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INTEDDUCTION

Granby - Dan is locateo about four miles northeast of tha town of
Granby, Grand County, Colorado (fi[urs l) “ The dam is to be a com~
bination earth and rockfill ﬂtructure ha\ing & height of 223 fuet above

river level. It will intercept ‘the flows of the Cololado River, Willow ‘
Creak Meadow Creek, and btruwberr} Creeﬁ ‘1o form . reservolr with an E
estimated capaclity of ABZ 860 ucre feet at the muximum wator eu*fuca, ‘
elevation 3275. Water from this reservoir will be pumped into Dhadow L
Mountaln Lake and thus made available for delivery through the Contin-_;.

ental Divide Tunnel to the Eastern. slope.‘ g L :
The cutlet works ard spillway, with capacities of 500 second faet

and 12,000 aecond—feet respectively,'aro locaped on the left: abutment j‘f”
of the dam. The spillway channel 13 spirally curved domnstreum from :

the gate structure, and tne channel floor TR superelevated._ The channel  3‘-

~loor intersects the natural sTOpe of tne mountainslde at: & point ap-"””

proximately 365 fest downatream from the spillwuy crest, from which
polnt tae discharge is allo?:ed to flow down the mountainside to the
river bed 400 feat below.. R S ‘“ SR S
o ~ PROBLEMS FOh WODEL STUDY L

A comprenensive study of tne apillwav performance was tne primary
objective in bullding the model. The outlet tunnel was installed only: "
to observe the effect of tne 8plllway . flow: on. the tunp:; eiigou The‘ f‘"
study of the spilliway was, +o»stress thres princlpal polnts: R

(1) Determination of the’ adequaoy of the entrunce
and the feasibilit3 of a satisfactory substitute for the

‘ coetly warg in the original deslgn.




(2) Determination of the 1nfluenceicf'the,apirulied‘
eurve and auperelevated_fidcr ofjtne sptilwﬁy;chehhel“oo |
~ the flow action.:‘.j o C o o j s B R
(3) Determinationiof the path teken bv the flow ieeunff'.7
ing from the downstreum'end of the Epillway channel und o
of the possibillty thet tne muteriel disturbed by this -
flow might be deposited”in @ location impairing tne opere--;{,w“
tion of the outlet tunnel. 8 ‘1 L - '
CO!eTPUC”IDH 0F. HDDEL

. The. model of the Grenby Dam spillway wee constructed to a scale _"‘

of 1 tou 24, and consisted of a head box, outlet tunnel sntrance and
channel of the epillwev,'end a tell box (figure 2) The head box was
mude of wood with llgnt sheet—metul lining. _A cuet-ircn pipe wns used
for the outlet tunnel with & Lete valve located neur the micpoint of -

the tunnel as the medium for controlllng the. amount of flov.- ‘The spill— ‘

way entrance and channel were' constructed of concrete, tne gete etructure‘ .

of redwood and sheet metal The teil cox wus constructed in ,ne sume
manner as tae head box and. included a hinged wooden and canvae gate fcr E
regulating the tullwater elevation. ‘Fater: columne ettached to piezam—‘
etar openlng* in the head ‘and teil box were utllized tc measure the _
depth of water entering the gete structure and . the neight ot tne tall—‘f_;
water. The bedrock and topograpnyxoi g spillwuy ereu represented 1nc;_fm
tze rodel waa formed of ‘a mixture of concrete, emull rccks end sanu. f_
| BNTRANGE T0 SPILLWAY ©

Model tests on the original oesign indiceted thet the entrence :

vould perform satisfactorily. witnout any cnenge (flgure 3) ' wos

eelizad however, that tne werp, necessxteting a 1arge urea of paved t;_f_jfﬁ

surface, would be costly and: difficult to construct, tnorefore, lt waar”f

desirable to deverop a deeign wnicn would elimruute thls feature, if

such a design would not eerlcualy impair the. performance of the entrence.-;“-

The anproach to the gate structure'has as 1ts left boundary a ” 
1/2:1 slope. In the first of the attempts to ‘develop a new entrance
design, a slope of tais same magnituee was eubstituted for the werp on

the right side of tne epproavh, a sharp break. being formed by the inter«
section of this slope and aun extenalon of the 3 1 elope of the upstream

jl




“face of the dam (flgure 4)+ It was this sharp break extending | |
‘from the floor of the approach channel to an elovation above thnt of - R
the maximum water: surface, whicn appeared to be. relponsible for ‘the :
undesirable flow ccnditicns obtainad in-the. design.: Excessive turbu—
lenca caused by the inability ef tna flow to accomplish such w rapid
change in direction at relativaly nigh velocities was upparent.a, '

, Numerous designs were-.also . tested in whicn flatter slopes iera L
eubatituted for the l/z-l slope. These substitutions of flatter slopes .
were considered to be possible solutiona because tcey pluced tne aharp :

corner formed by the intarsection af': the- two" slopes at a greater dis—f-~f7"

tance from the gate structure and mude tha drop frcm the 3:1 slope of -
the dam face to the floor of tce entrance less’ abrupt. None of the
variations tested reuuced ‘the unsatisiactory flow conditions to an.
axtent deemed nacessany ‘for an adecuate uesign ML o f'”, ROCT i
" The final ueslgn differed in- thut an: intermediate alope was used L
batneen the 1/2:1 and 3 slopes, tuus reducing the ubruptness of
transition from one to. the other \figures 5. una 15) It also allowed
the nignest point on: the- aharp break to! be 1owered to approxxmataly e;ea g
vation 8265.0, an elavation wh;cn 1s: below tne water surface of ull
{lows above LOOO Beboud«feet._ Tnus, nder the. ccndxtions most conducive'
. to high velocities and- subsequent turh 1cnce, tne efiact of the bre&k
was at least partially damped because of its origln nithin the body of
liguid and not on: the: surface. More. grauual increuaes 1n velocities
alsc resulted from the less abrupt drop to tne ‘Tloor of the entrance
‘and tne less abrupt decreaae in the cross soctlonal -ares of the approach.

Extensive tests “to determine tue dlECh&TEB and coefficient curves mf P

- of tnis ‘entrance (fi&ura 6), reveuled that the dischargc 1or any water .T.,";G‘J

‘surface elevatlon was 88 great fcr tais dosign 8s it ‘had been for the
first design. & comparison WAS. also madﬂ of’ the coefficients of dis— o
charge for this’ entrance with thoae detarmined from previous model testsg
vherein the entrance. approach conditions, position of gates, and ‘snape ,
of crest differed materlally a5 '8 medium in making such a comparlson,b
the cosfficlent of diacharga, calculated from the formula Q —‘¢/3

CL/2g (h 3/2 _ h2 : ); was platted against hl/d tne ratio of the nead
shove the gate seat to the gate opening (figure 7).




The resultlng curve, covaring B vide runge in gute openinbs,
shows that the coefficients for all: the entrances, ‘{neluding Graan, L
can be considered equal for corrasponding values of hl/d provided
taat tne ratio of hy to d'is. not less than 2. AS Ln other WOrda,‘
it is only for values of. hy/d below 2. ¢5 thut tho coefiicient ‘1B Bp-

preclably- influenced by tne approach conditlous.n The depth of approach;f"

iz one of the prime factors cauaing differences in the vulue ox tho co- )
efficlent, another being tne~creat ahape.‘l  ' R : g

All the model tests indicatad that the performance of this design |
would compare. favorably with that of the orlgLnal wnloh w=s adequate' ‘
in every respect. "The reductiop of turbulence to 4 minimum, the satis~".,
factory entrance coeffliclients, and tne saving in coat and ease of -

construction to be occompllaned b" the alimlnation oi warped surfaces,.}'“‘

made tnis desiin tne loglcal choice _ _ ‘ ‘ :

A compariuon of the right- approach oi the entance on tne flnul
design prototyrpe druwing (fipure lo) w1th that on- the model orawing
(fipure 15) shows a difference in the langtn of tne 1/4 l slooe of "
approximately .5 feet prototype Tho 1ncrea5e in longtn on the pzoto—f‘

x

ity pe design was nade in order that t&e ﬂlopa 01 the plane surface Join~ o

ing the 3:1 and l/h.] slopes nould becoﬁe &.l tnus simpliiyins con-'
structlon. The change was considered 50 b;ignt as to make furtner mooelf 

tedts unnecessary. o

bPILLRAY CdAVNEL

The channel of tnp spillway on- Cranby Dum 15 unuauul 1n “that it

is curved in plan 80 tnat tJere 15 an angle of approxxmately AL degrees;

. between- the extension of the center—line of: the Eate structure ana the‘:'
center—lina of~ the . cnannel at its dornntredm end (flgure z) ‘ The origl—;;
mnal uesign provided that this cnange in: direct101 of Tlow mould be . uc—:;ﬁ
complished as pradually as possible by spiraling tne curve,fdnd it |
also superelevuted the . floor witnln ﬂuo limlts of the curve ‘in order bo

'prevent the piling of tno £low on one 511e of tao chunnel.. ” . '

The channel, as orlginally oesxgneo, functioned properly, und no :
changes weTe made in either the curve or tne auperelevation.: It was,.:
however, decided to line the floor and the sides to a helgnt of 15 faet

%ith concrets in order to imprave flow conditions and . lncre&se the




L

v

velocity of flow at. the downstream ‘end. This 1ncrease ‘in velocity

~seemed desirable bacausa of ‘the effect lt w;uld qhve on ﬂ1e oath of

flow after 1euv1ng tﬂe spillway.

ERUQION AT ﬂJWNSThLAH Emﬂ Dp SPILLWAY  1:_
It was-;ullv reallzed before any modal tests nud” oeen made that

there WOuld‘be consiuerable erosion caused by the spxllway dlscnarge

in reachinr_the bed af the rlver. ‘The: questions of the’ sxtent ai tuiB

arosion snd where tie dtaturbed materiaL aould Le- deposlted ndd to ba "f

answered by model test; _ T%e location of tde deposit was important Ln :
that 1t might- haVe & detriment;l eflect on tne operation of ﬂle outlet_ 
1f it were too near the downst:eam end of the tuﬂnel._i,_ . *w ' '
Under the canditlons exlsting withln the area in question, the
four most importunt factors influencing locution and amount of eroaion;ff‘-‘
angd tne location of Lne ueposition 01 eroded material woald be ( ) théf‘“
gquantity and velocity of the flow causing the erosion, (b) the directlon
of the genersl slope of the bed rocm and top soil Surfacea, (c) the a—
mount of top s0il. present in tne arocec arau, nﬂ (a) the general ‘
cheracteristics of the erodible material. O* tnese factors, only the;f”'
last is virtualiv impossihle to-gimilate on a- mode‘, ana it s tnici ”"
last congideration vmich buLOmEu lqcreusingly importunt as the angle of
repose of the top 5011 end tha blope of .tae medium supuortlng it increabe._
The overburden.on Cxanhy Gam- “site consistg oi slxde rock, glacial
outwasi gravels; rive;_sand and, gravels, and slope wasn, ‘the: lutter z:mn-—-i
poeed of & mixture of soil, sandy clay and rocx iragments wnich ran&e <
in size from pebbles up to large boulders. - The slope wasb 15 5 to 10
feet deep on the upper slooes und tnickens.to As: much as 45 1eet on the-‘
lower slopes. That the’ meact of tne water would be gre«t enough to :
gweep away this hig&lf compacted sail ana rock as quickij as’ the sqnd and o
rocx used in the model, is unlikely. ‘The aroslon pattern might eventually X
becomez the same on the prototfpe as on. the mcdel but the dlfterence in

the relative time necessary for it to assume that shape would huve an ef— o

fect on ,the extent and locatlon of the final depositiona. Because of this L

limitation, the model was not expected to indicate the ax&ct ‘rate. and a~

mount of erosion.which would occur, but’ only Bn approximution cf the
direction the flow mould eventually assume and ‘whether or not deposition

of eroded material would occur 'in a location likely to interfere with the
operation of the outlet.




Care was used in t:ying to make : the surface elvations of tne bed—
rock and topsoil accurnte on the model but difficulty was. encountered S
in the case of the bedrock because of lack oi informution aq to con~,u
tours and outcrops. Very few test pits had bean dug in the area immedi—*
ately below the downs?reum end of the Sgill“&y, and the extant and loca—
tion of OuuCrOpB were. not adequately oefined Tne bedrock uns placed inn;“ﬂ
accordance with’ the available data, but its possible innccuracy was m“‘ i

recognized.

In testing, the outlet was opeiatad at the maximum discharge of 500 ~‘{

second-fest nnd only tne lenkafe irom the gntes wns allowed to flow ‘
through  the’ spillwiy. Tnis condition W¢S maintained for some tima, and
resulted in the erosion pattern shonn in 1igure 8 The spillway gates {;.f.‘
were tnen slowly: opened until the maximum discnarge of ld OOO secondw
feet wus flowing through the spillwug (figure ?) Aiter operating the ,
model under tnis condition of maximum discharge foI one—half nour, spill— ;i
way gates were closed and the erosion and deposition obsarved (figure lO)
The path taken. by very low oischarges tnrougn the spillwny was f“'
such that most of- tne resultant deposition partiully blocked the outlet
exit. As the diacharge incre&sed and the ve‘ocity of the nater becnme _ml“
sufficient ‘to resist’ tne tendency to follow a patn follouing tne diractionl
of the general slope of the: surfaces of tne top sail and bedrock the N
line of flow gradually became straighter. ‘This action atd: not, nowever,. o
remove the. paterial already oeposited in front of the outlet exit by the
smeller flow. _ PR S R '”‘;_.” . - o
| " The problem then was one»of evolvxng a method by whicn tne smnller
discharpas could be iorced to follow a path wnereby the rasultant deposi—‘>
tion would occur: in:jome less objectionnble locntion._ The most obvious
method was that-of: e;bavating a pilot channel wnicn eliminating the
necessity fox the water to cut its own channel, vould ullou guiding the'l
discherge to a place rhere the erodible materiul carried by it could be B
deposited without harm. This. scheme was. successful ‘but ‘the. excavation T
necessary " to create such a channel on ‘the prototypa would be ndditional:
expense. ‘ R Sl e _ : TR
The other method considered as & means of attacking the problem in-"
.volved two changes at the downstrenm end of the’ lined spillway. fIher
length of the apillwnj wes increased by ten teet at the downstream end,




gnd s lip with an average neight corxesponding to tnree feat on the o
prototype structure was placed &CAOSB the end of the linad section.

The crest oi this 1ip varisd 1n elevation the lomest point occurrihg

gt the point of Lntersection witn tha left spillway wall.w It waa 3
thought that these two,cnangeo would establish 8 cnannel for tne flow rﬁ?;‘:
of wuter as far ad posalbla frcm the outlet exit, becausa the leakuge

from the gates, the meanb by wnlch this cnannel would be aturted “oulu'_
tend to flow over tne lowest elavation on the crest of tne llp and woula \
be thrown outward by tne lip aqd dead apillway lengtn 1n auch a manner N
that the distance it mould travel before tcnding to curve towurd tne out—
let exit would be incraased.«‘ e - = e SR
There was no. indication that the 1ip halped 1n any way. to attain

this oHJartlve, so 1t was xemoved The lO~ oot lsngth added tdbthe spill—

way Wes retainea, however, as lt aeemed to ‘have" bome bﬂneflcial efiect in Hf

directing: ‘the higner discharges in: the path desired _.'~ 'Ju',. :

. Since the model tests indicated tnat tne candltlons belou the spill— ,g';w'

way depsnded on the: authentlcitv o the oedrocr and overburden contours, 5

u request LS made that more- geolog1cal infﬂrmation concerning the site

be furnished. Several test. “lts were uug in-the area 1n question._ 1he S
" contours of the hedrock as defiqed 5y information lrom tnese test pits ;';

and rock outcropu as. shovn on a geologlc map ware incorporJted in- the o

model ta make it more naarly simulate tne protstype. The cnan&e aad @

tendency to decrease the slcpe of thg suriuce toward the outlet, ‘and . iy :ﬁy

sesmed prohable that the. location of depasitlon no; 1 not be as: unfavor-,ﬁ
ahle, ) ‘ . B i L

Tests comparable to: thosa ﬂn tha orlginul arrangement were made.

e gates were slowly. ruised until a maxlmum discharge of 1z 000 seccnd~ :
feet was.flowing througn ‘the spillway, thls Plow being naintaxned foz one—
nalf hour. The. rasultb (figure° ll 12, and LB) shouud the expected
'imoravement. The cnannel cut bv tne lor f'love:s in finding a path down tne
slope emerged much further from the outlat ex1t, and, nnile eroded mate—J‘
rial was still dsposited xn that vieinity, an adequabe cnannel waa cut
through 1t by the combined flow from the outlet dnd part of the flow - from
the spillway. co ' o R f T R .
It was also a matter of conjecturé a8 to hbwithe final erosion pat- -
tern would be changed if the gates were opened rapidl" jnstead 6f slowly.
The eroded material was replaced ‘und the maximum flow of 12,000 second-




feet WES discharged ﬂnrough tne anillway by nuddenly opaning the Eates.L.' |
A comparluon of the difference in erosion patterns made by rapid openn
ing and élow opening ib shown in iiguza 1!. L .*'*Z o o

| he possioility:thut the arosion pattern as obtuinad iq tna model
tests is not. necessarlly oy trua rapresentation of thut wﬁisn nil occur
on tne protot)ne structure must hﬂ ﬁmpnasized ugain. It 15 prohable,
howevex, thut the’ model erosion phttern represents a worge uondition thdn: 
the finul puttarn ﬂn the prototypu. decausa oi tﬂe characterlstica ofl:: G
the tap soil muteriul at the- dam, sx.e, as’ comp¢red to thOJe oi tne loosely;f'
compacted materia used’ on the model it is> natural to aseume tnat tne :

proceas oP eroaion will he mucq slow;r un tue prototype structure than f"

m odel test resulus would lndicute. auch & rataxding affect an the ero—  ;  L

: fsion process would give the’ aLBcnu*gﬂ 1ro- ﬂ:e outlet mora apportunity
: to 3luire an - aquuate channel tnxough tne dapobitions irom tna spillway
area, angd the FLSR of such a: chauuel Deing clogged ny more ueposltlon_

would e consiuerably lessened. Yor tuis raasan, the results of tne

model erosionuteatq aYe beliaved to . 1ndicate tnut the danger of berxously f?

“hamperinp the outlet discharge 15 small.

CDWCLUbIDNo

Jm

(a) A spillwag entrance trann1t10n consiutlng of a serles of plane“.[
- surfaces gave sauisfactory results for 81l zeservolr elevations. It wasl[:
‘uaed to repluce tﬂv wurp shown in the o;LginaL nesign becausa of 1ts au—;\
vantages of smalLer 141t1al coat and uASG of canstruction (flbure l5) k
(b)) Tne parformance of the spillway channe; as orlginaxly designed :
was satisfactorV. Lining the cuannel with concrete improved the Ilow :
‘ conditlons and lncreased tne velocltv of flow. Such an increase 1n .
velocitv will be instrumental in stralghtening the flom path downstream I
from tbe channel. RS height of 15 feet was. Ruggested as being sufficient o
for tae lining of the ‘walls. ‘ : S S
(c) An . addition of 10 fect made to the length of the spillway at
the downstream eng- was beneficial in. directing the bhigher discnarges ln
the path desired. immediataLv below tna spilluay channel.
“'(d) Although the model erosion pattern may not he an exact repre—
sentation of. that wnich will occur on tie. prototype structure, 1t isa '




e

ﬁhen the mo@el results are judgec 1n this mannar,9it'appear probable-
nat ‘the aroaion snd: consequent depositlon will not 1nterfere seriously

alth operation of nhe outlet.
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MAXIMIM FLOS OF 12,007 SECOND-FEET T!ROUGH ENTRANTCE,

ORIGINAL DESIGH




TUTRANIE TD SGPILLUA ot CUANGED %0 SUAGP COR'TFH.

WAXDIRS FLOW OF 12,000 SECOMD-FEET THROUGH ENTRAIICE.

DESIGN NO. 2




FIGURE 5

MAYDNR FLOW OF 12,7C0 SECOMDerexr 1iwOUCH EHTRANCE.

FIMNAL DESIGH
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EROSION CAUSED BY MAXTMIM FLOW TYROUGH OUTLET AND LEAXACE THROUGH
SPILLIAY GATES.

ORTGINAL DESIGN




SECOMD STEP IN FROSION CAUSED BY GRADUALLY OPENINC SPILLYAY GATES.
MAXTMIM FLOW THROUGH rUTLET.

ORIGINAL DESIGN




FIGURE 10

-~ p,

EROSTON CAUSED BY MAXIMUM FLOW TEROUSH SPILLWAY AND OUTLFT.

ORIGINAL DESIGN




F1OW THROUG!! OULLET AND TEAKAGE THROVGH
SPILLWAY GATES

ORTGINAL DESIGN WITH CORRECTED TOPOGRAPHY




SECOND STEP TN FROSION CAUSED BY GRADUALLY OPEWING SPILLWAY GATES.
MAXTMIM FLOW THROUGH OUTLET.

TUTRD STEP IN EROSION CAUSED BY GRADUALLY OPENING SPTLLWAY GATES.
MAYTM(M FLOW THEROUGHT QUTLET.

ORIGINAL DESIGN WITH CORRECTED TOPOGRAPHY




TROSION CAUSED BY MAXTMIM FLOW THROUGH SPILIWAY OF 12,000 SECOXD-FEET.
MATIMY ¥LOW THROUGH OUTLET.

MAXIMUM DISCHARGE.

EROSION CAUSED HY GRADUALLY CPENING SPTLIMAY GATES T0

ORIGINAL DESIGN WITH CORRECTED TOPOGRAPHY




EROSION CAUSED BY MAYTMUM F1OW THROUGH SPILLWAY WAEN GATES ARE
OFENED RAPIDLY. MAXIVTM FIOW THROUGH OUTLET .

. EROSION CAUSED BY MAXTDMUM FLOW THROUGH SPILLWAY WHEN GATES ARE
OPENED SLOWLY. MAXTHUK FLOW THROUGH. QUITET.

0 GINAL DESIGN WITH CORRECTED TOPOGRAPHY
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