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'1S .,'J..U o� : ::.�:... ·_, 
Denver, Colorado, Janu3E�u�2fl, L}9�,?" _ 

IV.iElvIO'RAJ:WUJii Tu CHIEF D.8S IGNiliJG �NG INE:i:R 
(R, A, Goodpasture) 

Subject: Hydraulic mode 1 studies for design of Headgate Rock Dam -
Indian Service. 

1. Introduction. The subject of the design of the Head­
gate Rock Dara to bec<mstructed on the Colorado River was dis­
cussed in detail during August 23, 24, and 25, 1938, between 
Messrs. P. F. Henderson and H. V. C lotts of the Indian Service 
and engineers of tl1e Bureau of Rec lam.at ion. The nature of the 
hydraulic problems involved leJ. to tho consideration of a hy­
draulic raodel of the entire structure. Instructions were re­
ceived Septemb-3r 27, 1938, by the Bureau of Rec la.J,1a.tion, to pro­
ceed with the design of the raodel. Through the cooperation of 
the officials of the Colorado State College Experil.1ent Station, 
the model was built ·and tested in the hydraulic laboratory of 
the Col0rado State College at' Fort Collins, Colorado. 

SPILINVAY 

· 2. Purpose of studie&. The original design of the 
spillway provided for a maxir.rni:1 ci'ischarge of about 160,000 second­
feet over a crest 250 feet long. A concreto apron was to ex-
tend about 255 'feet downstrear;1. fron the crest to provide for the 
hydraulic junp. Further consideration of the flood character­
istics on tho Colorado River showed that the spillway should be 
designed for 200,000 second-feet with a crest length of about 
400 feet. The hydraulic jump as a means of dissipating :the 
energy downstreau from the spillway was abandoned in favor of 
a vertical roller partially c0ni'ined in a bucket, since this 
would. e lir:1ina.te the long, a.pron and reduce .tho up lift under the 
structure. It vras desired, by 1:1.eans of the uodel studies, to 
investigate this revised design for tail-water elevations vary­
ing between those prevailing; at the present tine o.nd th0se cor­
responding to a uaxir.rnr., retrogression of 35 feet. 

3. Description of r::.odel. A nodel sea.le rati0 of 1 to 
60 was fixed by-li:·.titations iuposed by the floor space, available 
head be low the ·laboratory weir, and the capacity of the laboratory 
pw-;ip. The r.1ode 1 was constructed in a 12- by 34-foot r.ietal-lined 
tank. The exact location, together with topography and other gen­
eral features, is shown m1 figure 1. Details of the og,ee spill­
way, bucket, piers, and gates are shown on figure· 2. Riprap on 
the banks extended 150 feet dovmstrear.1 fro:,'!. the sill. The 
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downstrean channel was placed at elevation 300. The first uodel 
tests were conducted on this design with the dentated sill and 
high wing walls extending paralle 1 with the axis fror;i the ends of 
the sill into the banks. The expected minii;rn.m tail-vvater curve, 
representing an ultimate retrogression of 35 feet, is shown as 
curve A on figure 3. Original considerations gave maxi1:ru:r.1 tail­
water elevations ir,1Ti1ediately after construction of the spillway 
as 35 feet higher than those on curve A. With these higher tai 1-
water elevations, the spillway was fcund to be cor:rpletely sub­
nerged. The jet did. not dive into th0 bucket with the result 
that tp.e flow occurred entirely on the surface of the pool. 
This condition subi:1.erged the gate pins. In order to limit the 
time during which this undesirable condition wi 11 exist to a short 
period ir:1nediately after the spillway is first placed in opera­
tion, the width and depth of tho channel do-1mstrear,1 from the 
spillway vrnre fixed so that the riaxh1u.i-:i. tail--water elevations 
as controlled by. the channel were those which produce satisfac-­
tory conditions below the gates. These tail-water elevations 
are lovver than those of the present river, but they wi 1 1  occur 
as soon as a re la.ti ve ly sL1all ar.1ou.-rit of retrogression has taken 
place in the river bed its elf. The r.:axi:; ur.: tai 1-water e leva-
tions were, therefore, taken to be those for which the jet flow-.:. 
ing over the crest comr:ienced to dive into· the bucket. These lirait­
ing tail-water elevations, as deterr;1ined fron the 1.1odel, are shown 
in curve B of figure 3. This curve was used as the maxir:rnra tail­
water curve for future tests. The average of the maximw,1 ( curve 
B) and the minimu.� (curve A) tail-water elevations for any par­
ticular discharge is referred to as the average tail-water eleva­
tion for that quantity ( curve C). 

4. Prelininary studies. Preliminary observations on 
the operation of the stilling pool showed that critical conditions 
were obtained with the minimu:r.i tail-water curve (curve A, figure 
3). Therefore, a series of tests were conducted using tail-water 
depths obtained fron this e-urve. The stilling pool was rough but 
satisfactory except for horizontal eddies at the sides of the pool. 
These eddies caused excessive erosion on the riprapped slopes and, 
at the higher discharges, exposed the walls below the elevation 
of the sill. To correct this undesirable condition, several low 
training walls were tried as a downstreai,1 extension of the end 
walls of the spillway. Training walls nos. 1 and 2 of figure 2 
produced a decided ir:1prove1;ient, wall no. 1 be ins the better of 
the two. However, the undesirable erosion on the end slopes per­
sisted at hig,h discharges. Training wall no. 3 was the result 
of e lirainating, the high wing walls extendj_ng from the ends of 
the sill to the banks, raising the low training walls to eleva-
tion 365 at the ends of the orisinal training walls, and extending 
ther.1 on a 2 to 1 slope downstreau to elevation 300. Riprap backfi 11  
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was placed behind the walls, and the riprap on the 1½ to 1 slop es 
extended 50 feet farther downstream. This arrangement gave ex- · 
cellent stilling-pool conditions up to a discharge of 150, 000 
second-feet .  While erosion o n  the banks existed, for higher dis­
charges, co nciitions were improved. It was thought that repair-
ing some damage after an excessive flood would be r:iore economical 
than providing cor.�lete protection in the initial structure .  Train­
ing wall no. 3 is accordingly recomx:,ended for incorporation in the 
structure and was used during subse quent code 1 studies. 

5 .  Sill studies. The original sil l (sill no . 1 ,  figure 
2 )  produced a rou6h water surface in the stilling, p ool. However, 
the toe of the bucket was not e ndangered "by scouring since the 
:rna� or portion of the erosion in the river bed occurred farther 
downstreB.r.l. As the bed of the pool in the prototype cons ists of 
hard b asalt, no concern is fe lt for the stability of the structure 
or the satisfactory operation of the stilling p ool at r.iinimum tail­
water elevations. B0caus0 of possib le erosion of  the sharp corners 
of the dentates by river-bed ;;,aterial carried b ack into the stilling 
pool b y  the ground rol ler, it was deened advisable to develop a 
solid sill which would g,ive hyd.raulic: conditions e qual to those 
of the dentated sil l .  Such a s i 1 1  would also result i n  a saving 
in construction. The dentated and four types of so lid sills 
(figure 2) were according,ly tsst:::: d under the same procedure for 
water-surf ace and scour profiles. For each sill, water-surface 
profiles were taken at successive discharges of 25, 000, 50, 000, 
100, 000, 150, 000, and 200, 000 second-feet with their corresponding 
minimum tai 1-vrater elevation . Prelininary observations showed a 
stabilized scour pattern for any discharge at the end of a period 
of one hour. Each discharge was, therefore, rr..aintained for this 
peri,Jd, after which the flow was careful ly stopped to avoid dis­
turbing, the scour pattern. The scour profile was tten recorded. 
The river bed was initially placed at elevation 300 for the test 
of e ach s i 11 and was not disturbed bet-;reen disd 1arges. The re­
sults of these sill tests are shown on figur,3 4. There was lit-
tle dissimilarity betw·een the re sults obta�ned with the five dif­
ferent sills. Original analysis of the data, r.iade during the 
operation of  the model and influenced. largely b y  the construction 
cost, lead to sill no. 5 being considered as the recornr,ended de­
sign. However, final analysis of tl:.e data resulted in the reco:i:1-
r.1endation of sill no. 3 as the most sa-tisfactory econoTiical de­
sign. Sill no. 5 did. produce s li6htly better scour con.di tions 
but gave a reduced depth of water in the bucket • 

6. Final studies. 
design resulted.ln the f inal 
no. 5. However; the resu lts 
ception of the water-surface 

The change in the reco:r.1::1e nded sill 
spillway tests being nade with sill 
of the se final tests, with the ex­
and pressure profiles for the bucket, 
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would be the saL1e regardless of which sill was used. Piezonetric 
pressures on  the crest and bucket were obtained at discharges of 
50, 000, 100, 000, 150, 000, and 200, 000 second-feet for rainimum tail­
water elevations ( figure 5). The water-surface profiles over the 
bucket are so,:iewhat lower than vvould be obtaine d with the rec on­
nended design. Discharge cur ves were obtained with the gates 
raised, using maxi;;1un, average, and minir:n.un tail-water elevations 
(figure 3 ). The discharge curves c oincided for :r:i.ini.r.1um and average 
tail-water elevations. For Llaxinun tail-water elevations, the 
discharbe was sonewhat less due to submergence. In other words, 
the capacity of the spillway will increase as the channel down­
stream erodes . 

The flow characteristics for tha final design spillvva�r 
are shown in figures 6 to 11, inclusive, with discharges of 40, 000, 
80, 000, 12 0,000, and 180, 000 sec ond-feet and L1aximw;1, average, and 
miniril.UI'.l tail -water elevations. The maximru:-i desi g,n capacity of 
200, 000 sec ond-feet is shown in figure 12 with average and minimum 
tail-water heights. 

7. Recom·.1endations. In the operat ion of the spillway, 
attention  is particulariy cal led to the necessity of naintaining 
all of the spil lway gates at the sane elevation. Unequal distri­
butio n  of flow under the gates will create eddies in the stilling 
pool of a. destructive nature, whic h Dust be avoided . The rol ler 
in the bucket has an upstrean velocity c onponent ·,v-hich causes logs 
and floating debris to be retained on the water surfac e  near the 
high-velocity water flowing under the gates. The c o nstant pound­
ing; of this floating debris ,.1ay be destructive to the downstream 
c orners of the piers. It is suggested that these c orners be pro­
tected with a netal face, probably angle irons. The rec on:.:aended 
sill L1ay be reduced in size, and hence in c ost, without ir.1pairing 
its efficiency by steepening its dovmstrea.n face. Ac cordingly, 
it is rec onr:ended that the downstreaL1 face of the sill be steepened 
unti 1 it lies in the plane deterr:,ined by the vertex of the sill 
( elevation  3 00)  and the center of the circle which forns the 
bucket; Since the nost severe erosion occurred a.t the ends of 
the sti lling· pool nea.r the 2 to 1 sloping training walls, care 
r.mst be exerc ised that the f ootings of these wal ls are carried 
into the hard basaltic strata of the foundation. 

CANAL HEADWORKS 

8. Studies of canal headworks. Two designs were pro ­
posed for the canal headworks, one with bro radial gates ( design 
A ), and the other with one radial gate ( design B )  (figure 13). 
Since it raay be necessary for the headworks to operate with a 
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:range of forebay between k levations 362 and 37 2, h; was considered 
advisab le to study the action of the hydrau lic j u..r;ip be low the gates 
and the effectiveness of the transition inr.i.ediate ly downstre am 
for e ach of these extrer.1e conditions. A mode l of e ach design was 
constructe d  and tested to deterr;iine the cons istenc y of  the forr:1.a­
tion of.' the j unp upstrean fron:. the transition. Each design was 
tested with various gate ope nings using reservoir water surfaces 
at e le vations 362 and 37 2. Discharges were  ue asure d  to obtain 
data from which discharge curves were co;_1structed for b oth the 
single - and doub le -gate designs. S ince it was considered desir ab le 
that there shou ld . be a factor of safety in the design of the pool, 
tests were run with discharges somewhat in excess of the design 
capacit y. Attention was given to those gate openings at which 
water overtoppe d the sides of the p oo 1. 

Design A, enp loying two 2 2-foot gates and a pool f loor 
at e levation 347, operate d satisfactor i ly for all gato op enings 
with the pond/at e le vation 36 2,. With the pond at e levation 37 2/ 
and the gates open 7. 5 feet ( discharge 7 , 000 second-feet) , water 
overtopp e d  the sides of the poo l  an d., at larger gate openings, 
overflowe d the cana l banks farther downstrear,1, with the j u1:1p forn­
ing continuously upstreara fron the transition . 

Design B, with one 40-foot gate and. a pool f loor at e leva­
tion 347, also gave satisfactory operating characteristics for the 
normal pond e levation. Vvith the reservoir at e levation 37 2 and 
the gate raised five feet ( discharge 4 , 600 second-feet), the 
j U...'"np svrnpt out of the pool and forned in the canal do,�mstrea.1;1 
fror;1 the transition. Lowering the f loor of the pool two feet to 
e le vation 345 ( design C) confine d the j unp to the pool  for both 
pond e levations and all gate openings. 'Nith a pond at e levation 
37 2 ,  water overflowed the pool s j_des when the gate was raised 10 
feet. With the poo l f loor p lace d at e levation 346 ( design D), 
the j u.,'7lp did not sweep out of' the pool at the higher pond e leva­
tion unti 1 the gate was opened 10 feet. 

Discharge curves for the flow under the sing le gate in 
designs B, C ,  and D and the two sI:J.a ller gates in design A were ob­
taine d for the pond at e levations 362 and 37 2 .  The rating curve 
for the trapezoida l canal section shows the conditions under which 
the ·node 1 was teste d. These curves a.re shown on figure 1 4. __ 

...--------

9 ,  Recor;rr1endations. Des ig_YJ.s A and D are both con­
sidere d satisfactory so lutions of the canal headvrnrks prob ler.1o 
Fie ld operating conditions i-;1i g,ht make the single -gate design r,10re 
desir ab le. iither design is certain to give satisfactory hydraulic 
conditions and ar.1p le protection to the canal if operate d with 
re asonab le care . Figure 14 indicates that, with a reservoir at 
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e le vation 3 62, either de s ign wi ll  give an anp le cana l disc harge . 
With the pond at e le vation 3 7 2, gate openings should be  about 
3 . 0  feet and 2 . 5 feet for the s ing le - and doub le -gate de signs , 
respe ctive ly, for the norr.1a l cana l dis charge of 2, 960  second­
feet. Autrn-;-iatic regulation of the discharge might be de s irab le . 
It is re conmended that suffic ient freeboard b e  allowed  on the 
canal-he adworks sti i lin�-pool walls  to conf ine the greater por­
tion of the spray and sp lash that invariab ly accomp any a hydraulic 
j ump in this  type of structure . It i s  f e lt that the vertic al  
wal ls s hou ld be extended  up to about e le vation 370 .  F low con­
ditions for the two rec01:1nende d de s igns are s hown on f i gure s  
1 5  and 16 • 
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ABSTRACT OF CORRESPONDENCE ON TIIE MODEL STUDIES 

9-26-38 - Telegram from the Cmmnis s ioner o f  the Bureau of Recla­
mation to the Denver .office giving authority to con­
struct the model . 

12-15-38 - From Actj_ng Chief Engineer to Office of Indian Affai rs 
concerning design of the wing wall s  below the spillway 
and the shape of the downstream bucket , together with 
other design features including the canal headworks . 

12-3-38  - From Acting Chief Engineer to Paul Fo Henderson con­
cerning results of model still ing pool t ests with the 
dentated s ill  ( s ill no . 1 ) .  Flow and s cour pictures 
were attached. 

12-22-38 - Tel egrfuil. from Chief :E:.rlgineer to  the Indian Irrigation 
Service requesting authority to dismantle the mod.el . 

12-22-38 - Telegram from the Indian Irrigation Service to the 
Bureau of Reclamation replying to above . Additional 
model flow pictures  taken from the upstream and side 
were requested. 

1-10- 39 From Chief Engineer to Paul F .  Henderson concerning re-
sults of model tests with the horizontal sill  ( sill  
no . 5 ,  original recommendation) . Flow and s cour p�c­
tures of the stilling pool tocether with views of the 
model from the upstream were attached . 

1- 27-39  - From Chief Engineer to the Office of Indian Affairs 
concerning the change in the recommended s ill des ign 
from sill  no . 5 to s ill no . 3 .  
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N O T E S  
For eoch s o i l  every d,schorge wos o l lowed to run 

for one hour. The dischorges were in increasing 
sequence. The sand was not disturbed between 
discharges. 

The min imum to 1 lwoter elevations were used . 
Toilwater wos meosured 522 feet downstreom. 
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N O T E S  
Ta i / wa t e r  e l e v a t i o n s  we re  m ea s u r e d  7 5 0  f e e t  down s t r e am  

f r om  t h e  a x i s  o f  • n e  c r e s t  
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DIS�E 40, 000 SECOND-FEET - POND. ELEVATION 362 
TAill'lATER ELEVATION 350 , 8  

DISCHARGE 80, 000 SECOND-FEET - POND ELEVATION 362 
TAILWATER ELEVATION 355 . 7  

MAXIMUM TAILWATER ELEVATIONS 

RECOMMENDED DESIGN 

FIGURE 6 



DISCHARGE 120 , 000 SECOND-FEET 
TAILVIATER ELEVATION 359 • 2 

DISCHARGE 180 , 000 SECOND-FEET 
.TAILWATER ELEVATION 362 . 9  

MAXIMUM TAILWATER ELEVATIONS 

RECOMMENDED DESIGN 

FIGURE 7 



DISCHARGE 40, 000 SECOND-FEE!' - FOND ELEVATI ON 362 
TAILWATER ELEVATION 338 . 2  

DISCHARGE 80, 000 SECOND-FEET - FOND ELEVATION 362 
TAILWATER ELEVATION 342 . 5  

AVERAGE TAILWATER ELEVATIONS 

RECOJVIBIIENDED DESIGN 

FIGURE 8 



DISCHARGE 120 , 000 SECOND-FEET - POND ELEVATI ON 362 
TAILWATER ELEVATI ON 345 . 5  

DISCHARGE 180 , 000 SECOND-FEET 
TAILWATER ELEVATION 348 . 9  

AVERAGE TAILWATER ELEVATIONS 

RECOMMENDED DESIGN 

FIGURE 9 



DISCHARGE 40 . 000 SECOND-FEET - POND ELEVATI ON 362 
TAILWATER ELEVATION 325 . 6  

DISCHARGE 80 , 000 SECOND-FEET - POND ELEVATION 362 
TAILWATER ELEVATION 329 . 2  

MINIMUM TAILWATER ELEVATIONS 

RECOMMENDED DESIGN 

FIGURE 10 



DISCHARGE 120, 0QO SECOND-FEET - POND ELEVATION 362 
TAILWATER ELEVATION 331 . 7  

DISCRARGE 180, 000 SECOND-FEET 
TAILWATER ELEVATION 334. 3 

MINIMUM TAILWATER ELEVATIONS 

RECCMMENDED DESIGN 

FIGURE 11 



DISCHARGE 200 , 000 SECOND-FEET 
TAILWATER ELEVATION 349 . 3  

AVERAGE TAILWATER ELEVATION 

DISCHARGE 200, 000 SECOND-FEET 
TAILWATER ELEVATION 335 , 0  

MINIMUM TAILWATER ELEVATION 

RECOMMENDED DESIGN 

FIGURE 12 
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FIGURE 15 

GATES RAISED 2.  5 FEET GATES RAISED 7 . 5  FEET GATES COMPLEI'ELY OPEN 

POND ELEVATION 362 

GATES RAISED 2. 5 FEErr' GATES RAISED 5 . 0  FEET GATES RAISED 7 . 5  FEET 

POND ELEVATION . :372 

DESIGN A - , TWO 22-FOOT GATES 

CANAL HEADWORK STUDIES 



FIGURE 16 

GATE RAISED 2 ,  5 FEET GATE RAISED 7 , 5  FEET GATE CC!a'LETELY 
? 
OP.B:N 

POND ELEVATION 362 

GATE RAISED 2,5 FEE1' GATE RAISED 5 , 0  FEET GATE RAISED 7 .  5 FEEi' 

POND ELEVATION 372 

DESIGN D - ON� 40-FOOT GATE 

CANAL HEADWORK Sl'UDIES 


