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I N TRODUCTION 

Granby Dam is located about Four miles northeast of the town of 

Cranby, Grand County, Colorado (figure 1). The dam is to be a com- 

binatiom earth and rockfill structure having a height of 223 feet above 

river level. It will intercept the flo~s of the Colorado River, Willow 

Creek, Meadow Creek, and btrawberry Creek to form a reservoir with an 

estimated capacity of 482,860 acre--feet at the maximum water sur face, 

elevation 8275. Water from this reservoir will be pumped into ohadow 

Mountain Lake and thus made available fordellveryt~rough theContln- 

ental Divide ~innel to the Eastern slope. 
The outlet works and spillway, withcapacltles of 500 second-feet 

and 12,000 second-feet respectively, are loca~ed on the left abutment 

of the dam. The spillway channel is spirally curved downstream from 

the gate structure, and the channel floor is superelevated. The channel 

:!oor intersects the natural slope of tae mountainside at a point ap- 

proximately 365 feet downstream from the spillway crest, from which 

point the discharge is allowed to flow down the mountainside to the 

river bed 200 feet below. 

PROBLEMS FOE MODEL STUDY 

A comprehensive study of the spillway performance wast he primary 

objective in building the model. The outlet tunnel was installed only 

to observe the effect of hue spillway flowon the tunn~i~;~e~x:~-~ ~ The 

study of the spillway was/~ ~;;~tress tnree principal points: 

(1) Determi='atlon of the adequacy of *due entrance 

and ~le feasibi'l~{tY of a satisfactory substitute for the 

costly warp in t h e  original design. 



(2) Determination of the influence of the spiralled 

curve and 8uperelevated floor of the spillway channel on 

the flow action. 

(3) Determination of the path t~ken by the flow issu- 

ing from the downstream end of the spillway channel and 

of the possibility that the material disturbed by thls 

flo~ might be deposited ina location impairln~, the opera- 

tion of tee outlet tunnel. 

CO~STRUCT[ON O~ MODEL 

The model of the Granby Dam spillway was constructed to a scale 

of 1 to 24 and consisted of a head box, outlet tunnel, entrance and 

channel of the spillway, end a tail box (figure 2). The head box was 

made of wood with lig~It sheet-metal lining. A cast-iron pipe was used 

for the outlet tunnel wlt~ a ~ate valve located near the midpoint of 

the tunnel as the medium for controlling the amount of flow. The spill- 

way entrance and channel were constructed of concrete, the gate structure 

of redwood and sheet metal. The tall box was constructed in the same 

manner as ~ae head box and included a hinged wooden and canvas gate for 

regulating the tailwater elevation. Water columns attached to piezom- 

eter openln~s in the head and tail box were utilized to ~easure the 

depth of water entering the gate structure and the height oI" the tail- 

water. The bedrock and topography,of ~e spillw~v area represented in 

the model was formed of a mixture of concrete, small rocks, and sand. 

ENTRANCE TO SPILLWAY 

Model tests on the original design indicated that the entrance 

would perform satisfactorily without any change (figure 3)- It w.~s 

realized, however, that the warp, necessitm.tin[ a large area of paved 

surface, would be costly and difficult ho construct; therefore, it was 

desirable to develop a desi@n whlcn would eliminate this feature, if 

such s design would not seriously impair the performance of the entrance. 

The approach to the gate structure'has as its left boundary a 

1/2:l slope. In the first of the attempts to develop a new entrance 

design, a slope of this same magnitude was substituted for the warp on 

the ri£ht side of the approach, .a sharpbreak being formed by ~he inter- 

section of this slope and an extension of the 3:1 slope of the =pstream 
/'j 
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face of the dam (figure 4). It was this sharp break, extending ~il 

• from the floor of the approach channel to an elovation above that of 

the maximum water surface, which appeared to be responsible for the 

undesirable flow conditions obtained in the design. Excessive turbu- 

lence caused by the inability cf the flow to accomplis h such a rapid 

change in direction at relatively high velocities was apparent. 

Numerous designs were also tested in which flatter slopes were i~ 

substituted for the 1/2:l slope. These substitutions of flatter slopes 

were considered to be possible solutions because they placed 1~e sharp 

corner formed by the intersection of the two slopes at a greater dis- 

tance from the gate structure and made the drop from the 3:1 slope of 

the dam face to the floor of the entrance less abrupt. None of the 

variations tested reduced the unsatisfactory flow conditions to an 

extent deemed necessary '~ for an adequate design. 

The final ue~ign differed in t~at an intermediate slope was used 

between the 1/2:l and 3:1 slopes, thus reducln~ the abruptness of 

transition from one to the other (figures 5 and 15). It also allowed 

the highest point on the sharp break to be lowered to approximately ele- 

vation ~2o5.0, an elevation which is below the water surface of all 

flows above 4000 secBnd-feet. Thus, under ~ne conditions most conducive 

to higo velocities and subsequent turbulence, the effect of the break 

was at least partially damped ~because of its origin within the body of 

liquid and not on the surface. More gradual Increases in velocities 

also resulted from ~he less abrupt drop to hne floor cf the entrance 

and the less abrupt decrease in the cross sectional area of the approach. 

Extensive tests to determine tae discharge and coefficient curves 

of this entrance (fi~ure 6), revealed ~hat the discharge for any water 

surface elevation was as ~reat. for t~is des!£n as it had been for the 

~irst design. ~ comparison was also made o~ ~e coefficients of dis" 

charpe for this entrance with those determined from previous model tests 

~hereln the entrance approach conditions, position of ~ates, and shape 

of crest differed materially. ~s a medium in makin~ such a comparison, 

the coefficient of discharge, calculated from the formula Q = 2/3 
- • • • head 

CL/2~ (hl3/2 - h2 ~/2) , was plotted asainst hl/d, the ratio of the 

above the gate seat to the gate opening (figure 7). 



The resulting curve, coverlng a wide range in gate openings, 

G shows that the coefficients for all the entrances, including ranbj, 

can be considered equal for correspondln£ values of hl/d, provided 

that the ratio of h I to d is not less than 2.25. £n other words, 

it is only for values of hl/d below 2.25 that the coefficient is ap- 

preciably influenced by the approach conditions. The depth of approach 

is one of the prime factors causing differences in the value of the co- 

efficient, another being the~crest shape • 

All the model tests indicated that the performance of this design 

would compare favorably with that of the origlnal, ~hich was adequate 

in every respect. The reduction of turbulence to a minimum, the satis- 

factory entrance coefficients, and the savln~ in cost and ease of 

construction to be accomplished by t~e eliminatlon of warped surfaces, 

made this design t~ne logical choice. 

A comparlson of t~e r~ght approach of t~e entrance on the final 

design proto~pe drawln~ (figure 16) with that on the model drawin£ 

(figure 15) shows a difference in t~e length of the 1/2:1 slope of 

approximately 2.5 feet prototype. The increase in lengt~ on the proto- 

type design ~as m:~de in order that the slope of the plane surface, joln- 

ing the 3:1 and 1/2:1 slopes would become 2:1, t~lus slmpllfyin~ con- 

struction. The chan~e was considered ~o silent as to make further model 

te.~ts unnecessary. 

SPILLWAY CHANN FL 

The channel of the spillway on Cranby Dam is unusual in that it 

is curved in plan so that t~lere is mn an~le of approximately HA megrees 

between the extension of the center-llne of the Eate structure ~unc the 

center-line of t~e cnannel at its down~tre'amlend (figure ~). The origi- 

nal design provided that this c~ange in direction of fAo~ would be ac- 

complished as ~radually as possible by spiraling the curve, and ~it 

also ~aperelevated the floor within the limits of the curve in order to 

prevent the pilin~ of the flow on one side of the ch~nel. 

The channel, as originally designed, functioned properly~ and no 

changes were made in either the curve or ~:e superelevation. It was, 

however, decided to llne the floor and the sides to a height of 15 feet 

with concrete in order to improve flow conditions and increase the 

4 
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velocity of flow at the downstream end. This increase in velocity 

seemed desirable because of the effect it would have on:~e path of 

flow after leaving toe spillway. 

t ~ ~ r D EROSION A~ D.3WNSTkEAME~ 3F SPILLWAY 

It was fully realized before any model tests nad been mide that 

there would be considerable erosion caused by the spillway discharge 

in reachin£ the bed of the river. The questions of the extent of this 

erosion and where ~*e disturbed material would be deposited had to be 

answered by model tests. The location of ~le deposit was important in 

that It might have a detrimental effect on t~e operation of ~e outlet 

if it were too near the downstream end of the tunnel. :~ 

Under the conditions existln£ within the area in question, the 

four most important factors influenclnE location and amount of erosion 

and the location of the deposition of eroded material would be (a) the 

quantity and velocity of the flow causing the erosion, (b) the direction 

of the general slope of the bed rock and top soll surfaces, (c) the a- 

mount of top soll present in the eroCed area, and (d) the general 

characteristics of the erodible material. Of these factors, only the 

last is virtually impossible to similate on a model, and it is~this 

last consideration which becomes increasingly important as the angle of 

repose of the top soil and the slope of the medium supportin~ it increase. 

The overburden on Cranby dam site consists of slide rock, glacial 

outwash gravels, river sand and ~ravels, and slope wash, the latter com- 

posed of a mixture of soil, sandy clay and rock fragments wnic~ range 

in size from pebbles up to large boulders. The slope wash is 5 to lO 

feet deep on the upper slopes and thickens to as much as 45 feet on the 

lower slopes. That t~e impact of ~e water would be great enoagh to 

sweep a, sy this highly compacted soll and rock as quickly as the sand and 

rock used in the model, is unlikely. The erosion pattern mlght eventually 

become the same on the prototype as on the model, but the difference in 

the relative time necessary for it to assume that shape would have an ef- 

fect on the extent and location of the final depositions. Because of this 
$ 

limitation, the model was not expected to indicate the exactrate and a- 

mount of erosion which would occur, but on.ly an approximation of the 

direction tae flow would eventually assume and whether or not deposition 

of eroded material would occur in a location likely to interfere with the 

operation of the outlet. 
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Care was used in trying to make the surface elvations of the bed- 

rock and topsoil accurate on the model, but:difficulty was encountered 

in the case of the bedrock, because of lack of information as to con- ! 

tours and outcrops. Very few test pits had been dug In the area immedi- 

ately below the downstream endof the spillway, and the extent and loca- 

tion of outcrops were not adequately defined. The bedrock was placed in 

accordance with the available data, but its possible inaccuracy was 

recognized. 

In testinG, the outlet was operated at the maximum discharge of 500 

second-feet and only the leaka~:e from the ~ates was allowed tc flow 

through the spillway. This condltion was maintained for:some time, and 

resulted in the erosion pattern shown in figure 8. The spillway gates 

were then slowly opened until the maximum dlschar£e of:12,000 second- 

feet was flowin[ through the spillway (figure 9). After operating the 

model under this condition of maximum discharge forone-half:hour, spill- 

way ~ates were closed and the erosion and deposition observed (fi£ure:lO). 

The path taken by very low discharges through the spillway~was 

such that most of ~e resultant deposition partially blocked the outlet 

exit. As the discharge increased and the velocity of the water became 

sufficient to resist the tendency to follow a path followir% the direction 

of ~he general slope of the surfaces of the top soil and bedrock, the 

line of flow gradually became straighter. This action did not, however, 

remove the material already deposited in front of the outlet exit by the 

smaller flow. 

The problem t~en was on~ of evolving a method by which the smaller 

discharges could be forced to follow a path whereby the resultant deposi- 

tion would occur i~-~ome less objectionable location. The most obvious 

method was ~lat of excavatin~ a pilot channel which, eliminatin~ the 

necessity for the water to cut its o v ~  channel, would allow £uidin~ the 
¢ 

discharge to a place where the erodible material carried~by it could be 

deposited without Harm. This schemewas successful, but the excavation 

necessary to create such a channel on the prototype would be additional 

expense. 

The other method considered as a means of attacking the problem in- 

volved t~o changes at the do~mstream end of the lined spillway. The 

length of the spillway was increased by ten feet, at the downstream end, 



and a lip with an average hei~.ht correspondln~ to three feet on the !! 

proto~/pe structure was placed across the end of tae llned section, i 

The crest of t.his lip varied in elevation the lowest point occu~.~ring p ! 

at the po~ut of intersection with the left spillway wall. It was ...... ~ ~ 

thought that these two, cnan~es wouLd establish a ~channel for the flow ~ 

of water as far as pos,~£ble from the outlet'~exlt, because t/qe leakage 

from the ~ates, t/~e mean~ by which this channel would be started, would ~ 

tend to flow over the lowest elevation ,on the crestof the llp and~woulm 

be thrown out'~a~d by the llp and added spillway len~t~l in such a manner ~/ 

that the distance it would travel before tendinF ,t ° curve ~toward the out- 

let exit would be increased. 

There was no indication that t~he Lip helped in any w~ ,to attain 

this objectlve, so it was removed. The lO-foot length added to the,spill- 

way was retained, however, as it seemed to have some beneficial effect in 

directln~ the higher discharges in 'the path desired. 

Since the model tests indlcated t.uat the conditions below' the'spill- 

way depended on the authenticity of the bedrock and overburden~ contours, 

a request was made that more geological information concerning the site 

be furnished. Several test pits were dug int~le area in question. The 

contours of the bedrock as defined by information from these test pits 

and rock outcrops as shown on a geologic map were incorporated in the 

model to make it more nearly sim,,late the prototype. The change and a 

tendency to decrease the slope of the surface toward the outlet, and it 

seemed probable that the location of deposition wo~ I not be as unfavor- 

able. 
Tests comparable to those on tha original arrangement were made. 

half hour. The results (figures IL, 12, and 13) sho~cd.the expected 

improvement. The channel cut by the low flows in finding a path down the 

slope emerged much further from the outlet exit; and, while eroded mate" 

rlal ~as still deposited in that vicinity, an adequate channel was cut 

through it by the combined flow from the outlet and part Of t-he flow from 

the spillway. 
It was also a matter of conjecture as to how the final erosion pat- 

tern would be changed if ~he gates were opened rapidly instead of slowly. 

The eroded material was replaced and the maximum flow of 12,000 second- 
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feet was dlsehar@,ed throu£h~i: the spillway: by suddenly: openin£ the ~ates. ! 

A comparison of the d~ffe~ence in erosion;patterms made by rapid open- ~i! 

in~ and slow opeuln~. "Is shown in fi~;ure i•. 

The possibility ';that t~e erosion pattern as obtained in tx}e model 

'i" 1 tests is not necessarl y a txu/e representation of that w~ic~i ~'iil occur 

on the prototype stTi~cture must b~/e~.phasized a@ain. It is probable, - ! 

however, that the model erosion p~ittern represents a worse condition than 
/ 

the fin~-i pattern on ~le [~rototype. Because of the characteristics of l 

the top soil material at the dam site, as comps're dtO those of tae loosely 

compacted material! used on the model, it is natural to assume that the 

process of ~ erosio:n will be much slower on t21u prototxpe structure if, an 

model test resul?;s would indicate. ~uch a retardin[ i~ effect ~n the ero- 

• ' " ' ~ ~ m o r e  opportunity slo~i process wou!id ~ive the aiscnarge from t/Is outlet 

to isluice an adgquate channel throu[h t~qe~de'~ ositiOns from the spillway 

area, ~d t h e  ~ i s k  of such a: ch~nel bein~ more deposition 
t 

would be considerably lessened, For t~iis reason, the results of the 

model erosion test~ are believed to indicate that the dan~er of seriously 

hamperinF th e outlet discharee is small. 

CONCLUSIONS 

(a) A:~spillway entvance transition consistin£ o~ a series of plane 

surfaces 8ave s~tisfactory results for all reservoir elevations. It was 

used to reQlace ~e warp shown in t~ie original desi@n because of its ad- 

vantages o f  smaller initial cost and ease Of construction (figure 15). -" 

(b) The performance of the spillway channel as ori£inally desi£ned 

was satisfactory.. Linin£ the channelwith concrete improved the llo 

conditions and increased the velocity of flow. Such an increase in 

velocity will be instrumental in strai~htenin£ +.he flowpath downstream 
a 

from the caannel. A heieht of 15 feet was su~[ested as being sufficient 

for t.ue linln~ of the walls. 

(c) An addition of lO feet made to the len£th of %~he spillway at 

the do~u%stream end was beneflclal in directing the hi~her discharges in 

tae path desired immediately below the @pillway channel. 

(d) Aithou~h the model erosion pattern may not be an exact repre- -. 

sentation of that wnlch will occur on t/~e ~rototype :structure, it is a 



!/ . qualitative indication of ~e~prototype condition s'~%o be expected. 

When the motel ~results are judged ~i n th~s~manner, ~it appears probable 

~taat the, erosion and consequent deposition will,not ,interfere seriously 

with operatlon~of the outlet. 
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FIGURE 3 
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Ehq"A~:CE TO SPILLWAY 

ORI GII~AL DESIGN 
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F'~A':,~'/, TO :'/II~L~',AV .','IT!; '.';AgI CT~I~.C, ED TO SV.A.~P COI~5- n~ .  

:~[AX~,[~, I FLOI7 OF 12,000 SECO~ID-FEET T}~OUGH FjfI'RA/|CE. 

DESION NO. 2 



FIGURE 5 

E~'I~A~C~, TO .e/PTLL;~A7 ~VTq~ ~'0 T~.~A~IE SURFACES SD'B~ITITI r~D FOR WAEP. 

MAX]~,', .vLO~ OF 12,C, C0 ~'~CO:]D-~w*.'L 'l'.,-tt~OUGH EI~YI:~A.~.rCE. 

FI  ~..L DESIGN 
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FIGURE 8 

L',O'~'~:STRF.~ ~ . ~  OF SPILL'~AY AND OUTLET wORKS. 

~OSI0"; CAUSED .BY Ii~X~,."~ FLOW T!~OUG;! Ob'YLET .q~'D LF_~KACE T}~ROUGH 
SPI LL iA7 GATES. 

ORIGINAL DESIGN 
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FIGURE 9 

~ECOND STEP IN E~OSION CAUSED BY GRADU~Y ~ I I I ' I O  SPII.J.,WAY GATES. 
MAD(!MIJM FLOW T~OUGII rGTLET. 

~OSIOI: CAU~D ~{ MjkXIMb~ FLC);7 T~OUCH SPIL I . : ' Jk ' .  z OF 12,0CO SECOt~3-FEET. 
],~A,..X:I~ FI~;'I '[;~OU3'.I O~Jq'-,..E!f. 

ORIGINAL DESIGN 



~iROSION CAU~:V~D BY MAXIMI]M FLOW TIROUGH SPILLWAY A~TD OUTLk~T. 

ORIGINAL DESIGN 
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nOtatE 11 

1 
i 

DO;~NSTRE~ END OF ~'II/~AY AND oUTLE~ woRKS. 

EROSION CAUSED BY ~ FIO';J THROUGH 05 "Ir-~T A~D LEAKAGE T:~ROUGH 
SPILLWAY C, ATES. 

ORIGINAL DESICnN WITH CORRECTED TOPOG RA-wHY 



FIGURE 12 

SECOND STEP IN EROSION CAUSED BY GRADUALLY OPENING SPILLWAY GATES. 
MAXIMI~ FLOW THROUGH OUTLET. 

THIRD STEP IN ~OSION CAUSED BY CRADU~¥ OPENING .~ILLWAY GATES. 
l ~ q  FLOW 'I~POU~I Ob~ILE~. 

ORIGINAL DESIGN ~.~TITH CORRECTED TOPOGRAPHY 



FIGURE 15 i 

]~0SION CAUSED BY MATIM~ I~0W THROUGH ~ILLWAI" OF 12,000 SEC0%'D-FEET. 
MAI~MUM FLOW THROUGH oUTLET. 

EROSION CAUSED BY GRADUALLY GpENING ~ILLRAY GATES TO MAN/MI~ DISCPARGE. 

ORIGINAL DESIGN WITH CORRECTED TOPOGRAPHY 

i~i~ ~i 7 71'i ~i~ iii 



~OSION CAUSED BY MAXI~ FIEW THROUGH SPII/~WAY ~ GATES ARE 
OPEI~ED RAPIDLY. M A ~  FIEW THROUGH 0UTI~. 

FIGURE 14 1 

~OSION CAUSED BYMAXIMUM FIEW THROUGH SPII/J~AY WHEN GATES ARE 
OPENED a~n%T/2{. MAXI~ FIEW TI~UGH ODT~. 

ORIGINAL DESIGN %~ITH CORRECTED TOPOGR~ 

• , • • | 



. k  

I 

A 

I 

L~ 
eO 
04 
O0 

Ld 
I 

I 

3:1 . " . j , . .  

~ .  - 

"} . • $ . . . '  I " ".,* . 

i r ~ l  . . . . .  , / .  . 

' I 

i 

~ • . k  i 

/ " ":L~I 

2 

5 

' I " f "  

. 4  

i 

c.f, , ,  I ;  , .  - -. . . . / /  " ,  

8262.8/y  ! ~ ,, . . . . . . . . . . . . . . . . . . .  

_ - .  /.~'-. ¢_ GQi'e s f r u c f u r e  

t 

P L 4 N  V I E W  O F  • R I G H T  H A L F  O F  A P P R O A C H  

\ ! _ 1 ,  

• x '~ ; : 4 i  

"' i :  ~F6 

Z " I"" ..,:), 

' f - / . 8 2  

: ~ " : ~  G ~  fe s~ruc l u r e  

S E C T I O N  T H R U  A P P R O A C H  

~:8285. O. 

G R A N B Y  D A M  
MODEL E N T R A N C E  4 P P R O A G H - F I N A L  DESIGN 

1:48 M O D E L  OF SP ILLWAY 

I 

~-'~';~l~ 11,_ ~ , 7  i • 

[ •••; 

, I••¸ 

i •,•! 

.4- 



%. 

I 

~t 

\ 
\ 

\ 

i 

% 

% 

Q 

d~ 

! i>ilJ 

i \ 

% 

f2 ,  

• R)~'op en u~ tr~m . . . . .  
fr)c¢ of" dora 

- ?  

Max W.5 rl, 8 Z ? $ . ~  ~ ' . . : .  L . .  . . . . .  

"'" ." ~ El, 8ZSl~-" 

. . . .  Ground 
" " , -  - " .  t 3 u r f ~ ¢  

!o~:1,,~'- 

L ~v 

" N i 
, - )  

P 

,:,i, I;t #, '.') ~.T,~ %~ 

w" 

r • . , . % 

-), 

" ' P t '  
- 0 ~  O 7 

.; ~ ?: : e,,,~ -"t 
o2~ G-P .~ ;  ; 0  " 

t " ]  ,, ; . . - "  

, I  

o 
)4 

. ~ "  I " /  

. . . . .  

/ 

I 

t 
! ,/.A.%~un)~i ro~k ~zrf, Tc# 

:Z'_,.J" ..To~ c f ~ r ~ r t  ~' e)z.9'~O 

! . 

~*, '~ - ~ . . _  

-t I I 11 " 

8 E . C ' r l O N  B ' ~ '  

i i l ~  ° "  

~,,.+ 

~L t, 

A 

i , ,  i 
, ) % ,  ~ 

%k 

P L A N  1 

% 

)(," 

/ 
i 

/ / / 

i I 

| / 

/ 

, " , .  ; '  ~# 
A 

r)  

! 

,~ L, 
/ 

/ J 

. "  - .  1 7 0 -  

. .  ,~.: t t'~ 

.. ~ :  

N O T E  

r ~  

:). 

/ 

~ ' ' *  ~" * " " '  "" L ,  ~r lP~t '4Flr~ • 

S F C T I O N  E F 

, ,,~25~;.2 

S E . C T I O N  C * C  

SE. C T / O N  F - F  

.> 

* . t "  : . ' C  

S E . C T I O N  D - D  

r ~ Q O ' "  . I  8 . 8 .  , ~ .~J 

V~rA:~/e .~lo~ ..... " , , ~  

S E C T I O N  G - G  

~,),i) u V f 0 Or '8  V J 8  

OqpgU~ll ~ aaUOW,,aJazf*~ 
(~0,,o~Aoo ewo ~ am°")ecY°'m°'°- 

G N A N e Y  D A M  
S P I L L W A Y  

pt .~w ~ e  8 8 c r ~  

VlLD,,:LIP # (~ i~ t  : l l J IU i .  J 


