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By the  t ime  t h e  d e s i ~ l  and c o n s t r u c t f o n  of  

the Grand Coulee Dam had been as slgned to the 

Bureau of Reclamation, the 

draulic models as an aid in the design of ~ large 

hydraulic structures had been well established. 

Models were first used extensivelybythe Bureau 

in 1950 in the design of the spillway for the Cle 

Elum Dam of the Yakima Proje~t inWashington, The 

design of the spillways for the Boulder Dam, the 

Madden Dam in the Panama Canal Zone, and the Norris 

and Wheeler Dams for the Tennessee Valley Authority. . 
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served as stepping-stones in further developing the 

technique and improving the methods. ~ 

The first and the major problem in conmection 

with the design of the proposed overfall spillway 

for the ultimate development of the GrandCoulee 

Dam was that of protection against scour at the ' 

toe. With a designed maximum capacity of one million 

cubic feet per second and a difference in head of 

280 feet, the energy to be disslpatedwill be 

51,800,000 horsepower or 19,500 horsepower per foot 

of gross spillway crest length~ 

Four different models were tested in an 

attempt to develop a method of protection that 

would satisfy this unprecedented requirement-Eac h 

was constructed with definite limitations and for 

a definite purpose. 

The first model was built to a scale ratio 

of 1:184 and was tested in the hydraulic labora- 

tory of the Colorado Agricultural Experiment Sta- 

tion at Fort Collins, Colorado. Extensive experi- • 

ments were then in progress in that laboratory on 

s i m i l a r  p r o b l e m s  f o r  t h e N o r r i s  and  W h e e l e r  Dams 

so that very little space was available for any 

models of the Grand Coulee Dam. Furthermore, no 
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funds had been appropriated rfor the design of the 

ultimatedevelopmentof the Grand Coulee Dam even 

though it was proposed that oertain of its features 

would be included in the initial stage of construc- 

tion. Those two factors led to the selection of the 

scale ratio of 1:Z84 for the first model. 

It is to be granted that the scale of the 

model my have been so small as to throw doubt upon 

the accuracy of the quantitative results when trans- 

ferred from the model to the prototype. However, 

this modeldid serve admirably in a qualitative way 

for the study of suggested designs and for the eli- 

mination of undesirable ones quickly and economically. 

.~u analysis of the data on the i:184 model 

indicated that the topography of the site, the taii - 

water-discharge relationship, and the condition of 

the river bed were such as to dictate the~use of 

an apron curved in section and placed at a very 

low elevation. This apron will be referredto 

hereafter as the bucket. 

A further refinement of this design resulted 

in the addition of a dentated lip on the downstream 

edge of the bucket which produced excellent results. 

The modified design eliminated both theimplngement 
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of the jet directly on the river bed and the 

scouring effect of theturbulent flow. However, 

the behavior of the water in and around the teeth 

of the dentated lip led to the belief that partial 

vacuums existed. Thatcondition would be serious 

because of the possibility of cavitation and its 

consequent destruction of the teeth. 

Since the 1:184 model wa~ too small to allow 

detailed studies of those pressure @onditions, 

a second model was constructed to a scale of 1:40. 

This model consisted of one gate with a half of a 

pier on each end, and the downstream face of the 

spillway including the bucket at the toe. A glass 

panel, six feet long by 3~ fee t high, was built 

into one side of the flume to permit visual study • 

of the flow conditions in the bucket. Piezometers 

were installed in the faces of two teeth as a 

meansof measuring the pressures. 

Inasmuch as the principal interest in this 

model was focUssed o n  the region at the toe of 

the dam, the glass panel was invaluable in that 

it made possible a visual concept of the action 

in the bucket. It has been found that regardless 

of the amount of data which may be obtained by 

other devices, none is as effective in affording 
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a mental image o f  =t~e true behavior o f  the water 

as that obtained through a glass panel. 

The pressure studies on the 1:40 model sub- 

stantiated the b&lief that partial vacuums did 

exist around the teeth of the llp and extensive 

efforts were made either to reduce or to ellmi- 

hate that condition. 

Since very little is known concerning the 

effect of the dlssimilarlty between the vacuum 

conditions in model and prototype, it !was be- 

lieved advlsable to construct a third and larger 

f model. Accordingly, a model to a scale ratlo of ! 

l:15 was constructed and Studied at the:Bureau,s 

laboratory on the south canal of the/Uncompahgre 

Irrigation Project near ~ontrose, Colorado. 

From this point and until the completion of 

the experiments on the final deslgn, the testing 

was carried on simultaneously on the two large 

models. This permitted direct comparison of data. 

Every effort was mmde to find a modificatlon of 

the dentated lip which would not have the object- 

ionable vacuum condition. In no case could a 

solution be found in which the vacuum couldbe i 

avoided without impairing the effectiveness of 

the dentated lip. An incidental test was made to 

determine the extent of the battering effect of 
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ice or other solid materials which might be carried 

into the bucket' during the operation of the spill- 

way gates. The use of~ cakes of paraffin and short 

lengths of,weighted dowel rods simulating ice and 

w~ter-soaked logs disclosed that the sharp edges 

of the teeth were rapidly abraded. 

"~ El, 1510.50,.  El. 130B.O0 - 
M A X , W . S . E I . | ~  * " T O P  OF DRUM GATE 

' ~ : ~  E l .  1 2 8 8 . 0 0  
C R E S T  El .  1 2 6 0 , 0 0 "  

AXIS  OF DAM . . . . .  I o ,~d~. 

I , 

! 
'i 

MAX.W.S. El. 1011.5,, ', 

~'~r: ~ MI N. W.S. El. 9".5. O0 ", ~900.00 
"-4! ~. 

FIGURE 1 - SECTION• THROUGH SPILLWAT 
SHOWING POSITION OF BUCKET 

• . I:Y 

As a result of'the foregoing observations, 

it was decided that the dentated lip should be 

eliminated° The design of the bucket 

' ~ 
adopted (figures 1 and 2), therefore, comprised 

^ El. 9 2 0 , 0 0  r 

C 

b 

- I0' - 
,k r: El 9 0 0  O0 

) • 
J~. "k ~1 888.76 • ~ Y  . . . . .  \ ~  

" ~  ~'k' " E I . 884~65~  ,,2" ~ \ O  

l 
\ "  - .  . . . . .  L~.-~ . ~'~-" r ~ " l  "~:~<~ 

..... ~ i / ~ ~ ~'"4":'"<~'~' 

FIGURE 2 -  DETAILS OF FINAL D~SIGN OF BUCKET 

semi-circular apron with a m0-feet radius tangent a 

to the 0.8 slope of the spillway at elevation 888.76 

"6--" 
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and t e r m i n a t e d  in  a t a n g e n t  w i t h  a 1.:1 upward s i o p e  

followed by a 2.59 slope toward the stream bed,~ ' 

broken at elevation 895.21 for structural reasons. 

The c r e s t  o f  t h e  l i p  was a t  e l e v a t t o n ' . . i 9 0 0 , O , ,  55,<:feet -~ 

b e l o w  minimum tailwater 

below the maximum. ~ 

A f t e r  t h e  s e l e c t i o n  had b e e n  made,  an a d d i t i o n -  

a l  p r o g r a m  o f  t e s t i n g  was  u n d e r t a k e n  t o  o b t a i n  more  

detailed i n f o r m a t i o n . c o n c e r n i n g  t h e  p r e s s u r e s  and 

v e l o c i t i e s  i n  t h e  b u c k e t  and c o n c e r n i n g  t h e  e x t e n t  ' ~ i  

of  scour  i n  t h e  r i v e r  bed .  P i e z o m e t e r s  were i n s t a l l "  

ed in the bucket and on the faces of the lip at 
ilJ~ ~ 

such intervals that there was no possibility ofa ~ ~ 

change o f  p r e s s u r e  c o n d i t i o n o C c u r r t n g  u n o b s e r v e d ,  

Pitot tube traverses were made at representative ~ " . 

sections. 

The p r e s s u r e  m e a s u r e m e n t s  s e r v e d  to~ s u p p l y  

data for the structwral design of the downstream 

portion of the bucket and to relievethe concern 

e l i p r e s s ~ d  r e g a r d i n g  t h e  possibility o f  t h e  form-  

a t i o n  o f  n e g ~ t i v e ~ p r e s s u r e s  d i r e c t l y  downstream" 

from t h e  c r e s t  of  t h e  b u c k e t  l i p .  The p r e s s u r e  

d a t a  a r e  i ' l l u s t r a t e d  i n  f i b r e  Aj 

may be s e e n ,  t h e  a u t i c i p a t e d  n e g a t i v e  p r e s s u r e s  

did not appear. 
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pictureof;:_.~,~ the~beh a v i o r  o t  the  A v e r y  c: les~"  

i n t e r n a l  m e c h a n i m n .  ~ Y l  m e a n s  o f ;  ~which the  r o l l e r ,  

a c c o m p l i s h e s  the. d i s s i p a t i o n  of.  energy  w a e  .obta in-  

ed from the velocity traverses, descending 

:sheet o~iwater plunged into the tailwater/~dwas •; ;: 

diverged. This divergence ca~ scribed i ~,~ : '  :i: 

i!,iii: a s  a p r o c e s s  ~ o f  r a v e l i n g  u n c l E _  ~ f  _ '~ 

t h e  c o n t a c t  w i t h  the~ro  l l e r ,  A f t e r t h e ~ s t r e a m  . . . . .  

.... enters the bucket, ~ itl is diverted with~ a pract~- ~ :~ 

" • • ical!y constant velocity to the crest of the lip 

ii ,~ • 

i/ 

'?:. 

/ ,. 

f i e  0r ot the z i~  i s  to • 9 0 0 . , O ® . ~ T h e  • : ~ " " - " at elevation ~ 

~ :?'~ P R E S S U R E ,  ~ • W A T E R  S U R F A C E  

ii DISCHARGE 5OO,O00 CUBIC FEET PER SECOND 

' , ~  . . . .  - I : 15  M O D E L  

~:~'~" • . . . . . .  : 40  I ~0O E L  

}g' ~,'o vc,oc,~ 
~:"+ ~ C  '~ ~ ~ ~ - ~  ~ B E D  B E F O R E  T E S T  

~ . ~ ,  ~ , , I \ ~ ,  ,~ _ ~ :  . . . . .  . . . . . . . . .  

" ~} DISCHARGE 1,0OO,OOO CUBIC FEET PER SECOND 

~, / ' ~ ' ~ A '  / . . . . . . . . . . . .  SCALE OF FEET 

with :Its m a ~ o r :  • 

bucket  and~the .other w h i c h  bell _ . , s t r e ~  
- , ,  .~ i 

. ~:'~ ~ "  o u n d  r o l l e r " .  the so c a b l e  EPr , ~ ~: 

ptlcal surface 

B 

• ° .  •:• 
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~'These two r o l l e r s a r e  t h e  f u n d a m e n t a l  f a c t o r s  

wh ich  govern the  d i s s i p a t i o n  o f  e n e r g y  and the  

roller • which~is primarily effective 
, . . . 

the energy which-.might otherwise~.prove destructive 

to the.river bed, ',and,~:'it is ~the g~round- roller 

whose d i r e c t i o n  and i n t e n s i t y  c o n t r o l  the  e x t e n t  

• . . : / ~  

:, . . "  '. 

f 

I: 

i• 
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/i "" of the erosion innnediately below the bucket.:~ It /i 

was f o u n d  ~ithat a ' s l o p e  s t e e p e r  thau ~,=1,:1 on the  i' 

u p s t r e a m  f a c e  o f / t h e  l i p l  ~roduce@ a :too'/nearly 

v e r t i c a l  d e f l e c t S . o n  o f  t h e ' j e t  With t h e  r e s u l t  

t h a t  t h e  , g r o u n d r o l l e r  dtpped~ s h a r p l y  and produced  

e x c e s s i T e  s c o u r  a n d  t h e  s u r f a c e  r o l l e r  ~ w a s r e D d e r e d  ~-, 
• / /  

ineffective. For ~slopes f la t te~  t h a ~ l | i ,  thee 

s u r f a c e  r o l l e r  t ended  ~' t@ ~ ms~eep" o u t  o f  t h e  b u c k e t  

and t h e  ground r o l l e r  was o b l i t  down- 

cessive streamward c u r r e n t  w h i c h  a g a i n  
/ •  

S C O U r s  ~ J : 

A v e r y  s£~t f ioant  ~ f e a ~ e :  b r o u g h t  o u t  by 

the  9 i t o t  tub~ t r a v e r = e s  WaS , t h e f : a c t r t t ~ t  t h e  
i~ ~ ~  . . . . . .  

a c t u a l  maximum v e l o c i t i e s  i n  t h e  curved  P o r t i o n  

of  t h e  b u c k e t  are  m a t e r i a l l y  l e s s  than  might  h a v e  

b e e n  e x p e c t e d  from t h e o r e t i c a l  c b n s i d e r a t i o n s . '  AS 

an example~ i t  was found t h a t  f o r  t h e  c o n d i t i o n  in..  

which  t h e  s p i l l w a y  d i s c h a r g e  was 500,000 s e c o n d -  

/ 



f 

+, 

m 

z 

feet, the maximum m e a s u r e d  velocity a t  the p o i n t  of 

tangency ~s 55 .0  feet per: s e c o n d  ~in :+con'~rast t o  

the velocity of 133,0 feet per+second measured &t 

the point where thedescendinglsheet '~ enters the 

pool. This:latter Velocity was f:ound to be in + " 

excellenta velocity 

of+ 141.0 feet ~er second, i/ + • ++~ / '++ 
i • 

In making  t h e  + o b s e r v a t i o n s ! o n e ' t h e  bed e r o s i o n  +~+ ++iil 

was  e x e r c i s e d  b e f o r e + , e a c h  ~ ~ +++ • below the bucket, +care ~ ~, 

run to restore the 

t e r m i n e d  p r o f i l e  s e l e c t e d  t o  f a c i l i t a t e  c o m p a r i s o n  

From t h e  d o w n s t r e a m ~ t o e ~  o f  t h e  

material was c a r r i e d  u p o n  a izl slope to  s J J m i a t e  

t h e c o n d i t i o n t h a t  will p r o b a b l y  e x i s t  

, the bed ~ + 

t h e  ~ c o n s t r u c t i o n  a c t i v i t i e s .  I t + + ~ e + f o u n d  t h a t , ~  ~ . 

a s  t h e  d i s c h a r g e  ~.~.Si~dually w a s  ~r&i.sed to~, ¢ a p a o i t y ,  

+the r i v e r  bed  m a t e r i a l  was ¢ ~ r i e d + b a e k  a g a i n s t ,  

~the bucket+  c o m p l e t e l y  f i l l i n g  t h e  t r e n c h  and++ 

y 

i!yl + 

forming a depositparallel t o  the lip and+roughly 

Lparabolic in section. This depositthusformed 

proved to be qulte stable+and was not mmterially o 

effected by s u b s e q u e n t  v a r i a t + i o n  + o f  ~ t h e  + d i s c h a r g e .  

~odel buckets with thirty-, fifty-, seventy- ~ 

five-, and one-hundred-footradii were tested during 

the comrse of these studies. The circular roller ~ .... 

of the 50-foo+t bucket was muchless effectlvethan 

the elli~tical roller of the 5@-foot bucket. The:Use 

.... -i0- • 
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of a 75- or lO0-foot radius resulted in,only slig t 

further improvement which was considered insuKficien~:':~ ~. 

to justify the addltional cost. 

During the tests on the 1:184 model a curious 

transverse wave phenomenon was observed~ ~ Starting 

wi th a swell ~whlch ~ formed m~dway~ between i the •side- 

~ walls, the , travelled laterally to the 

sides, and Was reflected ~back to~ the center. This 

action was conti~mously repeated. ~As characterized 

in this model, the wave threatened a condition which 

L~ 

C~ 

D 

in the prototype wouldhave seriously battered the ~ 

spillway training walls and the of: the power-: 

houses. It was at first thou@ht that this condition ~, 

i n  t h e  m o d e l  m i g h t  h a v e  b e e n  c a u s e d  by~.: t h e  f a c t  :~  

~:~ that the 1:184 model represented only~a portion of 

the total length of the spillway. Experiment:s: / '  With 

,the dentated s i l l s  demonstrated that the wave cOuld,be, 

eliminated by thismeans, but :as h a s  been~previoUsly 
iI 

o b s e r v e d ,  other considerations caused the rejection 

• o f  this s o l u t i o n ,  i ~  :~ 

..L i 

-.( 

i,/.~ i " 

The same phenomenon~was observed on both the 

1:15 and 1:40 scale models. In no case could it be 

avoided without the use of the dentated bucket lip. 

Partly for this reason and •partly because it was 

desired to demonstrate the action of the proposed i~ ~ " 

bucket in ~s entirety and its proper relation to 

therip apped s lope  

e 

); 
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model=on a:~scale of 1:120 was decided UPon:, It.was 

• felt that such amodel would obviate uncertainties 

introduced by the artifieial conditions of the 

sectional models. A model representing the complete 

a scale of i:120 in the Fort Collins laboratory. 

:--.. ,. Included in this model was ~ the spillway, powerhouses, 
L I - 

tailraces.~ and a half mile o f  the river bed below 
"o 

t h e :  d a m .  

" , e  

l 

~O~D.~.E~..o~' U~TINATE DEVELOPMENT TO 1:120 SCALE 

" ' T h e ~ p r e s e n c e  o f  t h i s  t r s ~ u s v e r s e  w a v e  was con-. 

firmed by the first observations made on the new 

model, ~ By a proeess o f  t r i a l  a n d  e r r o r ,  i t  w a s  d i s  ' :  

covered that the~ action could be eliminated by• in- 

creasing the effective tailwater depth. As a result 

-12- ~ 
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of this finding, the design of the bucket wa~ altered 

by lowering it until the crest of the lip was at ele - 
. E  

<" ] 

i 
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Simultaneouslywiththe study of the transverse 

wave problem, it was observed that the pool action 

in the vidinity of the tailraces was much less rio- 

lent than had been anticipated. It was noted, fur- 

thermore, that the removal of one gate on the ex- 

treme left end of the spillway would result in a 

very material improvement 4~ ~ @ ~  ~ ~ the 

tailrace. As a consequence short .... 

ened from a gross length of 1800 feet to 1650 feet. 

The resulting increase in effective head on the spill- 

way crest fortunately had no adverseeffect. This 

change permitted the shifting of the left powerhouse 

150 feet toward the river to a more favorable location ~ 

which will effect an appreciable construction ecgnomy. 

In preparation for the studies of theerosion 

of the riverbed, it became deter- 

mine a material which would suitably represent the 

n a t u r a l  a l l u v i u m  and to  d e t e r m i n e  a m e t h o d  by m e a n s  

of which the river bed profile could be expeditiously 

r e p r o d u c e d .  
- / 

T h e  bed m a t e r i a l  o f  t h e  Columbia  R i v e r  a t  t h e  

Grand Oou!ee damsite is a combination of clay, sand 

and gravel closely intersPe~rsed with~larger rock 

-13- 
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fragments, all intimately associated in a coaesive 

mass. To find an accurately analogous material was 

quickly seen to be a practical impossibility. It 

was felt, however, thatsatisfactory qual~tative~ 

results'wouldbe obtained by using a cohesionless, 

and, therefore, much less)stable s~d. Thls cen-w~ 

PROFILOGRAPH AND I:I20MODEL 

clusion was further Justified by the fact that com- 

p a r a t i v e  r a t h e r  t h a n  a b s o l u t e  d a t a  w e r e  ~ d e s i r e d !  t h a t  

i s ,  t h e  c o m p a r i s o n  o f  t h e  l o c a l  ~ e r o s i o n  p r o d u c e d  by . . . . .  

numerous  p r o p o s e d  d e s i g n s  was s o u g h t  r a t h e r  than  . 

t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  permanent  r e  -~ 

t r o g r e s s i o n .  I t  was  b e l i e v e d  t h a t ~ a  d e s i g n  b a s e d  upon 

c o n d i t i o n s  f o u n d  t o  be  s a t i s f a c t o r y  i n  t h i s  i~Sand 

would  be amply  c o n s e r v a t i v e  when c o n s t r u c t e d  i n  t h e  

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

- 1 4 - i  
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To f a c i l i t a t e  t h e  r e p r o d u c t i o n  a n d  r e c o r d i n g  

of the river bed ~ topography, a profilographwas 

developed similar to those in use in other labora- 

tories, but equipped with certain novel modifications. 

One of the principal features of this instrument 

was the substitution of a simple horizontal and ver m 
+ 

tical gear ratio for the mor,~ cumbersome pantograph. 

ThJ instrument is shown in use in the ~ . . . . . .  a c c  o m p a n y i n g  

photograph. Field data was plotted~in prot0type di- 

mensions on the profilograph sheets and automatically 

transferred in proper proportions to the model bed. 

Similarly, the measurement oftthe model bed after 

the erosion had occurred was automatically recorded 

on the profilograph sheets in prototype terms. 

S  LWAY W AI I G S+ 

Upon completion of the foregoing erosion studies, 

a further series of experiments was initiated on the 

1-120 model of the ultimate development for the par- 

pose of improving the design of the spillway training 

walls. First consideration was given to the hydraulic 

p~'@perties of the walls. As originally proposed,i they 

were of such length that considerable scour was pro- 

duced by the eddies around their downstream ends. A 
i 

small number of tests sufficed to establish a length 

of wall for which the amount of scour was reduced to 

a satisfactory minimum. 

..... -15- • ++++ 
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When the detailed structural designs of those 

walls were undertaken, it was f0und~that no adequate 
• o 

data, either theoretical or experimental, were avail- 

able as to the intensitiesof ~the unbalancedhydro- 

static pressures to;be expects d. ~ 

To provide the zequired informatlon, one of the 

walls of the model was equipped with 64 piezometers 

so located as to give the vertical press ure distri-~ 

bution at six different sections. The tests showem 

t h a t  p r e s s u r e  d i f f e r e n c e s  were  m u c h l e s s  t h a n  had  

b e e n  a s s u m e d .  The c o n s e q u e n t r e - d e s i g  n ~ r e s u l t e d  i n  

a m a t e r i a l  s a v i n g  o f  b o t h  c o n c r e t e  and  r e i n f o r c i n g  

steel, 

I 

r? 

SPILLWAY CREST STUDIES 

An entlrely separate set of tests were made to 

assist in the design of thespillway crest and drum 

gate~.The 28-foot by 125-foot drum gates necessitated 

the use of theunusually heavy zertical cantilever 

section shown in figure 4, It was desired to determlne 

a crest shape which would coincide as nearly as poss- 

ible t o  t h e  n a t u r a l  t r a j e c t o r y  c f  a f r e e l y  f a l l i n g  

j e t .  A t e n t a t i v e  d e s i g n w a s  b a s e d  upon d a t a  o b t a i n e d  

f r o m  th@ B a z i n  e x p e r i m e n t s  f o r  a 2 : 3  a p p r o a c h  s l o p e ,  ./ 

To check these assumptions, a~model of the upstream 

portion of the crest with a sharp-crested weir at 
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