - j - 2 x 1 5 0 + 7 . 5 ( 1 5 ) - 4 8 1 2 . 5 

Upward Pressure 4 5 x 4 8 ( 2 / 3 ) » 1 4 4 0 

Factor Safety . 6 6 ( 4 8 1 2 . 5 - 1 4 4 0 ) - 0 . 8 2 3 

2 7 0 0 

If upward pressure is taken on 4 0 $ of the 
base the upward pressure safety factor would 
be 0 . 9 6 5 or a little less than one. 
If only tail water is taken, acting on two 
thirds the area of the base the Safety factor 
will be 1 . 0 9 or greater than the Speir Falls 
Dairi safety factor without any upward pressure, 



I n o r d e r t o show by a c o n c r e t e e x a m p l e , t h e amount t h a t can 

be s a v e d by a d d i n g m a t e r i a l t o t h e r e a r f a c e o f a dam i n s t e a d 

o f t o t h e f r o n t f a c e , a c o m p a r i s o n w i l l be made o f t h e d e s i g n s 

o f t h e Long L a k e Dam, shown i n F i g u r e I . and t h e K e n s i c o Dam 

o f t h e New Y o r k W a t e r S u p p l y , shown i n F i g u r e I I I . B o t h o f 

t h e s e dams were d e s i g n e d f o r upward w a t e r p r e s s u r e a c t i n g under 

t w o - t h i r d s t h e b a s e a r e a , and c o m p a r i s o n w i l l be made f o r t h e 

same t o t a l h e a d o f w a t e r r e t a i n e d by e a c h dam. The Long Lake 

Dam has e x t r a m a t e r i a l added on t h e r e a r and t h e K e n s i c o Dam 

has e x t ^ a m a t e r i a l added on t h e f r o n t f a c e . 

LONG- LAKE DAM 

Gross S e c t i o n a l A r e a 3 5 3 3 0 s q u a r e f e e t 

W e i g h t 2 . 3 3 x 3 5 2 3 0 x 6 2 . 5 = 5 8 8 7 0 x 6 2 . 5 

W e i g h t o f W a t e r o v e r Rear Face 1 1 5 2 5 x 6 2 . 5 

T o t a l V e r t i c a l W e i g h t 7 0 3 9 5 x 6 2 . 5 

Upward P r e s s u r e 2 / 3 ( 2 2 7 ) x l / 2 ( 2 2 5 ) x 6 2 . 5 « 1 7 1 7 5 x 6 2 . 5 

H o r i z o n t a l T h r u s t 2 2 7 2 x l / 2 x 6 2 . 5 = 2 5 7 6 0 x 6 2 . 5 

V e r t i c a l W e i g h t . - Upward P r e s s u r e 5 3 2 2 0 x 6 2 . 5 

S l i d i n g S a f e t y F a c t o r . 6 6 x 5 3 3 2 0 x 6 2 . 5 = s 1 . 3 8 1 

2 5 7 6 0 x 6 2 . 5 

K e n s i c o Dam 

Gross S e c t i o n a l A r e a 2 5 8 0 0 s q u a r e f e e t 

W e i g h t 2 . 3 3 x 2 5 8 0 0 x 6 2 . 5 » 60200 x 6 2 . 5 

W e i g h t o f W a t e r o v e r Rear Fa.ce 21$ )0x62 .5 

T o t a l V e r t i c a l W e i g h t 6 2 3 0 0 x 6 2 . 5 

Upward P r e s s u r e 1 / 3 ( 2 1 9 . 6 7 ) 227 x 6 2 . 5 = 1 6 6 2 0 x 6 2 . 5 

W e i g h t - Upward P r e s s u r e 4 5 6 8 0 x 6 2 . 5 

F a c t o r S a f e t y , S l i d i n g . 6 6 ( 4 5 6 8 0 ) 6 2 , 5 "g 1 . 1 8 1 
2 5 7 6 0 x 6 2 . 5 
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From t h e a b o v e , we f i n d t h a t t h e K e n s i c o Da,m has about t h e 

same amount o f m a t e r i a l as t h e Long L a k e Dam b u t has a sa fe ty -

f a c t o r 17 p e r c e n t l o w e r . To g e t t h e same s a f e t y f a c t o r 20 

p e r c e n t more m a t e r i a l wou ld have t o be added t o t h e front 

fp.ee o r 10 p e r c e n t more m a t e r i a l t o t h e r e a r f a c e . The 

o r i g i n a l d e s i g n o f t h e Long Lake Dam was p r a c t i c a l l y t h e same 

as t h a t o f t h e K e n s i c o Dam. The w r i t e r , by t a k i n g t h i s d e s i g n 

and m o d i f y i n g a l o n g t h e l i n e s s u g g e s t e d i n t h i s p a p e r , made 

a s a v i n g o f 1 3 0 0 0 c u b i c y a r d s o f c o n c r e t e i n a t o t a l o f 

2 7 5 0 0 0 c u b i c y a x d s w h i c h a t t h e v e r y l o w e s t e s t i m a t e meant 

a s a v i n g o f a t l e a s t $ 1 0 0 , 0 0 0 and t h i s was done w i t h no l o s s 

o f s a f e t y . I n f a c t t h e r e was an i n c r e a s e i n t h e s l i d i n g 

s a f e t y f a c t o r as has j u s t b e e n shown. 

On t h e f o l l o w i n g p a g e , F i g u r e I I I . t h e c r o s s s e c t i o n s 

o f b o t h o f t h e above dams a r e p l o t t e d , t h a t o f t h e Long Lake 

Dam b e i n g i n D o t t e d o u t l i n e . T h i s dam i s 2 0 8 f e e t h i g h b u t 

r e t a i n s a t o t a l h e a d o f 227 f e e t , t h e r e b e i n g a head o f 19 

f e e t above t h e dam r e t a i n e d by r o l l e r g a t e s . The K e n s i c o 

Dam i s a. l i t t l e h i g h e r b u t t h e above c o m p a r i s o n was made on 

t h e b a s i s o f b o t h dams r e t a i n i n g t h e same h e a d o f w a t e r . 

http://fp.ee
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To summarize, i t has been the attempt of the writer to 

show that upward pressure under a dam has no e f f e c t on the over

turning moment except near the heel of the dam where t h i s pres 

sure exceeds the foundation reac t ion . This i s i d e n t i c a l l y the 

same propos i t ion as the method of f igur ing i n i t i a l tens ion in 

the b o l t s in the cy l inder head of a steam engine which for many 

years was i n c o r r e c t l y given in text books but which i s now cor

r e c t l y given in books on machine des ign. This i s the correct 

theory and i s not so radical as i t may appear. The e f f e c t of 

upward pressure i s in s l i d i n g and as most dams have a low 

safe ty fa.ctor against s l i d i n g , the r e s u l t may be s e r i o u s . In 

most t e x t s on the design of dams, the method i s to design for 

overturning and in the case of overflow dams make the downstream 

face of the dam s tay ins ide of the lower nappe of the f a l l i n g 

water. After the dam -is designed then i t i s t e s t e d for s l i d i n g 

and the upward pressure i s assumed as act ing on a small per 

cent of the base area to make the safe ty factor stay within 

l i m i t s . The writer contends that for small dams with overflow 

the method should be to make the dam safe against s l i d i n g and 

then i t w i l l be safe against overturning even i f the incorrect 

method of taking a l l the upward pressure as a f f e c t i n g overturn

ing i s used. 

I f the foundation i s faul ty the only safe way i s to use 

grout, a c u t - o f f wall and thoroughly under drain. Then only 

upward pressure due to the t a i l waiter need be considered and 

i t w i l l not be necessary to guess as to whether two th irds or 

one third of the base area should be used. I f addi t ional 

material i s needed for s l i d i n g sa fe ty , i t i s more economical 
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t o add m a t e r i a l t o t h e upstrea.m f a c e by e i t h e r o f t h e two methods 

g i v e n b y t h e w r i t e r i n t h e p r e c e d i n g p a g e s . 

I n t h e c a s e o f l o w dams, i t i s o f g r e a t i m p o r t a n c e t o know 

t h e amount o f f l o o d w a t e r t h a t may p a s s o v e r t h e dam. Even 

w i t h o n l y t h e u p w a r d p r e s s u r e due t o t a i l w a t e r t h e s a f e t y f a c 

t o r i n t h e c a s e o f l o w dams may be s e r i o u s l y l o w e r e d b y an u n 

e x p e c t e d f l o o d . I n t h e c a s e o f h i g h dams t h e d a n g e r i s n o t so 

g r e a t . Of c o u r s e i t w o u l d n o t be. a d v i s a b l e t o p u t i n u n d e r 

d r a i n s where t h e f o u n d a t i o n i s f i r s t c l a s s b e c a u s e i n t h i s case 

one w o u l d be a d d i n g upward p r e s s u r e where none w o u l d e x i s t . 

I t i s v e r y p r o b a b l e t h a t f o r l o w dams on f a u l t y founda. -

t i o n s t h e h o l l o w r e i n f o r c e d c o n c r e t e dam i s s a f e r . Upward 

p r e s s u r e i s p r a c t i c a l l y r e d u c e d t o n o t h i n g and i n a d d i t i o n due 

t o t h e u p s t r e a m f a c e h a v i n g a s l o p e o f a b o u t 45 d e g r e e s , any 

h i g h r i s e o f w a t e r w i l l add as much t o t h e v e r t i c a l f o r c e s as 

•to t h e h o r i z o n t a l f o r c e s and i f t h e c o e f f i c i e n t o f f r i c t i o n i s 

0 . 6 6 t h e n two t h i r d s o f t h e a d d i t i o n a l f o r c e s w i l l be n e u t r a l 

i z e d . 

I n t h e c a s e o f h i g h dams, t h i s i s n o t so i m p o r t a n t and 

i n a d d i t i o n t h e e x t r a f o u n d a t i o n e x c a v a t i o n n e c e s s a r y may p r o v e 

t h e g r a v i t y dam t o be t h e c h e a p e r . T h i s w o u l d h a v e t o be worked 

o u t f o r t h e p a r t i c u l a r c a s e , b u t i t i s a l m o s t c e r t a i n t h a t t h e 

g r a v i t y dam i s t h e more e c o n o m i c a l f o r h e i g h t h s o f o v e r 100 

f e e t . I n t h i s c a s e i t i s more e c o n o m i c a l t o add t h e e x t r a 

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

The m a i n p o i n t o f t h i s a r t i c l e , h o w e v e r , i s t o show t h a t 

as much c a r e s h o u l d be t a k e n i n t h e d e s i g n o f l o w dams as i n 

t h e d e s i g n o f h i g h o n e s . The u n c e r t a i n f a c t o r s such as f l o o d 
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flows, upward pressure allowance and vacuum behind the falling 
sheet of water have a greater effect on the safety of low dams. 
The writer believes that this is why the most of the failures 
have been of low dams even after taking into consideration the 
the fact that the greater number of dams in existance are low. 
Of all the structures that an engineer is called upon to de
sign , the loads that are placed on a dam are the most certain 
and yet failures have been probably more numerous in proportion 
to numbers than for other structures. It appeals then that 
the greyest uncertainty is in the foundation, and in that 
the greatest study must be made, and the type of structure to 
be used must fit the foundation. 


