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By the time the design and construction of T
the Grand Coulee Dam.had been assigned to the‘w
.Bureau of Reclamation, the practlce of using hy-‘4 _£;:;T
_druulic models as an aid in the design of large [
hydraullc atructures had been well established; ; ajr,-, B
Models were flrst used extenszvely by the Bureaﬁ: fD;i“5 ?w 
jin 1930 in. the design of the spillway for the Cle  t : ,,”,
: Elum Dam of the Yakima ProJeut in thhlngton.‘rhe. | |
. deaign cf the spillways for the Boulder Dam, the 5:;¢¢ ._w

_Madden Dam in the Panama Canal Zone, and tha Horris

and Wheelerfnams for the,TennesaBGNYa;leY.Aﬂthqr?tyf i»ﬁhuu




'served as etepplng-stones in further developing theﬁ.V,]ﬁg;;

techn;que and 1mprOV1ng the methode._ﬁ”"

: DESIGN OF THE SPILLW%X APRON

The first and the major problem in eonnectionfﬂﬁwf' 

wrth the dee1gn of the proposed overfall ep*llway B

for the ultimate development of tne Grand Coulee gg;;_.'

Dam.was that of protection agalnst scour at the:‘rfl
toe. With & deslgned maxlmum capaclty of one mirllon
cubic feet per second and a drfference 1n head of |
280 feet, the energy to he dlssipated will bel'"
31, 800 000 horsepower or 19,aOO horsepower per foot
.of groee spillway crest length¢, ﬂ:”‘ '

Four different models were.tested in an

attempt to develop a metnod of protectlon that

' would satlefy thls unprecedented requirement. Each?:ffiﬂ:

was conetrueted with deflnlte llmltatrone and for f??rf

:a deflnlte Purpoee-ie~r‘ﬁfl"m.e o e _ .
. The flret model wae hullt to a scale ratio

of l 184 and was teated ln the hydraulic labora-wﬁr

tory of tne Colorado Agrzcaltural Experiment Sta--frf

‘tion at Fort Colline, Colorado. Extensive experi-‘;ﬁ°

‘mente weTe then in progress 1n that 1aboratory on ?Qf

.elmilar probleme for the Norria and Wheeler Dams

- 80 that very little epace was available for any

*_models of the:Grand,Coulee Dam. Furthermore, no




"“i .

‘funds had been appropriated for the deslgn of the
ultlmate development of the Grand COulee Dam even

| "though 1t was proposed that serta1n of its features_;:-7

_ would be 1ncluded in the initial stage of construc-l,

‘tion. Those two factors led to the selectlon of the

l'scale ratlo of l 184 fcr the firet mndel.,g B
1t is to be granted that the scale of the f

_ model may hava been so small as to throw doubt upon
the accuracy of the quantltatlve resulte when trans~,e"l
'wferred from the model to the prototype. ﬂowever, o
this mcdel did serve admlrably in a qualltative way
'for the study of suggested designs and for the ell-fpf

:mznatlon of undesmrable ones. qulckly and economlcally- Al

an analyeis of the data on tne 1 184 model ;!f',:

1ndicated that the topng:aphy of the site, the tall-a;, ST

. water»d;scharge relattonShip, and the condition cf
'the rzver bed were such as to dlctate the use of
an apron curved in section and placed at a very

low elevatlon. This apron w111 be referred to f?r

"‘:hereafter aa the bucket._~i- wjf;-foﬁ“~:5"

A furtner reflnement of this design resulted
. 1n the addztion of a dentated lip on the downstream
_:edge of the bucket whlch produced excellent results-_‘“i

:jThe mndlfied deazgn ellminated both the impingement




‘_of the Jjet directly on the river bed and the .

ecourlng effect of the turbulent flow. However," o
the behavior of the water in and around the teeth t |
tof the dentated lip led to the belief that partxal f
‘vacuums existed. That condltlon would be serioue
.'becauee of the poeeibility of caV1tation and its :k

coneequent deetruct;on of the. teeth. J

Since the 1 184 model was too small to allow &

“detalled etudles of thoee pressure donditlons,,’
a second model was constructed to a scale of 1z 40.“
‘This model- con51sted of one gate w1th a: half of a' .
pier on each end, and the downetream face of the
_ spillway including the bucket at the toe.-a glaesf‘r»
‘panel six feet long by 3% feet hlgh, wae bullt _
into one slde of the flume to penmit tlsual study‘.
-Fof tne flow condltlons in the hucket. Piezometersf
were installed in the faces of two teeth ae a -

"means of measuring the preeeuree.,,kglﬂff;;gd;ﬁf

Inasmuch as the prlnclpal lntereet in thiB ‘gdww;.

fmodel was focussed on the region at the toe of
_ the dam. the glaee panel Was inValuable 1n that

,it made poeeible a visual concept of the action

in the bucket- It has been found that regardlees f'f}J:

of the amount of data which may be obtained by

other devicee, none is a8 effective in affording




.a mental image of the true behav;or of the water

..ae that obtalned through e glaee panel._,-_

The pressure etudlee on the l 40 model sub-fnff” A

| stantleted the belief thet partlal vacuums did

B exist around the teeth or the lip and extensive

B 'efforts were mede either to reduce or to eliml- Jfﬁ
b”:nate that condition. _ : H Py
Since very 11tt1e is known concerning the

G"effeot of the. diss;mllarity between the Vacuum

8 condltions in model and prototype, 1t Wae be_‘;‘

11eved advisable to construct A third and larger:]g“”~*“

fmodel--Accordlngly,-a model to a ecale ratio of 1L‘

©1:15 was constructed and’ studied at the Bureau s"“'”i

o 1aboratory on the eouth canal of the Uncompahgre

_ Irrigataon Project near Montroee, colorado.

From thie point and until the completion of-*jf[fyfw

: jthe experlments on’ the final design, the testing £

was carrled on eimultaneously on the two large

_models. This perm;tted dlrect comparlson of data-}f?tﬂfp H

' Every effort was mnde to find a modzflcation of

“tee dentated lip which would not have the obaeot-g]f%wfer*?fi

| 1onable vacuum condltion- In no caee could a .
eolutlon be found 1n which the Vacuum could be
av01ded witbout impairing the effectlveness of

'the dentated lip. An incidental test wae made to_

o determ1ne the extent of the battering effect of




glce or other Solld materlala Whlch mlght be carr1ed
into. the bucket during the operat;on of the spill-,g
way gates- The use of cakes of paraffin and short
.lengths of welghted dowel rods 31mu1at1ng 1ce and

'.water-soaked logs dlsclosed that the sharp edges
of .the teeth were rapldly abraded.
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FIGURB 1 - SECTION TH'ROUGH SPILLWAY
o SHOWIHG POSITION OF BUCKET i

As a result of the foregoing obaervations,
it was declded that the dentated llp should be

':ellmlnatedo-The deslgn of the bucket‘as flnally*

' adopted (figures i and 2)‘ therefore, comprised ;

El 920 00

FIGURE 2 - DETAILS OF FIHAL DESIGH OF BUCKET
a semi circular apron with a 50-foot radius tangent
to the 0 8 alope of the spillway at eleVation 888 76




‘and terminated in a tangent Wlth a 1-1 upward alopel
followed by a 2959 slope toward the stream bed,
broken at eievation 895.21 for structural reasona
The crest of the lip wasg at elevation‘goo 0,

below mlnimum tailwater eleVation and 110 fémtif;

'below the maximum. ?;" '

After the selectian had been made,‘an additzon-;

“al pregram.of testing was undertaken to obtain more -
‘detailed 1nformatian concerning the presaures andf

_velocit;ésginuthe;ba;ketiahdfcépcgrninggtﬁéféﬁtén.

of scour im the rlver bed‘ﬁ'Piezometersfwere install-‘,,f f

ed in the bucket and on the facea othha lip ath

~ such intervals that there was no possibility o :a
change of pressure conditionocdurring unobssrved. .-.
Pitot tube traverses were made at represehtative :
sectlons. | i .

The pressure measurementa serVed to aup}ly
data for the structural deaign of the downstream
‘Portion of the bucket and to relieve the uonoernwﬂfi&
expressed regarding the poasibility of the form-’fn
atlon of neg&t1?e pressures d:rectly downatream‘ﬂui" ,
from the crest of the bucket 1ip.ﬂ The pressure ?ii*f 7“
aata obtained are, illuatrated in fignre 3;
may be seen, the anticipated negativa pressures

did not appear.




d from the velaeitv traveraea. The descending

v'.'_._?';,‘en'bers the ‘oucket, vzt ;is

‘Y°{;ca1 y constant velocity to the crest of the 11p*u¥~

s
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o 'bucket and . the other which bends domstream‘and ‘-‘fo‘ms"

the so-called.’ ."ground roller-.




These twb rollers are the fundamental factors
=u;wh1ch govern the d;ssipation of energy and the

'fprevention cf acour.\ It 1s the upstremm aurface-:” 

‘Toller whlch is primarlly effective in: dissipating A
ol

fﬂthe energy whlch mlght otherwise prove destructive
to the river bed, and it 1s the g:ound roller
'jwhose dxrection and 1ntensity control the extent

of the eroslon immediately below the bucket- It: ,

g -
wa.s found that a slope Bteeper than l 1 on ths ﬁ'yw

‘upstream face of the lip produced a too nearly
vertlcal deflect onuof the Jet with the result
~that the graund'rolier dzpped sharply and produced
 excessive scour and the surface roller waa rendered
‘1neffective.m For alopee flatter than 1;1. the
svrface roller tended to "sveep' eut of the‘bucket
“and the gronnd roiler wns obliterated bjha dom

‘”Q;streamward eurrent uhich aga;n pradu_ d>excess:ve

A very significant feature brought out by
‘,uhe pztot tube trawaraes was the factnthat the
':actual maximnm velocities 1n the curved‘portion e
_‘of the bucket are materially 1ess than might have-¥ 7“
f"been expected from theoretical contlderatioﬁé.fff‘%

Can example, 1t was found that”for the condition in

_f.which the spillway discharge WBB 500 000 aecond_- R




_fect, the maximnm measured veloclty at the point cfcill
:'atangency was 55 0 feetfper cecond inﬁcan&raat to |
“‘lthe velocity of 133»0wfeet per secoc& measured*at
'?the p01nt where the:desccndingiwheet.enters the :
_pocl;; Th;s 1a¢ter velocity was fcund tm be in

. o . .
[exccllent agrecment w1th the calculated veloclty

run to restore the surface cf the be -tqia prede—f
termlned prclee selected to facllitate comparlscn. fl
From the downstream toe;‘of the bucket, the'bed’ ' ”
f€materia1 was carried up on a 1:1 alcpe to simhlate
" the condition that il probably exist rcllowing
the construction activitieso VIt wal found that,7
‘as the discharge gradnally uac raiced tc capac;ty,
?the rlver bed material was carried back against
f‘the bucket. ccmpletely filling the trench and
_fformlng a deposit parallal to the lip and roughly

cffparabolic in" section.;,rhis deposit thus formed

 proved to be quite stable and waa not materially

E _leffected by subsequent Variation of the discharge.;;.;l37“7

Model buckets with thirty-. fifty-, seVenty-
five-. and one-hundred-foat radii were tested durlng
'the course of these studies. The circular roller

“‘af the 30-fcot bucket Wac much 1ess effective than

,,the elliptical roller of the 59-foot bucket. The use J;f”;

;-10--




oof a 75- or 100-foot radlue reeulted 1n only sllght
“; ‘further improvement whloh was con51dered 1nsuf11c1enuf

to Jastlfy the additlonal cost-

Durlng the teste on the 1: 184 model a curious ;ﬂ{‘f”

'}_tranaverse ane phenomenon Was obserVe a“ riing

iowith a swell whlch formed,midway beﬁween the‘51de-;ff;";V 
"‘g{walle, the wave divzdee, fravelled leterallj to the
: m ?Eldess and was reflected back to the center. This
}” action was contiuuo:sly:fepeated ' »I N‘ ‘”

e_gln thxs model,rthe wave threatened;a“condltion Which:*

' ln the prototype would have serlouslf batterEd‘the;i
‘eisplllway tralning wells and the ende of the powe“

houses. 1t was at first thou;ht that tnlB condition
"*fwln the model might have been oaused by the fact |
:'that the 1 184 model represented only a portlon'of :
-:the total length of the spillway- Experzmeﬁts w1th:.__“
{efthe dentated BlllB demonstrated that the wave could befffﬁﬁ.-‘
‘vellmanated by thls meane, but as hae been oreviously
:1-*observed,‘other oonszderatzone caused the rejection
 'of thls eolutlon o | | o EREy
| The same phenomenon wee‘observed on both‘the
) :l 15 and 1 40 scale models‘ In no caae could lt be :
ﬂ'fav01ded w1thout the uee of the dentated bucket lip.em_{f‘
Pertly for thie reason and part y becauee it was
. deeired to demonstrate tae action of the propose ‘ |
'ﬁéélbucket 1n 1ts entirety and 1ts proper relation to‘-‘”

'“;the rlprapped slopes of the tallraces, a complete

5




”«1\

--model ‘on a scale of 1 120 was decided upon :It wa i~f’”

" 3fe1t that\suchbamodel would obV1ate uncertaintiea'
. ;1ntroduced by the aftiflelal condltxons of the |
";sectlonal models. A model representlng the complete
f u1t1mate development was therefore constructed to

a scale of 1 120 in the Fort Colllns laboratory.

'i#Included 1n thls model was the splllway, powerhouaes.f~

‘:tallraces, and a half_nule of the Tiver hed below 3

the dam.

OF ULTIMATE DEVELOPMENT TO 13 120 SCALE
The presence of this transverse wave waa.conw:j?
Iinmed by the first obserVations made on theu
model. By a proeess of trial and error, it waa dis-
covered that the action could be eliminated by in- |
;creasing the effectzve tailwater deptho,As a resultf'ﬂ

;ﬁ}{: - ‘_'.‘; L -12-;-




"3of th1s findlng, the design of the bucket wae alterediitfﬁeﬁ\

"eby lower1ng 1t unt11 the crest of the 11p was at ele-f;ﬁ}j o

g vatlon 900 0.‘The results were completely satisfact--} 'ftt3f1~

ﬁory

Simultaneouely w1th the study of the traneverse :

'wave problem, 1t was observed thet the pool action’tt?fhf?“

_‘in the v1d1nity of the tailraces was much 1ess vio-fff

1ent than had been antlcipated. It was noted, fur-iff‘.faf*

. f L
;thermore, that the removal of one gate on the ex-~7

_treme left end of tae eplllway would result 1n a *ﬂfft“
‘j"very materlal improvement1in th 1beh371or of the

| tallrace- As a consequence, thefmni] way was short-f

"ened from a gross length of 1800 feet to 1650 feet;ﬁilff;f

eThe resu1t1ng 1ncreaee 1n effectlve head on the spillf?_fef

'way crest fortunately had no adverse effect. Tnis

‘:change permltted the ehlfting of the left powerhouselef“‘

~e‘150 feet toward the rlver to a more favorable locatidhfﬁh

'ﬁwhleh will effect an appreeiable conetruction economy.,- :

In Preparation for the studles of the eroaion,e)_,_,~;

'of the river be&, it became neceeeery bot:/
‘hmine a material walch weuld euitably repreaent the

“'enatural alluvlum and t determine a method by means

.;of which the rivel bed profile could be expedltzously

reproduced, : ’
The bed material of the Columbia River at the

ierand Goulee dam91te is a eombination of clay, eand

o 3and gravel closely 1nterspereed with larger rock '~“'9L




Vfragments, all intimately associated in a coaesive
| mass- To flnd an accurately analogous meterial was
Lqulckly aeen to be a practical impossibility. It
{was felt, however,‘that satisfactory qualttative
reeulte would be obtained by uszng a cohesionlese,

therefore, much leso steble

PROFILOGRAPH AND 13120 HDDEL

‘_clueion was further Justified by the faot that comhﬁ,ﬁe‘{‘

"pa.ratlve rather than a.bsolute data wers. desired; that
‘is, the comparison of the local erosion produced by
fnumerous proposed deeigns Was sought rather than o
; the quantitative determination of the permanent re-? _
"5trogreesion. It was bel;eved that a de;egn:beeed upan

-conditione found to be eatisfaotory 1n thie‘sand
twoald be amply eonservetive when oonatructod 1n the

Vfteneoious materiel actually preeent at the site.(rf?t




R To facilitate the reproductlon and recording
7_"of the rlver hed topography, a profilograph was

ddevelOPed similar to those in use 1n other 1abora-eriiﬂsg

f.tOTIGB- but equlpped w1th certain novel modlficetions{}fiﬁﬂ

"\One of the Principal features of thls instrumentd'diﬂ”

-[owas the substitut;on of a 31mp1e horlzontal and ver- e

’n‘f'tieal gear ratlo for the more cunbereome pantographo’j_7-

"'".Thi instrument is shown in aee in the*eccompanying

L photograph- Fleld da.'ta WB,B plotted 111 Prototype di-

f[;mensions on the profilograph eheete and automatically:jiil_;-7wﬁ

”transferred in proper proportions to the model bed._i¥_"’

Slmilarly, the measurement oftthe model bed after
'dthe er031on had occurred was automatlcally recorded
ﬁe on the profilograph eneete ln prototype terme '

SPILLWEY TRAIHIHG WILLS

Upon completion °f the f°r°S°ins eros;on etudies.”fﬂﬁfne;ﬁ

a further eeries of experiments was initiated on the

-1 120 model of tne ultimate development for the pur-,[fﬁyﬁ'}fm'

pose: of 1mproving the deeign of the epillway treining‘fty_;_._

‘jrwalle. Firet oon31deration was given to the hydraulic,ffiﬂj*

:PlﬁPertiee of the walle- Ae originally proposed. they T e

‘were of such length that ooneidereble ecour wae proa:*;‘
_duced by the eddlee around their downetream ende.‘Attf”
emall number of teets eufficed to esteblieh a length
- of well for which the amount of - eoour was reduced to

a satisfactory minimum. S




When the detalled structural de91gns of those‘*”'ﬁt5“

’rwalls were undertaken, it was foundﬂthat no adequats?}?"“5¥¥~tv

| data, elther theoretlcal cr experlmental, were ava;lil

,H‘able as to the 1ntens;ties of the unbalanced hydr°-~fsfffi“”

IIII{Statlc Pressures to befexpected._wsiﬁﬁtf?iﬁ! S

#

To prov1de the requlred 1nformation, one of thefoci3{Hf7

'walls of the model was equlpped wzth b4 plezometers ff;f”ﬁii*'

80 located as to glve the vertloal pressure dlstri-_ttsculg,jg,

',sakbutlon at 5¢x dlfferent sections. The tests showed  3$3§!t;F

that- pressure differences were mucn 1ess than had
-fbeen essumed- The consequent re-design resulted in
- a materia] sav1ng of both concrete and relnforolng

‘*stser.-‘

SPILLWAY CREST STUDIEu

An entirely separate set of tests were made to

_asslst in the design of tae spillway crest and drum

""gates The 28 foot by 125-foot drum gates necessitated ﬁff77”

rthe use of the unusually heavy zertical cantllever

“sectlon shcwn in flgure 4. It was deslred to determinefiJﬂ'*e

‘a crest shape whlch would cclncide as nearly as pose-f,;
‘ible to the natural traaectory of a freely falling |

'Jet. A tentatlve design was based upon data obtained

_ from the Bazin experiments for a 2:3 approach slone.»“eﬁf*“

7To cheok these assumptions, a model of the upstream

eportlon of the crest with a sharp-crested we1r at

‘5516- ,
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